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Abstract 

 

Gene delivery can potentially treat acquired and genetic diseases such as cystic fibrosis, 

haemophilia and cancer. Non-viral gene delivery vectors are attractive candidates over viral 

vectors such as recombinant viruses, due to their lower cytotoxicity and immunogenicity, 

despite significantly lower transfection efficiencies. To improve efficiency of non-viral vectors, 

the investigation of the various parameters influencing DNA transfection is essential. The 

present study developed a versatile gene delivery system with tailored physicochemical and 

biological properties. The system used polymer brushes synthesised via atomic transfer radical 

polymerisation (ATRP), grafted from silica nanoparticles, whose charge density, grafting 

density, chemistry, length of brush, the size and shape can be altered. 

The primary focus of the study was poly(2-dimethylaminoethyl methacrylate) (PDMAEMA), 

known for its positive charge and DNA condensation. The ability of PDMAEMA to interact with 

DNA was characterised using dynamic light scattering, electrophoretic light scattering 

methods, surface plasmon resonance and in situ ellipsometry whilst its interaction with cells 

was studied via cell viability assays. The brush behaviour in response to pH and ionic strength 

was also studied. The charge density was altered by copolymerising with poly[oligo(ethylene 

glycol) methyl ether methacrylate](POEGMA) and the effect of such modification on DNA 

interaction was studied. PDMAEMA-grafted nanoparticles gave the highest transfection 

efficiency compared to other synthesised polymer brushes, but still displaying almost 2-fold 

lower transfection efficiency than the commercially available reagent jetPEI®. 

Different brush chemistries were also investigated. Poly(glycidyl methacrylate) (PGMA) 

decorated with oligoamines: allylamine, diethylenetriamine and pentaethylene hexamine, 

and PDMAEMA quaternized with alkyl halides: methyl iodide, allyl iodide and ethyl 

iodoacetate did not show any significant transfection, despite their performance reported in 

the literature. 

The robust system developed is a promising platform for further investigation of parameters 

influencing cellular uptake and gene expression, and important milestone to develop non-viral 

gene delivery systems. 
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1  

Chapter 1 - Introduction1 
 

Gene delivery research has expanded significantly over the past few decades to address the 

growing need for treatments for hereditary and acquired diseases including cancer. Although 

viral vectors have been extensively studied for clinical application due to their superior 

transfection properties, their several shortcomings associated with immunogenicity, 

pathogenicity, loading capacity and so forth have led to the investigation of non-viral vectors 

in recent times as they overcome these limitations. The transfection efficiency of the non-viral 

vectors are, however, significantly lower compared to viral vectors and hence require tailoring 

to improve their gene delivery efficiency. One of the most promising non-viral vectors are 

cationic polymers.  

Polymer brushes have been of interest for almost five decades now as the surface-tethered 

polymers are functionally versatile, easily accessible, homogenous and provide a defect-free 

surface compared to other approaches.[1, 2] The rapid growth of interest in polymer brushes is 

particularly attributed to their flexibility to create defined thin films in which the chemical 

composition, thickness, grafting density and architecture can be tailored in detail using the 

surface initiated-atomic transfer radical polymerisation (SI-ATRP) technique.[3] This flexibility 

makes polymer brushes a valuable platform for the design and development of systems for 

various useful applications, including therapeutics. One of the many valuable applications is in 

biofunctional interfaces where polymer brushes of protein resistant properties can be used as 

antibacterial coating to prevent implant failure whilst cationic brushes can be used in drug and 

gene delivery amid other applications. 

 

 

 

 

 

                                                             
1 Part of this chapter has been published: Krishnamoorthy, M., Hakobyan, S., Ramstedt, M., Gautrot, J. 
E., ‘Surface-Initiated Polymer Brushes in the Biomedical Field: Applications in Membrane Science, 
Biosensing, Cell Culture, Regenerative Medicine and Antibacterial Coatings, Chemical Reviews, 114 
(2014), 10976-11026 
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 Gene delivery 

The process by which exogenous plasmid deoxyribonucleic acid (DNA) or short-interfering 

ribonucleic acid (siRNA) are introduced into cultured eukaryotic cells to produce genetically 

modified cells is termed transfection.[4] The ability to transfer genetic material in this way 

presents a valuable platform via which gene structure, regulation and function, and protein 

expression can be studied using mammalian cells as the technique eliminates the issue of 

introducing negatively charged molecules such as phosphate backbones of DNA and RNA into 

cells with a negatively charged membrane.  

 

 

 

 

 

 

 

 

 

Figure 1: a) Foreign DNA (red wave) delivery occurs by passage through the cell and nuclear membranes, and is 
integrated into host genome (black wave) and expression is sustained, b) Foreign DNA enters nucleus but is not 
integrated into the genome. Foreign mRNA (blue wave) is delivered into the cytosol and is translated. Adapted from 
[4] 

 

Transfection can be described as being either transient or stable in nature depending on the 

type of nucleic acids and is applied according to the needs of a system (Figure 1). In transient 

transfection, the genetic material is expressed for a short time and then degraded by 

environmental factors or diluted by cell division, whilst with stable transfections, marker genes 

for selection (transgenes) are co-transfected with the foreign gene which can then remain in 

the genome of the cell and in proliferated cells whilst cells without the marker gene are not 

sustained.[5, 6] 

Delivery of foreign nucleic acids 

Expressed proteins from transfected nucleic acids 

b) a) 
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1.1.1 Applications 

The applications using transfection have expanded significantly over the past few decades; in 

developing gene delivery systems to treat diseases or improving symptoms,[7-11] transfecting 

transcription factors for induced pluripotent stem cell generation,[12, 13] and siRNA knock-down 

procedures,[14, 15] DNA vaccination,[16] amongst others.  

In particular, gene therapy has shown interesting results over the last 20 years in treating 

inherited and acquired diseases such as Duchenne muscular dystrophy,[17, 18] cystic fibrosis,[19] 

haemophilia,[20] wound healing,[21, 22] peripheral vascular,[23, 24] cardiovascular,[25, 26] and 

neurodegenerative diseases,[27, 28] arthritis,[9, 29] and as an alternative to chemotherapy used 

for treating cancer.[30, 31] Hence genetic mutation and deletion lead to many genetic disorders 

which in turn cause severe diseases.  Thus transfection has become an indispensable 

technique in molecular biology and biotechnology research as a foreign gene can be 

introduced into a patient’s cell to produce a specific protein and replace the mutated gene in 

the affected cells.[32, 33] One of the first successful cases of human gene therapy was carried 

out by Cavazzana-Calvo et al., who were able to fully correct the phenotype of Severe 

combined immunodeficiency-X1 (SCID).[34] The inherited disorder presents an early block in T 

and natural killer lymphocyte differentiation as a result of mutations of the gene encoding 

specific cytokine receptors of interleukin receptors which are essential in the delivery of 

growth, survival, and differentiation signals to early lymphoid progenitors.  

The efficiency of transfection determines the success of nucleic acid delivery be it in 

pharmaceutics or as a general research tool. In DNA transfection, this efficiency is dependent 

on the fraction of DNA entering the nucleus (DNA delivery) as well as the fraction of nuclear 

DNA that undergo transcription (DNA expression).[35] In addition to DNA delivery, the 

expression levels, cell survival and viability also plays a significant role in acquiring transfection 

efficiency suitable for developing therapeutic modalities like gene delivery. It is therefore 

important to develop a system and method where DNA delivery can occur efficiently and 

result in high gene expression whilst also being reproducible in the laboratory and in clinical 

settings in a safe and controllable way. 
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1.1.2 Transfection methods 

Administering naked DNA directly via intravenous injection returns very low levels of gene 

expressions in major organs therefore an efficient vector is needed for the delivery of the 

gene. There are several methods by which transfection can be carried out; chemical materials, 

physical treatment or biological particles, and each method has its own advantages and 

disadvantages and varies in efficiency depending on cell type and desired effect.  

DNA delivery systems are generally classified as either, viral vector-mediated (recombinant 

viruses) or non-viral vector-mediated (synthetic) systems (Table 1). The former biological 

method has been the most effective way to deliver DNA and gains high expression (>90%) due 

to the carrier’s highly evolved nature and specific mechanism for transferring their genome 

into the host cell. Hence recombinant virus-based vectors are widely used in clinical settings. 

Retrovirus, lentivirus, adenovirus, adeno-associated virus and herpes simplex virus are some 

of the viruses used as gene delivery vectors where part of the genome of the virus is replaced 

with a therapeutic gene.[36] The specialised mechanism in infecting cells produces highly 

efficient gene delivery and expression in the host cell. However, there are many disadvantages 

to the system, including the inherent immunogenicity, high pathogenicity, high oncogenicity, 

insertional mutagenesis, restricted targeting of specific cell types, limited DNA loading 

capacity, limited chemical modification and issues with large-scale vector production.[37-39] 

Conversely, non-viral delivery vectors exhibit poor transfection efficiency yet overcome the 

limitations faced by viral vectors such that the synthetic vectors are non-immunogenic, 

inexpensive, able to carry higher amount of genetic material and are generally safer thus 

leading to an increasing number of scientists proposing the non-viral systems, namely cationic 

lipids, polymers, dendrimers and peptides, as alternatives to viral systems.[35, 40, 41] These 

vectors are able to electrostatically bind DNA and condense it to form nanometre-sized 

spherical particles known as lipoplexes or polyplexes (Figure 2) spontaneously when mixing 

cationic lipids/ polymers with plasmid DNA and facilitate entry into the cell as well as protect 

the gene from enzymatic degradation during its journey towards the nucleus. 
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Figure 2: Polyplexes formed from mixing polycations and DNA in an aqueous solution. 

 

In particular, calcium phosphate co-precipitation, originally developed by Graham and van der 

Eb in 1973[42] has been used for over four decades for the expression of genes in mammalian 

cells. The method involves combining HEPES-buffered solution (HBS) containing phosphate 

ions with a calcium chloride solution containing the DNA to be transfected. The resulting 

precipitate was composed of the positively charged calcium and the negatively charged 

phosphate, which bind the DNA on its surface. Transferring a suspension of this precipitate to 

a monolayer of cells results in transfection of some of the DNA. The efficiency of the cellular 

uptake of the DNA largely depended on the amount of DNA and the type of cell line alongside 

concentrations of calcium and phosphate, temperature, pH and reaction time.[43] The 

formation of effective precipitate complexes for efficient transfection can therefore only occur 

in a limited range of physico-chemical conditions. The calcium phosphate co-precipitation 

technique was advantageous over DEAE-dextran as the latter was unable to transform cells. 
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Table 1: Summary of key aspects associated with commonly used gene delivery techniques in mammalian cells. 

Type Class Vectors Advantages Disadvantages Cell types Ref. 

Viral Biological 

Adenovirus 
Transient expression 

ex/ in vivo route of gene delivery, targeted 
expression, effective on dissociated cells and slices 
and in vivo, wide host range, transfect dividing and 
non-dividing cells with high efficiency, higher viral 
titre than other viruses and high expression, non-
oncogenic, stability of recombinant vectors 

Limited insert size compared to non-viral vectors 
(7-30 kb), short duration of expression in vivo, 
inflammatory response/ toxicity, extensive 
immunological problems from high vector doses, 
no integration into host, low level of expression 
and moderate transfection efficiency in neuronal 
cells, onset of expression: days 

Neuronal cells, HeLa, human 
epithelial cell lines, 
haematopoietic cells upon 
upregulation of αv-integrin 
expression, rat 9L gliosarcoma 
cells 

[44-50] 

Adeno-associated virus 
Stable expression 

Maintains high level of gene expression for a long 
duration (years) in vivo, ex/ in vivo route of gene 
delivery, targeted expression, effective on 
dissociated cells and slices and in vivo, potential of 
targeted integration, infects dividing and non-
dividing cells, broad host and cell type tropism 
range, non-pathogenic, non-immunogenic, lack of 
cytopathogenicity 

Limited insert size (3.5-4 kb), difficult to 
purify/scale up, difficult generation of high virus 
titres, slow onset of expression (weeks), low 
efficiency of integration to genome, requirement 
of adenovirus or herpesvirus for adeno-
associated virus replication 

Neuronal/ glial cells, 
haematopoietic cells, lung 
epithelial cells, hepatocytes, 
diploid fibroblasts, ependymal 
cells 

[47, 49-

55] 

Herpes simplex virus 
 

Efficient infection, high level of expression in 
neuronal cells as it is naturally neurotropic– stable 
viral particles allow generation of high virus titres 
(1012 pfu/mL), targeted expression, onset of 
expression: hours, infects a wide variety of cells 

Limited insert size compared to non-viral vectors 
but higher than other viral vectors (<50 kb), no 
integration into host genome, short-term 
expression, infections spreads to surrounding 
cells, immunogenic - high toxicity, possible 
recombination 

Neuronal/ glial cells, murine 
melanoma cells, human 
embryonic kidney cells (HEK 
293), rat 9L gliosarcoma cells 

[45, 47, 

49, 50, 

56-58] 

Retrovirus 
(Lentivirus) 
Stable expression 

High transfection efficiency with numerous cell 
lines, long duration of expression in vivo, ex/ in vivo 
route of gene delivery, allows stable integration into 
host genome, easy to use, effective on dissociated 
cells and slices and in vivo, targeted expression, 
infects only once and do not replicate in vivo, easy 
manipulation of viral genome for vector engineering 
Lentivirus – infects dividing and non-dividing 
terminally differentiated cells, non-pathogenic, lack 
of expression of viral proteins, stable gene 
expression 

Limited insert size (<7-8 kb), short duration of 
expression in vivo, insertional mutagenesis, ex 
vivo route of gene delivery only, limited scale up, 
do not infect non-dividing terminally 
differentiated cells, may be oncogenic hence 
hazardous to laboratory workers, random 
integration into host genome, instability of 
vectors, difficult targeting of viral infection, 
Lentivirus – difficult to produce high titre viruses, 
potential insertional mutagenesis, presence of 
protein sequences in the packaging constructs 

Neuronal cells, peripheral 
blood stem cells, human 
umbilical cord blood cells, rat 
9L gliosarcoma cells, rat C6 
glioma cells, mouse NIH 3T3 
fibroblasts, human embryonic 
kidney cells 

[45, 47, 

49, 50, 

59-64] 

Poxvirus (Vaccinia virus) 
Transient expression 

targeted expression, effective on dissociated cells 
and slices and in vivo, onset of expression: hours 

Limited insert size (<30 kb), high toxicity in 
mammalian tissue 

Neuronal cells, guinea pig 
cochlea cells, Human ovarian 
cancer cells HeLa S3, monkey 
kidney cells (CV-1) 

[65-67] 
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Type Class Vectors Advantages Disadvantages Cell types Ref. 

Sindbis and Semliki Forest viruses 
Transient expression 

Highest transfection in neuronal cells compared to 
other viral vectors, targeted expression, effective on 
dissociated cells and slices and in vivo, onset of 
expression: hours 

Limited insert size (<6.5 kb), high toxicity after 24 
h (culture), 3-5 days (slices) and 48-72 h (in vivo) 

Neuronal cells, baby hamster 
kidney cells (BHK-21), Chinese 
hamster ovary cells (CHO-K1), 
African green monkey kidney 
cells (COS-7) 

[68-70] 

Non-
viral 

Chemical 

Calcium phosphate 
Stable expression 

High efficiency, minimal toxicity No targeted expression, low transfection 
efficiency in neuronal cells, not effective on slice 
cultures and in vivo 

NIH3T3, BHK, CHO, HeLa, COS-
7, murine mammary cells, 
Jurkat cells, HEK-293, Mouse 
osteoblastic cells (MC3T3-E1) 

[71-74] 

Lipid-based vectors  
 [2,3-bis(oleoyl)oxipropyl trimethyl 
ammonium chloride (DOTMA)/ 
dioleoylphosphatidyl ethanolamine 
(DOPE) - Lipofectin®, 1,2-dioleoyl-3-
trimethylammonium propane (DOTAP), 
N-(2-hydroxyethyl)-N,N-dimethyl-2,3-
bis(tetradecyloxy)-1-propanaminium 
bromide (DMRIE), dioctadecyl amino 
glycyl spermine (DOGS), 2,3 dioleyloxy-
N-[2(spermine carboxaminino)ethyl]-
N,N-dimethyl-1-propanaminium 
trifluoroacetate (DOSPA), Lipid 67, 
Lipofectamine®], Cytofectin® 
Transient expression 

Unlimited insert size, no concentration limitation, 
better stability than viral vectors, easy to scale up, 
ex/ in vivo route of gene delivery, effective on 
dissociated cells and slices, many commercially 
available products, low toxicity, effective on 
dissociated cells and slices and in vivo 

Short duration of expression in vivo, hard to 
target specific cells, efficiency of delivery falls 
below in vivo levels, preparation of liposomes is 
a complex procedure 

Primary rat hepatocytes, CHO 
cells, colorectal cancer cells, 
rat hippocampal and cortical 
neuronal cells, COS-7 cells, 
HeLa, porcine intermediate 
lobe cells 

[75, 76] 
[77-82] 

Polymeric vectors  
(Poly(ethylene imine) (PEI), poly(L-
lysine) (PLL), β-Cyclodextrin, chitosan, 
poly(glycoamidoamine), schizophyllan, 
DEAE-dextran, linear poly(amido-
amine) (PAMAM), poly(4-hydroxyl-L-
proline ester), poly[α-(4-aminobutyl)-
glycolic acid], poly(amino-ester), 
phosphorus-containing polymers) 

Unlimited insert size, no concentration limitation, 
no inflammatory response/ toxicity, no insertional 
mutagenesis, no immunological problems 

Chemical toxicity to some cell types, sensitive to 
serum, antibiotics, limited by overall transfection 
efficiency 

Colorectal cancer cells, human 
T cell leukaemia cells, NIH-
3T3, HeLa 

[41, 81, 

83-86] 

Dendrimer-based vectors  
(PAMAM, poly(propylenimine), PLL, 
phosphorus-containing, carbosilane)  

Structurally versatile, low G-PAMAM dendrimers 
are non-toxic, easy to synthesise 
High G-PAMAM gives efficient transfection 

Small molecular sizes and limited surface charges 
of the low G-PAMAM prevent efficient DNA 
complexation, only PAMAM dendrimers of high 
generation (G>5) efficient in gene transfection – 
the procedure for which is tedious and low-yield 

CHO, HeLa, astrocytes [41, 87]  

Polypeptide-based vectors 
(MPG, transportan) 

MPG exhibit high affinity for single and double-
stranded DNA, oligonucleotides can be delivered 

Mechanism underlying cellular translocation of 
the peptides are poorly understood, minor 

COS-7, HeLa, human foreskin 
fibroblasts, NIH-3T3 

[41, 88-

91] 
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Type Class Vectors Advantages Disadvantages Cell types Ref. 

into cultured mammalian cells within 1 h with >90% 
efficiency, increased stability against nucleases and 
increased ability to cross plasma membrane, 
bypasses serum sensitivity, non-cytotoxic 

change in the physical state of the peptide by 
exchange of certain amino acids can significantly 
alter translocation properties, quantitative 
comparison of uptaken cargo vs functionally 
active cargo required, endosomal escape   

Non-
viral 

Chemical 

Nanoparticles 
(quantum dots (QD), gold, silica (SiO2), 
carbon nanotubes, lipid-based 
nanoparticles) 

Easy to fabricate, adds stability to the assembly 
Gold (mixed monolayer protected clusters, MMPC) 
–facile post-modification of monolayer – charge and 
hydrophobicity, interaction with thiols allows 
effective and selective controlled intracellular 
release, non-toxic, high surface area - able to 
maximise payload/carrier ratio with tuning of size, 
silica- colloidal silica is biologically inert, lower 
cytotoxicity than PEI, allows post-modification, 
quantum dots can be modified by multivalent and 
endosome-disrupting surface coatings 

Gold - optimisation needed for non-
immunogenicity and bioavailability 
Silica – optimisation of the buffering capacity of 
cationically modified silica required for higher 
transfection efficiency 
QD – difficult to deliver single QD into cytoplasm 
of living cells, aggregate inside living cells, usually 
trapped in vesicles, lysosomes or endosomes 

HEK-293, COS-1, neuronal 
stem/ progenitor cells, HeLa 
cells 

[41, 92-

98] 

Mechanical 

Microinjection  
(Micro-needle, atomic force 
microscopy tip) 

High level of expression in neuronal cells, onset of 
expression: hours, allows targeted expression, no 
insert limit, accurate transfection of targeted cells 

Low transfection efficiency in neuronal cells, 
damage from cell injection, needs special 
instruments, hard to transfect cells in suspension 

Oocytes [99, 100] 

Biolistics 
(Gene gun) 

High level of expression in neuronal cells, targeted 
expression is possible, minimal toxicity with 
optimisation 

Low/medium transfection efficiency, vulnerable 
nucleic acids 

human mammary carcinoma 
MCF-7 cells, autologous 
tumour cells; melanoma/renal 
carcinoma cells, cutaneous 
dendritic cells 

[49, 101-

103] 
[100] 

Physical 

Electroporation 
(Amaxa Nucleofector) 

Simple, quick, requires little optimisation, no need 
for vector, minimal toxicity, high transfection 
efficiency  

-Transfection efficiency restricted by premature 
termination of voltage pulse, expensive 
equipment/reagents, requires skilful operator, 
laborious procedure, no target cell selection 

Neuronal cells, HeLa, primary 
human fetal fibroblasts, NIH 
3T3, CV-1 

[104, 

105] 

 
Sonoporation 

Single-cell transfection, safe, non-invasive, able to 
reach internal organs without surgical procedure, 
gene transfer improved by combining ultrasound 
irradiation with contrast agents and microbubbles 

Cavitation initiation and control difficult, 
especially in vivo 

Murine fibroblasts, primary 
fibroblasts from rat hind limb 
muscles, human chondrocyte 
cell line, CHO 

[100, 

106-108] 

Laser-irradiation Cell type and condition does not impact it, 
transfects cells in suspension as well as attached 
cells. No harmful vectors, can select target cells 

High cost, large physical size of laser sources, 
need for appropriate ‘know-how’ 

NIH 3T3, Hepatocarcinoma 
cell line (HuH-7), murine 
muscle cells, MCF-7 cells 

[109-

112] 

Magnetic nanoparticle 
(Magnetofection) 

With polycation coating - Increases efficacy of 
vectors several 100-fold, duration of gene delivery - 
minutes, high transfection efficiency reproduced in 
vivo, lower vector dose, gene delivery to otherwise 
non-permissive cells 

The pH of the water solution of the polycation e.g 
PEI must be in the alkaline range for pronounced 
gene expression, transfection levels need 
optimising 

NIH 3T3, CHO-K1 cells, murine 
melanoma cell line, glial cells, 
human lung epithelial cells 

[113-

116] 
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1.1.3 Mechanism of transfection 

The way in which nucleic acids, such as DNA, interact with the cell membrane and navigate 

from the cell surface to the nucleus is crucial to successful delivery and expression of the gene. 

The large hydrodynamic volume and the anionic charge of the DNA, however, restricts entry 

through the negatively charged cell membrane.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Extracellular and intracellular barriers to successful in vivo delivery of nucleic acids such as DNA, mRNA 
and short double-stranded RNA, including siRNA and microRNA (miRNA) mimics, via non-viral vectors. 
Extracellularly, the carriers must resist degradation by serum endonucleases, evade immune detection, avoid renal 
clearance from the blood and prevent non-specific interactions. They then need to extravasate from the 
bloodstream to reach target tissues and mediate cell entry and endosomal escape in the intracellular region so that  
siRNA and miRNA mimics can be loaded into the RNA-induced silencing complex, mRNA can bind to the translational 
machinery and DNA to the transcriptional machinery.[117] 
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Once the DNA enters the cell, it must be transported through the endosomes and lysosomes 

towards the nucleus. DNA degradation occurs extensively when nucleases are present in the 

extracellular compartment. Further DNA fragmentation can also ensue during the passage 

through the cytoplasm which contains cytosolic endonucleases. Once the DNA survives this, it 

must traverse the nuclear envelope in order to be transcribed. Nuclease degradation impacts 

systemic circulation of free DNA hence transfection methods such as electroporation, biolistics 

and direct injection into target tissue are rendered ineffective in clinical applications. The size 

of the plasmid DNA also affects diffusion across the cytoplasm and nucleus; the large size 

causes restricted diffusion in the former due to extensive binding with immobile obstacles, 

whilst the large DNA is almost immobile in the latter, the reason for which is attributed to 

molecular crowding in the cytoplasm.[118]  Such barriers (Figure 3) encountered by DNA can be 

overcome upon developing a vector with specialised features which can also subsequently 

deliver DNA to the nucleus.[39] 

In this regard, non-viral vectors such as cationic polymers have very useful physico-chemical 

properties as they interact strongly with the anionic phosphates of the DNA and condense the 

DNA fragment into a compact particle via an entropically-driven process.[119] The resulting 

cationic complexes, ranging from 30 nm to some hundred nanometres, gives rise to charge 

neutralisation and provides a protective shell for the DNA during nuclear transport by sterically 

hindering the access of nucleolytic enzymes. Free plasmid DNA can be degraded within 

minutes whilst DNA/vector complex remains stable for hours.[120] The structure and 

morphology of the cationic polymer influence DNA binding and condensation; the number of 

cationic groups strongly impacts the polymer-DNA interaction. The same physical features are 

kinetically controlled for the resulting complex and are dependent on the order in which the 

counterparts (DNA or cationic polymer) are mixed together. The structure of the polymer and 

the DNA/polymer charge ratio also effect the stability of the complexes in serum; large 

aggregates are usually formed when complexes possess a neutral charge and are considered 

to be inefficient gene delivery vectors that are toxic due to the particulates forming embolus 

in the lung, whilst complexes with a positive charge remain stable in solution, though time-

dependent.[121] 
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Figure 4: Entry routes into the mammalian cell varies with the size of the endocytic vesicle, the nature of the cargo 
(ligands, receptors and lipids) and the mechanism of vesicle formation.[90, 122] 

 

The resulting complexes can be routed to the nucleus via conjugation with targeting ligands 

or without such targeting. At the cellular uptake stage, the non-targeting complexes associate 

with the plasma membrane via electrostatic interactions with the anionic cell surface 

proteoglycans. Absence of the proteoglycans have been shown to inhibit cellular uptake 

dramatically though it is very much dependent on the type of carrier, type of cells and amount 

of glycosaminoglycans on the cell surface.[123-125] The complexes are believed to be uptaken by 

various routes of endocytosis (Figure 4); following the binding of complex with heparin sulfate 

proteoglycans, the resulting complexes gather to form cholesterol-rich rafts on the cell surface 

and trigger protein kinase phosphorylation (PKC). Subsequently, linker proteins allow the 

attachment of the proteoglycan-bound complexes to the actin skeleton which enables 

adsorptive phagocytosis.[126] Other uptake routes include clathrin-mediated endocytosis and 

macropinocytosis and is controlled by inhibitors and promoters for PKC and Na+/H+ 

antiport.[127, 128] Untargeted polyplexes are believed to bind electrostatically to the cell surface 

and internalised via adsorptive pinocytosis.[38, 123] Targeting complexes, however, bind with 

specific cell-surface receptor proteins and are internalised by receptor-mediated endocytosis 

as shown in Figure 3. 
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Efficiency of the cellular uptake is further influenced by the size of the complex which in turn 

is dependent on the concentration of the DNA, type of aqueous medium, the ratio of the 

nitrogen residues of the polymer to the anionic phosphates of the DNA (N/P ratio) and pH, as 

well as the type of cell. As cellular uptake takes place, the complexes are enveloped by the 

endocytic vesicles which are an unfavourable environment; the initial vesicle known as the 

early endosome fuses with sorting membranes and can eventually lead to the expulsion of the 

complexes by exocytosis, whilst in the late endosome, large amount of the complexes are 

trafficked. The endosomal and lysosomal compartments become more acidic (pH 5.0 – 6.2 and 

pH ≈4.5, respectively) than the cytosol or the intracellular space, upon accumulation of 

adenosine triphosphate (ATP)-mediated protons from the cytosol into the vesicles. If the 

vector becomes trapped in the endosomal compartment and is unable to escape then DNA 

degradation occurs by lysosomal degradative enzymes. The highly evolved viral vectors are 

able to utilise the lower pH and proceed towards the nucleus.[129] In the case of non-viral 

vectors, amine group-containing polymeric carriers such as poly (ethylene imine) (PEI)[84] and 

polyamidoamine (PAMAM) dendrimers[130] which are largely composed of secondary and 

tertiary amines, with low pKa values between the physiological and lysosomal pH, have been 

shown to display a ‘proton sponge’ effect.[131] These polymers, as a result, are subjected to 

great changes in protonation during endocytic trafficking. Such proton-sponge polymers resist 

acidification of endocytic vesicles by encouraging the ATPase to transport more protons to 

reach the pH required. An influx of counterions occurs in the vesicle in order to balance the 

accumulation of the protons. The amine group-containing polymer, thus, buffers the 

endosomal vesicle, subsequently leading to endosomal swelling followed by rupture of the 

endosomal membrane which results in the release of the complex into the cytoplasm as shown 

in Figure 5.[132] 

Other ways in which the endolysosomal compartments are tackled include the use of 

chloroquine[133] to treat cells during transfection; thus allowing its accumulation in acidic 

vesicles and thereby buffering their pH consequently leading to improved gene delivery albeit 

only in vitro. Another way is the conjugation of inactivated adenovirus to poly (L-lysine) (PLL) 

which has been found to enhance gene transfer by 2000-fold.[134] Synthetic peptides can also 

facilitate the endosomal escape as the peptides are pH-sensitive amphiphiles which change in 

structure in acidic pH and rupture the vesicle membrane thus further enhancing gene 

transfer.[135] The non-viral vectors which survive the acidic nature of the intracellular 

compartments, escape degradation but must overcome further barriers in order for 

DNA/carrier complexes to be delivered into the nucleus of another cell.[41] 
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Figure 5: The proton sponge mechanism - when the proton-sponge polymer (green) is protonated, there is an influx 
of protons and counterions into the endocytic vesicles leading to increase in osmotic pressure and subsequent 
swelling rupture.[38] 

 

In the cytosol, cytoskeletal elements such as protein, microtubules and other organelles 

prevent diffusion of large molecules by acting as molecular sieves thus sequestering and 

restricting the mobility of free plasmid DNA as DNA larger than 3,000 base pairs in length is 

usually immobile.[118] Viral vectors have the advantage of a microtubule-mediated transport 

which enable their transport through the cytoplasm. Cationic vectors, however, do not have 

such assisted transport but they could move along microtubules by non-specifically interacting 

with anionic microtubules or motor proteins, or they could rely on the natural transport of 

endolysosomes along the microtubules. Their ability to compact DNA into small particles may 

also help the movement of DNA towards the nucleus. Relatively large complexes, however, 

can be expected to remain immobile.[38] 

The plasmid DNA must then cross the nuclear membrane in order to reach the transcriptional 

machinery of the nucleus. Pore complexes within the nuclear envelope (nuclear pore complex, 

NPC, a 107-Da assembly of at least 30 specific proteins) allow the passive diffusion of plasmid 

DNA from the cytoplasm into the nucleus, provided the compounds are between 9 – 11 nm in 

diameter.[136] Gene transfer across the nuclear membrane occurs in a similar way to proteins; 

wheat germ agglutinin (WGA) alongside specific antinucleoporin antibodies inhibit 

reorganisation of short peptide sequences which trigger an ATP-dependent process via which 

protein structures with molecular weights above 20 kDa are actively transported through 

specific nuclear import proteins (importins) and trafficked into the nucleus. WGA can also 

inhibit the expression of foreign plasmid DNA.[137] Furthermore, the transfected DNA is 

prevented from accumulating in the nucleus by the elimination of endosome-lysosome fusion 

with microfilament or translocation with microtubule toxins. Disruption of lysosomal function 

with protease inhibitors, however, promotes it.[138] 
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The highly evolved viruses can enter the nucleus by utilising the nuclear import machinery 

whilst polymers are not able to do this and depend on nuclear membrane breakdown during 

mitosis in order to enter the nucleus.[139] Mitotic cells usually display higher transfection than 

non-mitotic cells which indicates that plasmid DNA can reach the nucleus during nuclear 

envelope disassembly as cell mitosis occurs. Brunner et al. have reported that transfection just 

before mitosis is 30- to 500-fold more efficient than transfection of cells during the beginning 

of their cell cycle.[140] Hence one of the barriers for non-viral vectors is the transport of gene 

across the nuclear membrane in non-mitotic cells. However, higher levels of gene expression 

can be observed when DNA is complexed with a cationic carrier compared to free plasmid 

DNA. This suggests that the positively charged vector may have a nuclear-localising effect[141] 

which is recognised by importins. Nuclear localisation sequences have been utilised to 

promote cellular uptake. Hence gene sequences bound to cationic vectors exhibit better in 

vitro transfection than free plasmid DNA. This is however not always reproducible in in vivo 

transfection and is still inefficient with in vitro transfection as seen by the limited number of 

vectors reaching the nucleus. Further nuclear targeting could be achieved by the use of 

nucleotide sequences on the gene.[142] However, in depth characterisation is needed to gain 

an understanding of the nuclear import of complexes. 

The vector must release the genes at some point during its journey through the cytoplasm. It 

is therefore important that polymer/DNA binding strength is tailored by either reducing the 

cationic charge,[143] reducing the molecular mass[144] or conjugating with poly ethylene glycol 

(PEG)[145, 146] so that the complex can dissociate, preferably in the nucleus, upon a responsive 

trigger in order to attain higher gene expression. The efficiency of the expression is measured 

through reporter gene systems which are usually bound to the inserted gene. The reporter 

protein can be easily detected by observing the protein itself such as with green fluorescent 

protein or by measuring its enzymatic activity using a colorimetric assay as with luciferase 

enzyme reporter, whilst stable transfection can be measured by reverse transcript polymerase 

chain reaction (RT-PCR).[147] 

Although it has been reported that over 95% of cells in culture uptake vectors, less than 50% 

express the gene.[148] Efficient gene delivery to the nucleus is restricted in non-viral vectors 

mostly due to the number of extracellular and intracellular barriers that need to be overcome. 

The amount of DNA being transported through the cell decreases with each step and in turn 

results in substantially lower gene expression. Initially, cellular internalisation is limited as a 

result of aggregation from colloidal instability of the non-viral vectors. Charged vectors 

delivered systemically interact with blood components leading to opsonisation by the reticulo-



 

 

27 

endothelial system.[39] Various parameters affecting the vector such as the size, shape and 

surface characteristics impact its pharmacokinetic properties and hence delivery efficiency. 

Shielding of the vector’s surface charge has improved issues of steric instability and rapid 

blood clearance. 

The design and development of non-viral vectors must therefore take into consideration all 

the criteria necessary for efficient gene transfection and expression. These include; the ability 

to protect DNA, ability to pack large DNA plasmids, easy administration, stability in serum, 

targetable to specific cell types, easy to produce, inexpensive to synthesise, easy to purify, 

robust/stable, ability to be internalised, suitable for endosomal escape, allows nuclear 

transport, efficient unpacking, able to infect non-mitotic cells, safe, non-cytotoxic, non-

immunogenic and non-pathogenic.[38] 

 

1.1.4 Polymeric vectors 

Amongst chemical-based transfection methods, polymeric vectors are attractive due to their 

versatility in structural modification to package and deliver cargoes to a site of interest, and 

their ability to respond to specific physiological or external stimuli. The chemistry of the 

polymers and their payloads determine their stability, biodegradability, biocompatibility, 

biodistribution and cellular and subcellular fate.[149] Free polymers or polymer brushes can be 

in the form of linear, branched or dendritic structures or a mixture depending on their 

application (Figure 6).  

A variety of polymers have been investigated on their own or in combination with other 

polymers to develop potential non-viral vectors (Table 2). Cationic polymers, in particular, hold 

great promise as non-viral vectors due to their facile synthesis, robustness, chemical diversity 

and their potential for functionalisation which, with the advances of controlled 

polymerisation, allows the formation of precisely controlled architectures which can direct 

their assembly and successive transformations into vectors of specific shapes, sizes, internal 

morphologies and external surface charges to facilitate biological transport processes at the 

cellular and sub-cellular levels. The design of the vectors is, however, dependent on the 

therapeutic application, target site and the route of administration.[149]  
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Figure 6: Types of polymeric nanoparticles and potential chemical modifications.[149] 

 

Table 2: Common polymers used in gene delivery.[150] 
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A few of the early cationic polymers that were able to electrostatically interact with negatively 

charged nucleic acids and used for gene delivery research were PLL and PEI. PLL is a 

homopolypeptide of the basic amino acid lysine and was widely investigated for its ability to 

condense DNA since the 1960s.[151] The transfection efficiency, however, was poor on its own 

as at physiological pH, its amine groups are usually positively charged thus gives rise to lower 

endosomal buffering capacity and lysis. Lysosome disrupting agents such as chloroquine 

increased the transfection efficiency of PLL (Figure 7).[41] The in vitro cytotoxicity exhibited by 

unmodified PLL was overcome by modifying PLL with, for example, a hydrophilic polymer, PEG, 

which reduced non-specific interaction with serum proteins thus increasing circulation time 

and improved the potential of PLL as a gene delivery vector, with the addition of targeting 

ligands further enhancing its in vitro and in vivo delivery efficiency.[152-154] One of the first 

studies on PLL-mediated gene delivery utilised the asialoorosomucoid glycoprotein conjugate 

to target the asialoglycoprotein receptor for non-viral liver-targeted delivery.[155] Subsequent 

studies formed the foundation for better understanding the behaviour of PLL in polyplex 

formation and in endolysosomal escape.[156, 157] The modified variants of PLL have also been 

investigated for their clinical potential for the treatment of cystic fibrosis,[158, 159] however the 

relatively low transfection efficiency of PLL-based polyplexes, due to poor escape from the 

endocytic pathway, has limited the possibility of finding clinical applications. 

 

 

 

 

 

 

 

Figure 7: Chemical structure of PLL, pKa between 9 and 10.[160] 

 

PEI (Figure 8) is one of the most studied cationic polymers for gene delivery due to the high 

charge density at reduced pH values arising from the presence of a nitrogen atom at every 

third position along the polymer that can be protonated. This unique property facilitates PEI 
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as a gene delivery vector in both DNA condensation and endosomal escape (without the need 

for any exogenous endosomolytic agent, via the proton sponge mechanism) and has been 

shown to promote gene transfection in vitro and in vivo for the first time in 1995.[84] Further 

in vivo delivery successes include studies on the central nervous system,[161] kidney,[162] lung[163] 

and tumours[164, 165]. 

 

 

 

 

 

 

 

 

Figure 8: Chemical structure of branched PEI, pKa of the primary amines is ≈5.5.[160] 

 

Conjugation with ligands such as galactose and transferrin amongst others allowed targeted 

delivery of PEI-based vectors to specific cell types.[165, 166] It was, however, later found that the 

molecular weight of PEI alongside other structural properties such as linear form against 

branched form, strongly influence the transfection efficiency and cytotoxicity of PEI.[167, 168] 

Despite the usefulness of the large positive charge of PEI in DNA condensation and efficient 

transfection with a wide range of cell lines, this property of PEI also makes it highly cytotoxic 

as it destabilises the cellular membrane and initiates apoptosis.[169-171] Due to the substantial 

cytotoxicity of PEI,[172] variants have been developed; block copolymers of PEG and PEI for 

enhancing biocompatibility and stability, degradable disulphide-cross-linked PEIs for lowering 

cytotoxicity, and alkylated PEI for increasing the polymer’s effectiveness.[173-178] Full 

deacylation of linear PEI[179] and partial acetylation of the branched PEI[180] have been shown 

to improve the transfection efficiency. The results reported for modified PEI indicated the 

need for balancing the buffering capacity of PEI with other properties of the polymers such 

that the improved transfection efficiency can be attributed to weaker polyplex formation 
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resulting in more efficient unpackaging in addition to the endolysomal escape mediated by 

the proton sponge mechanism. 

In order to overcome the issues of transfection efficiency and cytotoxicity related to PLL and 

PEI, various other polymers such as poly[(2-dimethylamino) ethyl methacrylate], PDMAEMA, 

poly(β-amino ester)s and carbohydrate-based polymers and dendrimers, are being 

increasingly investigated[38, 41] with consideration for delivery and safety challenges arising 

from the large molecular size of DNA, difficulties in crossing the nuclear membrane and 

potential risk of mutagenesis.  

Amongst polymethacrylates, PDMAEMA plays a significant role as a gene delivery vector as it 

is inherently positively charged, able to destabilise the endosome and dissociate easily from 

the complex once uptaken into the cytosol. One of the first studies to show high transfection 

efficiency with moderate cytotoxicity was by Cherng and co-workers who reported an 

optimum PDMAEMA/DNA (N/P) ratio of 6/1 (w/w), for polymers with molecular weights 

above 300 kDa.[181, 182] Despite the in vitro success, PDMAEMA has not been able to 

demonstrate its suitability for in vivo gene delivery for a number of reasons including 

aggregation resulting from the type of application.[183, 184] Modifications to the structure of 

PDMAEMA have been investigated to promote transfection efficiency. Addition of a tertiary 

amino group to improve the proton sponge mechanism[185] did not return favourable results 

as the gene delivery efficiency was found to be lower than that of unmodified PDMAEMA 

although cytotoxicity was reduced. Other studies attempted derivatisation of PDMAEMA using 

pyridine, imidazole and carboxylic acid functionalities to improve endosomal escape, but this 

also did not give desirable results as the first largely reduced transfection efficiency whilst the 

others eliminated transfection altogether. This indicated that the ‘proton sponge’ effect is not 

applicable to all cationic polymers with endosomal buffering capacity.[186] However, 

PDMAEMA-based star-shaped nanoparticles were also designed which were shown to be 

efficient vectors in hard-to-transfect and clinically relevant Jurkat T cells and primary T 

lymphocytes.[187] Copolymerisation of PDMAEMA with other hydrophobic and hydrophilic 

polymers have also been studied in order to improve the cytotoxicity of the polymer which 

returned some positive results due to the synergistic effect of the DNA condensing PDMAEMA 

and the prevention of complex aggregation by the other polymer, for example, N-vinyl 

methacrylate[188, 189] or to enhance cellular uptake by poly(2-hydroxyethyl methacrylate) 

(PHEMA).[190] Aggregation was also reduced by grafting PEG chains.[191, 192] Targeting of 

PDMAEMA-based vectors have been investigated by Hennink et al. who used Fab’ fragment 

of mAB 323/A3 on a lipid-coated PDMAEMA polyplex to target human ovarian carcinoma cell 
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line and the results indicated improved gene delivery efficiency when compared to 

unconjugated PDMAEMA polyplex[193] as did conjugation with folate, in the same cell line.[194] 

In this way, minor modifications of the cationic polymers via end group functionalisation or 

alkylation of the cationic moieties have been studied and have resulted in large differences in 

the gene delivery activity. Significant variations were observed with changes in the number of 

cationic groups in each DNA-binding moiety,[195] and hydrophobic modifications of the 

polymer backbone due to the hydrophobic interaction given to the resulting amphiphilic 

polycation derivatives and by the enhanced cellular uptake by the hydrophobic chains via the 

lipophilic membrane.[196-198] It is therefore evident that each type of polymer behaves 

differently with each modification, and low transfection efficiency and undesirable 

cytotoxicity continue to be a challenge hence further research is required to fully understand 

the basic structural requirements such as the size, shape, geometry, charge, structure and 

composition, for the optimisation of polymeric vectors for efficient gene delivery. 
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 Polymer brushes for drug and gene delivery 

Polymer brushes allow the design and coating of a variety of nanoparticles such as 

nanodiamond, gold, magnetic and silica nanoparticles, with well-defined core-shell 

architecture and chemistry and hence are of high interest as vectors and carriers for gene (in 

detail in section 1.2.2) and drug delivery.[38, 41, 95, 199] 

Gold nanoparticles have been functionalised with PEG to allow reversible drug adsorption and 

photodynamic therapy of cancer.[200] They displayed good biocompatibility in vitro and in vivo, 

and their cellular internalisation correlated well with their surface chemistry and size.[201] The 

integration of receptor-specific targeting ligand to the design of such carriers could further 

improve their potential. Thermo- and pH-sensitive polymer brush coatings are also used for 

delivery of drugs as they allow reversible entrapment and release, and consequently enable 

on-demand delivery.[202-205] The excellent protein resistance of polymer brushes may also be 

used to control the pharmacokinetics of particles[206] in drug delivery, in particular if combined 

with targeting strategies. 

Although the potential of polymer brushes has not been extensively investigated in drug 

delivery, perhaps due to the fact that thin brushes do not allow high density of drug 

immobilisation or controlled long term release, these coatings may still find application in this 

field. Potentially, brushes could be combined with hollow cores such as carbon nanotubes[207, 

208] or other porous structures used for drug delivery applications, to modify their surface 

properties and drug release profile. Polymer brush decorated nanocapsules, for example, have 

been shown to alter the release kinetic of doxorubicin.[209] 

 

1.2.1 Brush-protein/ macromolecules interaction 

In order to efficiently use polymer brushes in drug and gene delivery, it is important that their 

interaction with proteins/macromolecules is understood. 

Protein adsorption to the surface of materials is the result of a combination of hydrophobic 

and electrostatic interactions as well as hydrogen bonding.[210-213] Adsorption can be multi-

stage, involving primary interactions, sometimes followed by conformational changes in the 

protein structure and possible denaturation that can reinforce the adsorption to the surface. 

Such behaviour is also observed in polymer brushes.  
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Figure 9: Modes of protein adsorption to polymer brushes. 

 

Three different scenarios have been proposed for describing the interaction of proteins with 

polymer brush interfaces (Figure 9).[214] Primary adsorption arises from interactions with the 

underlying substrate, providing the brush height, swelling and grafting densities allows 

sufficient diffusion. Secondary adsorption is restricted to the outer part of the brush, directly 

exposed to the bulk solution, and can be expected to dominate in the case of large proteins 

and very dense and homogenous polymer brushes. Ternary adsorption occurs when the free 

energy of adsorption to the underlying surface is low and the attraction energy to the brush is 

sufficiently high. The main forces that proteins have to overcome in primary and ternary 

adsorption are the brush solvation energy and the penalty in osmotic pressure of the brush, 

whereas the latter can be ignored in secondary adsorptions. Adsorption is also modulated by 

the conformation, length and grafting density of the brush as well as the protein size. 

Interactions with charged brushes occur for proteins bearing a global opposite charge and 

adsorption is strongest near the isoelectric point (pI) of the protein. High protein adsorption, 

however, is not restricted to oppositely charged brushes and proteins: proteins adsorb 

strongly to polymer brushes on the “wrong side” of their pI (at a pH for which the brush and 

the protein bear the same net total charge).[215-217]  In order to account for these observations, 

two mechanisms have been explored.[218, 219] The first, based on charge reversal, proposes that 

a local variation in the pH close to the brush results in electrostatic attraction of proteins.[215, 

220] In the second, the localisation of counterions close to the brush leads to a strong osmotic 

pressure, which can be reduced upon interaction with protein pockets bearing opposite 

charges to that of the brush. Hence, in this second model, protein adsorption is entropically 

driven and strongly depends on the buffer ionic strength. Evidence for this latter mechanism 

was recently provided by isothermal titration calorimetry.[217, 221, 222] In both mechanisms, it 

would be expected that the strong underlying interactions with the brush and the size of the 

proteins result in ternary adsorption. Indeed, neutron reflectometry and small angle X-ray 
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scattering revealed that proteins were able to penetrate and diffuse throughout the brush [223, 

224] and could even accumulate close to the core, giving rise to protein aggregation.[225, 226] This 

behaviour was observed despite slower protein diffusion within brushes compared to free 

proteins in solution.[227] Local changes in pH and interaction with the underlying substrate may 

contribute to shaping such protein distribution. In comparison, proteins located in the outer 

part of the brush are less tightly bound and easier to displace.[226] Not surprisingly, protein 

adsorption from more complex protein solutions, such as blood or cell culture medium, give 

rise to high protein adsorption to charged polymer brushes,[228, 229] which could be an 

important parameter determining cell behaviour at these interfaces.[230] For example, 

poly((diethylamino)ethyl methacrylate) (PDEAEMA) brushes were shown to respond to 

changes in pH induced by exposure to CO2 gases, which in turn promoted protein adsorption 

in a reversible manner.[231] Similarly, lysozyme adsorption to polyampholyte brushes was 

found to be pH- and thickness-dependent.[232] 

In addition, Halperin described that upon collapse, the brush osmotic pressure decreases, and 

with it the penalty of insertion of a protein within the brush.[233] This results in increased 

protein adsorption, as observed experimentally.[234-237] 

The interaction between the net negatively charged bovine serum albumin (BSA) and cationic 

PDMAEMA brush of varying grafting density and degrees of polymerization grafted from gold 

surfaces, characterized via surface plasmon resonance (SPR), exhibited a high capacity for 

electrostatically selective uptake as expected.[238] The uptake of BSA increased linearly with 

the surface mass concentration of grafted PDMAEMA regardless of the grafting density, at a 

constant ratio of 120 DMAEMA monomer units per bound BSA molecule. Compared to the 

time necessary for BSA adsorption saturation to a solid surface, the kinetics of BSA uptake in 

the charged brush was described to be very rapid. Furthermore, the lack of desorption when 

rinsing BSA adsorbed brush with dilute NaCl solutions displayed the brush’s high affinity for 

BSA, whilst changing the pH/ionic strength hindered the electrostatic attraction for BSA and 

resulted in desorption. The same study examined PDMAEMA’s binding ability with a net 

positively charged protein; lysozyme and found that PDMAEMA did not have any affinity for 

the protein molecule thus confirming the cationic brush’s charge selectivity and high capacity 

ion exchange medium for protein binding.  

The same polymer brush can be of use in drug and gene delivery as its responsive nature allows 

controlled release of drug/gene upon a trigger. PDMAEMA-grafted on hollow mesoporous 

silica nanoparticles were shown to be able to control access to the pores through a pH-
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dependent open-close mechanism thus allowing drugs such as doxorubicin hydrochloride to 

be released from the mesopores via tuning of the solution pH. This method has been proposed 

to have applications in site-selected drug release and gene delivery.[239]  

With DNA, the anionic phosphates can electrostatically interact with the cationic moieties of 

the polymer brushes, thereby condensing the DNA into compact (where the volume fraction 

of solvent and DNA are comparable), positively-charged nanoparticle complexes.[35, 119, 240] The 

genetic information is as a result packaged and protected from extracellular and intracellular 

degradation during gene delivery. The smaller size also facilitates a more efficient cellular 

uptake whilst the cationic polymer brush coating on the DNA increases its permeability 

through the anionic cell membrane. The process of condensation is dependent upon the ratio 

of polymer to DNA, alongside the hydration forces and correlated counterion fluctuations. As 

per Manning’s counterion condensation theory, approximately 90% of the DNA charge must 

be neutralised for condensation to occur.[119] Hence polymer brushes with sufficient positive 

charges such as PDMAEMA are able to successfully bind and condense DNA as shown by Zhang 

et al. who investigated the gene delivery capacity of PDMAEMA grafted from nanodiamond 

(ND) at various polymer brush/DNA (N/P) ratios.[241] Agarose gel electrophoresis 

characterisation confirmed that the ND-brushes condensed plasmid DNA into stable 

nanoparticles which could effectively deliver both luciferase reporter and enhanced green 

fluorescent protein (EGFP) plasmids into COS-7 cells with higher expression and lower 

cytotoxicity than PEI25k (polyethylenimine with a molecular weight of 25 kDa). The stability 

of the complexes is an important factor affecting the transfection efficiency. To test this, the 

same authors added heparin, a strong anion, previously shown to displace DNA from a cationic 

vector/DNA complex. The result indicated that the ND-brushes were more stable than the 

complex made from linear PDMAEMA. The strongest condensation ability against plasmid 

DNA is attributed to the higher positive surface charge of the ND-brushes which results in 

tighter packing of DNA. This can be observed by zeta potential and hydrodynamic size 

measurements.  

Although PDMAEMA is one of the most extensively studied polymer brushes for nucleic acid 

delivery, others include cationic comb-type copolymers (CCC) with PLL and PEG of different 

weight percentage for siRNA delivery.[242] A lower polycationic backbone and higher water-

soluble side chains exhibited stronger interaction with siRNA as the dense PEG brush 

reinforced the interpolyelectrolyte complex between the PLL backbone and siRNA. Poly(D,L-

lactic acid) and PLL-graft (g)-polysaccharide copolymers have also been suggested to be 
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potentially good as DNA carrier in vivo as the nanoparticle from the graft copolymer resisted 

self-aggregation and nonspecific adsorption of serum proteins as a result of the ‘polymer 

brush’ effect of the polysaccharide graft chains.[243] Cylindrical brush polymers, quaternized 

poly(vinyl pyridine) or PEI, of different side chain lengths and charge densities, and a fifth 

generation PAMAM dendrimer[244] have been reported to form complexes with supercoiled 

DNA and showed a large cationic excess charge that could not be compensated by extensive 

back-folding of the same DNA molecule interacting with a cylindrical brush. The complex 

formation was observed to be kinetically controlled and depended on parameters like the 

concentration, speed and sequence of mixing. With increasing number of DNA molecules 

interacting with one complex, the cationic core became surrounded by a corona of anionically 

charged DNA loops as a result protecting the cationic core against further complexation. Here, 

the initial formation of complexes was diffusion-controlled until a certain net charge of the 

complexes was reached. These primary complexes appeared to be stabilised electrostatically 

and/or sterically when a slight excess of anionic charges of the whole complex was reached. 

Hence, the interaction of the anionic charge of the DNA with the varying positive charge 

density is significant in the formation of an efficient complex that can then dissociate for gene 

expression to occur.  

 

1.2.2 Application of brushes for gene delivery 

The delivery of plasmids into various types of cells can be achieved, whilst ensuring low 

cytotoxicity, using cationic polymeric vectors such as the gold standard PEI or those obtained 

by controlled radical polymerizations. Such cationic materials constitute interesting 

alternatives to viral vectors.[190, 245, 246] 

Cationic polymer brushes such as PDMAEMA have the ability to condense DNA and enable cell 

uptake of ND-PDMAEMA vectors, whilst protecting DNA from enzyme degradation.[241] Hence 

nanoparticles decorated with PDMAEMA brushes have been used for plasmid DNA and siRNA 

delivery.[187, 241, 247] 

Compared to branched PEI, these vectors were reported to perform better and to be less toxic 

to cells (Figure 10). The transfection of hard-to-transfect cells, including differentiated cells 

and human primary T lymphocytes was also reported and it was proposed that the core shell 

architecture was key to such performance.[248] In addition, the core-shell approach allows the 

use of cores with diagnostic ability (e.g. magnetic resonance imaging, MRI, or fluorescence), 
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making brush-decorated particles useful to the field of theranostics. Protein resistant brushes 

have also been used as protective coatings for the stabilisation of superparamagnetic particles 

for MRI imaging.[249] An interesting feature of polymer brush-functionalised nanoparticles is 

that the chemistry of the core and its shape can be varied independently from the chemistry 

of the brush. Hence gold nanorods decorated with PDMAEMA brushes were also reported to 

give rise to high transfection efficiencies in COS-7 and human liver carcinoma cells.[250] 

 

 

 

 

 

 

 

 

 
Figure 10: Evaluation of the transfection efficiency of PDMAEMA-coated nanodiamond. Results are presented as 
the mean ± SD in triplicate.[241] 

 

The issue of serum stability of polyplexes can be overcome by grafting hydrophilic polymer 

brushes such as PEG and N-(2-hydroxypropyl)methacrylamide)[153] though PEGylation reduces 

internalisation of non-targeted polyplexes and alters intracellular trafficking as shown by Davis 

and co-workers.[251] Such modification methods prevent salt-, protein- and complement-

induced inactivation. The increased serum stability can be accounted for by the steric effects 

which result in decreased particle-particle and particle-protein interactions. This can be 

further influenced by grafting density, molecular mass and grafting method of the hydrophilic 

polymer to the polycation. 

Targeting moieties required for cell-specific gene delivery varies greatly with each gene 

therapy. In the case of cancer therapies, where the aim is to kill target cells, gene delivery is 

required in a very specific set of cells whilst in the case of diseases such as haemophilia, all 

that is necessary is that the transfected cells, regardless of their identity, produce adequate 
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amounts of the secreted therapeutic protein. The cell-specific targeting with polymer brushes 

is possible due to their flexible chemistry via which targeting moieties could be attached. The 

resulting complexes exhibit increased cellular uptake and cell specificity. In addition to 

receptor-mediated endocytosis, epidermal growth factors (EGF),[252] antibodies/ antibody 

fragments[253] and integrin-binding sequence also facilitate cell-specific targeting.[254] The 

efficiency of the targeting, however, is dependent upon the conjugation chemistry, spacer 

length between the ligand and polyplex, strength of the ligand-receptor binding and the 

number of targeting ligands per polyplex.[38] 

The ability of cationic polymeric vectors, obtained by controlled radical polymerizations, to 

efficiently deliver plasmids into various types of cells as well as exhibiting comparable 

expression levels to the gold standard PEI25k, whilst ensuring low cytotoxicity, is promising 

for the use of cationic brush coatings as alternatives to viral vectors.[190, 241, 246] 
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 Polymer brush synthesis 

Polymer brushes are end-tethered polymer chains bound to and stretched away from a solid 

substrate/interface. End-grafted polymer chains can adopt three regimes: the mushroom 

regime - if the interaction between the polymer and the surface is weak or repulsive, the 

chains form a typical random coil that is linked to the surface through a “stem” of varying size, 

the pancake regime - if the segments of the surface attached chains adsorb strongly to the 

underlying surface, the polymer molecules obtain a flat, “pancake”-like conformation, and the 

brush regime – the segments of the chains try to avoid each other as much as possible and 

minimize segment–segment interactions by stretching away from the surface, as illustrated in 

Figure 11.[255]  

 

 

 

 

 

 

 

 

 

Figure 11: a) ‘mushroom’, b) ‘pancake’, c) ‘brush’ used for the different possible conformations of surface-attached 
polymers.[255] 

 

The assembly of polymer brushes allows for tailor-made surfaces for various applications. 

Responsiveness of polymer brushes to external stimuli refers to changes of polymer molecule 

conformations (correlated to changes of free energy of the brush in its environment due to 

the change of grafting density, solvent quality or pH of solution). The swelling of polymer 

chains is sensitive to its environment. 
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1.3.1 Synthesis 

Polymer brushes can be synthesised using various living polymerisation techniques; cationic, 

anionic, free radical, ring-opening metathesis (ROMP),[256, 257] chain-growth polycondensations 

and group-transfer polymerisation. This method allows control over the polymer architecture; 

molecular weight, molecular weight distribution/ polydispersity (PDI), functionality and 

composition, and limits premature termination of the reaction as it facilitates the continuation 

of the polymerisation reaction until all monomer is consumed or provides the option of 

controlled termination. Recent advances use three fundamental controlled radical 

polymerisation (CRP)/ reversible-deactivation radical polymerisation techniques; atom 

transfer radical polymerisation (ATRP),[258-260] reversible addition fragmentation chain transfer 

(RAFT),[261, 262] and nitroxide mediated polymerisation (NMP).[263, 264] CRP can be utilised with a 

wide variety of monomers for a broad number of applications due to the robustness of the 

polymerisation conditions. ATRP, with its ability to tailor the catalyst to meet specific 

requirements, is used in surface modification applications that require tailoring hydrophilicity, 

adhesive properties or nanoparticle functionalisation. Both, ATRP and RAFT are versatile 

methods used to synthesise block copolymers for bio-applications in drug and gene delivery 

and bio-mineralisation, whilst block copolymers obtained via NMP, a least versatile method, 

are used in composite manufacturing, memory devices and so forth. 

Earlier works to form polymer brushes involved physisorption where selective adsorption of a 

block polymer from a diblock polymer to a surface occurred. The surface and solvent were 

chosen to maximise preferential adsorption of one block to a solid surface while the solvent 

was chosen to preferentially interact with the other block. The disadvantage of this method 

was that the physisorbed blocks can be unstable when subjected to certain conditions of 

solvent, temperature and can also be displaced by other adsorbents. 

Presently, however, polymer synthesis strategy is mainly outlined around the ‘grafting to’ and 

‘grafting from’ approaches (Figure 12) which entail covalent binding of polymer chains at the 

interface (chemisorption) resulting in enhanced stability of the bound chains. An attractive 

quality of both methods is that they are both compatible with a wide range of technologically 

relevant substrates other than gold and silicon.  

One of the methods in polymer brush synthesis is the ‘grafting to’ approach which involves 

the chemical reaction of pre-synthesised, functionalised polymers with a surface containing 

complementary functional groups such as thiols, silanes, amino or carboxylic groups. The 

advantage of this approach is that it is a technically simple method and it allows a more 
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accurate characterisation of the pre-synthesised polymers. Though it is generally said that 

higher concentrations of polymer lead to higher grafting densities via this method, it has been 

argued that the disadvantage of the grafting to approach is that achieving high density 

polymer grafting becomes more difficult with increasing size of polymer chains (limits their 

protein and cell resistance) because of steric crowding of reactive surface sites by already 

adsorbed polymers.[265] Polymer tends to no longer remain linear with increasing size, and 

aggregation of polymers near the polymer backbone blocks other potential sites for 

polymerisation. This difficulty is further enhanced by when synthesising high molecular weight 

polymers. Brittain and Minko report that grafting density can be regulated by grafting time 

and that the residual ungrafted polymer can be removed by solvent extraction immediately 

after the grafting process is terminated.[266] 

 

 

 

 

 

 

 

 

 

Figure 12: Chemical strategies used to tether polymer brushes on a range of substrates.[3] 

 

Conversely, ‘grafting from’ approach involves the in situ polymerisation of an initiator-

functionalised surface with monomer thus allowing the growth of a polymer chain hence is 

also termed surface-initiated polymerisation. The advantages of the ‘grafting from’ approach 

are that the functionality, density and thickness of polymer brushes can be controlled with 

molecular precision and can be executed with almost all available polymerisation 

techniques.[265] The substrate needs to be functionalised with a radical initiator site to supply 

the radical necessary for free radical or CRP. The latter gives every radical site on the polymer 
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backbone an equal chance for polymerisation therefore much longer chains can be 

polymerised into backbone. The ‘grafting from’ approach can form polymer brushes of higher 

grafting density than the ‘grafting to’ approach as the grafted layer is swollen by the monomer 

solution such that the monomer units migrate to the growing polymer chains and feeds it. 

Here, the growth of chains isn’t limited by the diffusion of monomer until a very high grafting 

density is approximated hence the ‘grafting from’ approach has become the preferred option 

for polymer brush synthesis with chain thickness reaching between 10 and 100 nm.[267] The 

disadvantage of this technique however, is that the limitation of initiator surface coverage, 

initiator efficiency and the rate of diffusion of monomer to active polymerisation sites can lead 

to some problems. The effect of side reactions could be considered more important than the 

bulk polymerisation due to the high local concentration of polymer chains in the grafted layers; 

e.g. bimolecular termination in RP. This form of polymerisation may lead to a broader 

molecular mass distribution.[266] Controlled surface-initiated polymerisation has been shown 

to be possible on a range of substrates including silicon and glass,[268-271] various metals (gold)/ 

alloys/ metal oxides,[272-274] hydroxyapatite,[275] graphene,[276, 277] cellulose,[278] fluorinated 

polymers,[279, 280] electrospun fibres,[281] polystyrene,[282, 283] poly(methyl methacrylate) 

(PMMA),[282] poly(dimethylsiloxane),[284] poly (2-hydroxyethyl methacrylate-co-methyl 

methacrylate) hydrogels[285] amongst many others. 

The hybrid or the ‘multi-step grafting’ approach combines and creates surface-grafted hyper 

branched polymer chains. It allows increased density of polymer attachment in ‘grafting to’ 

where synthesis can be switched to a ‘grafting from’ to increase branching of the previously 

attached polymer chains.[286]  

 

1.3.1.1 Atom Transfer Radical Polymerisation (ATRP) 

ATRP is the most extensively used living polymerisation which has tolerance to a wide range 

of functional monomers and allows the precise control of polymer architecture. The 

living/controlled character of the ATRP process yields polymers with a low PDI that are end 

functionalised and so can be used as macroinitiators for the synthesis of di- and triblock 

copolymers.[265, 287] This can be used for the surface-initiated synthesis of block copolymers in 

relatively benign solvents under ambient conditions. The advantages are that it requires less 

stringent experimental conditions and provides control over the chain length and surface 

density of the polymer graft.[288] 
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Figure 13: Basic mechanism of ATRP.[289] 

 

The basic mechanism of ATRP involves a reversible switching between two oxidation states of 

a transition metal complex. The radicals are generated through a reversible redox process 

which is catalysed by a transitional metal complex (Mt
n-Y/Ligand) which undergoes one-

electron oxidation with simultaneous removal of a transferable organic halide, X, from a 

dormant species, R-X (Figure 13).[289] 

Polymer chains are grown by the addition of the intermediate radicals to monomers in a 

manner similar to conventional radical polymerisation. The equilibrium is mainly shifted to the 

left (dormant) side to suppress termination and transfer reactions. Termination does occur as 

a result of radical coupling and disproportionation but, in a well-controlled system, it is limited 

to a fraction of the polymer chains. The generation of oxidised metal complexes, X-Mt
n+1, that 

behave as persistent radicals, reduce the stationary concentration of growing radicals and 

thereby minimise the contribution of termination. A successful ATRP requires fast and 

quantitative initiation and rapid reversible deactivation to obtain a uniform growth of all the 

chains which results in a narrow molecular weight distribution.[288] The rapid reversible 

deactivation of propagating radicals is required to maintain low radical concentrations and 

minimise normal termination of living polymers.[258] 

 

1.3.2 Types of brushes and biomedical applications 

Polymer brushes can be homopolymer, polyelectrolyte, block copolymer, molecular, or 

reversible self-assembled. Architectural modulation of the brushes diversifies their 

applications in biotechnology and nanotechnology, with it becoming increasingly valuable at 

the interface of materials science and biology. Understanding and controlling such interfaces 

has proven to be key in the application of polymer brushes in biosensing,[290, 291] cell culture 

and regenerative medicine,[292, 293] and antibacterial coatings.[294, 295] 
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The interfacial properties including hydrophilicity and surface energy, rheological and 

tribological behaviour, electron and energy transfer, binding and adsorption of molecules and 

proteins, catalytic activity, diffusion of molecules and particles and, cell adhesion can be 

tailored by exploiting the flexibility of polymer brushes. The responsive nature of the brushes 

to environmental triggers like pH, temperature, solvent quality, ionic strength and counterions 

determine their suitability for each of these applications and is therefore largely dependent 

on the chemistry of the repeat monomer unit (Figure 14). 

Systems sensitive to pH are based on polyacids or polybases (further discussed in Chapter 

2.1.1.1) such as poly(acrylic acid) (PAA),[296] poly(methacrylic acid),[297] (PDMAEMA),[298] 

PDEAEMA,[299, 300] and poly(4-vinylpyridine).[301] These brushes achieve a high degree of 

swelling reaching from 400% to 700% in their fully charged state, due to the strong intra- and 

interchain repulsive forces arising from the charged monomers and associated osmotic 

pressure, whilst also being influenced by the ionic strength.[296, 298] Similarly, zwitterionic 

brushes such as poly(carboxybetaine methacrylate) (PCBMA)[302] and random copolymers of 

oppositely charged monomers[303] can display responsive properties due to a change in 

electrostatic interactions and osmotic pressure upon deprotonation of the brush.  

Furthermore, temperature-sensitive brushes are based on polymers displaying a lower critical 

solution temperature (LCST)[304, 305] or an upper critical solution temperature (UCST)[306] in 

aqueous solutions. Poly(N-isopropylacrylamide) (PNIPAM) is one of the most popular 

polymers displaying LCST properties, with a sharp transition at 32°C for free polymers in 

solution, and has been employed to generate brushes with thermally responsive properties. 

Researchers have developed other systems that would either allow precise control of the 

position of the LCST in a wider range of temperatures or avoid the large hysteresis observed 

for PNIPAM. POEGMA and poly(bis(ethylene glycol) methyl ether methacrylate) copolymers 

display little hysteresis during the cooling process.[307] The copolymer’s LCST linearly increases 

with increasing OEGMA monomer ratio.[304] Poly((2-(methacyloyloxy)ethyl)dimethyl(3-

sulfopropyl)ammonium hydroxide) (PMEDSAH) is an example of a zwitterionic polymer which 

displays UCST properties.[306, 308] In such cases, the strong dipoles arising from the zwitterionic 

repeat units associate at low temperature, resulting in brush collapse and surface 

hydrophobicity, whereas they dissociate above the UCST, inducing brush swelling and surface 

hydrophilicity, depending on the brush thickness and grafting density; UCST occurs near 52°C 

for thick dense brushes. 
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Figure 14: Chemical structure of polymer brushes commonly used in biomedical applications.  
Abbreviations: poly(methyl methacrylate)(PMMA), poly(methoxyethyl methacrylate)(PMEMA), poly(bis(ethylene 
glycol) methyl ether methacrylate)(PDEGMA), poly(hydroxyethyl methacrylate)(PHEMA), poly(hydroxypropyl 
methacrylate)(PHPMA), poly(hydroxypropyl methacrylamide)(PHPMAm), poly(glycidyl methacrylate)(PGMA), 
hydroxyl-terminated poly(oligo (ethylene glycol) methacrylate)(POEGMA-OH), methoxy capped POEGMA 
(POEGMA-OMe), poly((2-(methacryloyloxy)ethyl)dimethyl(3-sulfopropyl)ammonium hydroxide)(PMEDSAH), 
poly((methacryloyloxy)ethyl phosphorylcholine)(PMPC), poly(carboxybetaine methacrylate)(PCBMA), 
poly(carboxybetaine methacrylamide (PCBMAm), poly(methyl acrylate)(PMA), poly(3-sulfopropyl 
methacrylate)(PSPMA), poly(2-cinnamoyloxyethyl methacrylate)(PCEMA), poly(2-(methacryloyloxy)ethyl 
succinate)(PMES), poly(N-hydroxyethyl acrylamide)(PHEAA), poly(N-isopropylacrylamide)(PNIPAM), 
poly(carbocybetaine acrylamide)(PCBAA), polystyrene (PS), poly(4-vinylpyridine)(P4VP), 
poly(styrenesulfonate)(PSS), poly((dimethylamino) ethyl methacrylate)(PDMAEMA), poly((diethylamino) ethyl 
methacrylate)(PDEAEMA), poly((2-(methacryloyloxy)ethyl)-trimethylammonium chloride)(PMETAC), 
poly(methacryloyloxy ethyl-dimethyloctyl ammonium bromide)(PC8NMA).[309] 
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Amongst biomedical applications, cell culture platforms based on polymer brushes is a vast 

area of research. The biofunctionalisation of implant and devices to alter interfaces between 

a material and surrounding cells or a tissue is an important element of design in 

bioengineering. Such biointerface should allow the control of behaviours such as cell 

recruitment, adhesion, spreading, motility, matrix deposition, proliferation and 

differentiation. The biofunctionalisation of materials with extra-cellular matrix molecules or 

fragments, growth factors and drugs is essential and polymer brushes are particularly well 

suited to do so without altering the bulk properties of such materials. Similar strategies are 

also employed to design new generations of cell culture systems and cell-based assays. 

 

 

 

 

 

 

 

Figure 15: Osseointegration of titanium implants coated with POEGMA brushes and POEGMA brushes 
functionalised with RGD peptide or a FNIII7-10 fibronectin fragment.[310] 

 

POEGMA brushes, which are typically protein- and cell-resistant, have been biofunctionalised 

to be used to coat titanium substrates (Figure 15) for applications in implants such as hip and 

knee joint replacements, dental implants, and cardiac pacemakers, as these require some level 

of integration with the surrounding bone to avoid implant failure.[311] Shorter oligo(ethylene 

glycol) in POEGMA brushes were found to allow partial anti-fouling properties for only short 

periods of time but were still able to sustain cell spreading for longer term cultures.[312] 

Similarly, sparse brushes allowed non-specific adsorption of fibronectin which resulted in cell 

spreading,[313, 314] and gradient PHEMA brushes allowed the control of cell spreading. More 

generally, peptide or protein adsorption and cell attachment occurs preferentially at low 

grafting density, in the mushroom regime, whilst slight or no peptide attachment and cell 

adhesion were observed for denser brushes.[315, 316] Other low fouling brushes such as 

poly(glycerol monomethacrylate) similarly displayed cell resistance,[317] but allowed cell 
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spreading when copolymerized with PDMAEMA. The protein and cell antifouling properties of 

polymer brushes such as PMEDSAH can be useful for coating poly(caprolactone) to improve 

hemocompatibility[318] and metal stents to avoid restenosis and thrombosis.[319] Platelet 

adhesion and hemolysis were also decreased on PMEDSAH-coated stents. 

The brush chemistry itself has been shown to impact cell behaviour. In such systems, 

deposition of biomolecules from the medium is thought to be important to bioactive 

properties. Non-functionalised PMEDSAH was shown to promote attachment and 

proliferation of undifferentiated human embryonic stem cells (hESC),[320] despite its reported 

protein and cell resistance in other systems.[321] It was reported that this coating was not fully 

resistant, which could perhaps account for the observed behaviour of stem cells.[228] The 

absence of strong cell adhesion and spreading may be beneficial. In particular, ultraviolet 

exposure used for sterilisation of substrates may lead to the deterioration of anti-fouling 

properties, thus enabling sufficient adhesion of hESCs. The chirality of polymer brushes was 

also shown to trigger differential cell behaviours. This was illustrated by enantiomorphic 

surfaces that modulated cell spreading. Cells adhering at high densities formed cell-cell 

adhesions and generated large interconnected clusters on the L-films whilst nearly rounded 

cells in segregated stacks were observed on D-films.[322] Topography was also shown to alter 

cell behaviour and had an impact on the cell resistance of POEGMA brushes. The long term 

adhesion of human hepatocyte and human carcinoma cells was improved when the roughness 

of surfaces was modified using gold nanoparticles, compared to smooth controls.[323] 

Moderately specific interactions, as for boronate-containing brushes which can bind to 

glycoproteins on the surface of cell membranes,[324] were used for selective cell adhesion. Cells 

were shown to detach from these surfaces on demand, when treated with fructose solutions. 

In addition, copolymers of N,N-dimethylacrylamide (DMAA) and N-acryloyl-m-phenylboronic 

acid (NAAPBA) were shown to distinguish between different cell lines,[324, 325] where complex 

formation between boronates and glycoproteins and glycolipids at the cell surface gave rise 

to stronger binding between the murine hybridoma cells (M2139) and poly(DMAA-co-

NAAPBA) brushes compared to human myeloid leukaemia cells.  

Another useful application of polymer brushes such as PNIPAM is cell and cell-sheet 

harvesting, made possible by the thermoresponsive nature of the brushes. PNIPAM has been 

the most extensively studied brush for thermally controlled cell detachment and cell sheet 

generation (Figure 16),[326-329] and it has been applied to a wide range of cell types, including 

fibroblasts, epidermal cells, chondrocytes, aortic endothelial cells, muscle cells, kidney cells, 

cardiac myocytes and hepatocytes.  
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Figure 16: a) Schematic representation of the adhesion (37 °C) and detachment (20 °C) of a cell on a PNIPAM brush-
grafted surface hence lowering the temperature allows cell harvesting, (b) Micrographs of endothelial cells on 
PNIPAM brush-coated dishes at 37°C and 20°C.[330] 

 

PNIPAM has been shown to display some protein resistance below its LCST, especially at high 

grafting densities. Above this transition protein adsorption and cell adhesions are 

promoted,[236, 237] hence enabling the use of PNIPAM brushes as thermoresponsive tissue 

culture substrates, especially considering their good bio-compatibility and apparent lack of 

toxicity (some reports of cytotoxicity exist, perhaps due to the presence of unreacted 

monomers).[331] A variety of copolymers of PNIPAM have also been generated, with controlled 

LCST between 20°C and 42°C[332-336] and found application for selective cell detachment.[337, 338] 

Copolymers of PNIPAM with 2-lactobionamidoethyl methacrylate (LAMA) were able to bind 

hepatocytes above the LCST and released them only on brushes where LAMA monomers were 

presented as a top layer of the co-polymer.[339, 340]  Oligo(ethylene glycol)-based copolymer 

brushes have also attracted some attention for controlling cell adhesion as they are 

biocompatible and their LCST can be controlled over a relatively wide range of 

temperatures.[304, 307, 341-343]  

The use of polymer brushes as antibacterial coatings is another rapidly increasing area of 

research. Bacterial biofilms on surfaces can for example cause problems in healthcare by 

medical device associated infections. Polymer brushes have been presented as possible 

candidates for antibacterial coatings, and have been reported to reduce the overall adhesion 

of bacteria both for hydrophobic and hydrophilic brushes.[229, 344] It has also been described 

that bacterial adhesion on “switchable” polymer brushes, such as PNIPAM, differs above and 
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below the LCST. Below the LCST the brush is extended, which reduces the amount of adherent 

bacteria on the surface.[332, 345] In the literature, three main approaches are reported for 

constructing antibacterial brush coatings (Figure 17): 1) polymer brushes composed of a 

bactericidal polymer, 2) polymer brushes functionalised with a bactericidal or bacteriostatic 

compound, either covalently linked to the brush or embedded in the brush film to allow 

subsequent diffusion, and 3) non-fouling polymer brushes that aim to repel bacterial adhesion 

and subsequent biofilm formation. 

 

 

 

 

 

 

 

 

Figure 17: Schematic of the approaches used for creating polymer brush surfaces that inhibit bacterial adhesion and 
biofilm formation.[309] 
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 Aims & Objectives 

1.4.1 Aim 

 

To develop a novel and versatile cationic system using surface-initiated polymerisation, to 

control and understand the physicochemical properties (chemistry, charge, architecture, size 

and shape) as illustrated in Figure 18, as well as the biopharmaceutical behaviour of the non-

viral gene delivery agent.  

 

1.4.2 Objectives 

 

 To characterise the behaviour of cationic PDMAEMA brush grafted from flat surfaces 

and silica nanoparticles, in the presence of different solvent systems and their 

interaction with DNA. 

 

 To determine the DNA/polymer complex’s interaction with cells via cell cytotoxicity 

studies and ultimately their gene transfection efficiency using the novel cationic 

nanoparticle system. 

 

 To tailor the chemistry of the system to improve the transfection efficiency. 

 

 

 

 

 

 

 

Figure 18: Nanoparticle coated with polymer brush exhibiting various physicochemical properties 
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2  

Chapter 2 - Behaviour of PDMAEMA, copolymers and 

their interaction with DNA 

 

 Introduction 

Controlling the way in which charged polymer brushes interact with DNA is important for a 

number of applications, especially in the development of an efficient gene delivery system. 

There are various ways in which the interaction can be tailored. The balance of charge density 

and hydrophobicity has been reported to control this interaction and consequently govern the 

compaction of DNA as well as the stability and dissociation behaviour of the polymer/DNA 

complex. These factors together with the proton sponge effect (as discussed in Chapter 1.1.3) 

of cationic polymers, which facilitate lysosomal escape, also impact the transfection efficiency 

against cytotoxicity.[198, 346-349] At high cationic charge density, although the polymeric vectors 

give tight DNA condensation resulting in small and positively charged complexes that generally 

exhibit high cellular uptake, the responsive polymers also become hydrophilic to hydrophobic 

as they are protonated in acidic environment, thus disrupting the cell membrane leading to 

high cytotoxicity. At moderate charge density and hydrophobicity, favourable levels of 

cytotoxicity and transfection can be achieved. 

Introducing hydrophilic units such as PEG have been shown to give higher transfection 

efficiency as they reduce the interaction of the polymer/DNA complex with serum proteins 

and prevent colloidal aggregation.[145, 347, 350-352] The PEG chains are proposed to be able to 

resist protein adsorption via steric repulsion as a result of chain compression, and via a 

‘barrier’ formed by the structured water associated with the PEG.[353] The critical water contact 

angle separating hydrophobic and hydrophilic surfaces is ≈65°; modification of smooth gold 

and rough gold nanoparticle layer with POEGMA, a PEG derivative, was shown to reduce the 

water contact angle from 66.6° and 115.5° to 31.5° and 54.7°, respectively, which conforms to 

the critical water contact angle.[323] Li et al. have also shown the water contact angle being 

reduced from 73° on the unmodified surface to 40° on the POEGMA-modified surface thus 

confirming the formation of the POEGMA layer.[354] Such reduction in non-specific interaction 

by POEGMA-like polymers is a desirable property for DNA delivery systems for in vivo 
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applications.[145, 346] Moreover, PEG-conjugated polymers exhibit low cytotoxicity to cells both 

in vitro and in vivo, increases water-solubility of the polymer/DNA complex and increases in 

vivo biodistribution of the complex. PEG can also be used as a spacer between a targeting 

ligand and a cationic polymer.[355] Hence PEG derivatives are useful for preparing non-fouling 

coatings by allowing control of charge density and providing some level of hydrophobicity.[356, 

357] 

This method of preventing non-specific binding of proteins also finds use in biosensing 

applications as membrane biofouling is a major problem affecting the detection of 

analytes.[358-360] POEGMA copolymerised with glycidyl methacrylate (GMA) brush has been 

used as a supporting matrix for SPR arrays to efficiently load probe proteins for high sensitivity 

whilst reducing non-specific adsorption for good selectivity.[361] 

The present study focuses on varying the charge density of the PDMAEMA brush through 

copolymerisation with OEGMA to control the brush-DNA interactions and cell toxicity. These 

combination of monomers have been used previously.[357, 362-364] PDMAEMA homopolymer 

was shown to give larger polymer/DNA complexes and aggregate with plasma proteins whilst 

copolymerising with hydrophilic PEG derivatives that are generally inert, produced compact 

stable DNA complexes with minimised interaction ability with blood components thus 

prolonging blood-circulation time as mentioned earlier, and in turn allowing preferential 

accumulation of the complexes in the affected areas of the body.[365] Lutz and co-workers 

showed that PDMAEMA-co-POEGMA not only prevented gene vector aggregation but also 

kept cytotoxicity low even at high concentrations. Although gene vector binding with the cell 

surface was limited, the cellular internalisation of the bound complexes was not affected. In 

addition, a 7-fold greater gene expression was also achieved in the lungs compared with PEI, 

a highly efficient polymeric transfection agent. PEGylated cationic polymers are thus 

considered to be promising non-viral delivery agents to achieve systemic gene delivery.[363] 

This chapter, therefore, focuses on studying the ability of cationic PDMAEMA polymer brushes 

to condense DNA efficiently in order to allow the transfection of plasmid DNA to cultured cells. 

PDMAEMA has been extensively investigated for its potential as a drug/ gene delivery vector 

since its discovery as a suitable vector for transfection in 1996 by Hennink and co-workers.[181, 

182, 190, 245, 247, 366-371] PDMAEMA can be synthesised simply by controlled radical polymerisation 

of its monomer to obtain regulated molecular weights, well-defined chain ends and different 

macromolecular architectures; block, star or graft. It contains only tertiary amine groups; 

around 50% of which is positively charged at physiological pH hence it has a lower charge 
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density than the well-established PEI thus making it less toxic and is adequately protonated 

for the formation of polyanion complexes. PDMAEMA has also been reported to have a higher 

proton buffering capacity than poly(ethylenimine-ran-2-ethyl-2-oxazoline) (9:1) in both water 

and 150 mM NaCl.[372] 

The disadvantage of the polymer, however, is its toxicity and non-biodegradability, although 

it exhibits less cytotoxicity (half maximal inhibitory concentration (IC50) ≈ 40 µg/mL) than other 

comparable polymers like PEI (25 kDa, IC50 ≈ 30 µg/mL).[373] As toxicity is influenced by charge 

density amongst other factors, polycations like PDMAEMA with broadly spread charge 

distribution along the polymer chain are useful in controlling toxicity. Various approaches have 

been taken to reduce the toxicity whilst maintaining high transfection efficiency, including 

copolymerisation.[188, 365, 374] Degradable PDMAEMA has also been investigated through the 

use of cleavable disulphide bonds in the repeating units or labile functionalities like ester 

linkages.[241, 375]  

Transfection efficacy of PDMAEMA has been shown to be dependent on the polymer’s 

molecular weight, the complex size, pH, ionic strength, polymer/plasmid DNA ratio, 

temperature and viscosity.[181, 366, 376] An appealing property of PDMAEMA is its pH 

responsiveness as it provides great scope in biomedical applications. The charge density of 

such weak polybases is dependent on the pH of the solution and can in turn influence the 

composition of the resultant polyanion complex and subsequent cellular uptake, endosomal 

escape and DNA release.[346] Tuning these parameters can lead to obtaining better transfection 

efficiency with reduced cytotoxicity. 

 

2.1.1 PDMAEMA and responsive brushes 

The responsiveness of a polymer brush is dependent on the chemical composition of the 

brush. The structure and conformation of polymer brushes can be altered through external 

stimuli such as changes in pH, counterions, solvent or temperature. PDMAEMA contains a 

basic 2-(dimethylamino) ethyl group with pKa reported near 7.5 – 8 in aqueous solution.[183, 373, 

377-379] At pH above this pKa, PDMAEMA is neutral and hydrophobic, and becomes positively 

charged and hydrophilic at lower pH. Therefore, a hydrophobic-to-hydrophilic equilibrium 

exists and is controlled by the exposure of PDMAEMA to external properties of the aqueous 

environment such as pH and ionic strength. The ability to tune these external triggers are 

crucial for developing ‘smart’ surfaces.[379-381] For example, PDMAEMA was employed for its 
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temperature responsive behaviour in a smart hybrid system with gold and silica nanoparticles, 

for thermally adjustable catalysis such as in the reduction of 4-nitrophenol.[382] 

 

2.1.1.1 Effect of pH 

Weak polyelectrolyte brushes contain a number of charged groups. The solvation state of the 

groups can be influenced through changing the pH and ionic strength. Strong polyelectrolytes, 

however, are charged at all pH in aqueous solutions whilst its physico-chemical properties can 

be influenced by ionic strength. PDMAEMA falls in the category of weak polyelectrolytes and 

is inherently responsive to pH. As it is a polybase, the addition of acid results in protonation of 

the charged side groups (tertiary amine moieties). Swelling is therefore dependent on pH and 

is controlled by the osmotic effect of the counterions confined in the brush, which causes the 

polymer chains to stretch outward from the surface, thus resulting in high swelling and 

associated increase in the wet thickness of the brush (Figure 19a). Conversely, when the pH of 

the solution becomes increasingly basic, the brush becomes deprotonated and hydrophobic, 

and the wet thickness decreases (Figure 19b).[298, 380, 383, 384] 

 

 

 

 

 

 

 

 

 

 

 
Figure 19: Schematic representation of the possible mechanisms that are accountable for a) the brush swelling and 
b) brush collapse transitions.[385] 
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The pH responsive behaviour can be suppressed with the quaternization of PDMAEMA which 

produces a strong polyelectrolyte brush; poly [2-(methacryloyloxy) ethyl] trimethylammonium 

iodide) (PMETAI) which has a permanent charge regardless of the pH.[386] Similar behaviours 

were reported with other tertiary amine moieties-containing polymer brushes such as 

PDEAEMA and poly[2-diisopropylamino)ethyl methacrylate] with pKa values of pH 7.4 and pH 

6.5, respectively.[299] 

The pH-responsive behaviour of polyacid brushes such as PAA is opposite to that of 

PDMAEMA; their wet thickness increases with the addition of base as it deprotonates the 

pendant acidic groups along the polymer brush backbone, thus introducing charges within the 

layer. The resulting osmotic pressure and coulombic repulsions between the brush chains 

causes the brush to swell.[286, 296, 387] 

This pH responsive nature of weak polyelectrolyte brushes have been used for various 

applications. PDMAEMA has been employed in nanosensor platforms in combination with 

gold nanoparticle composite films, by utilising the swelling-shrinking transition of the brush 

which enables the transduction of changes in the solution pH into an optical signal. Minko and 

co-workers reported that as the solution pH could be measured within pH 5 and pH 9, which 

is near physiological range, it creates more opportunities for the use of their pH-responsive 

polymer brush/gold nanoparticle composite film system such as for the development of 

sensors for biochemical/ biomedical analytes and plasmon coupling to enzymatic reactions 

which produce or use up protons.[388] PDMAEMA brushes tethered on silicon surfaces have 

been used as ‘smart’ interfaces to help diagnose breast cancer recurrence after surgery; 

genomic DNAs were captured and released from tethered PDMAEMA via tuning the pH, which 

allowed the detection of specific DNA molecules from one droplet of human blood. Such 

results pave way for the development of lab-on-a-chip cartridges for quick diagnosis.[389] 

Polyelectrolyte brushes such as poly (2-methacryloyloxyethyl phosphate) have also been 

utilised for their pH responsiveness as their swelling associated osmotic pressure is able to 

actuate the displacement of atomic force microscopy cantilevers.[390] Compressive stresses 

produced by the collapse of the brush below pH 2 and swelling at high pH result in the 

deflection of the cantilever.  
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2.1.1.2 Effect of counterion 

Ionic strength, alongside pH, also contributes to the responsive behaviour of polymer brushes. 

However, this parameter affects equally strong and weak polyelectrolytes. The electrostatic 

interactions of polyelectrolyte brushes are screened upon addition of salt to the solution, 

alongside the reduction in osmotic pressure; at high salt concentrations, where the 

neutral/collapsed regime, also known as the salted out regime, occur, polyelectrolyte brushes 

almost reach a balance in the salt concentrations inside and outside the brush. Slightly 

decreasing the salt concentration creates an imbalance which leads to electrostatic 

interactions which cause swelling of the brush. However, in the osmotic regime, where the 

salt concentration is much lower, the electrostatic conditions become unfavourable such that 

a large difference in electric potential arises between the brush and the bulk solution – the 

salt concentration inside the brush is much greater. This results in the expulsion of the 

counterions and associated swelling of the brush. Plamper et al. demonstrated that strong 

polyelectrolyte brushes like the quaternized derivatives of star-shaped PDMAEMA, PMETAI, 

result in decreased hydrodynamic diameter with increasing ionic strength.[378] The drop is 

attributed to collapse of the polyelectrolyte arms as a result of the electrostatic screening, 

which reduces the high net osmotic pressure within the star polymer.[386] 

 

 

 

 

 

 

 

 

 

 

 
Figure 20: Equilibrium brush swelling ratio with increasing solution ionic strength, at pH 5.5. Dotted line and dashed 
line at the low and high ionic strengths, respectively, represent the predicted scaling behaviour.[300] 
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Measuring the solvated brush thickness of polybasic PDEAEMA brush over a range of KNO3 

concentrations, at a constant pH below the pKa, exhibited typical swelling behaviour such that 

the swollen brush starts to collapse at higher ionic strength. It displayed a significant change 

in the brush conformation in the range of 0.5-1 mM electrolyte, where there was rapid 

swelling when ionic strength was increased from low to high, and a sharp decline in swelling 

ratio as ionic strength was decreased from high to low; the hydrophobicity of the brush is 

thought to be responsible (Figure 20). This low ionic strength range is reported to be much 

narrower than predicted by the theory of the osmotic brush regime. 

The kinetics of the electrolyte-induced brush swelling and collapse transitions occur at the 

same rate. The same study also examined the swelling behaviour of PDEAEMA in response to 

changes in the solution pH. It was found that the salt-induced swelling was slower than pH-

induced swelling thus suggesting a different mechanism for the two processes depending on 

the manner of the environmental trigger. For pH-induced swelling, the ions must both enter 

and leave in order to replace the hydroxide ions with nitrate ions but the salt-induced collapse 

was faster than pH-induced collapse which could be due to neutralisation of the brush without 

the initial formation of the hydrophobic periphery.[300] 

 

 

 

 

 

 

 

 

 

Figure 21: Swollen thickness of PTMAEMA brush with changing NaCl concentration.[298] 

 

Sanjuan et al. also showed that subjecting poly (trimethylammonio ethyl methacrylate 

chloride) (PTMAEMA) brush to changes in NaCl concentration resulted in contraction of the 
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brush at higher NaCl concentrations.[298] The swelling thickness, measured via dynamic light 

scattering (DLS), was not influenced at lower concentrations. Two distinct regimes were 

observed as expected; the osmotic and salted regimes. In the former regime, the quenched 

PTMAEMA was not sensitive to the added electrolytes and the brush is seen to stretch solely 

due to the osmotic pressure of the counterions trapped inside the brush whilst in the latter 

regime, the brush thickness was seen to follow a power law dependence with salt 

concentration (Figure 21). 

Tan et al. have similarly reported on the ion-specific collapse of poly([2-

methacryloyloxy)ethyl]trimethyl ammonium chloride) (PMETAC) brush grafted from silica 

nanoparticles at higher concentrations of percholate ion (ClO4
-) (≥ 5 Mm NaClO4).[2] The 

hydrodynamic diameter of the particles remained constant at concentrations between 5-25 

mM NaClO4 which confirmed the colloidal stability of the particles. Beyond 25 mM NaClO4, 

aggregation and sedimentation of the particles were observed. Furthermore, as per the 

Hofmeister series, the salting out of cationic brushes is dependent on the type of counterion. 

This study showed that increasing the concentration of percholate ions (an earlier member of 

the series) gave rise to rapid collapse of PMETAC brush, even at relatively low concentrations, 

whilst increasing the concentration of chloride ions (a later member of the series) resulted in 

gradual decrease in the hydrodynamic diameter of the PMETAC-coated silica nanoparticles. 

The surface wettability was affected in such a way that the water contact angle of PMETAC-

coated silicon wafers in NaClO4 increased to 59° whilst it was reported to be 19° when in NaCl, 

which is consistent with the series. As the Hofmeister series indicates the ability of the 

counterions to salt in or salt out proteins, charged brushes respond differently to the presence 

of various types of ion, their concentration and their subsequent effect on protein or 

biomolecule adsorption via changes in the charge distribution, pKa, hydration and ion 

adsorption.[391] 

Cationic brushes such as PDMAEMA, have high adsorption capacity for negatively charged 

BSA. The adsorption and desorption of the proteins could be tailored by varying the ionic 

strength and pH as the electrostatic interactions between the proteins and the brush can be 

screened; decreasing the degree of ionisation of the PDMAEMA chains and screening the 

electrostatic attraction allowed BSA desorption. This is because the interaction of the ion pairs 

between acidic amino acid residues and the amine groups of PDMAEMA were disrupted by 

competitive binding by Na+ and Cl-.[238] This is useful in the application of such materials in ion 

exchange chromatography.  
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2.1.1.3 Effect of solvent 

Solvent quality is another important aspect governing the conformation of polymer brushes. 

Polymer chains stretch in a good solvent as a result of the favourable interaction between the 

solvent molecules and the polymer segment. Equally, in a poor solvent, the polymer chains 

collapse due to the stronger interactions between the chains themselves. The surface 

wettability is directly correlated to the quality of the solvent to which the brush is being 

exposed.  

The solvent response of polymer brushes can also be affected by the density of the brush. In 

a good solvent, a low density PMMA brush swells fast whilst there is not marked swelling in 

higher density brushes, even in good solvents, as the polymer chains are already stretched 

due to the dense packing.[392] 

Diblock polymers such as PDMAEMA-b-MMA decorating the surface of a particle, when 

exposed to various alcohols such as 1-butanol caused the overall particle diameter to increase 

by 1.42 µm from its size in methanol whilst 1-octanol caused a decrease by 2.1 µm.[393] The 

effect of relative block length on solvent response was investigated via water contact angle by 

Xu et al. using PDMAEMA as top block and poly(n-butyl methacrylate) (PBMA) brush as the 

bottom block.[394] On separate exposure to hexane and water, where the former is a good 

solvent for PBMA and latter a good solvent for PDMAEMA, the longer PDMAEMA block 

resulted in the reduction of the water contact angle of the block copolymer to that of a 

PDMAEMA homopolymer. 

 

 

 

 

 

 

 

 

Figure 22: Schematic illustration of three regions of the block copolymer brushes after hexane treatment. Black 
segments represent PBMA Blue segments represent PDMAEMA.[394] 
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As illustrated in Figure 22, in the presence of hexane, PBMA governed the surface of the 

response region when PDMAEMA block length was short. Thick PDMAEMA block suppressed 

the surface responsive properties of PBMA in the non-responsive region, whilst PDMAEMA 

and PBMA coexisted in the partial response region, at the air interface. Overall, PBMA was 

shown to have a better ability to swell from the surface to occupy the air interface whilst 

covering the collapsed chains of PDMAEMA when the bottom block length is longer thus 

enhancing the surface properties which is otherwise suppressed by a long top block. 

 

2.1.1.4 Effect of temperature 

 Temperature is another external trigger which effects polymer brush responsiveness. It does 

not affect the physicochemical properties of PDMAEMA brushes significantly within a 

reasonable range, but becomes an important parameter when DMAEMA is copolymerised 

with temperature responsive monomers such as NIPAM. Typically, polymers displaying a LCST 

or an UCST exhibit a thermoresponsive behaviour and polymer brushes constituted from the 

same monomers display temperature-modulated swelling. 

 

 

 

 

 

 

 

 

 

 

 
Figure 23: Schematic representation of the effect of temperature and thickness of PNIPAM (PIPAAm), on cell 
attachment/detachment.[395] 
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PNIPAM is a typical thermoresponsive brush which displays an LCST behaviour. Below its LCST 

of 37°C, the hydrogen bonding between the polymer units and the surrounding water 

molecules causes the polymer chains to extend thus reaching a hydrophilic state. Above the 

LCST, the polymer brush collapses due to the disruption of these interactions hence giving rise 

to the hydrophobic state (Figure 23); this behaviour is widely used for cell sheet 

engineering[395, 396] and chromatography. Various other factors such as the molecular weight 

of the polymer[397] and grafting density[398, 399] also impact the conformation of the brushes and 

the position of the LCST.[400] 

PDMAEMA brushes are also inherently thermoresponsive with an LCST of around 46°C in pure 

water at pH 7.[401, 402] Their temperature-responsive behaviour is dependent on the pH of the 

buffer solution; when both, the temperature and the pH, are low, hydrogen-bonding 

interactions and electrostatic repulsive forces dominate, whilst when they are both high, intra- 

and interchain hydrophobic interactions control the brush swelling behaviour. 

PDMAEMA has been reported to have an LCST of 31°C under pH 10 and 33°C under pH 8 – the 

shift in the LCST to a higher value is due to the fact that PDMAEMEA is more hydrophilic at pH 

8.[380] In addition, the hydrodynamic diameter increases with decreasing pH as PDMAEMA 

becomes more charged with strong electrostatic repulsive and hydrogen bonding interactions 

(Figure 24b). Consequently, LCST shifts to a higher temperature (Figure 24c). However, with 

increasing pH, these very interactions become weakened whilst powerful hydrophobic 

interactions govern the brush causing it to collapse and leading to flocculation of 

nanoparticles. As a result, the LCST shifts to a lower temperature as less thermal energy is 

required for the phase transitions (Figure 24a).[383] Generally, as the temperature increases, 

the hydrogen bonds between hydrophilic groups and water become destroyed, and hydration 

of the grafted polymer are weakened, resulting in collapse of the brush.[403]  

 

 

 

 

 

Figure 24: Temperature and pH responsive behaviour of SiO2-g-PDMAEMA, a) change in the hydrodynamic diameter 
as a function of temperature at pH 6.0, 7.0 and 8.0, b) changes in the surface charge as a function of temperature 
for pH 6.0, 7.0 and 8.0,  and c) the effect of pH on LCST of the cationic polymer brush.[383] 

a) b) c) 
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Han et al. have also studied the effect of pH and temperature, on PDMAEMA-b-PAA diblock 

copolymers of different compositions and observed a significant difference in the stimuli 

responsive behaviour of the two polymers.[404] The PDMAEMA-rich compositions exhibited 

dominant pH-responsive behaviour and thermoresponsive behaviour over a broad range of 

temperature (40-60°C) whilst the PAA-rich copolymers only displayed a weak 

thermoresponsive behaviour around the specific isoelectric point. 

Such thermoresponsive cationic polymer brushes have been used in separation of 

biomolecules. Nagase and co-workers copolymerised NIPAM with DMAEMA on silica bead 

surfaces using ATRP and characterised them via chromatographic analysis to find that the 

chromatographic retention times for adenosine nucleotides decreased with increasing column 

temperature as a result of the rapid changes in the copolymer brush’s electrostatic properties 

and the decrease in the basicity of the copolymer brush at neutral pH.[405] 

PDMAEMA can therefore be tailored for use in many applications hence this project focuses 

on its potential as a non-viral gene delivery vector and how modifying the surface of silica 

nanoparticles with the cationic brush could allow optimisation of the gene delivery efficiency. 

Surface functionalisation of nanoparticles using polymer brushes is a useful way to produce 

an effective system where the physicochemical properties such as the chemistry, charge, 

architecture, size and shape could be tuned easily and independently of each other, thus 

providing a greater degree of control for studying particle-cell interactions. Spherical silica 

nanoparticles were chosen for the gene delivery system as they are biologically inert, can be 

tailored with a variety of surface modifiers which allow the adjustments of properties like zeta 

potential and surface reactivity, and has the capability to be internalised by cells irrespective 

of their surface charge.[406] The large surface area, improved binding kinetics over flat surfaces, 

low non-specific binding of a variety of biomolecules, hydrophilicity, unique refractive index 

(RI) and density all make silica nanoparticles a valuable nanomaterial. Thus a responsive 

colloidal system can be created by functionalising the surface with polymer brushes.[92] [2] 
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 Experimental methods 

It is important to be able to synthesise and characterise the standard free polymer and 

polymer brush of interest in a controlled manner before utilising it in any new system. In this 

regard, a series of experiments were carried out to determine brush thickness of PDMAEMA 

on flat substrates and spherical silica nanoparticles, charge density variation through 

copolymerisation with POEGMA, the brush’s behaviour in different solvents and finally its 

ability to interact with DNA when grafted from nanoparticles. 

 

2.2.1 Materials 

2-(Dimethylamino)ethyl methacrylate (DMAEMA, Mn = 157.21), Oligo(ethylene glycol methyl 

ether methacrylate) (OEGMA, Mn = 300), copper chloride (Cu(I)Cl), copper bromide (Cu(II)Br2), 

2, 2’-bipyridyl (bpy), anhydrous toluene and triethylamine (Et3N) were purchased from Sigma-

Aldrich and used as received. All chemicals and solvents were analytical grades unless 

otherwise stated. Cu(I)Cl was kept under vacuum until used. Deionised water, with resistivity 

of 18.2 MΩ∙cm was obtained using Milli-Q Integral 3 System from Millipore. Silicon wafers (100 

mm diameter, 〈100〉 orientation, polished on one side/reverse etched) were purchased from 

Compart Technology Ltd and cleaned in Plasma System Zepto from Diener Electronic, for 10 

min in air plasma. Gold-coated silicon wafers were obtained through the evaporation of a 

chromium layer (20 nm followed by the evaporation of a gold layer (200 nm) using an Edwards 

Auto 500 evaporator. Silica particles (unfunctionalised) were purchased from Bangs 

Laboratories (supplied as powder, mean diameters of 310 nm). The thiol ester initiator, ω-

Mercaptoundecylbromoisobutyrate (1) was synthesised from mono-methoxy capped PEG[407] 

of 550 g/mol from Sigma, and the ester silane initiator, 2-bromo-2-methyl propionic acid 3-

trichlorosilanyl-propyl ester (2) was synthesised according to Jonas et al.[304] and Husseman et 

al.[263], by Dr Julien Gautrot (Figure 25). 

 

 

 

 

Figure 25: Chemical structure of initiator 1, ω-Mercaptoundecylbromoisobutyrate, and initiator 2, 2-bromo-2-
methyl propionic acid 3-trichlorosilanyl-propyl ester. 
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2.2.2 Growth of PDMAEMA/POEGMA on flat surfaces 

The weak polyelectrolyte of interest; PDMAEMA homopolymer, the complementary POEGMA 

homopolymer, and amphiphilic PDMAEMA-co-POEGMA brushes as utilised by Lutz and co-

workers,[363] were grown on initiator-coated gold wafers via surface-initiated ATRP as shown 

in (Figure 26). 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 26: Schematic representation of the immobilisation of thiol ester initiator onto the gold-coated glass 
substrate and of the surface-initiated ATRP of DMAEMA/OEGMA monomers. 
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2.2.2.1 Deposition of thiol initiator on gold-coated silicon wafers 

The gold-coated silicon substrates were immersed in 5 mM ethanolic solution of the thiol 

initiator, and left at room temperature overnight. The substrates were then washed in copious 

amounts of ethanol and dried under stream of nitrogen. 

 

2.2.2.2 Deposition of ester silane initiator on silicon wafers 

The plasma-oxidised silicon wafer was immersed in a recrystallisation dish containing dry 

toluene (30 mL), Et3N (50 µL) and silane initiator (10 µL), and covered with aluminium foil and 

left at room temperature overnight. The wafer was washed with ethanol and dried under a 

stream of nitrogen. The initiator functionalised wafer was kept under nitrogen until use. 

 

2.2.2.3 Polymer brush growth on silicon/gold-coated silicon wafers 

Kinetics study 

To study the PDMAEMA brush growth and the evolution of its thickness as a function of time, 

a solution of CuBr2 (18 mg, 80 µmol), bpy (320 mg, 2.05 mmol), and DMAEMA (6.6 g, 42 mmol) 

in water/ethanol (4/1 v/v, 30 mL) was degassed using nitrogen bubbling for 20 min. CuCl (82 

mg, 828 µmol) was added to this solution and the resulting mixture was further degassed for 

20 min before transferring to tubes containing the initiator-coated surfaces under inert 

atmosphere. The polymerisation was stopped at different polymerisation times by immersing 

the coated substrates in deionised water, followed by washing with copious amounts of 

ethanol and drying in a nitrogen stream. 

 

Copolymer brush synthesis 

To prepare the POEGMA polymerisation mixture, a solution of CuBr2 (18 mg, 80 µmol), bpy 

(320 mg, 2.05 mmol), and OEGMA (12.6 g, 42 mmol) in water/ethanol (4/1 v/v, 30 mL) was 

degassed using nitrogen bubbling for 30 min. CuCl (82 mg, 828 µmol) were added to this 

solution and the resulting mixture was further degassed for 20 min. 
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0 mL (0%) 0.04 mL (2%), 0.1 mL (5%), 0.2 mL (10%), 0.5 mL (25%), 1 mL (50%), 1.5 mL (75%) 

and 2 mL (100%) of the PDMAEMA polymerisation solution and 2 mL, 1.96 mL, 1.9 mL, 1.8 mL, 

1.5 mL, 1 mL, and 0.5 mL of the POEGMA polymerisation solution, respectively, were taken in 

a syringe and mixed before transferring to tubes containing the initiator-coated substrates 

under inert atmosphere. The polymerisation was stopped after 20 min by immersing the 

coated substrates in deionised water, followed by washing with copious amounts of ethanol 

and drying in a nitrogen stream. 

 

 

 

 

 

Scheme 27: Chemical structure of OEGMA and POEGMA 

 

The PDMAEMA polymerisation mixture was prepared as described in the kinetics study. 

 

 

 

 

 

Scheme 28: Chemical structure of DMAEMA and PDMAEMA 

 

Pure PDMAEMA synthesis 

To grow 30 nm-thick PDMAEMA brushes, the polymerisation solution was prepared as 

detailed previously and 2 mL of the polymerisation mixture was transferred to tubes 

containing the initiator-coated surfaces under inert atmosphere. The polymerisation was 

stopped after 20 min using the method described previously. 
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2.2.3 Free PDMAEMA/POEGMA synthesis 

For the synthesis of free polymers, separate solutions (water/ethanol, 4/1 v/v, 30 mL) of 

DMAEMA (6.6 g, 42 mmol) and OEGMA (12.6 g, 42 mmol) each also containing CuBr2 (0.018 g, 

81 µmol) and bpy (320mg, 2.05 mmol) were degassed via bubbling of nitrogen gas. CuCl (0.082 

g, 828 µmol) was added after 20 min to both solutions. 12 mL of monomer solutions were 

transferred to polymerisation tubes under nitrogen in 0%, 25%, 50%, 75% and 100% ratios of 

PDMAEMA: POEGMA. An initiator solution containing 2.5 mL water and 84 mg of oligo 

ethylene glycol ATRP initiator was also degassed in a vial for 20 min. 500 µL of the solution 

were added to each polymerisation tube and left to polymerise for 4 h. The polymer solution 

was then transferred to dialysis bags (Spectra/Por® Biotech Cellulose Ester (CE) Dialysis 

Membranes, MWCO: 3000-5000 D, Spectrum Laboratories) and purified through extensive 

dialysis against deionised water over 3 days, replacing with deionised water twice per day. 

100% f-PDMAEMA with relatively low molecular weights were prepared by Dr Julien Gautrot. 

 

2.2.4 Growth of PDMAEMA/POEGMA on silica particles 

Silica nanoparticles were coated with PDMAEMA/ POEGMA brushes or a copolymer of these 

generated through surface-initiated ATRP (Figure 29).  

 

 

 

 

 

 

 

 

 

 
 
Figure 29: Schematic representation of the surface functionalisation of silica nanoparticle with silane initiator, and 
subsequent synthesis of SiO2-g-polymer brush via SI-ATRP. 
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2.2.4.1 Deposition of ester silane initiator on silica nanoparticles 

Silica nanoparticles (Ø ≈ 310 nm, 200 mg) were dispersed in dry toluene by sonication 

(Ultrawave IND7800D Ultrasonic Cleaning Tank), washed in dry toluene via three 

centrifugation (4000 rpm for 1 minute)/ redispersion cycles, and finally dispersed in dry 

toluene (4 mL). Triethylamine (200 µL) and silane initiator 2 (40 µL) were added to this 

dispersion and the suspension was left on a 3D lab application shaker (Gyro Twister GX-1000 

3-D Shaker from Labnet) overnight for thorough mixing. The resulting particles were collected 

by centrifugation, washed three times with dry toluene, and finally redispersed in 4 mL ethanol 

as stock solution for storage (50 mg/mL). 

 

2.2.4.2 Polymer brush synthesis on silica nanoparticles 

Polymerisation solutions were prepared as described previously by dissolving DMAEMA (6.6g, 

42 mmol) and/or OEGMA (12.6 g, 42 mmol), bpy (320 mg, 2.05mmol), CuBr2 (80 mmol) and 

CuCl (0.082 g, 828 µmol) in half of the total polymerisation solvent (water/ethanol 4/1 v/v, 15 

mL). Initiator-coated silica nanoparticles (1/10 v/v, 100 µL, 5 mg/mL stock solution) were 

dispersed in ethanol (1/10 v/v, 100 µL) and water (8/10 v/v, 800 µL) in a tube and degassed in 

nitrogen/argon for 15 min. The polymerisation solution was then injected into the initiator-

coated silica nanoparticles and left at room temperature whilst under inert gas, for 20 min. To 

terminate the polymerisation, the dispersion was diluted with water, and compressed air was 

bubbled through the mixture until a colour change of dark brown to blue-green was observed. 

The nanoparticles were recovered by centrifugation, washed three times with water and 

finally dispersed in water. 

 

2.2.5 Characterisation 

2.2.5.1 Ellipsometry 

Ellipsometry was chosen to determine the polymer film thicknesses on silicon and gold-coated 

silicon substrates as the sensitivity of the technique allows measurements of nanometer-scale 

layers in a precise and accurate manner. This optical measurement technique is both non-

invasive and non-destructive, and only requires a low-power light source. [408] The thickness 

measurements were obtained via an α-SE spectroscopic ellipsometer (J. A. Woollam) at an 
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incident angle of 70°. Bare substrates of silicon or gold were used to build the model using a 

cauchy layer to measure the brush thickness. Measurements were taken at least three 

different points per sample and average values are reported ± standard deviations. 

The method measures the change in polarisation caused by the presence of the material which 

reflects or transmits the light as per the material structure. The material thickness as well as 

optical constants of the material determine the measured response. The change in the 

polarisation is represented as an amplitude ratio (Ψ) and phase difference (Δ) between p- and 

s-polarised light waves. The changes measured are then compared to mathematical models 

(using the software from J. A. Woollam) to extract the coating’s thickness and optical 

constants. 

 

2.2.5.2 Fourier transform infrared: Attenuated total reflectance (FTIR-ATR) 

FTIR was used to characterise the free polymer/polymer brushes to confirm the distribution 

and concentration of the different chemical species expected within the respective polymers 

through obtaining an infrared spectrum (a plot of measured infrared light intensity versus a 

property of light) of absorption of the samples. The method is efficient as it allows the 

collection of high spectral resolution data over a wide spectral range. This technique uses 

interferometry to give details of a material placed in the IR beam. Attenuated total reflectance, 

in particular, is a simple sampling technique in FTIR which allows the measurement of solid or 

liquid samples directly without requiring further sample preparation. 

The method utilises total internal reflection to produce an evanescent wave. When a beam of 

infrared light passes through the ATR crystal, it reflects at least once via the internal surface 

in contact with the sample thus forming the evanescent wave which penetrates the sample. A 

detector collects this beam as it exits the crystal. The fourier transform converts the output 

from the detector to a spectrum that can be interpreted where a molecular ‘fingerprint’ of the 

sample is produced. Thus a specific chemical functional group in the molecule is presented by 

spectral features in a certain region of the spectrum.[409] 

ATR-FTIR spectroscopy in this study was carried out using Bruker Tensor 27 with an MCT 

detector (liquid N2 cooled). Spectra were taken at a resolution of 4 cm-1 with a total of 16 scans 

per run.  
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Free polymers were measured by dissolving the sample in methanol, placing a drop on the 

ATR crystal and allowing it to dry.  

ATR-FTIR spectroscopy was also carried out on PDMAEMA-g-SiO2 nanoparticles and 

copolymer-grafted nanoparticles. Background subtraction was automatically achieved by 

taking background scan with the bare silica particles prior to performing measurements with 

the sample.  

 

2.2.5.3 Proton nuclear magnetic resonance (1H NMR) 

NMR is an essential analytical chemistry technique which determines the content and purity 

of a sample alongside its molecular structure. Majority of the nuclei of atoms have spin and 

all nuclei are electrically charged. When an external magnetic field is applied, a magnetic 

moment, arising from nuclei having an odd number of protons/neutrons,  experiences an 

interaction that results in a parallel or opposite alignment to the direction of the applied field. 

An energy transfer, which happens at wavelengths matching radio frequencies, occurs 

between the base energy to a higher energy level, usually referred to as the energy gap. As 

the spin returns to the base, an energy from the same radio frequency is emitted. The signal 

matching such transfer is measured and processed to give a NMR spectrum for the relevant 

nucleus. The environment of different protons will shift their signals. The intensity of the peaks 

observed in NMR correlate with the abundance of the corresponding protons and this can be 

used to characterise the relative ratio of these protons.[410] 

The conversions of the free polymers in the current study were analysed through 1H NMR. The 

data was acquired using Bruker AV 400 and AVIII 400, for the f-PDMAEMA and PDMAEMA: 

POEGMA copolymers, dissolved in deuterium oxide (D2O, 99.0 % atomD).  

The copolymer composition was determined by calculating the ratio of the two peaks at 3.35 

ppm and 2.70 ppm which represent the methoxy peak in POEGMA and methylene peak in 

PDMAEMA, respectively. The integration area values obtained from Mnova software were 

corrected for the number of protons involved in the signal (3 for methoxy and 2 for 

methylene). This allowed the determination of the ratio of the monomers and hence actual 

percentage of the monomer in the copolymer (See Appendix 1 for sample calculation). 
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2.2.5.4 Gel permeation chromatography (GPC) 

GPC is a type of size exclusion, elution chromatography in which the separation occurs in 

accordance with the size of the solute molecules. The technique allows the acquiring of  

molecular-weight distributions of polymers.[411] Liquid chromatography uses columns which 

are packed with porous particles within which the solvent of interest is flown. Molecules 

dissolved within the solvent are separated based on their size.  

Molecular weight distribution of the f-PDMAEMA and copolymers was obtained via GPC, using 

Agilent 1260 Infinity System operating in THF with 5mM NH4BF4 and equipped with RI detector 

and variable wavelength detector, 2 PLgel 5 µm mixed-C columns (300×7.5 mm), a PLgel 5 mm 

guard column (50x7.5mm) and an autosampler. The instrument was calibrated with linear 

narrow poly(methyl methacrylate) standards in range of 550 to 46890 g/mol (Agilent 

Technologies UK). All samples were passed through neutral aluminium oxide and 0.2 µm PTFE 

filter before analysis. The division of weight-average molecular weight (Mw) by number-

average molecular weight (Mn) provided the polydispersity of the molecular weights. 

 

2.2.5.5 Scanning Electron Microscope (SEM) 

SEM is a useful, high-resolution imaging technique that can be used to qualitatively assess the 

surface morphology of any sample. The method involves the scanning of the surface of the 

sample using a beam of electrons which are then reflected to form an image. The beam of 

electrons interact with the sample to produce various signals which offer details of the surface 

topography and composition of the sample.[412] 

SEM images for this study were acquired on Inspect F (FEI Company) to visualise silica 

nanoparticles. The samples were prepared by adding a few drops of dilute particle suspension 

onto a clean silicon wafer and allowing the solvent to evaporate in air. The samples were then 

mounted on an aluminium stub using double-sided tape before coating with a 10 nm thick 

palladium/gold (60:40) film (Desk II, Denton Vacuum Sputter Coater). The coated samples 

were then analysed using an electron acceleration voltage of 5-10keV. 

 



 

 

73 

2.2.5.6 Thermogravimetric analysis (TGA) 

TGA is another essential analytical technique which can show the change in mass of a 

substance loaded on a pan via a microgram balance, as a function of temperature where a 

constant heating rate is used through a programmable furnace. The basic principle is that 

there is a mass change upon heating the sample, as a result of the decomposition, reduction 

or evaporation, in the case of mass loss, and oxidation or absorption, in mass gain. This change 

can give an indication of the thermal stability or the composition of the sample, up to 1000 

°C.[413] Thus it is very useful for the determination of the organic content in a sample via the 

weight percentage change reading obtained from the resulting mass change. 

The analysis for this study was performed in nitrogen[383, 414] using TA Instruments Q500 

Analyser. Samples were heated from room temperature to up to 1000 °C at a heating rate of 

10 °C/min. TGA was used to determine the decomposition temperature (at the onset of weight 

loss) and the percentage of polymer brush grafted on the silica nanoparticle (taken from 150 

°C until full degradation). It was assumed that the weight change was due to the burning of 

the organic coatings and the remainder was non-combustible silica particles. All samples were 

dried under vacuum at room temperature prior to TGA runs. 

 

2.2.5.7 Zetasizer Nano ZS 

In order to gain a better understanding of the changes in surface charges of the nanoparticle 

in different conditions and coatings, the nanoparticle system was characterised by Zetasizer. 

The brush thickness via the hydrodynamic diameter and the surface charge of the 

nanoparticles via the zeta potential were determined by DLS and ELS by using the Malvern 

Zetasizer Nano ZS fitted with a 633 nm red laser. For DLS, a scattering angle of 173° was used 

to measure the scattered light intensity. The hydrodynamic particle was determined according 

to the Stokes-Einstein equation[415]: 

 

𝐷𝐻 =  
𝑘𝑇

𝑓
=  

𝑘𝑇

3𝜋𝜂𝐷
 

 

Where 𝑘 is the Boltzmann constant, 𝑓 is the particle frictional coefficient, 𝜂 is the solvent 

viscosity, 𝑇 is the absolute temperature, and 𝐷 is the translational diffusion coefficient. The 

nanoparticles were assumed to be spherical, monodisperse, non-interacting. 
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The zeta potential (𝜉) of the particles were estimated from the electrophoretic mobility (𝑢) as 

according to the Helmholtz-Smoluchowski equation: 

𝑢 =  𝜖
𝜉

𝜂
 

Where 𝜂 is the viscosity, and 𝜖 is the dielectric constant. 

For DLS measurement, samples were passed through 0.45 µm syringe filters to remove any 

large contaminant particles prior to analysis. Samples were prepared by dispersing particles in 

deionised water/ 150mM NaCl/ PBS, to obtain a slightly cloudy solution, which was then 

sonicated for 5 min. Each measurement was repeated at least three times at 25°C, over 5 – 15 

min, and the average result was taken as the final hydrodynamic diameter. The PDI index of 

the readings were below 0.5 suggesting a homogenous size distribution. 

 

2.2.5.8 Charge titration and swelling behaviour (Ellipsometry/Zetasizer) 

The PDMAEMA-grafted silica particles were dispersed in 6mL of 150 mM NaCl solution and 

the pH was varied with the addition of HCL/NaOH. The zeta potential and the hydrodynamic 

diameter of the particles were recorded at the respective pH values, measured using a 

SevenGo DuoTM pH meter (Mettler Toledo).  

To measure the thickness of polymer brushes grown from flat silicon substrates and their 

swelling in liquids, samples were placed in a liquid cell (500 µL LiquidCellTM) fitted with quartz 

windows normal to the laser beam path of the ellipsometer, and deionised water or salt 

solutions (150 mM NaCl at different pH between 4 and 12) were injected using a syringe. The 

data was fitted by using a Cauchy model, with a medium that had a RI > 1 (determined by 

fitting the optical constants of the medium for a standard silicon substrate with a known layer 

of silicon oxide of 25 nm).  

The pH was adjusted by using small volumes (10 µL) of concentrated 0.01-0.5 M HCl or 0.01-

0.1 M NaOH, as required. The wet ellipsometric thickness/swelling was measured at each pH. 

A reverse titration was also performed by changing pH from 12 to 4. 
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2.2.6 Interaction with DNA 

2.2.6.1 Materials 

NaCl (150 mM, PolyPlus), PBS (tablets, Sigma-Aldrich), keratinocyte serum-free medium 

(KSFM, Gibco), HBS (1 M, Gibco), 10 x 12 mm SPR-Au chips purchased from Senss bv, and 

stored under nitrogen, at room temperature). 10 mM HBS contained 1mL of 1 M HEPES and 

100 mL of 150 mM NaCl. EGFP was prepared by Dr Julien Gautrot and Dr Amir Sharili. 

 

2.2.6.2 Methods 

SPR measurements were performed with Biacore X. The 15 nm-thick PDMAEMA was grown 

on the SPR chips (functionalised with the thiol initiator 1) using the method described in 

section 2.2 but with the polymerisation terminated at 5 min. 30 nm-thick PDMAEMA was also 

used for comparison and study of the effect of brush thickness on DNA binding. The resulting 

brush-coated SPR chips were mounted upon the lens. Plasmid DNA (EGFP) dissolved in the 

concentration of 1 µg/mL in 150 mM NaCl or 10 mM HBS buffer, pH 7.4, was allowed to 

interact with the immobilised polymer brush. Saline solution (150 mM NaCl) at pH 9 and pH 5 

were also injected to study binding stability at different pH. 

Ellipsometry measurements were carried out on silicon wafers (1 cm x 3 cm) grafted with 

PDMAEMA. The wafers were mounted on the liquid cell, and injected with 10 mM HBS/ 150 

mM NaCl buffer and allowed to reach its swelling equilibrium. This was then followed by 

injection of plasmid DNA dissolved in the respective buffer, and the wet thickness was 

measured at regular intervals. 

DNA interaction studies with the SiO2-g-PDMAEMA and copolymer brush were carried out via 

Zetasizer Nano ZS. Plasmid DNA was dissolved in the concentration of 10 µg/mL and diluted in 

1 mL of 150 mM NaCl. Brush-coated nanoparticles were also diluted in 1 mL of 150 mM NaCl 

for the N/P ratios 1:1, 5:1 and 20:1, where N/P ratio is the ratios of moles of the amine groups 

of cationic polymers to those of the phosphate ones of DNA. The amount of DNA used was 

kept constant here whilst the amount of the polymer brush-coated nanoparticles was varied. 

1 mL of the polymer brush-grafted nanoparticles solution was added to 1 mL of the DNA 

solution and allowed to complex for 15 - 30 min. The particle hydrodynamic diameter and the 

zeta potential were then measured for each N/P ratio before and after complexation. Pre-

binding values were obtained with same particle concentration as N/P 5:1 but without DNA. 
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 Results and discussion 

2.3.1 Control of PDMAEMA brush growth 

In order to determine the control of the brush chemistry and structure, brush thickness 

measurements were carried out. Figure 30 represents the kinetics study performed with 

PDMAEMA where the brush growth with respect to time was investigated. The targeted brush 

thickness was 30 nm, based on the good protein resistance achieved for many polymer 

brushes of similar thickness.[309] This thickness was achieved at a polymerisation time of 

approximately 20 min. Copolymer brushes consisting PDMAEMA and POEGMA at different 

ratios were then grown at a constant polymerisation time of 20 min, using similar conditions, 

but changing the molar ratio of the two monomers. Figure 31 demonstrates a relatively 

constant thickness of around 30 nm for the various copolymer brushes. This confirms that the 

brush growth is controlled, and the growth profile confirms a high grafting density. 

 

 

 

 

 

 

 
 
Figure 30: Pure PDMAEMA brush thickness with time via a) microcontact printing of the initiator on gold-coated 
silicon substrates and via b) solution deposition of the initiator. Brush thickness as by ellipsometry and results are 
expressed as mean values ± SE, n=6. 
 

 

 

 

 

 
 
 
 
Figure 31: PDMAEMA-co-POEGMA brush grown via solution deposition of the initiator, at a polymerisation time of 
20 minutes. Values are expressed as mean values ± SE, n=6. 
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2.3.2 Structural characterisation of polymers 

Proton nuclear magnetic resonance (1H NMR) was utilised to analyse the structure of free 

copolymers generated in solution (Figure 32) and confirm the control of the mole ratio of 

comonomer actually incorporated in the polymer backbone. The signals at 2.3 and 2.7 ppm 

are attributed to the methyl (N-CH3) and methylene groups (N-CH2-) on the tertiary amine of 

the PDMAEMA side chain, respectively. The chemical shift at 4.1 ppm corresponds to the 

methylene group adjacent to the carboxylate group (–O-CH2-) of PDMAEMA.[368, 380] The curve 

displays the expected protons of methyl in the main polymer chain at 0.8 - 1.0 ppm. No peaks 

of protons in C=C double bond around 5.8-6.5 ppm was observed which indicates the absence 

of any residual monomers in free PDMAEMA (f-PDMAEMA).[403] 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 32: 1H NMR spectra of f-PDMAEMA/ f-POEGMA copolymers in D2O. 

 

For pure free POEGMA (f-POEGMA), the presence of the methoxy group (-O-CH3) is evidenced 

by the peak at 3.35 ppm whilst it is absent in the pure f-PDMAEMA. Signals at 3.6 – 3.7 ppm is 

assigned to the methylene group adjacent to the methoxy group (-CH2-O-CH3). The signals at 

4.1 ppm is ascribed to the methylene group beside the carboxylate group (-O-CH2-). The 

POEGMA PDMAEMA 
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protons of the methyl and methylene in the main polymer chain also appear between 0.8 – 

1.0 ppm and 1.7 – 2.1 ppm, respectively.[416] 

With an increase in the PDMAEMA content, the peak areas belonging to PDMAEMA and 

common to POEGMA increased in parallel.[417] The decrease in the signals at 3.6 – 3.7 ppm, 

with no signal on pure PDMAEMA indicates a decrease in the POEGMA content and the 

eventual absence of it.  

The integration area ratio of the peaks at 3.35 and 2.70 ppm (the two signals which represents 

change in PDMAEMA content where the former indicates increasing PDMAEMA in copolymer 

with decreasing peak strength whilst the latter displays an increase in PDMAEMA content with 

increasing peak strength) in Figure 32 was used to determine the actual ratio of monomers in 

the copolymers at 25%, 50% and 75% PDMAEMA expected. The ratio of these two peaks once 

corrected for the number of protons in the signal allow the determination of the ratio of the 

monomers and hence actual percentage of the monomer in the copolymer as shown below in 

Figure 33 (See Appendix 1). 

The graph exhibits a moderate ideal behaviour with slightly more DMAEMA achieved in the 

copolymer than expected. This can be attributed to the higher reactivity of DMAEMA 

compared to OEGMA toward both propagating species, as the latter has a higher molecular 

weight.[288]  

 

 

 

 

 

 

 

Figure 33: Copolymer composition as determined by the ratio of the integration areas of the NMR peaks. 

 

Together these results confirm the good control of polymer brush growth and the thickness 

of the resulting coating, but also the composition of the copolymers generated. 
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The attenuated total reflectance – Fourier transform infrared (ATR-FTIR) spectra acquired for 

the free polymers; POEGMA, PDMAEMA, and their copolymers confirmed successful 

(co)polymerisations (Figure 34).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 34: ATR-FTIR spectra of f-PDMAEMA-co-POEGMA copolymers. 
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The sharp absorption at 1725 cm-1 was ascribed to the stretching vibration typically associated 

with the ester group of PDMAEMA (C=O). The stretching vibration of C-N bonds from –N(CH3)2 

groups or C-O in the polymer was also observed at 1150 cm-1.  The peak of wave vibrations 

occurring at 777 cm-1 belong to the alkyl group of the polymers. The absorption bands at 2767 

cm-1 and 2820 cm-1 are the stretching and bending vibrations of –CH2, -CH groups of the –

N(CH3)2.[418] 

The characteristic C-O stretching of POEGMA appeared at 1032 cm-1 whilst the absorption 

band for the –C=O stretching (also present in PDMAEMA) occurred at 1725 cm-1 as shown in 

Figure 34. The absorption band at 2870 cm-1 and 2942 cm-1 is ascribed to C-H asymmetric 

stretching vibrations. 

It is notable that both characteristic peaks of PDMAEMA at 2767 cm-1 and 2820 cm-1 become 

much stronger with increasing PDMAEMA content while the intensity of the C-H stretching 

vibrations at 2870 cm-1 and 2942 cm-1 (characteristic of POEGMA) decreased, which is in 

agreement with reports in the literature.[384, 416, 417, 419, 420] 

No absorption was detected for C=C double bonds at 1640 cm-1 which could have indicated 

the presence of free DMAEMA, therefore confirming the NMR results with regards to the lack 

of unreacted monomer.[419] 

 

2.3.3 Characterisation of free polymer molecular weights 

The molecular weight and PDI (Mw/Mn) of two samples of f-PDMAEMA were determined by 

gel permeation chromatography (GPC), using tetrahydrofuran (THF) as eluent.  

 

 

 

 

 

 
 
 
Figure 35: Overlaid multidetector molecular weight distributions of the free polymers synthesised, via GPC. 
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Figure 35 shows an overlay of the accurate molecular weight distributions of the samples. The 

positions of the peaks and the width of its distribution gives an indication of whether the 

molecular weight has been controlled under the conditions used for the polymerisation. 

The results showed that PDMAEMA 1 and 2 had molecular weights in two different ranges (Mn 

=11,000 Da/Mw = 22,000 Da, and Mn = 28,000 Da/ Mw = 52,000 Da, respectively. They both 

exhibited relatively high PDIs (1.96-1.9). This could be an indication of an uncontrolled 

polymerisation caused through a complex formation between the growing polymer chains and 

the copper catalyst. The higher PDIs could also be due to interaction of the free polymers with 

the column material thus leading to incomplete elution.[190] As these samples were only 

required to test the transfection efficiency with PDMAEMA free polymers, this lack of control 

was not investigated further. 

The molecular weight of interest was 25,000 Da as this has been reported to be suitable for 

gene transfections with PEI, a transfection reagent similar to that of PDMAEMA in structure 

and charge.[363] PDMAEMA 1 was successfully polymerised in reaching this value. This also 

confirms that the molecular weight was controlled. 

 

2.3.4 Structural characterisation of polymer brush-functionalised nanoparticles 

ATR-FTIR was used to confirm the structure of the brushes generated on particles, using 

spectra recorded for free polymers as a comparison (Figure 36). 

The intensity of the absorbance for the bands of interest were found to be lower than that for 

the free copolymers due to the lower polymer brush content grafted from the surface of the 

silica nanoparticle compared to the size of the silica nanoparticle. The strong absorbance peak 

of C=O ester occurred at 1730 cm-1 in the spectrum of both, SiO2-g-PDMAEMA and SiO2-g-

POEGMA. [403, 420] The absorption band at 1458 cm-1 is characteristic of PDMAEMA units and 

can be ascribed to the CH2 bending. The absorbance peaks appearing at 2815 cm-1 and 2765 

cm-1 belong to C-H stretching of the –N(CH3)2 groups.[421]. These peaks become stronger with 

increasing content of PDMAEMA.[417] The peak at 2980 cm-1 is attributed to the –C-H symmetric 

and asymmetric stretching of CH3- and –CH2- groups in the main chain of the grafted 

PDMAEMA.[422] It is also noticeable that with decreasing PDMAEMA content, the characteristic 

peak of POEGMA at 2870 cm-1 assigned to –CH2 stretching vibration increases.[420] The 

absorption band at 2942 cm-1 also belongs to the C-H asymmetric stretching vibration but the 

intensity of the bands are not as distinct as those for 2870 cm-1 however the trend is still clear. 
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Below 1200 cm-1, the large vibrational bands arising from the silica core preclude any analysis 

of the spectra. Hence, these observations of the evolution of vibrational bands as function of 

composition of the brushes match observations that were made for free copolymers and 

confirm that PDMAEMA-co-POEGMA copolymer brushes have been successfully synthesised 

on the surface of silica nanoparticles via SI-ATRP. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 36: ATR-FTIR spectra for (co)polymer brush grafted from SiO2 nanoparticles. 
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2.3.5 Characterisation of the surface morphology of particles 

The morphology (size, shape and surface morphology) of the nanoparticles were observed by 

scanning electron microscopy (SEM). The SEM images of the bare silica nanoparticles and 

cationic brush-grafted silica nanoparticles qualitatively show that they remained spherical, 

near-monodisperse with a smooth, featureless surface morphology and no apparent sign of 

aggregation (Figure 37). 

The average size of the nanoparticles was estimated by measuring the diameter of each 

particle using the SEM software. The mean particle diameter observed on SEM micrographs 

was 333 nm (standard error, SE = 9 nm) for 15 bare silica nanoparticles. Silica particles surface-

grafted with brushes were aggregated at lower magnification. The mean diameter of 15 

nanoparticles with brush as measured on SEM micrograph was 357 nm (SE = 7 nm). This 

suggests a dry brush thickness of approximately 24 nm. The dry brush thickness for brush 

grown on flat substrates as measured by ellipsometry was ≈ 30 nm hence both measurement 

are comparable to an extent and confirm the presence of brush on the surface of the silica 

nanoparticles.  

 

 

 

 

 

 

 

 

Figure 37: SEM micrographs of a) Bare 310 nm silica nanoparticles and b) 310 nm silica nanoparticles coated with 
brush, at magnification 20,000 x. 
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2.3.6 Determination of the weight fraction of polymer brush 

In order to determine the weight fraction of polymer forming the grafted particles prepared, 

thermogravimetric analysis (TGA) was carried out where the particles were heated from room 

temperature up to a temperature at which their respective curves plateaued. From the 

thermal degradation profile, the weight fraction of polymer brushes grafted from silica 

nanoparticles was determined, in order to calculate the weight of particles required to achieve 

the different N/P ratios required for the DNA interaction and transfection studies. The 

percentage of the grafted polymer was attained through calculating the change in weight 

percentage from 150 °C until full degradation had occurred (where the trace levelled off) via 

the TA Instruments Q500 Analyser software. 

As can be seen from Figure 38, all sample traces start at 100% and it is clear that the weight 

loss occurs in two stages. The first weight loss is from RT to approximately 250 °C, with a more 

pronounced decrease below 100 °C, caused by the desorption of physically adsorbed water. 

The second stage, which takes place above 280 °C, with two main decomposition peaks, is due 

to the decomposition of the grafted polymer brush. From these traces, the average weight 

percentage of PDMAEMA grafted on silica particles was found to be close to 27 % whilst 

POEGMA-grafted nanoparticles gave 29%. 

 

 

 

 

 

 

 

Figure 38: TGA of SiO2, SiO2-Initiator, SiO2-g-POEGMA and SiO2-g-PDMAEMA. Traces start at room temperatures. 

 

Moreover, the trace for silica deposited with initiator indicates higher percentage weight 

compared to bare silica over the same temperatures, this is possibly due to bare silica 

absorbing more water than silica with initiator hence as the water is burnt off, the trace the 

change in the weight percentage is greater. 
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2.3.7 Determination of particle size and zeta potential 

In order to confirm the swelling behaviour of brush-grafted particles, DLS studies were 

conducted at 25°C. These measurements were carried out on silica nanoparticles decorated 

with (co)polymer brushes that had been grown for the same amount of time as brushes grown 

from silicon substrates and for which a dry thickness of 30 nm was measured by ellipsometry. 

Dynamic light scattering was used to determine the size of the nanoparticles in deionised 

water and study the impact of the brush composition on its swelling. 

Generally, the hydrodynamic diameter of the SiO2-g-PDMAEMA-co-POEGMA in deionised 

water, increased with increasing content of PDMAEMA as the relative hydrophobicity arising 

from the OEGMA repeat units decreased and the relative ratio of charged repeat units 

increased (Figure 39). 

 

 

 

 

 

 

 

 

Figure 39: Effect of varying charge density on the particle size and zeta potential of the polymer brush-coated 
nanoparticles, in deionised water (pH ≈7). Values represent mean ± SE, n ≥ 9. 

 

The surface charge properties of the silica nanoparticles coated with polymer brushes were 

determined in terms of the zeta potential via electrophoretic light scattering (ELS). Variation 

in the charge density with the different % copolymerisations were evident through the zeta 

potential measurements. The zeta potential of POEGMA (0% PDMAEMA) was observed to be 

-5.7 mV (SE = 5.3 mV) which is in agreement with what is reported in literature.[228] The zeta 

potential became increasingly positive with the rise in the percentage of cationic PDMAEMA 

as expected. The highest zeta potential of 42.6 mV (SE = 1.9 mV) was recorded for 100% 
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PDMAEMA on particles which also aligns with literature values.[423, 424] The large zeta potentials 

signify high electrostatic repulsive forces between the particles and therefore stable 

dispersions, where the existence of an energy barrier prevents the proximity of the  

particles.[425, 426] The zeta potential was controlled reasonably well with the range of 

copolymers. 

The brush swelling was also seen to increase with increasing content of PDMAEMA in the 

copolymer brush as the charge of the brush also increased. Charged polymer brushes swell 

more due to the higher degree of protonation and solvation which results in the polymer 

chains stretching away from the silica surface. Maximum brush swelling occurred at 1050 nm 

(SE = 123 nm) for 75% PDMAEMA, with a slight decrease at 100%. The slight decrease in 

swelling measured in the 100% PDMAEMA-coated particles, compared to 75% PDMAEMA 

could be due to the basicity of the DMAEMA repeat units, contributing to increase the pH 

further than in the 75% PDMAEMA brushes and resulting in a partial collapse of the brush (see 

discussion of the pH responsive behaviour below). 

 

2.3.8 Charge titration 

The pH dependence of the hydrodynamic diameter and net surface charge of SiO2 coated with 

copolymer brushes was studied by light scattering and zeta potential measurements (Figure 

40). The polymer brush-coated nanoparticles were dispersed in 150 mM NaCl and their pH 

was adjusted as required using NaOH or HCl. This study used 150 mM NaCl as the medium for 

the characterisation of PDMAEMA brushes as the physiological concentration of 150 mM has 

a notable effect on the way in which NaCl weakens the electrostatic repulsion between 

charged amine groups in the polymer chain which consequently enhances the protonation of 

the chain.[427] 

The SiO2-g-brush particle system is governed by the coexisting electrostatic repulsive, 

hydrophobic and hydrogen bonding interactions. As discussed in section 2.1.1.1, PDMAEMA 

displays a marked pH-responsive behaviour. In the acidic region, at pH 4, SiO2-g-PDMAEMA 

nanoparticles (Ø320 nm), coated with 30 nm-thick PDMAEMA brush, containing the tertiary 

amine group, is fully protonated to the corresponding quaternary ammonium thus creating a 

hydrophilic surface. The polymer chains are highly stretched along the radial direction due to 

the geometrical constraint, electrostatic repulsions, strong chain-solvent interactions and 

osmotic pressure.[380, 422] This gives rise to a larger hydrodynamic diameter for 100% 
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PDMAEMA and 75% PDMAEMA at pH 4 as PDMAEMA is more charged with strong 

electrostatic repulsive and hydrogen bonding interactions. A hydrodynamic diameter of above 

650 nm is observed for 100% PDMAEMA, which is expected to reduce with increasing pH 

however as the pH approached the pKa of PDMAEMA (≈ 8),[183, 379] the colloidal stability is 

reduced hence a slight increase in the swelling to a maximum hydrodynamic diameter of 701 

nm is reached.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 40: Effect of pH on a) the zeta potential and b) the hydrodynamic diameter, of  0% PDMAEMA (100% 
POEGMA), 75% (25% POEGMA) and 100% PDMAEMA, grafted on SiO2 nanoparticles, in 150 mM NaCl, measured 
by DLS and ELS.  Values represent mean ± SE, n ≥ 9. 
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limited space available for the polymer chains to occupy due to the high grafting density. 

Polymer chain-chain interactions dominate chain-solvent interactions which leads to the 

polymer chains collapsing abruptly between pH 7 and pH 9, in the range of the pKa of 

PDMAEMA and, as a result, smaller hydrodynamic diameters are observed by DLS.[383, 422] As 

mentioned previously, the hydrophobic-to-hydrophilic equilibrium in PDMAEMA contributes 

in a way such that as the pH changes, the phase state of the macromolecule changes 

accordingly. 

With pure PDMAEMA, aggregation is also expected in neutral/alkaline aqueous environment 

as a result of the decreasing positive charge as the brush is subjected to increasingly basic pH 

which leads to increased hydrophobicity of the brush and eventual aggregation.[199] This was 

not observed in this charge titration study, possibly due to the concentration of the suspension 

being too dilute for aggregation to occur. 

The zeta potential is notably lower for 100% PDMAEMA compared to the value in Figure 39 (a 

decrease of 15 mV) due to a change in the ionic strength as the charge titration was carried 

out in 150 mM NaCl as opposed to deionised water. A sharp decrease in zeta potential also 

occurred near the pKa of PDMAEMA ≈ 8,[183] between pH 7 and pH 9 for 100% PDMAEMA 

grafted on silica nanoparticles, with a more gradual drop for 75% PDMAEMA and with little 

effect on POEGMA. This was also reflected to an extent in the hydrodynamic diameter where 

the brush swelling was reduced from 636 to 409 nm for 100% PDMAEMA brushes and 678 to 

526 nm for 75% PDMAEMA brushes. 

Nanoparticles functionalised with POEGMA brushes did not show any clear trend regarding 

the evolution of their hydrodynamic diameter. The gradual increase in particle size near pH 8 

is not expected theoretically as the brush is not responsive and its charge is near 0 mV. The 

large swelling thicknesses seen could therefore be due to some level of aggregation of these 

particles at neutral pH, followed by dissociation at slightly higher pH. This is indicated by their 

zeta potential which seems to decrease slightly and could therefore overcome the weak 

hydrophobic forces causing aggregation. The presence of salt in the buffer solution may also 

contribute to the intermolecular aggregation. Such interactions between the SiO2-g-

PDMAEMA and SiO2-g-POEGMA nanoparticles are captured by the Derjaguin-Landau-Verwey-

Overbeek (DLVO) theory, predicting stability of colloids.[428-430] According to the DLVO theory, 

two opposing forces, namely, the van der Waals attractive (hydrophobic) forces and the 

electrostatic repulsive forces, govern the stability of charged colloidal particles in aqueous 

solutions. The electrical double layer forces give rise to an energy barrier – the extent of which 
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is depicted by the magnitude of the zeta potential. This energy barrier repels particles from 

each other, however, when this energy is overcome, the attractive van der Waals forces 

dominate as particles collide and result in aggregation and destabilisation of the nanoparticles. 

Hence colloidal stability is reduced around the isoelectric point of a particle. 

The responsiveness of increasingly cationic PDMAEMA-co-POEGMA brushes in deionised 

water, phosphate buffered saline (PBS) and 150 mM NaCl was studied via DLS and ELS. The 

responsive behaviour was followed via changes in the particle size and surface charge in the 

different solvents, as shown in Figure 41.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 41: Effect of solvent on a) the hydrodynamic diameter and b) zeta potential of varying PDMAEMA: POEGMA 
copolymer brush on silica nanoparticles. Values represent mean ± SE, n ≥ 9. 
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Compared to deionised water, the particle size decreased in PBS and 150 mM NaCl with an 

average reduction in hydrodynamic diameter of 16% and 25%, respectively (Figure 41a). This 

collapse is attributed to the decrease in osmotic pressure at high ionic strength, the salting 

out effect, and therefore the decrease in the stretching of the polymer chains. Interestingly, 

although the ionic strength of PBS solutions is higher than that of 150 mM NaCl solutions (PBS 

contains 137 mM NaCl and 10 mM phosphate), the swelling of PDMAEMA brushes was higher 

in the case of PBS. This could indicate a level of salting in effect of phosphate ions. The 

measured zeta potential is also reduced but the general trend remains (Figure 41b). 

 

2.3.9 Responsive behaviour of polymer brushes grown from flat silicon surfaces 

2.3.9.1 Ellipsometry 

In situ ellipsometry was carried out, using the Liquid Cell system, to characterise the swelling 

behaviour of PDMAEMA brushes grafted from silicon substrates. The dry ellipsometric 

thickness of the brushes studied were 11.2 nm (SE = 0.5 nm) and 32.4 nm (SE = 0.8 nm), 

corresponding to polymerisation times of 8 min and 20 min, respectively. The pH response of 

these brushes was investigated by measuring the swollen brush thickness in 150 mM NaCl as 

the pH was lowered from pH 9 to pH 4 and then returning to pH 9 with the same sample 

(Figure 42). The range of pH was chosen so that the lowest is well below the pKa of PDMAEMA 

but would not cause significant hydrolysis of the brush at room temperature, during the 

course of this experiment.  

At the highest pH, which is well above the pKa of PDMAEMA, the brush is collapsed, owing to 

its neutral charge, consistent with DLS and zeta potential measurements carried out with 

brush-coated particles. The pH-swelling data clearly shows a hysteresis phenomenon with a 

retarded swelling as the pH decreased (Figure 42b). A similar phenomenon was reported by 

Willott et al. and was ascribed to the formation of a dense, hydrophobic outer region during 

collapse that retards solvent egress (Figure 42a).[300] 

Tertiary amine groups of PDMAEMA becomes protonated under acidic conditions thus 

bringing solvent and counterions into the brush. A maximum swelling thickness of 49.7 nm at 

pH 5 and 98.7 nm at pH 5.5 was reached for brushes with dry thickness of 14.4 nm and 34.3 

nm, respectively, corresponding presumably to a maximum charging of tertiary amine groups. 

The higher swelling measured for thin (10 nm) brushes indicate that these brushes may be 

more polydisperse than the 30 nm brushes. On the other hand, increasing the pH led to 
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deprotonation of tertiary amine groups, consequently neutralising the brush layer and 

decreasing the brush thickness as a result of solvent and counterion expulsion. Interestingly, 

at such high pH, brushes did not collapse to their dry thickness, but only relatively modestly 

(swellings of 24.4 nm for the 10 nm-thick brushes and 63.2 nm for the 30 nm-thick brushes), 

perhaps reflecting the fact that these measurements were carried out below the reported 

LCST of this polymer (Section 2.1.1.4).[401] The hysteresis in the swelling behaviour could be 

attributed to the disentanglement of the polymer brush chains which then allows higher 

retention of solvent after being protonated for the first time, as proposed by Cheesman and 

co-workers.[431] This phenomenon is thought to be due to the hydrophobic interactions arising 

from aliphatic backbones and nonpolar moieties in pendant groups of the brush. Protonation 

of the amino groups of PDMAEMA is impeded by such interactions which results in a decrease 

of the pH at which swelling occurs.[388] 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 42: a) Schematic reflecting the effect of pH on brush swelling b) in situ ellipsometry data on the swelling 
behaviour of 10 nm and 30 nm-thick PDMAEMA brushes on silicon substrates as a function of pH, in 150 mM NaCl, 
via reverse titration. 

 

0

20

40

60

80

100

120

4 5 6 7 8 9 10 11

Sw
o

lle
n

 B
ru

sh
 T

h
ic

kn
es

s 
(n

m
)

pH

10 nm

30 nm

a) 

b) 



 

 

92 

2.3.10 Interaction of DNA with polymer brushes 

It is widely reported that cationic polymers brushes can condense DNA efficiently; this has led 

to their application as non-viral gene delivery vectors.[35, 160, 432] Polymer-DNA interactions are 

important to control at different stages of the transfection process; at the complexation stage 

and for initial uptake of complexes, to ensure reliable entry of the complexes in the cytoplasm, 

for the protection of DNA towards enzymatic degradation and during the release of the DNA 

material within the cell cytoplasm or the nucleus. In addition, proton uptake may play an 

important role for endosomal escape, in cases involving such an uptake pathway.[347, 367, 433-436] 

Hence, investigating DNA interaction with brushes is important for our understanding of 

parameters impacting plasmid transfection. In the case of PDMAEMA brushes (rather than f-

PDMAEMA polymers), such interactions have not been systematically examined. The 

quaternary ammonium groups of PDMAEMA interact electrostatically with the anionic 

phosphate moieties of DNA to form polyplexes, driven by the increase of entropy associated 

with the release of counterions. Detailed knowledge of these interactions can give an insight 

into the polymer brush’s transfection performance. 

The strength and reversibility of the cationic brush/DNA association and dissociation 

characteristics, and the structure of the resulting brush-DNA complexes was studied by SPR 

and in situ ellipsometry.  

 

2.3.10.1 Surface plasmon resonance 

SPR technique can be used to characterise and quantify biomolecular interactions. This optical 

method measures the RI of thin layers of material adsorbed on a metal (typically gold), within 

300 nm of the sensor surface, in real time.[437] The excitation of surface plasmons in a thin gold 

layer at the boundary between the sensor chip and the flow cell, allows the absorption of p-

polarised light when it is reflected from the boundary. The angle at which absorption is 

maximal is directly proportional to the RI within 300 nm of the surface. The sensor surface is 

usually immobilised with a biomolecular recognition element which interacts with analytes in 

solution injected via the flow cell. As binding occurs to the immobilised target the local RI 

increases, leading to a change in SPR angle, which is measured in real time by detecting 

changes in the intensity of the reflected light, thus producing a sensorgram.[438] SPR is routinely 

used to investigate protein-protein or protein-small molecule interactions, as well as the 

protein resistance of coatings.[238, 356, 430, 439, 440] 
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Figure 43: Functionalisation of 10 nm-thick PDMAEMA brush with plasmid DNA (10 µg/mL), monitored by SPR. 

 

Interaction of DNA with PDMAEMA-coated on SPR gold chips was monitored via changes in 

the RU response of the SPR, which translates as 10 RU for 1 ng/cm2 of adsorbed material[441] 

as represented in Figure 43. A fixed plasmid concentration of 10 µg/ mL was used. After 

equilibration of the brush in the relevant medium, this DNA solution was injected onto the 

brush for 10 min, at a flow rate of 10 µL/min, and the sensor surface was washed with fresh 

medium. 

The media used in this study were 150 mM NaCl and 10 mM HBS. 150 mM NaCl was used to 

evaluate the interaction as it is a standard solvent in transfection.[84] The latter buffer, HBS, 

contained 1 M 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and 150 mM NaCl 

(1:100). This buffer was chosen as it is a standard biological buffer used in cell culture as well 

as a common running buffer used for most type of interaction studies in SPR; it has been used 

in the past to study polymer-DNA interactions.[439] The pH of the buffer solutions were also 

adjusted to a value below the pKa of PDMAEMA hence kept between pH 6.5 and 7. The results 

from the present study confirmed the stable binding of DNA to PDMAEMA brush as DNA 

remained bound to the surface following the washing step. 

DNA prepared in 150 mM NaCl gave the highest bound DNA for both 10nm, and 30 nm 

surfaces. The 10-nm thick PDMAEMA brushes were able to bind the highest level of DNA with 

405 ng/cm2 of bound DNA in the brush layers (Figure 44). This large uptake of DNA is possibly 

due to the electrostatically driven penetration of the positively charged PDMAEMA layer. 

However, a slight decrease in the quantity of DNA can be seen for 30 nm brush; though it is 

expected that the thicker brush should bind more DNA, it is possible that this wasn’t the case 
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due to the loss of sensitivity in the SPR. DNA may have bound near the surface of the brush 

but as the SPR sensor is distance sensitive, it was not able to quantify the DNA on the surface 

accurately. Alternatively, this could be a sign that large plasmid DNA molecules cannot 

infiltrate dense PDMAEMA brushes in these conditions. There are also clear differences 

between the first and the second injections. The amount of DNA bound to the brush is lower 

after a second injection as some of the available quaternary ammonium groups are already 

bound from the first incubation.  

  

 

 

 

 

 

 

 
 

Figure 44: Effect of DNA solvent on the binding between DNA and PDMAEMA brushes of 2 different thicknesses; 10 
nm and 30nm, during a 2-step injection. Values represent mean ± SE, n ≥ 3. 

 

It was also noted that upon subjecting the brush to more than two DNA injections, it was still 

possible to bind further DNA molecules to the brush after each injection, although the amount 

retained decreased with the number of injections (Figure 45a). These results show that the 

PDMAEMA brush is not saturated with DNA after a single injection and that DNA infiltration 

through dense PDMAEMA brushes is a slow process (Figure 45b). Alternatively, such behaviour 

could result from remaining exposed patches of PDMAEMA brushes to which DNA may not 

have bound, perhaps due to the size of plasmid DNA. Upon maturation of the surface and 

further exposure to plasmid DNA, these sites could become more available for further DNA 

binding. 
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Figure 45: a) SPR sensorgram trace of channels Fc 1(red) and Fc 2 (blue) during functionalisation of 10 nm-thick 
PDMAEMA with DNA (10 µg/ mL), during four subsequent injections, b) schematic of the DNA-brush interaction 
with repeated functionalisation with DNA and washing with HBS. 

 

In contrast, DNA prepared in 10 mM HBS did not have any significant effect on the quantity of 

DNA bound to the brush surface following the washing step with 10 mM HBS (Figure 46). This 

could be attributed to the presence of small molecules in the buffer which prevent DNA 

association. This was, however, not the case with 150 mM NaCl, where the amount of bound 

DNA exceeded that of 10 mM HBS by almost eight-fold solely with the first injection of DNA. 

However, increasing the pH to 9 significantly affected the formed polyplex brushes and 

resulted in the release of some of the DNA material. Using 10 mM HBS of pH 6.5 as eluent, at 

pH 9, there was almost no binding of the DNA with PDMAEMA. This may be explained by the 

neutral nature of the polymer brush at this particular pH which consequently contributed a 

lack of significant Coulombic or electrostatic interaction with the DNA, despite the gain in 

osmotic pressure as a result of the partial brush collapse. Lowering the pH to 5, however, 

presented increased interaction forces and therefore association with DNA remained stable 

as is evident from Figure 46. This is in agreement with existing literature data. Wink et al. 
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studied the interaction of plasmid DNA with overnight-immobilised, 5%-thiolated PDMAEMA 

polymer at different pH values (pH 8.8 and pH 5.4) of the running buffer (HBS) and determined 

the resulting association and dissociation reaction rate constants. Interaction between 

plasmid DNA and PDMAEMA showed a regular binding pattern and bound DNA remained 

stable in HBS at pH 5.4 and 7.4. However, at pH 8.8, the DNA dissociated from the complex.[439] 

 

 

 

 

 

 

 

 

Figure 46: Functionalisation 10 nm-thick PDMAEMA with plasmid DNA (10 µg/mL) followed by 
association/dissociation of brush-DNA when injected with pH 9 (blue) and pH 5(red) 10 mM HBS buffer. 

 

2.3.10.2 Ellipsometry 

DNA binding was also studied via in situ ellipsometry to confirm the interactions between 

PDMAEMA and DNA in 150 mM NaCl (Figure 47a) and 10 mM HBS (Figure 47b) observed via 

SPR. As for SPR results, ellipsometry seems to indicate that DNA interact at the brush surface 

with little infiltration as the increase in swollen thickness is only moderate. The difference in 

swollen thickness upon addition of DNA was found to be 9 nm (SE = 3.2 nm) and 1.1 nm (SE = 

3.5 nm) for 10- and 30 nm-thick PDMAEMA brushes in 150 mM NaCl, respectively. In alignment 

with the SPR data, injecting DNA in 10 mM HBS had little effect on the swollen thickness with 

4.4 nm (SE = 2.2 nm) difference for 10 nm-brush and 0.9 nm (SE = 0.5 nm) for 30 nm-brush.  

The difference in swelling following the injections of DNA was greater for studies carried out 

in 150 mM NaCl than 10 mM HBS. Swollen thickness of the PDMAEMA brushes equilibrated in 

the buffers, however, were larger in 10 mM HBS than 150 mM NaCl by 6 nm and 15.7 nm for 

10- and 30 nm-thick brushes, respectively. This is perhaps due to salting out at higher ionic 



 

 

97 

strength. Hence the reduced DNA adsorption in HBS may be a result of the greater osmotic 

pressure experienced by the brush in these conditions.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 47: Changes in swelling behaviour of PDMAEMA, grafted on silicon substrates, after adding DNA in  
a) 150 mM NaCl or b) 10 mM HBS. Results are expressed as mean ± SE, n ≥ 3. 

 

Several processes could have opposite effects on the evolution of the measured ellipsometric 

thickness as increase in bound material should result in an increase in thickness, whereas the 

complexation of cationically charged brushes by negatively charged DNA could result in the 

expulsion of some solvent present in the brush and, as a result, a decrease in the swollen 

thickness. The latter phenomenon is not supported by an increase in RI of the coating, or an 

improvement of the fits with a bilayer model. For both brush thicknesses in 150 mM NaCl, the 

RI decreased from 1.4 to 1.39 indicating the addition of highly hydrated DNA molecules rather 

than the collapse of the brush-DNA construct whilst in 10 mM HBS, there was no change in 
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the RI. The quality of the fit, defined by the Mean Squared Error (MSE), also did not change 

with the addition of DNA and confirms that the brush is not collapsing when binding with DNA. 

In any case, the stronger DNA adsorption observed by ellipsometry on 30 nm brushes, as 

opposed to 10 nm brushes, indicates that SPR was underestimating DNA binding. 

Hence, the picture emerging from the combined SPR and ellipsometry data is that DNA 

adsorption occurs only at the surface of the brush, with a slow infiltration process, leading to 

further DNA being immobilised after repeated injection. In addition, immobilisation in HBS 

systematically showed lower binding levels, highlighting the importance of the choice of buffer 

to stabilise brush-DNA complexes and potentially optimised the transfection process. 

 

2.3.10.3 Particle size and zeta potential 

The DNA binding to polymer-brush coated nanoparticles was studied next via DLS and ELS and 

compared to results obtained via SPR and ellipsometry for brushes grown from flat surfaces. 

The principal factor involved in condensation of DNA is the electrostatic interaction between 

the positively charged groups of the cationic polymer and the negatively charged phosphate 

groups of DNA, resulting in the release of counterions and gain in entropy.[432, 442] The 

persistence length of DNA and the distance between its ends alongside the excluded volume 

also determines its ability to be compacted.[443] Large electrostatic repulsion between the two 

strands and the inherent stiffness of the uncharged helix maintains the elongated coil state of 

DNA. These electrostatic interactions and the persistence length are, however, reduced as a 

result of shielding in high salt conditions.[444] This illustrates the importance of the solvent 

strength and the cationic charges of the counterions in DNA condensation. 

The DNA-brush interactions of the range of brush-decorated particles, was examined via 

dynamic light scattering, using similar conditions as for the preparation of complexes for 

transfection, but with a fixed plasmid concentration of 10 µg/mL (compared to 1 µg/mL for 

transfections experiments). This is due to the detection limits of the DLS. The N/P ratio of the 

polymeric nanoparticles/DNA complexes were varied from N/P 1:1 to N/P 20:1 and the study 

was performed in 150 mM NaCl. The N/P ratio strongly affected the charge and size of the 

complexed system.  

At equal ratio, DNA was condensed efficiently with PDMAEMA-coated particles displaying a 

reversal in their zeta potential and a decrease of their size (Figure 48). Naked plasmid 
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possessed a negative zeta potential of -20 mV and a hydrodynamic diameter of around 200 

nm (PDI ≈ 0.5), under the same conditions (pH, ionic strength) as used for the preparation of 

the polymer-DNA nanoparticles. Hence, at an N/P ratio 1:1, although 0 mV is expected due to 

the compensation of every positive charge with a negative charge, a charge reversal occurs 

post-binding as the particles become saturated with DNA. This suggests a partial insertion of 

plasmid DNA molecules into the polymer brush resulting in the complete saturation of the 

surface of the brush and thus forming a negative shell around the particles. Therefore the 

charge reversal indicates a complete coating of the particles, with negatively charged 

phosphate groups now presented on the surface. The collapse of the brush-DNA complexes, 

as evidenced by the reduction in the size of particles suggest that complexation results in the 

neutralisation of the brush and expulsion of solvent molecules. This behaviour contrasts with 

ellipsometry results, which showed a slight increase in swollen thickness upon DNA binding. 

This is perhaps the result of lower N/P charge ratios in ellipsometry experiments, as the DNA 

concentrations used are expected to be in excess of the total density of DMAEMA molecules 

present in the brush. 

 

 

 

 

 

 

 

 

 

 

 

Figure 48: Changes in complex size and zeta potential (ZP) before and after DNA binding with PDMAEMA-grafted 
silica nanoparticles at varying N/P ratios in 150mM NaCl buffer. Values represent mean ± SE, n = 3. 
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At N/P ratio of 5:1 or above, positively charged complexes were formed. With increasing N/P 

ratios, large excess of positive charges are present therefore DNA molecules are not able to 

fully neutralise the surface of brushes. This implies also perhaps some level of infiltration, so 

that segments of PDMAEMA brushes are exposed at the surface of particles. 

Particle size also increase significantly at higher N/P ratios, due to aggregation caused by 

partial insertion of DNA which then allows interaction of one plasmid DNA molecule with more 

than one particles. This phenomenon seems especially marked at a moderate N/P ratio of 5:1, 

compared to 10:1 and 20:1. This is presumably a result of the higher concentration of DNA per 

particles at a 5:1 charge ratio, which may allow several particles to quickly interact with one 

DNA molecule, before it fully complexes with the brush coating as a single particle. In addition, 

at higher N/P ratios, the PDI index showed a tendency to increase, at times reaching 1, thus 

indicating that the particle distribution widened hence readings were taken such that any 

hydrodynamic diameter with a PDI of above 0.5 were excluded. Hence, potentially larger 

aggregates can be expected. 

The DNA binding behaviour of particles decorated with copolymers showed important 

differences compared to 100% PDMAEMA brush-coated particles. For these experiments, the 

amount of polymer (calculated from TGA) and DNA was kept constant. Hence the N/P ratio 

(which corresponded to 5:1 for 100% PDMAEMA brushes) gradually increased as the density 

of positively charged ammonium groups decreased.  

Hence, varying the copolymer ratio changed the charge density and resulted in lower excess 

of positive charges as the ratio of DMAEMA/OEGMA decreased. This phenomenon explains 

the observation that 50-100% DMAEMA copolymers displayed positive zeta potentials and 

increased sizes after DNA binding (presumably due to aggregation), whereas 25% DMAEMA 

brushes displayed a negative zeta potential indicating a full coverage of the particle surface 

with DNA molecules and a lack of complete infiltration within the brush (Figure 49a and Figure 

49b). The lack of collapse of 25% PDMAEMA brushes post-binding still indicates some level of 

aggregation, and potentially a poorer condensation of the copolymer brush, due to the 

presence of OEGMA repeat units. For 0% PDMAEMA, the lack of positive charges on the 

POEGMA structure resulted in almost no interaction with DNA as evident from the unaffected 

zeta potential. 
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Figure 49: Effect of charge density on the interaction of polymer brush-coated SiO2 nanoparticles with DNA at N/P 
ratio 5:1, in 150 mM NaCl, in terms of a) the complex size and b) the zeta potential. Values represent mean ± SE, n 
≥ 15. 

 

It is evident from the DNA interaction data obtained from DLS and ELS measurements that 

DNA-particle interactions are generally likely to form aggregates at N/P ratios typically used 

for DNA transfection experiments (N/P 1:1 to N/P 20:1). Furthermore, the slight reductions in 

zeta potential of the resulting complexes will also have an impact on their interaction with the 

cell membrane. 

 

 

0

500

1000

1500

2000

2500

0%
PDMAEMA

25%
PDMAEMA

50%
PDMAEMA

75%
PDMAEMA

100%
PDMAEMA

C
o

m
p

le
x 

Si
ze

 (
n

m
)

Post-binding

Pre-binding

-40

-30

-20

-10

0

10

20

30

0% 25% 50% 75% 100%

Ze
ta

 P
o

te
n

ti
al

 (
m

V
)

Percentage of PDMAEMA in Copolymer

Pre-binding

Post-binding

a) 

b) 



 

 

102 

 Summary 
 

Controlled brush growth was achieved with PDMAEMA and the copolymer brushes, as 

confirmed by ellipsometry, NMR, FTIR, GPC and Zetasizer. Both PDMAEMA and PDMAEMA-

co-POEGMA brushes was synthesised to give a thickness of 30 nm. A molecular weight of 

approximately 25,000 Da was also obtained in line with the molecular weights of existing non-

viral vectors presented in literature. Polymer brushes were introduced onto a silica core as it 

allows easy modification of the surface, has controlled morphologies and is biocompatible. 

Moreover, the size and shape of nanoparticles are known to have a considerable impact on 

their interaction with cells. PDMAEMA brush grafted from silica nanoparticles gave an average 

hydrodynamic diameter of approximately 820 nm and a zeta potential of 43 mV, in deionised 

water. It was clear that the charge density, pH, ionic strength, N/P ratio and complex size all 

have a significant impact on the polymer brush’s behaviour in the respective testing systems. 

With increasing incorporation of the neutral POEGMA brush in the copolymer system, the zeta 

potential was seen to decrease rapidly whilst also displaying a decrease in the hydrodynamic 

diameter. The charge titration study demonstrated a decrease in the zeta potential with 

increasing pH with a dramatic drop between pH 7-9, in the range of the pKa of PDMAEMA. In 

150 mM NaCl and PBS buffers, both the hydrodynamic diameter and the surface charge of the 

brush-grafted nanoparticles were noticeably lower compared to that in deionised water, 

owing to the different ionic strength which in turn alter the osmotic pressure surrounding the 

brush system. It was evident from the DNA interaction study that the cationic charge of the 

brush enables electrostatic interaction and a useful N/P ratio range of 3:1 to 20:1 were 

established for later use in transfection. The complex size was also dependent on the N/P ratio 

– with increasing N/P ratio and hence increasing cationic charge, the complex sizes were 

observed to be fluctuating due to partial insertion of DNA and aggregation.  

The responsive nature of PDMAEMA confirmed through these series of characterisations 

indicates a great scope for it to be tailored for its efficient use in gene transfection. 
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3  

Chapter 3 - Polymer brush interaction with cells and 

transfection efficiency 

 

 Introduction 

The way in which cells interact with charged surfaces is important as knowledge of this can be 

useful for the development of valuable biomaterials for tissue engineering and regenerative 

medicine, particularly in antimicrobial coatings,[445, 446] improving implant biocompatibility,[447, 

448] and facilitating gene/drug delivery.[172, 449, 450] The bulk of the literature on brush 

interactions with cells focused on the study of bacterial cells exposed to polymer brush 

functionalised nanoparticles or surfaces. Polymer brushes are a good model system for 

studying cell-brush interactions as they allow to control surface chemistry independently of 

other physical and geometrical parameters.[267, 309] Cheng et al. have shown that switchable 

polymer brushes, poly (N, N-dimethyl-N-(ethoxycarbonylmethyl)-N-[2’-(methacryloyloxy) 

ethyl]-ammonium bromide) (PCBMA-1 C2, cationic precursor), can kill bacterial cells 

effectively in its cationic form and also switch to a zwitterionic non-fouling surface which 

releases the dead bacterial cells upon hydrolysis.[451] The latter surface also prevents any 

further adsorption of proteins/micro-organisms thus reducing biofilm formation on surfaces. 

These novel switchable properties of the polymer brush make it a promising coating for 

medical implants to prevent implant failure caused by microbial adhesion and the subsequent 

biofilm formation. Other brushes which have been investigated with potential for use with 

implantable devices include cationic poly(2-vinyl pyridine) (P2VP), quaternized P2VP, and PEG 

mixed with P2VP and  quaternized P2VP. Altering the polymer brush composition allowed 

regulation of bacterial cell adhesion.[452] Other functionalised polycationic brushes 

investigated for their antibacterial effects include chitosan,[453] poly (glycidyl methacrylate) 

(PGMA),[454] PHEMA[455] and poly (ionic liquid),[456] alongside unfunctionalised PMETAC.[229] 

Polymer brushes also have great potential in siRNA therapeutic application. CCC with highly 

dense PEG brush has been shown to reinforce interpolyelectrolyte complex between PLL 

backbone and siRNA. It displayed higher selectivity in its ionic interaction with siRNA than 

other anionic substances in the blood stream. The study showed that this polyplex carrier was 

the first example amongst other carriers in prolonging blood circulation time of unmodified 



 

 

104 

siRNA.[242] Another example in which cationic polymer brushes have been used at the cell 

interface is the use of strong, cationic PMETAC brush for the directed growth of rat 

hippocampal neurons with the capacity to be used in the coating of neural devices or in cell-

based nanosensors.[403, 457]  

The cationic polymer brush of interest in the present study, PDMAEMA, is, in addition to being 

useful in antibacterial coatings,[287, 458, 459] also suitable for use as a non-viral gene delivery 

vector[241, 245, 247, 250] as it is safer and easier to fabricate than viral vectors. However, their 

comparatively low transfection efficiency alongside the polymer brush’s cytotoxicity has 

limited its applications and has prompted further investigations into improving efficiency. 

Consequently, a versatile non-viral gene delivery system was developed for this study; a 

tailorable system where the charge, grafting density and chemistry of the polymer brush as 

well as the size and shape of the nanoparticle could be altered (See Chapter 1.4, Figure 18). 

Having studied the DNA condensation and complexation via changes in the hydrodynamic 

diameter and zeta potential in the previous chapter, the effectiveness of this process together 

with endocytosis and nuclear entry can be confirmed by determining the gene transfection 

efficiency. Whilst the cytotoxicity was investigated through live/dead assay using human 

primary keratinocytes and human adult low calcium temperature keratinocytes (HaCaT), the 

gene delivery efficiency of f-PDMAEMA and its copolymer, and SiO2-g-PDMAEMA 

nanoparticles were evaluated through conducting in vitro transfection assays on HaCaT, 

dermal fibroblasts (HCA2)[460] and HeLa cell lines, using the EGFP reporter gene. The positive 

control used in the experiments was jetPEI®, a commercially available transfection reagent, 

described as a ‘linear polyethylenimine derivative, free of components of animal origin’ by 

PolyPlus Transfection. Human keratinocytes were initially used as these cells are relevant in 

skin biology, especially in regenerative medicine strategies and wound healing. Some diseases 

pertaining to the skin such as epidermolysis bullosa can potentially be tackled by gene 

delivery. As primary human keratinocytes were discovered to be hard-to-transfect cells, 

HaCaTs, a keratinocyte cell line, was used instead. It was important to determine whether 

transfection efficiency was cell line-dependent hence the HeLa cells which have been shown 

to easily transfect were compared with HaCaTs and HCA2 cell as the latter are another type of 

cells with a different phenotype and therefore aided in the understanding of whether the 

transfection efficiency is specific to one cell line investigated or whether it could be 

generalised. As transfection efficiency is ultimately dependent on the amount of DNA 

molecules delivered to the nucleus, and the amount of nuclear DNA molecules that undergo 

transcription, the cellular uptake of the SiO2-g-nanoparticles was also probed. 
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 Experimental methods 

3.2.1 Materials for cell culture and immuno-staining 

Versene (Gibco), Trypsin (0.25%, Gibco), Dulbecco’s Modified Eagle Medium (DMEM, Gibco), 

DMEM-F12 (Gibco), L-Glutamine (200 mM, Gibco), Penicillin Streptomycin (PS, 5000 U/mL, 

Gibco), KSFM (Gibco) were purchased from Life Technologies. Collagen (rat, type I, BD 

Sciences, San Jose, CA), foetal bovine serum (FBS, LabTech) and sterile Dulbecco’s Phosphate 

Buffered Solution (DPBS, PAA Laboratories/ Sigma-Aldrich) were also used. KSFM 

supplemented with 1 mL pituitary extract (Gibco), 3 µL EGF human recombinant (Gibco) and 

5 mL PS, FAD medium prepared with 100 mL DMEM, 100 mL DMEM-F12, 20 mL FBS, 2.2 mL 

PS, hydrocortisone (0.5 µg/mL) containing 10-10 M cholera toxin, 10 ng/mL EGF and insulin (5 

mg/mL), and DMEM medium supplemented with 50 mL bovine serum, 5 mL L-glutamine and 

5 mL PS were used for the culture of primary keratinocytes and fibroblasts, respectively. 4’,6-

Diamidino-2-phenylindole dihydrochloride (DAPI, Sigma), 4% paraformaldehyde (PFA) 

prepared from 16g PFA (Sigma Aldrich) and PBS (Sigma-Aldrich) dissolved in deionised water, 

0.2% Triton X-100 prepared from Triton X-100 (Sigma Aldrich) and PBS were used for 

immunostaining. EGFP was used for cell transfection. LIVE/DEAD® Viability/Cytotoxicity Kit 

containing 4 mM calcein AM in anhydrous dimethyl sulfoxide (DMSO) and 2 mM ethidium 

homodimer in DMSO/H2O 1:4 (v/v), for mammalian cells was purchased from Life 

Technologies. 

 

3.2.2 Toxicity studies 

3.2.2.1 Cell interaction with brush-functionalised nanoparticles 

Cell culture 

 HaCaT cells were cultured in DMEM medium supplemented with 10% FBS, 1% L-glutamine 

and 1% PS. Cells cultured in a T75 flask, incubated at 37°C were washed with 10 mL DPBS, then 

dissociated with Versene/trypsin (4/1 v/v, 5 mL) for 15 min. The trypsin was quenched with 

15 mL DMEM medium, transferred to a centrifuge tube and centrifuged at 1200 rpm for 5 min. 

The supernatant was aspirated and the cells were resuspended in 10 mL DMEM medium 

before determining the number of cells using an haematocytometer. The well-plates were 

coated with 20 µg/mL collagen diluted in DPBS per well, for 30 min at RT, and washed with 
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DPBS. The cells were then seeded at a density of 25k cells per well (500 µL) in two separate 

24-well plates and live/dead assay was carried out at 4 h and 24 h time points.  

The medium was replaced from each well with 500 µL KSFM without supplements on the 

following day. Cells were either incubated with particle suspensions only or particle 

suspensions with DNA in the N/P ratios 1:1, 3:1, 5:1, 7:1, 10:1 and 20:1. A set of 3 wells per 

well plate, containing cells, were also incubated with jetPEI and DNA (positive control).  

DNA complexation was first carried out by adding 50 µL of 150 mM NaCl containing 1 µg of 

EGFP plasmid (i.e 2.8 µL of 0.358 µg/µL EGFP stock solution) to 50 µL of 150 mM NaCl 

containing PDMAEMA-coated particles (3.8 mg/mL stock solution concentration) of the 

required N/P ratios (N/P 1:1 = 1.3 µL, 3:1= 3.9 µL, 5:1=6.5 µL, 7:1=9.1 µL, 10:1=13 µL, 20:1=26 

µL). These were incubated for 15 min at room temperature. 100 µL of each complex was then 

added dropwise into a row of wells (24-well plate) containing the cells as prepared above. In 

addition, 100 µL of 150 mM NaCl containing PDMAEMA-coated particles (3.8 mg/mL) were 

then added dropwise into another row of the 24-well plate in which cells had been seeded as 

above. After 4 h or 24 h, the medium in the well was replaced with 1 mL DMEM containing 4 

mM calcein AM (0.5 µL) and 2 mM ethidium homodimer (2 µL). The well-plates were incubated 

for 30 min at 37°C, and imaged using a Leica DMI4000B Epifluorescent Microscope after their 

respective time-points. Images were taken at three different points per well and cell counts 

were obtained via ImageJ analysis to determine % live cells and total number of cells per mm2. 

 

3.2.2.2 Cell-brush interaction on flat substrates 

Cell culture 

Primary human epidermal keratinocytes (isolated from neonatal foreskin) were maintained 

with feeders; J2 3T3 fibroblasts. FAD medium was used to culture keratinocytes on feeders 

whilst DMEM was used for the culture of feeder cells. To harvest keratinocytes (T75), the 

feeder cells were removed by incubating with versene (5 mL, 37°C) only for 5-10 min and 

gently shaking and tapping the side of the flask. Then, the keratinocytes were dissociated from 

the flask via trypsinisation (versene/trypsin, 4/1 v/v, 5 mL, 37°C) for an extra 5 min. 15 mL of 

FAD medium was then added to the flask to quench the trypsin, transferred to a 50 mL 

centrifuge tube and centrifuged at 1,200 rpm for 5 min. After discarding the supernatant 

solution, the pellet was resuspended in 10 mL FAD medium and the concentration of cells was 

measured with a haematocytometer. Cells were re-seeded onto polymer brush-coated 
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substrates, which were sterilised using 70% ethanol and washed with DPBS, at a density of 75k 

cells per well (in 500 µL of KSFM medium) in 24-well plates. Quantification of cell viability was 

carried out via a live/dead assay, by incubating cells in 1 mL FAD medium containing 0.5 µL of 

4 mM calcein AM and 2 µL of 2 mM ethidium homodimer, for 30 min prior to imaging. Time 

points at which the cell viability and the total number of cells were measured at were 5 min, 

15 min, 30 min, 1 h, 2 h and 4 h, for PDMAEMA homopolymer brushes, and 2 h for copolymer 

brush-coated substrates (0%, 10%, 25%, 50% and 100% PDMAEMA: POEGMA). Fluorescence 

imaging was used to capture the live-dead cells and these were counted via ImageJ to obtain 

% live cells and total no. of cells per mm2.  

 

3.2.3 Transfection assay 

3.2.3.1 Materials 

7.5 mM solution of JetPEI® (Polyplus), 150 mM NaCl (Polyplus), EGFP, mTEAL, KSFM (without 

supplements, Gibco), Opti-MEM® (Gibco), DMEM (Gibco, with 10% FBS, and without 

supplements) were used. 

 

3.2.3.2 Optimisation of parameters 

The protocol for the transfections with PDMAEMA (free polymer and particles) was adapted 

from jetPEI® in vitro DNA Transfection Protocol from PolyPlus transfectionTM. 

2 µL of jetPEI® per µg of DNA was used as a control, following a protocol recommended by the 

manufacturer and after testing of a restricted number of conditions (jetPEI® and DNA 

concentration, cell density, time of incubation) in our cell culture system. For transfection with 

polymer brushes and free polymers, 1 µg of DNA, 2 µL of jetPEI® reagent and PDMAEMA-g-

SiO2 at N/P ratios 1:1, 5:1 and 20:1 were diluted in 50 µL of 150 mM NaCl solution separately. 

50 µL of the resulting cationic polymer solution was then added to the 50 µL DNA solution 

(adding in the reversed order can reduce transfection efficiency), the resulting solution mixed 

gently and then incubated for 15 to 30 min at room temperature. 100 µL of the cationic 

polymer/DNA mix was then added dropwise to each well containing the cells seeded on the 

previous day (density: 50k or 75k) in 1 mL of KSFM and gently mixed by moving the plate side-

to-side. The complexes were incubated with the cells for 4 hours then the medium was 
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replaced with KSFM with supplements. The cells were incubated for a further 24 h to allow 

sufficient expression of the plasmid DNA before performing reporter gene assay. 

 

Variation of cell density and medium type 

The transfection experiments thereafter were altered by initially changing the density of the 

cells seeded per well to 5k, 10k, 20k and 40k. Seeding densities of 20k and 40k were used in 

the subsequent experiment. Incubation with complexes was carried out with FAD or KSFM for 

4 h before replacing with KSFM. 

 

Variation of cell type and plasmid type 

Another series of experiments were conducted using different types of cells and different 

types of plasmids. HaCaTs were seeded initially at 20,000 cells/well and HCA2 were seeded at 

40,000 cells/well. Transfection efficiency was tested with mTEAL and EGFP plasmids, using 

different batches of EGFP, in DMEM medium with and without serum or KSFM.  

 

Transfection with free polymers 

In order to explore the role of the brush architecture on transfection, f-PDMAEMA at N/P 

ratios of 1:1 and 5:1 were also tested. N/P ratios 3:1, 5:1, 7:1 and 10:1 were subsequently 

selected for transfection studies based on the charge distribution and toxicity of the cationic 

polymer/DNA complexes. HaCaT cells were seeded at 30k for these experiments. F-PDMAEMA 

of different molecular weights ( Mn ≈ 11,000 and 27,000 g/mol described as low and high 

molecular weight PDMAEMA were also examined at N/P 3:1, 5:1, 7:1 and 10:1, using KSFM 

without supplements during complex incubation and replaced with KSFM with supplements 

after 4 h. As a comparison, HeLa cells, seeded at 20,000 cells/well,  were also transfected with 

jetPEI®, free PEI (Sigma Aldrich, Mw = 25,000 g/mol) and f-PDMAEMA, using KSFM without 

supplements for complex incubation for 4 h and KSFM with supplements for 24 h prior to 

performing reporter gene assay. Lipofectamine® 2000 (Life Technologies) was also used in the 

same cell line but with Opti-MEM medium for both complex incubation and plasmid 

expression. 
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The different parameters tested during the optimisation phase are summarised in Figure 50 

and following this optimisation process, a cell seeding density of 25k, KSFM without 

supplements for the complex incubation for 4 h, KSFM with supplements for plasmid 

expression for 24 h and N/P ratios of 3:1, 5:1, 7:1, and 10:1 were chosen for further testing 

with SiO2-g-PDMAEMA nanoparticles.  

 

Figure 50: Summary of parameters optimised during assay development. 

 

3.2.4 Cellular uptake  

3.2.4.1 Materials 

FITC-300 nm mesoporous silica nanoparticles were provided by Tina Gulin, Åbo Akademi 

University. Dil stain (Molecular Probes) and Hoescht 33342 (Molecular Probes), 2-

bromoisobutyryl bromide (BB, Sigma-Aldrich), Et3N (Sigma-Aldrich), (3-

Aminopropyl)triethoxysilane (APTS, Sigma-Aldrich), anhydrous toluene (Sigma-Aldrich), 

deionised water with resistivity of 18.2 MΩ∙cm (Millipore) and ethanol (absolute) (VWR 

Chemicals) were used as received. 

 

3.2.4.2 Deposition of BB initiator on labelled particles 

100 mg FITC-300 nm mesoporous silica nanoparticles were redispersed in 20 mL anhydrous 

toluene and stirred. 1032 µL (3.7 mmol) Et3N was added and the dispersion was placed in an 

ice bath for 30 min to cool to 0°C. 0.5 mL (2 mmol) BB was added to the dispersion, drop-wise, 
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under vigorous stirring and the reaction was allowed to proceed at 0°C for 1 h and then at 

room temperature overnight. The BB-coated nanoparticles dispersion was centrifuged at 4000 

rpm for 10 min and redispersed in toluene via two centrifugation/washing cycles, followed by 

washing with ethanol twice before finally redispersing in 2 mL ethanol. 

 

3.2.4.3 Growth of PDMAEMA on labelled particles 

PDMAEMA brush was synthesised on BB-functionalised silica by preparing the 

monomer/catalyst solution as in section 2.2.4.2. 400 µL BB-functionalised silica nanoparticles 

(50 mg/ mL), 400 µL ethanol and 3.2 mL deionised water were degassed with argon bubbling 

for 15 min, followed by polymerisation for 20 min after adding 4 mL of monomer/catalyst 

solution. PDMAEMA-coated nanoparticles were washed and collected as described previously, 

and were finally redispersed in 4 mL deionised water. 

 

3.2.4.4 Cellular uptake study 

24-well plates, containing Ø12mm coverslips were washed three times each with ethanol and 

PBS, and coated with 10 µg/mL collagen Type 1 (BD Biosciences). HaCaTs were seeded in the 

well-plates as described previously. 

Fluorescently labelled silica nanoparticles grafted with PDMAEMA were used to obtain 

complexes with DNA at the previously mentioned N/P ratios and added drop-wise into wells 

seeded with cells. 

After 4 h and 24 h, the well medium was replaced with DMEM medium containing Hoescht 

33342 (1 µg/mL), and incubated for 20 min at 37 °C. The cells were then fixed with 4% PFA for 

10 min and washed with PBS twice before the coverslips were removed from the well-plate, 

washed with medium, dried and mounted on glass slides with mowiol, and studied under Leica 

Epifluorescent Microscope. 

 

3.2.5 Characterisation 

Fluorescence images were acquired using Leica Epifluorescent Microscope DMI4000B for the 

transfection assays and cellular uptake assays. Zetasizer Nano ZS was used to measure the 
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hydrodynamic diameters of the PDMAEMA-g-labelled SiO2 nanoparticles, following the 

protocol described in section 2.2.5.6. SEM was used to study qualitatively the homogeneity of 

the size of the mesoporous silica nanoparticles and solid silica nanoparticles, with and without 

PDMAEMA brush. 

 

3.2.6 Statistical Analysis 

 

The statistical analysis was performed for the cell viability and transfection results via either 

one-way ANOVA followed by Tukey’s test using OriginPro 9.0 or pairwise Student’s T-test for 

post hoc analysis where p values < 0.05 were considered significant (* = p<0.05, ** = p < 0.01 

and *** = p < 0.001). 

All data values are expressed as mean ± standard error (SE) where n ≥ 3. 
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 Results and discussion 
 

3.3.1 Adhesion and Toxicity studies 

The interaction of PDMAEMA with cells is of significance for effective gene delivery, hence the 

cytotoxicity of PDMAEMA was studied through the exposure of cells to silica nanoparticles 

coated with the brush, and through depositing cells on a flat, gold substrate coated with brush. 

The former gave useful information about the toxicity of the cells when they are in contact 

with the brush-coated nanoparticles or when cellular uptake of the particles occurs, whilst the 

latter presented information on whether contact itself was sufficient to induce cell death. 

 

3.3.1.1 Particles 

As the extent of cytotoxicity of all polymers is concentration- and time-dependent, the cell 

viability of HaCaT (seeding density: 25,000 cells/well) on interaction with SiO2-g-PDMAEMA 

nanoparticles was studied at a fixed plasmid concentration of 1 µg/ mL with six different 

PDMAEMA/plasmid ratios – N/P 1:1, 3:1, 5:1, 7:1, 10:1 and 20:1, and at two different time 

points; 4 h and 24 h (Figure 51). The cell viability was calculated as a percentage of total 

number of cells; acquired by counting the number of live and the number of dead cells in each 

fluorescent image (n = 3 per well). 

The colloidal silica core used in this study is bioinert[92, 461] hence does not influence cytotoxicity 

greatly whilst its cationic coating largely contributes to the toxicity depending on the 

concentration of the polymer. At N/P 1:1 (1.5 µg/ mL polymer concentration), the cell viability 

did not change considerably in comparison with the control of cells alone. The cytotoxicity 

around N/P 5:1 and below was marginal with the lowest viability at 42 % (SE = 8 %) whilst N/P 

ratio nearing 20:1 exhibited substantial toxicity with a decrease in the cell viability by 69-81 % 

depending on the exposure time and presence of DNA, compared to the control (untreated 

cells). At 24 h, cells have been able to divide and proliferate to some extent and hence higher 

cell viability is generally observed than at the 4 h time points. However, prolonged exposure 

would be normally expected to result in increased cytotoxicity as indicated by the results 

reported by Kean et al. who investigated the cytotoxicity of trimethylated oligomeric and 

polymeric chitosan at 6 h and 24 h time points, against COS-7 and MCF-7 cells using an MTT 

assay.[462] The results showed that increasing the exposure time decreased the viability in both 
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cell lines. The time-dependent nature of cytotoxicity was also seen with a number of 

polycations in L929 mouse fibroblasts.[348] Longer incubation times resulted in more 

pronounced cell debris and changes in cell morphology. 

The general trend also indicates that the polymer brush coated nanoparticles displayed 

increased viability upon complexation with DNA than those without DNA, especially in the 

intermediate range of concentrations of polymer particles (N/P 3:1 – 7:1). This is likely to be 

an outcome of the shielding of positive charges on the surface of the brush by DNA molecules, 

which in turn protects the cells by limiting membrane disruption, as has been observed in the 

literature.[84, 181] At the higher N/P ratios, the positive charges dominate due to higher polymer 

concentration as evident from the DNA interaction study in Chapter 2.3.10.3 (Figure 48), 

hence increased cell death is seen as a result of the strong electrostatic interactions with 

negatively charged phospholipids forming the cell membrane[348] leading to permeabilisation 

of the cell membrane, loss of proteins in the cytoplasm and collapse of the membrane 

potentials. The dead cells will burst or undergo apoptosis. 

 

 

 

 

 

 

 

 

 

 

Figure 51: Cell viability assay based on interaction between HaCaTs and SiO2-g-PDMAEMA nanoparticles (3.8 
mg/mL stock solution concentration), at 4 h and 24 h time points, with and without DNA (1 µg/mL), where N/P 
1:1=1.5 µg/mL, N/P 3:1=4.5 µg/mL, N/P 5:1=7.4 µg/mL, N/P 7:1=10.4 µg/mL, N/P 10:1=14.8 µg/mL, N/P 20:1=29.6 
µg/mL. Control is jetPEI with DNA at 4 h and 24 h. Values represent mean ± SE, n = 12. 
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The charge density arising from the number and three-dimensional arrangement of the 

cationic residues of the polymer brush is a crucial factor for cytotoxicity. According to Ferruti 

and co-workers, tertiary amine groups display lower toxicity than those with primary and 

secondary residues and this was confirmed by Fischer et al.[348, 463] Therefore PDMAEMA, with 

its tertiary amines, would be expected to display lower cytotoxicity than other coatings with 

primary or secondary amines and this may be reflected in the relatively low toxicity observed 

at moderate N/P ratios.  

Understanding the relationship between the structure of the SiO2-g-PDMAEMA nanoparticles 

and toxicity is useful for lowering the cytotoxicity and optimising the biocompatibility of the 

non-viral gene delivery system. In addition to the cationic charge density, the type of cationic 

functionalities, the molecular weight, structure and sequence as well as the conformational 

flexibility of the polymer can be critical parameters affecting interaction with the cell 

membrane and so can be tuned to optimise biocompatibility. However, prior to investigating 

these factors, it is important to determine whether the toxicity is caused by direct contact of 

the cell with the polymer brush on the nanoparticles or as a result of an interaction process 

occurring after initial contact. Hence interaction of cells with flat surfaces would be a sufficient 

model to identify the possibility of cytotoxicity occurring upon immediate contact. 

 

3.3.1.2 Flat substrate 

The mechanism of cytotoxicity is yet to be fully understood; it is unclear whether the toxicity 

is a result of the interaction of the polymeric particles with the cell membranes or caused by 

cellular uptake and subsequent activation of intracellular signal transduction pathways or 

toxicity to organelles, hence a cytotoxicity assay was conducted with flat surfaces coated with 

PDMAEMA brush. These flat substrates cannot be endocytosed and therefore any toxicity 

arises from direct disruption of the cell membrane. 

 

3.3.1.2.1 Kinetics 

This primary interaction study between cells and PDMAEMA-coated gold substrates provided 

an insight into the number of cells that are able to adhere as well as how many remain alive 

as a function of contact time with the charged surface and variations in the charge density of 
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the surface. Unlike adhesion to extracellular matrix, cells that are adhering here are adhering 

to a toxic surface. 

 

 

 

 

 

 

 

 

 

Figure 52: Total number of cells (top), and % live cells (bottom) with increasing time when keratinocytes are cultured 
in FAD and seeded onto PDMAEMA brush-coated substrate. Values represent mean ± SE, n = 32. 

 

Figure 52 shows the long-term effect of contact between cells and the brush on the density of 

cells adhered and their viability. Results showed that non-specific cell adhesion to the 

PDMAEMA brush takes time. Cells that adhered in the first 5 min to 1 h remained mostly alive 

with the viability above 50%. The number of cells per mm2 increased consistently with time, 

from 108 (SE = 31) cells per mm2 to 853 (SE = 107) cells per mm2, approximately an eight-fold 

increase.  

The decrease in the number of viable cells with time is understood to be due to the positive 

charge of PDMAEMA brushes, which can disrupt the cell membrane. Strong electrostatic 

interactions between the brush and the negatively charged membrane perturbs the 

phospholipid bilayer and alters the osmotic pressure causing cell death.[246, 348, 464] The number 

of cells dying increases with prolonged exposure to the brush (Figure 53). This suggests that 

direct contact with the substrate is not sufficient to instantaneously cause cell death and that 

membrane disruption takes time. Alternatively, membrane damage may initiate stress signals 

resulting in delayed cell death. 
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Figure 53: Fluorescence microscopy images (magnification 10x) representing the change in cell viability of 
keratinocytes with increasing exposure time to PDMAEMA brush coated Au substrate, a) 5 min, b) 15 min, c) 30 min, 
d) 1 h, e) 2 h and f) 4 h. Live cells (green) and dead cells (red). 

 

 

a) b) 

c) d) 
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3.3.1.2.2 Copolymer brush 

As charge density is known to be an important factor affecting cytotoxicity, the impact of 

changing surface charge density on the cell viability via copolymer brushes on keratinocytes 

was studied. The cell viability after a contact time of 2 h is presented in Figure 54.  

 

 

 

 

 

 

 

 

Figure 54: Total number of cells (green), and % live cells (red) with varying copolymer brush ratio when keratinocytes 

are cultured in FAD and seeded onto PDMAEMA-co-POEGMA brush-coated substrates, for 2 h. Values represent 

mean ± SE, n ≥ 24. 

 

As expected, the protein-resistant nature of POEGMA resulted in low cell adhesion such that 

there were only 12 (SE = 2) cells per mm2 at 0% PDMAEMA compared to 681 (SE = 52) cell per 

mm2 for 100% PDMAEMA. This is due to the lack of favourable interaction between the cell 

and the POEGMA brush as is evident in Figure 55. A low number of cells are seen to adhere 

for the lower percentages of PDMAEMA in the copolymer brush as the residual charge of the 

copolymer is too low for cells to adhere. Although cell interaction with the surface of the 

copolymer brush is not promoted, cell viability remained relatively high. However, with 100% 

PDMAEMA, although there is positive interaction with cells as evident from the almost seven-

fold increase in total number of cells on the surface, there is also a clear decrease in cell 

viability, by 48 %, as a result of the highly positively charged surface and associated disruption 

of the cell membrane. However, the trends obtained are not closely matching the trend of the 

surface charge of these copolymers (Figure 40, Chapter 2.3.8). Indeed, although total cell 

numbers and decrease in viability seem to peak for 100% PDMAEMA copolymer brushes, the 

zeta potential of the copolymer brushes prepared was gradually increasing as a function of 
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cationic monomer density. This suggests a charge density threshold above which cell adhesion 

and death were both significantly increased, further suggesting an impact via the 

destabilisation of the cell membrane.  

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 55: Fluorescence microscopy images (magnification 10x) of copolymer brush on Au-coated substrate, 
cultured with keratinocytes for 2 hours where a) 0% PDMAEMA: POEGMA, b) 25% PDMAEMA: POEGMA, c) 50% 
PDMAEMA: POEGMA and d) 100% PDMAEMA: POEGMA. 

 

Following the study of time of incubation and the role of the composition of copolymer brush 

on cell adhesion and viability, the impact of the type of medium (KSFM or a 1:1 mixture of 

Dulbecco’s Modified Eagle Medium (DMEM)-F12 with DMEM, FAD) used during the cell-brush 

interaction was next examined (Figure 56). Human keratinocytes were seeded on PDMAEMA 

brushes, with collagen as control, as keratinocytes express suitable integrins (α3β1) to adhere 

quickly to this matrix and remain viable for long term culture. The type of medium used during 

the expansion of these cells and during the cell-brush interaction experiment were both varied 

independently, leading to 4 different combinations of culture media. Hence, in Figure 56, FAD 

to KSFM describes that cells were cultured in FAD medium (on feeder cells) and were seeded 

on PDMAEMA brushes in KSFM medium. Cells were cultured in these conditions for 24 h.  

a) b) 

c) d) 
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Figure 56: a) Total number of adhered keratinocytes and b) the number of live keratinocytes per culture condition 
on collagen (red) versus on PDMAEMA (green). Values represent mean ± SE, n ≥ 4. One-way ANOVA with Tukey’s 
Test, p < 0.001 statistically significant. 

 

As shown in Figure 56a, the total numbers of cells on the collagen-coated substrates, in the 

different culture conditions, are comparable. However, when the final condition was KSFM, 

there were slightly more cells adhering on the collagen-coated substrates. Slightly more cells 

died when the final condition was KSFM, and this was more pronounced when cells were 

expanded in FAD but this was not very significant (p = 0.99 when comparing FAD to KSFM with 

KSFM to KSFM, and p = 0.21 when comparing FAD to FAD with KSFM to FAD for incubations 

on PDMAEMA brushes, Figure 56b). These differences in cell viability are thought to arise from 

the strong adsorption of serum proteins from the FAD medium, which decrease the zeta 
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potential of PDMAEMA brushes[228] and therefore their cytotoxicity. This may also explain the 

higher cell densities observed for cells adhering to PDMAEMA in KSFM.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 57: Representative fluorescence microscopy images (magnification 10x) of the keratinocytes cell viability for 
control: a) Au-Collagen cultured in FAD to final condition of FAD and b) Au-collagen from KSFM to KSFM in 
comparison with c) Au-PDMAEMA from FAD to FAD and d) Au-PDMAEMA from KSFM to KSFM, as acquired by 
live/dead assay kit, where green denotes live cells and red is dead cells. 

 

Figure 57 displays typical images of the live/dead stains obtained for collagen-coated 

substrates and PDMAEMA-coated substrates when the cells were expanded in FAD or KSFM 

and the final condition was FAD or KSFM, respectively. Differences in cell adhesion and viability 

between cells exposed to brushes in the same medium but expanded in different conditions 

(e.g. KSFM, feeder-free vs FAD with feeders) may arise from differences in protein expression, 

proteins glycosylation and phospholipid composition of the cell membrane. 

 

a) b) 

c) d) 
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3.3.2 Transfection assay 

Efficiencies of synthetic transfection reagents have been shown to have improved over the 

past years as a result of increased understanding of the biological processes which occur 

during transfection and the manipulation of these using a rational approach.  In an effort to 

provide alternative DNA carriers for the assembly of gene delivery systems, this study 

evaluates the potential of cationic polymer-brush coated silica nanoparticles as a transfection 

reagent. 

The efficiency of DNA delivery and expression via cationic PDMAEMA brushes grafted on silica 

nanoparticles was determined through the development and optimisation of a transfection 

assay based on the expression of EGFP.  

 

3.3.2.1 Optimisation of parameters 

Considering the relatively low transfection levels obtained even in the case of the jetPEI® 

control, the effect of some of the large number of parameters potentially associated with 

transfection efficiency[149, 160, 465] were investigated (see Figure 58). This was essential to 

optimise the efficiency of the non-viral gene delivery system of interest in this study.  

The first part of the optimisation studies focused on the type of media used during the 4-hour 

transfection. Results indicate that serum did not have a strong effect on efficiencies with 

jetPEI®, both for HaCaTs and HCA2 cells. However, KSFM showed slightly higher transfection 

levels for both cell lines, although not statistically significant (p = 0.08 when comparing KSFM 

to DMEM without serum and p = 0.3 for KSFM to DMEM with serum, Figure 58).  
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Figure 58: Schematic representation of the parameters investigated, inclusive of results, for the development of an 
optimised transfection assay. 

 

Further tests were carried out with f-PDMAEMA polymer which did not display any significant 

transfection level whilst the control displayed over 15% transfection efficiency although total 

number of cells for both were similar (Figure 59). The performance of f-PDMAEMA here is in 

contrast to what is reported in the literature.[187, 373, 466] The low transfection efficiency may be 

due to residual catalyst which is possibly inducing toxicity. With the little transfection seen, it 

was noted that the presence of serum totally suppressed transfection. The transfection 

noticed for KSFM and the lack of any transfection for DMEM with serum is possibly because 

the overall positive charge of the polymer/plasmid complex when in KSFM was not neutralised 
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by serum proteins, nor did they bind to and increase the particle size of the complexes which 

could have facilitated some cellular uptake and succeeding transfection.[172] 

 

 

 

 

 

 

 

Figure 59: Transfection efficiency of f-PDMAEMA with KSFM without supplements, GE-DMEM with and without 
serum, against control: jetPEI® in KSFM, with HaCaT cells, using a cell seeding density of 30k and  
EGFP-0.339 µg/µl. Values represent mean ± SE, n = 9. 

 

Different cell types can also display different transfection efficiencies hence the extent to 

which this was altering the performance of the positive control was investigated. Three cell 

types were tested with the positive control jetPEI® and showed comparable transfection levels 

although transfection with HeLa cells was slightly higher. However, even for this cell line, 

transfection levels were substantially lower than those reported (80% reported by PolyPlus 

with jetPEI® as found in the Cell Transfection Database, www.polyplus-transfection.com) in 

the literature.[467] These differences between cell types and with the literature may highlight 

the importance of optimisation of transfection assays (including the type of plasmid and read 

out) in achieving high efficiencies. 

It was also important that cells were seeded on collagen-coated wells prior to transfection 

study in order to obtain a well with suitably spread cells as without collagen HaCaT had the 

tendency to form colonies of cells which would not facilitate transfection efficiency nor 

quantification of the transfected cells (Figure 60). 
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Figure 60: Fluorescence microscopy images (magnification 10x) of HaCaT (20k) adhered to a) uncoated wells and b) 
collagen-coated wells of a 24-well plate, using DAPI. 

 

Controlling the cell seeding density allowed more reliable quantification of the transfection 

efficiency. Although the obtained results showed higher transfection with 30,000 cells per well 

of a 24-well plate, overcrowding of cells were noticed near the centre of the well thus 25,000 

cells per well was used for future studies to obtain evenly spread cells. 

Batch-to-batch variation in the quality of EGFP stock solutions also had an impact on the 

transfection efficiency. Whilst some batches displayed moderate efficiencies with the control 

(jetPEI®), reaching above 20%, others showed no transfection. This resulted in the testing of 

each new DNA batch prior to transfection studies. Those displaying an efficiency of over 10% 

were further considered. The effect of total quantity of DNA incubated was also examined for 

jetPEI® transfections but no significant difference was observed. 

A constant EGFP concentration of 1 µg/ mL was used for all transfections whilst the polymer 

concentration was altered. N/P ratios 1:1, 5:1 and 20:1 were initially trialled and N/P 20:1 was 

discarded from further transfection studies as this polymer concentration was highly toxic as 

is evident from the toxicity studies (Figure 51). N/P 1:1 did not lead to any significant 

transfection level, presumably because of charge reversal (Figure 48 in Chapter 2.3.10.3) of 

the resulting construct and therefore the final N/P ratios further considered were N/P 3:1, 5:1, 

7:1 and 10:1. 

Further studies to test the suitability of the control transfection reagent, jetPEI® against 

Lipofectamine® 2000 also did not display any notable improvement in transfection. However, 

it was found that the most efficient transfections, in the case of for Lipofectamine® 2000, 

occurred with the Opti-MEM medium, whilst it performed poorly with KSFM without 

a) b) 
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supplements. However, Opti-MEM did not improve the transfection efficiency compared to 

KSFM in the case of PDMAEMA brush-nanoparticles.  

To summarise the optimisation of transfections in various conditions, it was highlighted that 

gene transfection efficiency depended strongly on the cell type, DNA batch quality and N/P 

ratio of the nanoparticles amongst the parameters tested. 

 

3.3.2.2 Assay quantification 

The quantitative determination of the transfection efficiency of this specific gene delivery 

system varies from some of those reported in the literature. Whilst most studies use the 

luciferase assay and flow cytometry, a simple yet accurate approach to quantifying the 

transfection efficiency was employed using an EGFP assay in this study. The percentage 

efficiency was acquired from counting each transfected cells through the EGFP reporter gene 

and the total number of cells via 4’,6-Diamidino-2-phenylindole dihydrochloride (DAPI) 

fluorescence (quantification was carried out using ImageJ). 

The blue (DAPI-fluorescent) and green (EGFP-fluorescent) channels were opened in ImageJ 

and split such that only the green and blue channels were kept. In Set measurements, the 

mean grey value measurement was checked and redirected to the green channel. Following 

adjusting the threshold of the blue channel, the nuclei of the cells are displayed as spread as 

possible whilst excluding any debris. Any overlap of nuclei was separated by the ‘watershed’ 

tool. The ‘Analyze Particles’ option was then chosen with the size defined between 50 and 

infinity in pixel units which further ensures that only the nuclei of cells are counted; choosing 

to show ‘masks’ confirms this. The results window then displays the total number of nuclei 

and their corresponding mean grey value in the EGFP channel. EGFP positive cells were defined 

with a threshold two-fold higher than the basal fluorescence level (defined as the fluorescence 

level of the lowest 5% cells). The number of transfected cells as a percentage of the total 

number of cells was then presented in all studies involving transfection efficiency. Data sets 

were only considered if the transfection efficiency of the control, jetPEI®, was above 8%. 
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3.3.2.3 Free PDMAEMA 

The performance of f-PDMAEMA as a transfection reagent was evaluated through its 

comparison with the positive control, jetPEI® (Polyplus), a commercially available transfection 

reagent. Figure 61 shows the transfection efficiencies with HaCaT cells, performed with a fixed 

plasmid concentration of 1 µg/ mL and a varying concentration of f-PDMAEMA of different 

molecular weights. 

Transfection efficiency of both f-PDMAEMA were found to be below 1.5% whilst jetPEI® 

reached 15% (SE = 2%). For both molecular weights of f-PDMAEMA, slightly higher transfection 

levels were observed at higher polymer/plasmid ratios, but these results were not statistically 

significant (p = 0.27). As discussed in section 3.3.2.1, the low levels of transfection are likely 

due to the residual copper catalyst in the sample generating toxicity. 

 

 

 

 

 

 

 

 

 
Figure 61: Transfection efficiency of synthesised free polymers of varying Mw, with HaCaT (25k per 24-well plate). 
Transfections levels for f-PDMAEMA, for each molecular weight, at all N/P ratios, were significantly lower than the 
control (jetPEI®). Values represent mean ± SE, n ≥ 6, *** = p < 0.001. 

 

High molecular weight PDMAEMA with longer chains condenses plasmid into smaller particles 

than low molecular weight PDMAEMA and these smaller particles can penetrate more easily 

through the formed pores resulting in a higher number of transfected cells. [468, 469]However, 

the transfection efficiency of f-PDMAEMA polyplexes is not comparable to jetPEI® despite 

their similar chemical structure and molecular weight (PEI believed to produce high 

transfection efficiency amongst non-viral cationic polymers, is reported to have a molecular 
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weight of 25 kDa) which makes the cause of lower transfection efficiencies with PDMAEMA – 

27 kDa unclear. It is possible that other compounds in the composition of jetPEI® contribute 

significantly to improving efficiencies although the details of the modification of PEI is not 

accessible. Free PEI of the same molecular weight was also employed in a transfection study 

using the same conditions yet yielded similar if not lower levels of transfection as f-PDMAEMA. 

This could be the consequence of using the EGFP assay which determines the exact number 

of transfected cells hence is more representative of the true transfection efficiency and 

therefore more reliable than luciferase assays often used in the literature. However, such low 

transfection levels are surprising.  

In addition, the pH of the complexation and transfection medium, 150 mM NaCl and KSFM 

without supplements respectively, were confirmed to be between 6.8 and 7.4, below the pKa 

of PDMAEMA. The complex size only increases marginally with increasing pH of the complex 

medium but this is reported to be not pronounced below pH 7 due to the protonation of the 

amino groups below this pH.[465] The tendency of the cationic particles to aggregate would 

have only been possible at higher solution pH therefore this factor is unlikely to have affected 

the transfection efficiency. It is possible that the large fraction of the polyplexes may be routed 

to lysosomes following endocytosis.[468] If this occurs, the acidic nature of the lysosome and 

the enzymes could degrade the DNA. Furthermore, it is known that the strong complexation 

between the polycation and DNA and subsequent decomplexation and release within the 

cytoplasm for efficient transfection is a challenge. In addition, the intrinsic proton sponge 

nature of PDMAEMA is expected to assist endosomal escape,[376] but perhaps its buffering 

capacity needs to be further increased to improve its potential as an efficient transfection 

reagent.  

Free PDMAEMA was not studied further as the focus of this study was brush-grafted 

nanoparticles. 

 

3.3.2.4 PDMAEMA-g-particles 

Examining the transfection efficiency of SiO2-g-PDMAEMA nanoparticles at N/P ratios 3:1, 5:1, 

7:1 and 10:1 (Figure 62) showed how vectors attached to particles performed better than their 

respective free polymers. These polymeric nanoparticles are advantageous over other systems 

such as liposomes as they are easier to produce and readily allow modulation of their size and 

extent of positive charge. 
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With this particular system, the highest transfection efficiency was achieved at N/P 5:1 with 

9% (SE = 3%), notably higher transfection level than N/P 10:1 (p = 0.11), whilst jetPEI® averaged 

at 23% (SE = 5%). The transfection efficiency of PDMAEMA-grafted particles at N/P 5:1 was 

not significantly lower than the transfection efficiency of the control. Meanwhile the efficiency 

for N/P 3:1 and N/P 10:1 were significantly lower than the control. The results also exhibited 

a clear correlation between transfection efficiency of the nanoparticle complexes and their 

cytotoxicity, caused by the cationic polymer. Maximum transfection occurred when cell 

viability was 65.2–81.9% for N/P 5:1 between 4 h and 24 h. As the relative cell viability 

decreased below 40%, with increasing N/P ratio, there was also a large decrease in the number 

of transfected cells as shown in Figure 51 and Figure 62, respectively. The lower efficiency 

measured at N/P of 3:1 could be due to the zeta potential of the complexes being too low, 

resulting in weaker interaction with the cell membrane. 

 

 

 

 

 

 

 

 

Figure 62: Transfection efficiency of SiO2-g-PDMAEMA nanoparticles with HaCaTs (25k per 24 well-plate). The 
transfection efficiencies for PDMAEMA coated nanoparticles at N/P 3:1 and N/P 10:1 were signifcantly lower than 
the control. Values represent mean ± SE, n = 9, * = P < 0.05. 

 

In addition to toxicity, the lower transfection efficiency of PDMAEMA particles compared to 

the control may also be attributed to the poor intracellular delivery of DNA by the PDMAEMA-

coated nanoparticles. Although the presence of the cationic PDMAEMA brush protects the 

DNA during diffusion through the cytosol towards the nucleus by preventing degradation of 

the DNA by nucleases in the environment and maintains its stability, the transfection efficacy 

is still low.  
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Potential pathways utilised by nanoparticles include endocytosis via clathrin-coated pits 

(receptor-mediated endocytosis) or uncoated pits through fluid phase.[469, 470] Both of which 

transport the particles to the lysosomal degradative compartment. Caveolar endocytosis, on 

the other hand, results in the particles being transferred to the endoplasmic reticulum or Golgi 

or through the cell via transcytosis (Figure 63).[367, 471] With this study, non-specific adsorptive 

endocytosis is believed to occur; once the particles are wrapped around the cell membrane to 

form endosomes, they are transported to lysosomes; those which survive the low pH and 

enzymes then travel on to other intracellular compartments including the nuclei. [468, 472] 

Endosomal escape may be limited despite PDMAEMA’s buffering capacity. The DNA must also 

dissociate from the condensed complexes either before or after entering the nucleus via 

nuclear pores (≈Ø10 nm) or during cell division.[35, 41] The complexes in the present system are 

too large in size for nuclear entry therefore DNA dissociation should occur outside the nucleus. 

At this stage, the cationic particles/DNA complex may also not be sufficiently near the nucleus 

for transcription and translation of the transferred DNA to ensue, in addition to the lack of 

nuclear targeting. Following the DNA delivery near the nucleus, the transfection efficiency is 

also then dependent on the composition of the gene expression system.[35] 

 

 

 

 

 

 

 

 

 

 

 

Figure 63: Potential endocytotic pathways for nanoparticle entry into cells.[473] 
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It is also possible that other molecules may be dissociating the DNA from the complex. KSFM 

may contain small molecules which may be preventing DNA from binding, or displacing DNA. 

DNA release from the macromolecular assembly might not occur in time for transcription to 

proceed. The stability of the complex formation and hence the rate of DNA unpackaging could 

influence gene expression efficiency as an intermediate stability is required since stable 

complexes restrict transcription whilst unstable complexes allow DNA degradation.[433, 474] 

Although these considerations are speculative, the collection of factors that may impact 

transfection and that are not addressed by simple PDMAEMA systems seems compatible with 

the moderate transfection levels measured. 

The complexes between genetic material and polymeric nanoparticles should be small and 

tightly formed to facilitate endocytosis. DNA interaction studies from Chapter 2 show that at 

the optimum ratio of N/P 5:1, the complexes reach a hydrodynamic diameter of 1210 nm (SE 

= 130 nm) and a zeta potential of 18.5 mV (SE = 1.2 mV). Though the intermediate positive 

zeta potential offers complex stability suitable for allowing transcription, the large average 

hydrodynamic diameter could possibly be limiting cellular uptake and subsequent motion 

through the cytosol to the nucleus. It is worth noting that the size of jetPEI®-based complexes 

was measured to be around 1000 nm yet gives higher transfection which could mean that the 

observed difference in transfection efficiency are not solely due to differences in 

physicochemical properties of the complexes but perhaps to do with the properties of the 

carrier itself.  

Finally, the lower transfection efficiencies for the f-PDMAEMA (11 kDa and 27 kDa) compared 

to PDMAEMA grafted from silica nanoparticles is not in agreement with existing 

reports.[181]ch[188, 363, 365, 433]u[369] As the free polymer is not restricted by the size unlike SiO2-g-

PDMAEMA, cellular uptake and hence the gene transcription efficiency should be higher. The 

observed low transfection efficiency compared to SiO2-g-PDMAEMA could be due to the 

presence of residual copper catalyst in the free polymer as it is not possible to purify the free 

polymer as extensively as with SiO2-g-PDMAEMA nanoparticles, and possibly higher 

cytotoxicity arising from the free polymer present following complexation. 
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3.3.3 Cellular Uptake 

As the efficiency of gene expression is controlled by processes involving the intracellular 

uptake and release of DNA, stability of DNA in the cytoplasm, unpackaging of the DNA-vector 

complex and the transfer of DNA to the nucleus,[35] particular focus was placed on the cellular 

uptake of the SiO2-g-PDMAEMA nanoparticles to further understand the poor transfection 

with PDMAEMA compared to what is reported in the literature.[245, 247, 250, 363] 

It is known that the size, shape, charge and surface chemistry of colloidal particles play an 

active role in governing cellular uptake and subsequent delivery.[95, 96, 475] The internalisation 

rate alongside cytotoxicity are also critical factors influencing transfection, however the 

relationship between these factors combined with particle size is yet to be understood. The 

influence of the particle size is also thought to be dependent on the chemical structure of the 

particles and the cell types. Although some studies have shown that 100-200 nm DNA/vector 

particles of N/P ratio 10-20 [476] and silica nanoparticles averaging 200 nm[477] improve 

transfection efficiency, this is not the case for all systems since cellular uptake, endosomal 

escape and toxicity of the carriers amongst other factors also impact this efficiency. Moreover 

poly (lactic-co-glycolic acid) particles of 375 nm and 600 nm were shown to be better uptaken 

than those below 200 nm.[478] Spherical nanoparticles such as those utilised in this transfection 

efficiency study should potentially be easily endocytosed as shown by Chithrani et al. who 

compared the cellular uptake of spherical (14 nm and 74 nm) and rod-like (14 X 40 nm and 14 

x 74 nm) Au particles to find that spherical particles displayed higher uptake.[96] Although the 

shape of the nanoparticles in the current study are suitable for uptake, the size of the 

nanoparticle may not be facilitating the process. Uptake of such nanoparticles may therefore 

occur through different mechanisms for each cell type depending on the particle size, shape 

and their ability to aggregate. 

Surface chemistry of the particles is also an essential parameter controlling cellular uptake. In 

that respect, the structure and morphology of PDMAEMA brushes as well as the hydrophilicity 

of the surface coating of nanoparticles are of particular importance. Extracellular (and 

potentially intracellular) enzymatic degradation of DNA may contribute to low transfection 

efficiency, however complexation with a cationic polymer brush such as PDMAEMA, with its 

strong positive charges and endosomal buffering capacity, should lower such degradation. [35] 

Generally, it is expected that the cationic polymeric particles would be taken up more 

efficiently than neutral or anionic particles as the cell membrane is negatively charged though 

neutral nanoparticles have been reported to have higher cellular uptake than anticipated.[201, 
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479] However, high positive charges may be causing aggregation of particles in the medium thus 

hindering cellular uptake. Silica nanoparticles utilised in this study are also believed to enhance 

uptake by sedimentation to the cell surface[480] but the number of DNA molecules carried by 

these polymeric nanoparticles decrease during their journey through the intracellular 

compartments which could be contributing to the lower gene expression efficiency. 

To clarify where the complexes accumulate following transfection, qualitative epifluorescent 

microscopy studies were performed at 4 h (Figure 64) and 24 h (Figure 65), using N/P ratios 1, 

5 and 10, with fluorescein isothiocyanate (FITC)-labelled SiO2-g-PDMAEMA nanoparticles. It 

was not possible to quantitatively study the cellular uptake due to lack of fluorescence of the 

batch of particles available for this study, so images were qualitatively analysed. 

At N/P 1:1, very few particles complexed with DNA were distributed around the nuclei and 

this number multiplied with an increase in the N/P ratio. Comparing the 4 h and 24 h time 

points, an increase in the number of particles surrounding the nuclei at longer incubation 

times was observed, especially at lower N/P ratios (Figure 65). Both, particles with and without 

DNA aggregate and accumulate near the nuclei at N/P 10:1. 

The localisation of FITC-SiO2-g-PDMAEMA-DNA complexes near the nuclei suggests that 

particles have bound to the cell surface and internalised. As expected, particles were unable 

to enter the nucleus due to their size, but this assay did not allow us to establish whether DNA 

was released and able to localise at the nucleus. Future assays developed with this system 

should address this issue.  
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Figure 64: Fluorescence microscopy images, at magnification 63x, cellular uptake of FITC-labelled SiO2-g-PDMAEMA 
nanoparticles (green) at 4 hours, Hoescht 33342 stained nuclei (blue). 
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Figure 65: Fluorescence microscopy images, at magnification 63x, cellular uptake of FITC-labelled SiO2-g-PDMAEMA 
nanoparticles (green) at 24 hours, Hoescht 33342 stained nuclei (blue). 

 

Confocal laser scanning microscopy (CLSM) was used to observe the subcellular distribution 

of the particles. Figure 66 shows three-dimensional images of HaCaT cells from the coverslip 

to the top of the cell at a series of depths along the z-axis, with Δz = 300 nm. The main panel 

shows the fluorescent image in the x-y cross-section at a given z-location whilst the 2 smaller 

panels show the structure along the x-z (bottom) and y-z (right side panel) at the position 
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indicated by the yellow lines in the main panel. The images show cell nuclei in blue (Hoescht 

33342), particles in green (FITC) and the cell membrane in red (D282 Dil). The lower intensity 

of the FITC-labelled polymeric nanoparticles makes it difficult to see the position of the 

complexes on the 3-D image but they were indeed internalised by the cell though not in large 

amounts, consistent with the moderate transfection efficiencies observed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 66: Three-dimensional confocal images of HaCaTs with FITC-labelled particles with DNA at N/P 10:1. The 
main panel shows the enface image at a given z depth whilst the bottom and side panels show the x-z and y-z cross-
sectional images, respectively. 

 

As discussed in Chapter 1, both endosomal escape and destabilisation of the complexes impact 

DNA delivery thus strategies aiming to release DNA earlier from the endosome could improve 

transfection efficiencies. Developing targeted systems in which the vectors can be uptaken via 

receptor-mediated endocytosis could be another approach to improve cellular uptake and 

gene expression. Conjugating ligands such as antibodies, peptides, proteins, growth factors 

and other small molecules to these nanoparticles can give direct, targeted delivery to cancer 
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cells or intracellular organelles including the nucleus (using nuclear localisation factors), whilst 

avoiding any undesirable side effects. Particle size is another pivotal factor that could influence 

cellular uptake. Further studies must be performed using smaller nanoparticles and hence 

smaller complexes to determine the effect of size on the transfection efficiency. It would also 

be interesting to monitor the transportation process of particles via live CLSM to understand 

in detail the process of endocytosis and nuclear targeting/entry. In order to solve the issue of 

quantifying cellular uptake, the current system could employ quantum dots or labelled 

particles with more robustly fluorescent particles as they can be more easily detected, thus 

allowing quantification of the uptake. Simultaneous labelling of DNA would also allow to 

determine DNA-brush dynamics in the cytosol. 
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 Summary 
 

The succession of experiments in Chapter 3 elucidated details of the way in which the charged 

surface, cationic PDMAEMA, interacts with mammalian cells. The adhesion and cytotoxicity 

studies of PDMAEMA and its copolymer grafted from flat substrates confirmed that both the 

adhesion and the cell viability were time- and charge density-dependent; more cells adhered 

with increasing time, higher number of cells adhered with increasing composition of 

PDMAEMA in the copolymer brush however, the converse was true for the cell viability with 

both time and composition of PDMAEMA. 

Cell viability of PDMAEMA-grafted from silica nanoparticles with and without DNA, at 4 hours 

and 24 hours, over a range of N/P ratios; 1:1 to 20:1, generated interesting data which 

indicated that the presence of DNA shields the positive charges of the brush thus allowing a 

higher cell viability than those without DNA. Cell viability increases following one proliferation 

cycle at the 24-hour time-point and is over 60% below N/P ratio 5:1 in the presence of DNA. 

After establishing the system’s cytotoxic behaviour, the ability of the cationic nanoparticles to 

be endocytosed and be successful in entering the nucleus was assessed through a number of 

transfection assays at N/P ratios 3:1, 5:1, 7:1 and 10:1. As the amount of molecules entering 

the nucleus and getting transcribed determines the efficiency, cellular uptake studies were 

carried out to ascertain the localisation of the cationic nanoparticles. It was evident that the 

nanoparticles were indeed endocytosed however the level of nuclear entry and thus gene 

expression was not to a favourable extent hence further tuning of the system is required. 
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4  

Chapter 4 - Functionalisation of PGMA and PDMAEMA 

brushes for DNA interaction and gene delivery 
 

 Introduction 

Considering the moderate transfection efficiencies achieved with PDMAEMA brushes, the 

possibility to control the chemistry of brushes to design novel cationic systems was explored. 

Investigating the chemistry of polymer brushes and tuning the charge in this way is an essential 

approach to understand the physico-chemical parameters controlling DNA-brush interactions, 

the interaction of complexes with cell membranes, DNA release in the cytosol, cytotoxicity and 

therefore potentially improve the efficiency of gene delivery systems. As with PDMAEMA, 

poly(glycidyl methacrylate) (PGMA) is an attractive polymer due to the ease with which PGMA 

brushes can be grown efficiently from a variety of surfaces and its reactiveness in mild 

conditions.[481-483] 

 

 

 

 

 

 

 

Figure 67: Ring opening reaction with the pendant epoxide group of PGMA via amination 

 

The pendant epoxide groups of the PGMA can be opened with different functional groups to 

produce poly (glycerol methacrylate) derivatives (Figure 67). The possibility of such post-

polymerisation modification has generated great interest due to the potential for preparing 
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many functional polymers of interest for various uses which may not be accessible by direct 

polymerisation of the functional monomer. Some of these uses include the preparation of 

functionalised magnetic microspheres with hydrophilic properties for molecular diagnostic 

applications[484] and the generation of biofunctionalised sensors.[361, 485] 

In addition, free PGMA (f-PGMA) has found application for the delivery of drugs and nucleic 

acids. Aminated poly(glycidyl methacrylate) (PGMA) has been reported to be a safe and 

efficient gene delivery vector[486-489] as the cationic amine species can also condense DNA 

through electrostatic interactions. Their interaction with DNA was reported to be stronger 

than PEI whilst the cytotoxicity of the aminated PGMA were lower compared to PEI25k with 

the exception of the polymers with molecular weights in the region of 30 kDa. Moreover, the 

amino PGMA/DNA complexes formed at low N/P ratios, and the increased charge ratio and 

synergistic effect of hydrogen bonding in the system contributed towards increased stability 

of the complexes thus preventing nuclease degradation.[490] The transfection efficiency of the 

methylethylamine modified linear and star-shaped PGMA/DNA complexes and 4-amino-1-

butanol modified linear PGMA/DNA complexes were also described to be higher in 

comparison to PEI25k.[487] One of the most common oligoamines used to functionalise PGMA, 

to construct gene carriers is ethanolamine. A biocleavable, star-shaped, EA-functionalised 

PGMA with abundant secondary amine and non-ionic hydroxyl groups, was reported to 

possess good DNA condensation properties, low cytotoxicity and efficient gene delivery 

ability.[491] Furthermore, the use of f-PGMA functionalised with pentaethylenehexamine 

(PEHA) has been investigated previously by Wei et al. for gene delivery applications and its 

cytotoxicity and transfection efficiency performance were studied, alongside other 

oligoamines.[492] They reported transfection efficiency comparable to that of branched PEI 

with optimal efficiency occurring at N/P 5:1, but with lower cytotoxicity than branched PEI. 

Acid-base titrations conducted by the same group confirmed the buffering capacity 

approached that of branched PEI. Diethylenetriamine (DETA) has also been used for post-

modification of PGMA to analyse its potential in effective DNA delivery.[493] Compared to all 

the other derivatives employed in the study, DETA gave higher transfection efficiency though 

not as high as PEI. 

As previously discussed (Chapter 1.1.3), transfection is a multi-stage complex process where 

many of the processes are hindered. The polymer/DNA complexes must have sufficient 

positive charge for intracellular uptake. Following endocytosis, the complexes must resist 

acidification in the endosomal and lysosomal compartments. Thus endosomal buffering and 

escape must occur with complexes remaining stable in order to avoid DNA degradation via 



 

 

140 

enzymes. Once the complex is released into the cytoplasm, it must diffuse through the 

intracellular space and cross the nuclear membrane; unpackaging of the DNA/polymer 

complex must also occur before or after entry into nucleus. However their ability to dissociate 

is dependent on the stability of the complex formation. The structure and morphology of the 

cationic polymer influence DNA binding and condensation; the number of cationic groups 

strongly impacts the polymer-DNA interaction. The complexes must also be sufficiently close 

to the nucleus for transcription and translation to occur. Hence the surface chemistry of the 

polymer brush plays a crucial role in overcoming these barriers. It has been proposed by 

several scientists that methods to improve one or several of these stages include varying the 

type of positive charge whether through a primary, secondary, tertiary or even quaternary 

amine, as well as the density of the charge. Compared to PEI, PDMAEMA has a lower charge 

density as the molecular weight of one repeat unit containing one charge is higher. The charge 

density is thus an important factor affecting the gene delivery efficiency. 

Also, to improve DNA release, it is useful to develop a charge-shifting process as the ability to 

reverse the charge can then facilitate the release of DNA and simultaneously improve 

endocytic exit. 

Functionalisation of polymers has been shown to be an efficient strategy to target and 

enhance uptake of particles and gene delivery vectors thus transfection efficiency hence the 

potential of allyl derivatives were explored for this purpose. These allyl-functionalised 

polymers can also be further functionalised by thiolene chemistry.[494] The two polymers that 

were explored for functionalisation were PDMAEMA and PGMA as both can be synthesised 

easily and could be functionalised using accessible, mild and efficient chemistry. 

The present work therefore synthesised PGMA-brush functionalised silica nanoparticles via 

ATRP and functionalised it with oligoamines (Allylamine (AA), DETA or PEHA) by ring-opening 

nucleophilic substitution. The resulting polyglycerol-like polymer brushes had both hydroxyl 

and amine moieties. The H-bonding interactions contributed by the hydroxyl groups in the 

neighbouring atoms of the amine groups of the derivatised PGMA can contribute towards 

stabilising the DNA/polymer complexes via enhanced co-operative interactions.[495] AA, DETA 

and PEHA are useful comparisons as the effect of varying the type of amines in gene 

transfection could be observed.  

Hydrophobic modification of PDMAEMA could also be a route to improve the efficacy of 

transfection as the hydrophobic chains interact with the lipophilic cell membrane to improve 

cellular uptake.[197] DNA/polymer complex dissociation is also believed to be enhanced as a 
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result of the hydrophobic interactions compared to that of the dissociation occurring as a 

result of the ionic interactions between the polymer and the DNA. Thus, post-polymerisation 

modification of SiO2-g-PDMAEMA with alkyl halides; methyl iodide,[462, 496, 497], allyl iodide and 

ethyl iodoacetate could potentially improve the transfection efficiency and the cytotoxicity of 

the system. Quaternization with these alkyl halides results in quaternary ammonium groups 

with permanent negative charges as opposed to the comparatively weak negative charge on 

the PDMAEMA alone. 

In order to analyse any improvement to the DNA condensation and hence transfection ability 

of the aminated PGMA and derivatised PDMAEMA, the prepared systems were first 

characterised by NMR, ATR-FTIR and Zetasizer (particle size and zeta potential), then their DNA 

interaction capability was characterised via Zetasizer, followed by transfection assays using 

optimised conditions obtained for PDMAEMA.  
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 Experimental methods 

4.2.1 Synthesis and functionalisation of PGMA 

4.2.1.1 Materials 

Dichloromethane (DCM, Fisher Chemical), methanol (Sigma-Aldrich), Glycidyl Methacrylate 

(GMA, Sigma-Aldrich), free polyglycidyl methacrylate (f-PGMA, synthesised by Burcu Colak), 

DMF (VWR Chemicals), Et3N (Sigma-Aldrich), diethyl ether (DEE, VWR Chemicals), THF (VWR 

Chemicals), deuterium oxide (Sigma-Aldrich), deuterated chloroform (Cambridge Isotope 

Laboratories, Inc.), allylamine (Sigma-Aldrich), diethylamine (Sigma-Aldrich), deionised water 

with resistivity of 18.2 MΩ∙cm (Millipore) and silicon wafers (100 mm diameter, 〈100〉 

orientation, polished on one side/reverse etched) (Compart Technology Ltd) were used as 

received. 

 

4.2.1.2 Synthesis of f-PGMA 

Free PGMA (Figure 69) was synthesised by Burcu Colak, by reacting a degassed solution of 

methanol, water, GMA, bipyridine, copper (II) bromide and coper (I) chloride with a degassed 

initiator solution containing PEG initiator (Figure 68), methanol and water, for 30 min at RT.  

 

 

 

 

Figure 68: Synthesis of Free ATRP Initiator - PEG 

 

A series of solvents including acetone, methanol and THF were added to the reaction mixture, 

which was then concentrated and precipitated in cold diethyl ether (DEE), dissolved in THF 

and precipitated again. The resulting polymer was dissolved in THF again then passed through 

a flash column to remove the catalyst. It was again precipitated in DEE before filtering and 

drying. 
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Figure 69: Synthesis of f-PGMA via ATRP. 

 

As PGMA can be chemically modified due to the presence of the epoxide groups, this particular 

study, focused on the ring-opening reaction of the epoxide group by amines. 

 

4.2.1.3 Functionalisation of f-PGMA with amines 

A solution of f-PGMA (85 mg) in DMF (1.25 mL) was combined with a solution of amine (10 

M); allylamine (450 μL) or diethylamine (12.5 mL), Et3N (25% with respect to the amine) (209 

μL) in DMF (1.25 mL). The mixture was left to react at 70°C overnight. Due to the low boiling 

temperature of diethylamine, the reaction with this particular amine was carried out such that 

the THF, f-PGMA, Et3N and diethylamine were all added directly into one vial, with the 

diethylamine being added last. The resulting diethylamine solution containing THF was left to 

react at 50°C overnight. The THF was then removed by rotary evaporation and the remaining 
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solution was precipitated, centrifuged and dried lightly. The resulting polymers were dissolved 

in D2O (1 mL) and deuterated chloroform (50 μL for allylamine) for NMR analysis. 

 

4.2.1.4 Growth of PGMA brush on silicon wafers – kinetics study 

A polymerisation mixture containing GMA (20.84 g, 147 mmol), bpy (564 mg, 3.6 mmol), CuBr2 

(15.6 mg, 70 µmol) and methanol/water (4/1 v/v, 20 mL) was stirred and bubbled under argon 

for 20 min. Cu (I) Cl (146 mg, 1.5 mmol) was added to the mixture and was bubbled for 5 min, 

sonicated for 2 min and then left to bubble again for a further 5 min under argon. 

Initiator-coated silicon substrates were placed in a polymerisation tubes and degassed 

through 3 vacuum/argon cycles. The polymerisation mixture (4 mL) was added to each 

polymerisation tube, and left to react for 15 to 110 min. The reactions were quenched by the 

addition of deionised water.  The wafers were removed and washed with deionised water, 

methanol and DCM before drying under a stream of nitrogen.  

 

4.2.1.5 Growth of PGMA brush on silica nanoparticles 

A monomer solution containing GMA (20.84 g, 147 mmol), bpy (564 mg, 3.6 mmol), CuBr2 

(15.6 mg, 70 µmol), methanol/water (4/1 v/v, 10 mL) and Cu (I) Cl (146 mg, 1.5 mmol) was 

prepared according to protocol in the previous section (the solvent was halved so that the 

final monomer concentration after combining with the particle solution would be the same as 

for the growth of brushes from silicon substrates). 

The initiator-coated silica nanoparticles were sonicated to obtain a homogenous dispersion. 

Deionised water (800 μL), ethanol (100 μL) and initiator-coated silica nanoparticles (100 μL) 

were added to a polymerisation tube which was submerged into an ice box (to avoid 

evaporation of the solvent) and left to bubble under argon for 15 min. The monomer/catalyst 

mixture (1 mL) was injected into the tube, which was taken out of the ice box and left under 

argon but without bubbling. The reaction was left for 60 min and was stopped by adding DCM 

(1 mL) and deionised water (9 mL). The mixture was centrifuged and redispersed thrice in 

DCM, finally redispersed in 2 mL DMF and refrigerated. 
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4.2.1.6 Functionalisation of PGMA nanoparticles 

Similar to the functionalisation of f-PGMA, PGMA-g-SiO2 nanoparticles (2.8 mg/ mL, 5 mL) in a 

solution of 10 mL DMF was mixed with a solution of allylamine (100 mmol, 3.74 mL) or 

diethylene triamine (100 mmol, 5.4 mL) or pentaethylene hexamine (100 mmol , 12.23 mL) 

also containing, Et3N (25mol% with respect to amine, 1.74 mL) in 10 mL DMF. The resulting 

reaction mixtures were incubated at 70°C in oil baths, overnight. The dispersions were then 

centrifuged and resuspended in deionised water (5 mL). 

 

4.2.2 Functionalisation of PDMAEMA 

4.2.2.1 Materials 

Methyl iodide (CH3I, Sigma-Aldrich), allyl iodide (Sigma-Aldrich), ethyl iodoacetate (Sigma-

Aldrich), acetonitrile (ACN, HPLC Gradient grade, Fisher Chemical), Dimethyl sulfoxide (DMSO, 

Sigma-Aldrich), deionised water with resistivity of 18.2 MΩ∙cm obtained using Milli-Q Integral 

3 System from Millipore. 

 

4.2.2.2 Functionalisation of f-PDMAEMA 

Ethyl iodoacetate (3.77 mL, 0.0319 mmol) was added to a solution of f-PDMAEMA (1000 mg) 

in acetonitrile (5 mL) and stirred at room temperature for 24 h.  The mixture was precipitated 

in DEE over 3 cycles and dried before dissolving in D2O (1 mL) for NMR analysis. 

 

4.2.2.3 Functionalisation of PDMAEMA nanoparticles 

6 mL of PDMAEMA-g-SiO2 nanoparticles prepared in three batches (5.4 mg/mL, 3.6 mg/mL and 

3.9 mg/mL) following the procedure in Chapter 2.2.4 were incubated with an alkyl iodide 

solution of methyl iodide (0.032 mmol, 990 µL), allyl iodide (0.032 mmol, 1.455 mL) or ethyl 

iodoacetate (0.032 mmol, 1.89 mL) respectively, in acetonitrile (1 mL) at room temperature 

and gently shaken overnight on a 3D lab application shaker. The particle dispersion was 

washed with acetonitrile and deionised water sequentially via 3 centrifugation (4000 rpm for 

15 min)/redispersion cycles and finally dispersed in 6 mL deionised water, with the exception 
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of allyl iodide-functionalised brush particles which were dispersed in DMSO due to the lack of 

stability of these particles in water. 

 

4.2.3 DNA interaction study 

Similar to the particle size and surface charge characterisation method described in Chapter 

2.2.6, a solution containing amine-functionalised PDMAEMA-g-SiO2 nanoparticles (4.6 mg/mL 

PDMAEMA-g-SiO2-f-ethyl iodoacetate nanoparticles, 2.2 mg/mL PDMAEMA-g-SiO2-f-methyl 

iodide nanoparticles and 2.4 mg/mL PDMAEMA-g-SiO2-f-allyl iodide nanoparticles) at N/P 

ratios 1:1, 5:1, and 20:1, in 1 mL 150 mM NaCl was added to a solution containing 1 mL 150 

mM NaCl and 20 µg EGFP (0.375 µg/µL) such that the final DNA concentration of 10 µg/mL 

was used. The combined solution was incubated at room temperature for 15-30 min to allow 

binding. The hydrodynamic diameter and the zeta potential of the resulting complexes as well 

as the particles before complexation were measured. 

 

4.2.4 Transfection assay 

Transfection experiments were conducted using optimised conditions from Chapter 3.2.3.2. 

HaCaTs were seeded at a density of 25k on collagen-coated 24 well-plates. Transfection 

efficiency was tested for the different amine-functionalised PDMAEMA-g-SiO2 nanoparticles 

for N/P ratios 3:1, 5:1, 7:1 and 10:1. Reporter gene assay was performed the day after 

transfection, using DAPI to localise cell nuclei via epifluorescence microscope (Leica DMI4000B 

Epifluorescent). 

 

4.2.5 Characterisation 

Ellipsometry, NMR spectroscopy, FTIR spectroscopy, TGA, zeta potential measurements, 

particle sizing and DNA interaction experiments were carried out as described in Chapter 2.2.5. 
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 Results and discussion 
 

4.3.1 PGMA brush growth 

Well-defined PGMA brushes can be prepared by ATRP at ambient temperature.[481, 482] As ATRP 

polymerises the monomer through the methacrylate group, the resultant polymer brush has 

pendant epoxide groups. The pendant epoxide ring can be opened and introduced to a range 

of functionalities via successive reactions with nucleophiles thus making PGMA a versatile 

polymer.  

 

 

 

 

 

 

 

 

 

Figure 70: The change in PGMA brush thickness as a function of time as determined by ellipsometry. Values 
represent mean ± SE, n = 3. 

 

Control of the PGMA brush growth on silane initiator-coated silicon surfaces was determined 

via ellipsometric measurements at different time points. The brush thickness of interest for 

this study (30 nm) was achieved at approximately 60 min. The plot of brush thickness with 

time exhibited a linear behaviour which confirms a truly living radical polymerisation and 

hence a controlled polymerisation (Figure 70). 

 

4.3.1.1 Free polymer functionalisation 

As PGMA can be chemically modified via epoxide side-chains, we first studied the ring-opening 

reaction of the epoxide by allylamine (Figure 71). Free PGMA was dissolved in 
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dimethylformamide (DMF), then triethylamine and the allylamine was added to this solution 

and heated at 70°C for 24 h. The functionalised PGMA was then precipitated in diethylether. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 71: Synthesis of f-PGMA-AA via ATRP and aminolysis. 
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4.3.1.1.1 NMR 

The structure of f-PGMA was characterised by 1H NMR spectroscopy, as shown in Figure 72. 

The chemical shifts at 0.96, 1.12 and 1.21 ppm belonging to the protons of the methyl of PGMA 

were split into three peaks; isotactic, heterotactic and syndiotactic triads, respectively.[481, 498] 

The peak between 1.92 – 1.97 ppm belonged to the methylene protons in the backbone of the 

PGMA whilst the peaks at 3.83 and 4.32 ppm belonged to the methylene protons of the –O-

CH2- side groups, adjacent to the oxygen moieties of the ester linkages, at position (c) due to 

the space isomerisation of the epoxy group.[486, 499, 500] The proton resonances for the epoxide 

ring, -CH2-CH(O)-CH2 methylidyne and CH-CH(O)-CH2 methylene, were attributed to the 

chemical shifts at 3.25 ppm and 2.66 and 2.86 ppm, respectively.[501] There were two 

resonances for the protons labelled (e) in Figure 72 (bottom) as they were in different chemical 

environments (due to the lack of free rotation of the C-C bond of the epoxide).  

 

 

 

 

 

 

 

 

 

 

Figure 72: 1H NMR spectra of PGMA and PGMA functionalised with allylamine, dissolved in CDCl3 and D2O, 
respectively. Data acquired by Burcu Colak and Reya Shamsah. 

 

The ratio of peak areas of c, d and e is approximately 2:1:2 which suggests that the epoxy 

groups in the PGMA remained intact throughout the polymerisations of glycidyl methacrylate. 
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Following the ring-opening reaction of PGMA with allylamine, peak d associated with the 

epoxy groups of PGMA and peaks e of the methylidyne and methylene groups disappeared 

whilst two new solvent peaks, attributed to DMF and DMSO,[502] is seen for PGMA-AA. The 

characteristic signals for the methylene adjacent to the epoxy group at 3.83 and 4.32 ppm 

disappeared and were replaced by a new, broad peak at 3.88 - 3.94 ppm as a result of the 

space isomerisation of the epoxy group disappearing,[499, 500, 503] suggesting a quantitative 

opening of the epoxide rings. Peaks also appeared at 5.81 and 5.42 ppm, corresponding to the 

olefinic protons. Peaks attributable to the methylene protons connecting to amines appeared 

between 2.57 - 3.12 ppm. Broad peaks were also seen to form at 0.75 and 1.84 ppm, 

corresponding to protons in the methacrylate backbones. 

 

4.3.1.1.2 FTIR 

The IR spectra in Figure 73 represents the absorbance peaks for f-PGMA and derivatised f-

PGMA-allylamine. The characteristic absorption band for the epoxide ring of f-PGMA appeared 

at 1240 cm-1, whilst the bands for the carbonyl group (O-C=O) were present at 1722 cm-1.[498] 

The bands at 900 and 837 cm-1 were attributed to the epoxide groups present in f-PGMA[482] 

which disappeared in the aminated PGMA.  

 

 

 

 

 

 

 

 

Figure 73: IR Spectra of f-PGMA and f-PGMA functionalised with allylamine. 

 

In addition, the presence of C=C stretching at 1660 cm-1 and increase in the intensity of the C-

H anti-symmetric and symmetric stretchings at 2967 cm-1 and 2820 cm-1, respectively, were 

observed, consistently with the expected structure and confirming the successful ring-opening 
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reaction. The peaks at 920 and 993 cm-1 were ascribed to =C-H and =C-H2 wagging, whilst the 

broad peak between 3100 and 3700 cm-1 belonged to O-H stretching and the overlapping 

stretching peak present at 3282 cm-1 was attributed to N-H stretching.[504] Hence, FTIR 

confirmed the effective functionalisation of f-PGMA with allylamine. 

 

4.3.1.2 SiO2-g-PGMA functionalisation 

Following the successful functionalisation of f-PGMA with allylamine, confirmed via FTIR and 

NMR spectroscopy, two additional amines (DETA and PEHA) were chosen to functionalise 

PGMA brushes grown on silica nanoparticles. These modifiers contain between three and 

seven nitrogen atoms per molecule, respectively. These oligoamines were selected for their 

similarities to ethylenimine, potential to buffer at endosomal pH when polymerised and 

promising gene delivery properties with f-PGMA systems. The functionalisation of PGMA 

brushes with allylamine was also expored as the alkene moiety may be subsequently used for 

further biofunctionalisation via thiol-ene coupling (for example with cysteine peptides). 

As with the functionalisation of f-PGMA, a solution of PGMA brush grafted on silica 

nanoparticles was mixed with a solution containing the amine of interest in triethylamine and 

DMF, and left to react at 70°C overnight. The PGMA brush was functionalised with a large 

excess of the different amine species as shown in Figure 74. The excess oligoamines of the 

derivatised SiO2-g-PGMA were then removed by six centrifugation and redispersion cycles and 

finally resuspended in deionised water before using for DNA interaction and transfection 

studies.  

It was found that the allylamine derivatised PGMA was not forming stable suspensions at near 

neutral pH, like the other amines. Lowering the pH to acidic conditions (below pH 5) did not 

improve the dispersion of the colloids. Hence full characterisation could not be performed for 

allylamine functionalised brushes. This may be due to cross-linking side reactions occurring at 

the allyl groups, as was sometimes observed for allylamine-functionalised f-PGMA samples. 

Therefore, only DETA and PEHA derivatised PGMA were used for DNA condensation and 

transfection studies. 
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Figure 74: Amination of SiO2-g-PGMA nanoparticles. 
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4.3.1.2.1 FTIR 

IR spectra of PGMA and PGMA functionalised with AA, DETA and PEHA are shown in Figure 75. 

A prerequisite for successful post-polymerisation based on GMA grafted onto silica surface is 

preservation of the reactive epoxide groups during ATRP. The absorption peaks observed at 

1268 and 1724 cm-1 were attributed to the epoxide ring and ester carbonyl groups (O-C=O) of 

PGMA, respectively,[498] thus confirming the successful polymerisation of the GMA monomer 

onto the silica nanoparticles.  

 

 

 

 

 

 

 

 

 

Figure 75: IR spectra of SiO2-g-PGMA-oligoamines. 

 

The strong absorption peak of the epoxide ring at 1268 cm-1 should weaken significantly upon 

functionalisation but is only clearly observed with SiO2-g-PGMA-AA, possibly because of the 

smaller size of the amine which facilitates diffusion and infiltration into the PGMA brushes. 

Upon amination with DETA, the strong vibrational band at 1724 cm-1 is weakened but not 

substantially which suggests that unlike PGMA, functionalisation is not quantitative. 

Absorption band at 3429 cm-1 of SiO2-g-PGMA-AA was attributed to the –NH bonds whilst the 

broad peak in the same region is attributed to O-H stretching of hydroxyl groups. A new band 

appeared at 1654 cm-1 which is attributed to C=C stretching.  

The NH stretching around 3266 cm-1 appears to show a clearer change upon functionalisation 

of PGMA. The C-H stretching from the aliphatic backbone of PGMA chains could also be clearly 

O-C=O 

N-H 

OH stretching 

C=C 

NH stretching 

CH stretching 



 

 

154 

seen at ≈ 2940 and 2825 cm-1, which increased in intensity upon functionalisation.[505] The 

nucleophilic reaction of the oligoamines with the epoxy group was further confirmed by the 

absence of the epoxide bands at 910 and 852 cm-1, although overlap with other bands make 

it difficult to fully quantify the extent of this change. Additional O-H and N-H stretching bands 

appeared at 3266 cm-1 which also suggested the incorporation of AA, DETA and PEHA into the 

polymer brush by epoxide ring-opening and the formation of hydrogen bonds.[486] The shift in 

the position of this band and the appearance of features confirm the presence of both O-H 

and N-H bonds.[500] 

 

4.3.1.2.2 Particle Size & Zeta Potential 

Figure 77 compares the hydrodynamic diameters and the surface charge as indicated by the 

zeta potential of PGMA and SiO2-g-PGMA-DETA and SiO2-g-PGMA-PEHA however it is difficult 

to accurately compare the zeta potentials of all the functionalised nanoparticles against PGMA 

as the latter could not be stable resuspended in deionised water hence was redispersed in 

DMF. It was not possible to characterise the size of SiO2-g-PGMA-AA particles due to the partial 

cross-linking of these colloids in the post-functionalisation step, resulting in an aggregated 

suspension in deionised water (or any solvent tested) (Figure 76).  

During amination, once the epoxide ring-opens to a β-amino alcohol, this secondary amine 

can open a second epoxide thus forming inter and intra-chain bonds and cross-links.[482] This 

leads to the generation of large aggregates, in particular in the case of SiO2-g-PGMA-AA. 

 

 

 

 

 

 

 

Figure 76: Possible mechanism for the cross-linking of PGMA brush chains by a primary amine.[482] 
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DETA and PEHA also displayed similar behaviours, but to a lower extent and formed stable 

colloidal suspensions, although particle aggregation was evident from light scattering 

experiments (Figure 77) and SEM (Figure 78). The micrographs indicated clear aggregation for 

DETA and PEHA compared to previous brush grafted nanoparticles. 

 

 

 

 

 

 

 

 

 

Figure 77: Hydrodynamic diameter and zeta potential of SiO2-g-PGMA and its functionalised forms, in deionised 
water except for PGMA which was in DMF. Values represent mean ± SE, n ≥ 3. 
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Figure 78: SEM micrographs displaying aggregation for a) SiO2-g-PGMA-DETA, and b) SiO2-g-PGMA-PEHA 
nanoparticles, at magnification 10,000x. 
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4.3.1.2.3 Interaction with DNA 

The hydrodynamic diameter of SiO2-g-PGMA was observed to be 1470 nm (SE = 110 nm) which 

is considerably higher compared to SiO2-g-PDMAEMA which had an average hydrodynamic 

diameter of 830 nm (SE = 20 nm). This increased particle size of PGMA-functionalised colloids 

could be due to the hydrophobic nature of the brush which may form aggregates in solution. 

Partial cross-linking may also occur which in turn can also give rise to aggregates. The size of 

the error bars suggests that the generation of PGMA must be improved. Derivatisation of the 

epoxide side-chain of PGMA also gave a large increase, almost three-fold, in particle size for 

SiO2-g-PGMA-DETA and SiO2-g-PGMA-PEHA. It is also clear that upon functionalising with DETA 

and PEHA, the zeta potential increased notably to 37.9 (SE = 0.3 mV) and 35.1 mV (SE = 0.2 

mV), respectively, confirming the formation of a strongly charged cationic polymer brush 

suitable for condensing DNA. 

 

 

 

 

 

 

 

 

Figure 79: DNA interaction study with SiO2-g-PGMA-DETA, in 150 mM NaCl. Values respresent mean ± SE, n ≥ 9. 

 

For a successful gene delivery system, it is essential that the DNA is condensed by polycation 

into nanoparticles of a sufficiently small size as well as sufficient cationic charge as these 

factors play an important role in modulating cellular uptake. The condensation capability of 

polymeric gene delivery vectors is therefore of high importance. The condensation capability 

of the derivatised PGMA; SiO2-g-PGMA-DETA (Figure 79) and SiO2-g-PGMA-PEHA (Figure 80), 

was analysed through a DNA interaction study where the hydrodynamic diameter and the 

-40

-30

-20

-10

0

10

20

30

40

300

800

1300

1800

2300

2800

3300

3800

4300

4800

5300

N/P 1:1 N/P 5:1 N/P 20:1 Pre-binding

Ze
ta

 P
o

te
n

ti
al

 (m
V

)

C
o

m
p

le
x 

Si
ze

 (
n

m
)

Size Zeta Potential



 

 

158 

indicative surface charge of the polymer/DNA complexes were measured as a function of N/P 

ratio. 

The hydrodynamic diameter of SiO2-g-PGMA-DETA particles/aggregates was significantly 

reduced upon complexation with DNA at N/P 1:1 and N/P 5:1, thus indicating efficient 

condensation of DNA by the SiO2-g-PGMA-DETA. The pre-binding size was, on average, as large 

as 3400 nm (SE = 1320 nm) with a large error and PDI. It was reduced by almost four-fold 

following complexation with DNA for 15 min. This is an encouraging result for employing SiO2-

g-PGMA-DETA as a gene delivery vector. The extent of the collapse, however, is not expected. 

Compared to the collapse of PDMAEMA brushes when exposed to a similar amount of DNA 

(1.3-fold at N/P 1:1), this collapse implies extensive swelling of DETA-functionalised brushes 

and dehydration upon DNA interaction. This observation does not support the hypothesis that 

SiO2-g-PGMA-DETA particles are aggregated, since the size of the collapsed particles would 

barely accommodate two particles. However, the extent of swelling measured for these 

particles prior to DNA interaction seems aberrant, if one assumes that particles were not 

aggregated. The expected particle size based on a five-fold swelling ratio is approximately 800 

nm which is very close to the particle size achieved for N/P 1:1. At N/P 5:1, the complex size 

increases by about 650 nm from N/P 1:1. This increase can be attributed to partial coverage 

of DNA and collapse of the polymer brush. At N/P 20:1, there is a considerably lower amount 

of DNA and phosphates compared to the amount of cations in the polymer brush. The brushes 

are not condensing enough DNA to collapse significantly and potentially further interact with 

other particles via exposed DNA chains at their surface, as was observed for PDMAEMA at high 

N/P ratios. The slight increase in particle size after DNA complexation suggest increased level 

of aggregation but this remains marginal considering that it corresponds to only 1.4-fold 

compared to the uncomplexed SiO2-g-PGMA-DETA particles.  

In terms of the zeta potential, a charge reversal occurs as expected at N/P 1:1 due to the 

formation of a negative shell caused by saturation of the polymer brush with DNA. The zeta 

potential increases only slightly but still remains strongly negative for N/P 5:1 at -26.8 mV (SE 

= 1.1 mV) despite the presence of more positively-charged particles to the amount of 

negatively-charged DNA. PDMAEMA was observed to return to a positive value of 18.5 mV (SE 

= 1.2 mV) at the same N/P ratio. The negative potential measured for SiO2-g-PGMA-DETA 

particles at this N/P ratio is consistent with the still relatively collapsed size of the particles, 

compared to uncomplexed colloids. This may suggest a complete lack of infiltration of DNA 

within the brush, perhaps as a result of crosslinks within the brush. Such crosslinking and lack 

of infiltration is not compatible with the large brush swelling and collapse measured prior and 
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after DNA interaction. The zeta potential returns to a positive value (15.7 mV, SE = 0.5 mV) at 

N/P 20:1, as a result of the excess cationic particles in comparison to the concentration of 

DNA. This aligns with what was observed with PDMAEMA. The positive charge is crucial for 

allowing electrostatic interaction with negatively charged cell surfaces and facilitate cellular 

uptake. 

With SiO2-g-PGMA-PEHA, similar trends were observed for both the size and the zeta 

potential. The hydrodynamic diameter was, however, significantly higher, by 1650 nm, for the 

pre-binding size whilst the complex sizes were larger for N/P 5:1 and N/P 20:1 compared to 

SiO2-g-PGMA-DETA. The zeta potential also differed for the polymer/DNA complex at N/P 5:1. 

It was observed to be much higher than what was recorded for SiO2-g-PGMA-DETA, increasing 

by 19.8 mV though it still remained negative. 

Hence, increasing the number of nitrogen atoms in the modified PGMA side chains did not 

have a significant effect on the general behaviour of colloids during DNA condensation, except 

at N/P 5:1. This may reflect slight differences in the swelling (and potentially crosslinking) of 

DETA and PEHA functionalised PGMA brushes. 

 

 

 

 

 

 

 

 

 

Figure 80: DNA interaction study with SiO2-g-PGMA-PEHA, in 150 mM NaCl. Values represent mean ± SE, n ≥ 9. 
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4.3.1.2.4 Transfection Assay 

Aminated PGMA brushes are believed to have the potential to deliver genes efficiently. 

Ethanolamine and methylethylamine functionalised f-PGMA for gene delivery has been 

reported in recent years,[489, 491, 499, 506] however other amine species have not been 

investigated extensively. To this end, the current study used three different amines (allylamine 

(AA), DETA and PEHA) to study their potential in cellular transfection. 

It was found that, although transfection efficiency of the positive control jetPEI® was 19% (SE 

= 3.3 %) and the condensation capability of the aminated PGMA appeared to be encouraging, 

no transfection was observed for both, SiO2-g-PGMA-DETA and SiO2-g-PGMA-PEHA at N/P 

ratios 3:1, 5:1, 7:1 and 10:1 (Figure 81). Transfection could not be carried out with SiO2-g-

PGMA-AA due to the lack of stability of these colloids. 

Although chemistry of these systems is favourable, it is possible that the cells are not uptaking 

these complexes due to aggregation or simply the large size of the complexes (>2000 nm) 

which may reduce endocytosis or the fate of complexes once in the cytosol. Other contributing 

factors may include the molecular weight of the aminated PGMA and the length of the PGMA 

backbone. DETA is known to have an odd number of repeating amino units[493] which may 

affect its interaction with DNA and size of complexes, and thus its transfection potential. 

Further modification by quaternization of the tertiary amine groups of amino PGMAs with an 

alkyl halide, as reported by Liang et al.,[506] could be an approach to improve the transfection 

efficiency but the complete lack of performance of these materials is not encouraging. Higher 

N/P ratios should possibly be investigated despite the potential toxicity issues from the 

positive charges. 
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Figure 81: Fluorescence images of a) jetPEI®, b) SiO2-g-PGMA-DETA and c) SiO2-g-PGMA-PEHA transfections at N/P 
ratio 5:1, with HaCaTs, where blue is the nucleus, and green represents EGFP expression in cells 
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4.3.2 SiO2-g-PDMAEMA functionalisation 

Having systematically studied the potential of SiO2-g-PDMAEMA for its DNA condensation 

ability, pH buffering capacity, cytotoxicity and gene transfection efficiency, tuning of its 

chemistry was of interest the design of improved gene delivery systems. 

Hydrophobic modification of cationic polymers is one of the approaches taken to improve the 

gene delivery efficacy. The hydrophobic interaction within the amphiphilic cationic polymer 

derivatives and the enhanced cellular uptake resulting from the hydrophobic chains 

interacting with the lipophilic cell membrane contribute towards improving the gene delivery 

efficiency. Moreover, the hydrophobic interactions are believed to facilitate DNA/polymer 

dissociation better than the dissociation occurring from the ionic interactions between the 

cationic polymer and the anionic DNA. These advantageous traits of the hydrophobic units 

may lead to a higher transfection efficiency than cationic polymeric systems which rely solely 

on the ionic interactions. In this regard, SiO2-g-PDMAEMA was functionalised with alkyl 

halides; methyl iodide, allyl iodide and ethyl iodoacetate, in an attempt to improve the 

transfection efficiency and the cytotoxicity of the system (Figure 82). 

The initial weak polyelectrolyte PDMAEMA is converted to its strong polyelectrolyte analogue 

PMETAI upon quaternization with methyl iodide. Similarly, quaternization with allyl iodide and 

ethyl iodoacetate leads to the formation of quaternary ammonium groups which present 

permanent cationic charges in contrast with PDMAEMA brushes. 
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Figure 82: Alkylation of PDMAEMA with alkyl halides. 
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4.3.2.1 Characterisation 

H1 NMR spectra were obtained for the f-PDMAEMA and its derivatives to determine whether 

the functionalisation was successful (Figure 83). The peaks of the methyl and methylene group 

of PDMAEMA, at 2.29 and 2.7 ppm[386] disappeared with the introduction of the quaternary 

ammonium groups as expected. The D2O solvent peaks appeared at 4.70 ppm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 83: 1H NMR spectra of 1) f- PDMAEMA and derivatised PDMAEMA; 2) PDMAEMA-methyl iodide, 3) 
PDMAEMA-allyl iodide, 4) PDMAEMA-ethyl iodoacetate, dissolved in D2O 
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The peaks for the protons in the methyl of the main polymer chain appeared in all the free 

polymers around 1.05 - 1.16 ppm and 1.95 – 2.03 ppm, consistent with the fact that the 

polymer backbone remains unaffected by the functionalisation. The methylene group 

adjacent to the carboxylate group also appeared at 4.1 ppm, 3.87 ppm, 4.14 ppm and 4.17 

ppm for free polymers 1-4, respectively.[507] Polymer 4 displayed an additional peak in this 

region, corresponding to the methylene of the ethyl ester adjacent to the carboxylate. 

Distinctive peaks, corresponding to the methylene adjacent to the ammonium were observed 

for polymer 2-4 in the region of 3.22 - 4.34 ppm. Finally, clear olefinic peaks are observe at 

5.82 and 6.13 ppm for polymer 3, confirming the functionalisation with allyl group. Hence 

NMR clearly confirmed the efficient and quantitative functionalisation of PDMAEMA in mild 

conditions. 

 

FTIR 

The IR spectra of PDMAEMA grafted brushes on silica nanoparticles and its derivatives were 

obtained to confirm the functional groups (Figure 84).  

 

 

 

 

 

 

 

 

 

 

Figure 84: IR spectra of SiO2-g-PDMAEMA and derivatised SiO2-g-PDMAEMA nanoparticles. 
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The absorbance bands for all nanoparticles at 1725 cm-1 were attributed to the C=O bonds of 

the PDMAEMA whilst the bands at 2700 - 3000 cm-1 were from –CH2 and α-CH3 groups. The 

stretching vibrations at 2767 and 2817 cm-1 indicated the presence of the C-H bond of the –

N(CH3)2 group of PDMAEMA [508] and disappeared upon functionalisation indicating full 

conversion of the amine and thus confirming high levels of functionalisation. The broad band 

between 3200 and 3700 cm-1 was the O-H stretching associated with water molecules that 

were absorbed by the more hydrophilic alkylated PDMAEMA brush. The methyl iodide 

functionalisation of PDMAEMA was confirmed by the bands present at 2954 and 3008 cm-1 

which are attributed to the quaternary ammonium methyl groups.[509] Meanwhile the band at 

2915 cm-1 for SiO2-g-PDMAEMA-allyl iodide was observed to be more intense with increasing 

size of the monomer and thus an increase in the number of C-H groups. The additional ester 

in SiO2-g-PDMAEMA-ethyl iodoacetate was evidenced by the slight shift of the carbonyl stretch 

to the left compared to the other alkylated PDMAEMA around 1725 cm-1. 

 

Particle Size & Zeta Potential  

The hydrodynamic diameter and the zeta potential of the PDMAEMA brush grafted on silica 

nanoparticles and its derivatives were obtained prior to DNA interaction studies (Figure 85). 

The hydrodynamic diameter of the functionalised PDMAEMA-coated nanoparticles was seen 

to increase compared to unfunctionalised PDMAEMA-grafted silica nanoparticles, with the 

exception of the PDMAEMA decorated with allyl iodide. The lower hydrodynamic diameter of 

the PDMAEMA-allyl iodide indicates the collapse of this brush, in these conditions, perhaps as 

a result of the increased hydrophobicity conferred by the allyl group. This is also reflected by 

the low stability of these colloids, which typically sedimented rapidly after sonication. 

The surface charge of the functionalised PDMAEMA particles, as indicated by the zeta 

potential values, also became more positive compared to PDMAEMA alone, reaching as high 

as 45.8 mV (SE = 0.4 mV) for PDMAEMA-ethyliodoacetate. The increased brush swelling 

measured for methyl and ethylacetate derivatives also reflects the increase in charge density 

of these brushes compared to PDMAEMA, as a result of the stronger associated osmotic 

pressure. 
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Figure 85: The hydrodynamic diameter and zeta potential of SiO2-g-PDMAEMA and its derivatives, as measured in 
deionised water. Values represent mean ± SE, n ≥ 3. 

 

A further study was performed with SiO2-g-PDMAEMA-ethyliodoacetate to determine its 

stability over time in relevant pH conditions (pH 5, 7, and 9) due to the presence of the 

degradable ester on its side chain which impacts the charge shifting efficiency of ethyl acetate 

(Figure 86). The ethyl iodoacetate functionalised particles remained relatively stable for 7 

days, in terms of both, the particle size and he zeta potential, at pH 5 and 7. However, 

degradation was observed for pH 9 after several days as the particle size was seen to reduce 

by 232 nm by the end of the 7th day, whilst the zeta potential decreased by almost three-fold 

to 13.6 mV (SE = 0.2 mV). 

 

 

 

 

 

 

 

 

Figure 86: Degradation study of SiO2-g-PDMAEMA-ethyliodoacetate, at pH 5, 7 and 9 over 7 days. Values represent 
mean ± SE, n = 3. 
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4.3.2.2 Interaction with DNA 

Alongside electrostatic interactions, hydrophobic forces may also contribute towards the 

formation of complexes between DNA and the hydrophobised SiO2-g-PDMAEMA 

nanoparticles, as hydrophobic groups can give rise to co-operative binding of DNA.[197] The 

contribution of these forces in DNA condensation was analysed through the size and zeta 

potential measurements of each of the functionalised PDMAEMA nanoparticles (Figure 87). 

The size of the resulting complexes for the PDMAEMA derivatives (methyl iodide, allyl iodide 

and ethyl iodoacetate) reduced at N/P 1:1 by 100 nm, 170 nm and 130 nm, respectively. This 

confirmed the occurrence of DNA condensation by both electrostatic and possibly 

hydrophobic interactions. The strength of these interactions could be further tested by SPR, 

which provides further information on the dynamics of surface binding. The collapse of these 

brushes is attributed to the balancing of positive charges within the brush by the anionic 

phosphates of DNA molecules. This was also associated with a charge reversal, as for 

PDMAEMA (see Chapter 2.3.10.3, Figure 48), with negative values reaching between -30 and 

-32 mV.  

At N/P 5:1, the size of complexes increased for all the PDMAEMA derivatives. For PDMAEMA-

methyl iodide and PDMAEMA-ethyl iodoacetate the zeta potential also increases and returns 

to strongly positive values (28.1 mV (SE = 0.1 mV) and 17.1 mV (SE = 1.1 mV), respectively). 

These positive charges promote brush swelling which is reflected by the increase in the size as 

the number of cationic charges dominates the amount of DNA present. The increase compared 

to particles prior to complexation indicates a modest level of aggregation. This is, however, 

not true for PDMAEMA-allyl iodide – the zeta potential remains strongly negative at -21.6 mV 

(SE = 7.7 mV). This is perhaps consistent with the higher hydrophobicity of these brushes (and 

their collapse compared to PDMAEMA, before complexation) and may indicate that DNA 

molecules are prevented from infiltrating these brushes, as a result. Hence, smaller amounts 

of DNA would be expected to cover the surface of these particles and reverse the apparent 

surface charge. 
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Figure 87: DNA Interaction study using a fixed DNA concentration of 10 µg/mL, with a) PDMAEMA-methyl iodide, 
b) PDMAEMA-allyl iodide and c) PDMAEMA-ethyl iodoacetate, as a function of N/P ratio, in 150 mM NaCl. Values 
represent mean ± SE, n ≥ 9. 
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At N/P ratios of 20:1, the size of complex is seen to decrease again for PDMAEMA-methyl 

iodide and PDMAEMA-ethyl iodoacetate whilst it increased for PDMAEMA-allyl iodide. The 

decrease in the size could be caused by decreased number of DNA molecules able to crosslink 

and aggregate particles, therefore restoring particle sizes and surface potentials close to those 

of particles prior to complexation. Particles coated with PDMAEMA-allyl iodide brushes did 

not follow this trend and their size increased further compared to uncomplexed particles, 

whereas their surface potential remained negative (although less so than at an N/P of 5:1). 

This may still indicate that the amount of DNA molecules available was sufficient to coat the 

surface of particles. The increase in particle size may indicate some level of aggregation and 

potentially the incomplete adsorption of DNA molecules at the surface of particles, with 

segments of DNA extending away and contributing to increase the particle size. 

 

4.3.2.3 Transfection Assay 

Transfection efficiency are not presented for PDMAEMA-methyl iodide and PDMAEMA-allyl 

iodide as they did not display any transfection. This is possibly due to the methylation of the 

polycations, which has been reported to give higher toxicity.[462] PDMAEMA-ethyl iodoacetate, 

on the other hand, showed low levels of transfection, as presented in Figure 88. The 

transfection efficiency was seen to increase with increasing N/P ratio; the highest transfection 

efficiency was observed at N/P 10:1 though near 1% which is significantly lower than the 

highest transfection of SiO2-g-PDMAEMA at N/P 5:1 (9%, SE = 3%), whilst the positive control 

(JetPEI®) displayed 16% (SE = 1%) efficiency. 

The difference in transfection observed between the tertiary groups and the quaternary 

groups could be due to the lack of buffering capacity of the quaternized PDMAEMA, which 

may not allow endosomal escape via a proton sponge effect, as is possibly the case with 

PDMAEMA. The buffering capacity of the cationic polymer brush is essential not only to 

protect the DNA from degradation when transported to the lysosome but also to allow 

lysosomal swelling and rupture as a result of protonation. This process allows the complexes 

to escape into the cytoplasm.[507] Hence quaternisation process may have weakened the 

buffering capacity of the derivatised PDMAEMA inside the lysosome which in turn restricts 

DNA release and results in the loss of transfection efficiency. 
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Figure 88: Transfection efficiency of SiO2-g-PDMAEMA-ethyliodoacetate, using a fixed DNA concentration of 1 
µg/mL, with HaCaT cell line (25k). Values represent mean ± SE, n = 3. 

 

The absence of transfection for PDMAEMA-methyl iodide and PDMAEMA-allyl iodide may 

perhaps be expected due to their permanent charges whilst PDMAEMA-ethyl iodoacetate has 

charge-shifting properties. The ethyl ester can indeed cleave hydrolytically, resulting in the 

formation of an acid residue that typically is deprotonated at neutral pH and confers a neutral 

zwitterionic to the methacrylate repeat unit. Hence charge shifting, if triggered at the right pH 

and time point, may provide a simple method to control DNA release. However, ethyl esters 

typically hydrolyse slowly at pH 5-7, leading to poor charge shifting efficiency and may explain 

the lack of transfection efficiency compared to PDMAEMA brushes. The results from the 

degradation study of PDMAEMA-ethyliodoacetate indicated that the particle size and the zeta 

potential remained relatively stable for pH 5 and 7 over 7 days. 

With PDMAEMA-ethyliodoacetate, at N/P 3:1 and lower, even lower transfection levels were 

observed, as the surface potential gradually decreased, together with attractive forces with 

cell membranes. Therefore, polymer/DNA complexes formed as a result cannot enter the cell 

easily. Although the increase in the cationic surface charges following quaternization increases 

affinity for negatively charged cell surfaces, at N/P 5:1 or above, the excess positive charges 

from the uncomplexed nanoparticles are possibly undesirable as it may prevent cellular 

association and internalisation due to the increased cytotoxicity. The quaternary amines of 

the polymer brush may cause cell death by disrupting the cell membranes and allowing the 

release of the intracellular contents. Another possibility for the lower transfection efficiency, 
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as mentioned earlier, is the weakened buffering capacity of the complexes as a result of the 

quaternization, which may restrict the polymer/DNA complexes from escaping the endosome 

via lysosomal swelling and rupture.[462, 507] 

The increasing cationic charges of the polymer brush also impacts its interaction with the DNA. 

Strong interactions between the positively charged units of the polymer and DNA results in 

irreversible complexation thus DNA dissociation cannot occur in order to achieve transfection. 
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 Summary 
 

As PDMAEMA-g-SiO2 nanoparticles produced moderate transfection efficiencies, the 

chemistry of the polymer brush coating the silica nanoparticle was tailored, such that the 

potential of the tuned new cationic system, in the form of PGMA functionalised with 

allylamine, diethylenetriamine and pentaethylenehexamine, and PDMAEMA modified with 

methyliodide, allyliodide and ethyliodoacetate were investigated. Each of the oligoamines and 

alkyl halides modifying the PGMA and PDMAEMA, respectively, were expected to have a 

beneficiary affect in gene transfection due to their contribution in stabilising the polymer/DNA 

complexes with the former and the formation of strong polyelectrolyte/ permanent cationic 

charge with the latter.  

However, although the syntheses and functionalisations were conducted successfully with the 

exception of PGMA-allylamine due to crosslinking, the remaining PGMA-oligoamines and the 

PDMAEMA-alkylhalides did not successfully transfect cells. Although the DNA interaction 

studies were encouraging where clear DNA condensation was observed for PGMA 

functionalised with DETA or PEHA, there was an absence of transfection for both. This is 

attributed to the large size or aggregation as observed via Zetasizer. Amongst the alkyl halides, 

PDMAEMA post-modified with ethyliodoacetate was the only system to give any transfection 

though very low as this alkyl halide is charge-shifting whilst others had permanent charge 

which may have resulted in high cytotoxicity, and hence no transfection could take place, in 

addition to the lack of buffering capacity as a result of the quaternization. Having acquired 

some knowledge of the effect of tuning the chemistry, further optimisation could lead to 

improved gene delivery efficiency.  
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5  

5 Conclusions and future directions 

 

 Conclusions 

From the literature, it is clear that polymer brushes are useful in various applications. In the 

present study, cationic polymer brushes were investigated for their potential in gene delivery. 

The grafting from approach enabled a controlled polymerisation where the brush thickness 

and chemical composition of the brush could be altered easily. The flexibility of the brushes 

allowed functionalisation post-polymerisation. 

A tailorable non-viral gene delivery system was thus developed with a silica core and a shell of 

cationic PDMAEMA brushes. The responsive nature of these nanoparticles were determined 

as a function of pH and pure PDMAEMA brushes were seen to be highly protonated at low pH, 

exhibiting large hydrodynamic diameters as a result of the interparticle repulsions, and 

became hydrophobic at high pH. A notable collapse in the zeta potential was observed 

between pH 7 and 9 near the pKa of PDMAEMA. 

The cationic nature of the brushes enabled electrostatic interaction with and subsequent 

condensation of DNA into compact complexes in 150 mM NaCl as shown by SPR, DLS, ELS and 

in situ ellipsometry. The brushes were seen to collapse to an extent thus suggesting that 

condensation of DNA is occurring. The compacted complex could then be taken up by the cell. 

The process is further facilitated by the overall cationic surface charge of the polymer/DNA 

complex at the appropriate N/P ratios which promotes the association of the complex with 

the anionic cell membrane. 

Cellular interaction with the brush surfaces were then studied and lower cell viability was seen 

over time and with higher composition of PDMAEMA as a result of the positive charges of the 

cationic brush perturbing the anionic cell membrane. The presence of DNA shielded the 

positive charges of the brush to an extent thus presenting higher cell viability than direct cell-

brush interactions. 
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The gene expression efficiency observed in the study, particularly for f-PDMAEMA was poor 

compared to what has been reported in the literature. This could be attributed to the type of 

assay used to quantify the efficiency. The EGFP-based assay used in the current study, 

however, gives a more accurate value of the transfection efficiency as it accounts for every 

transfected cell as opposed to the value derived from the intensity of the expression as 

measured by the more commonly used luciferase assay which can be misleading. 

PDMAEMA-grafted nanoparticles displayed better transfection efficiency than f-PDMAEMA 

when using the EGFP assay. This could be attributed to the lower amount, if any, of residual 

copper catalyst present with the polymer brush-grafted nanoparticles compared to free 

polymer. The cell viability at the most efficient N/P ratio was above 65 %. Several aspects of 

the transfection assay including cell type, cell seeding density, transfection medium and 

plasmid batch type could be optimised such that the final transfection assay used HaCaT cell 

line at 25k seeding density using KSFM as transfection medium and an EGFP batch pre-tested 

with the control, jetPEI®. The highest transfection level attained for PDMAEMA-grafted 

nanoparticles was just below 10%. Although this transfection efficiency is low compared to 

the control, jetPEI® itself only displayed just above 25% transfection efficiency compared to 

above 80% reported by PolyPlus transfection. Hence further tuning of the chemistry and 

architecture of the system is necessary. The low levels of transfection are most likely due to 

the barriers faced by the polymer/DNA complex during intracellular routing. The endosomal 

escape of PDMAEMA/DNA complexes and subsequent routing through the cytosol may be 

hindered by a number of factors including enzymatic degradation, early dissociation of 

complexes resulting in loss of DNA along the transport route to the nucleus and the complexes 

that do overcome the barriers not reaching the transcriptional machinery. Cellular uptake 

could not be characterised efficiently as it was difficult to differentiate between cellular 

binding and uptake as well as the poor emission from the fluorophores. 

 

 

 Future directions 

Further modifications of the non-viral vector system is required in order to improve the 

transfection efficiency. The present study has elucidated that particle size could be largely 

impacting this efficiency hence tailoring the system with a smaller core size may be a pathway 

to gaining better transfection efficiency as aggregation has been generally observed during 
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most of the characterisations. Changing the size however will impact the other parameters 

and therefore careful tuning of the system is required. There is likely to be heterogeneous 

populations of nanoparticles in any sample, and the size, PDI and charge of nanoparticles 

usually depend on the hydration state and type of measurement technique used.  

The molecular weight of PDMAEMA is another factor that could be adjusted to achieve better 

transfection levels. 25 kDa PDMAEMA does not give comparable transfection to 25 kDa PEI as 

the number of primary amines in PDMAEMA is lower therefore adjusting the molecular weight 

may aid the optimisation of the non-viral vector system.  

It must also be taken into consideration that non-viral vector efficiency varies in different cell 

lines, passage number, cell cycles and growth media. The effect of the type of medium used 

for polymer/DNA complex formation was briefly investigated. The preliminary results 

indicated that PBS gives higher number of transfected cells than 150 mM NaCl or 10 mM HBS 

hence it would be useful to perform an in-depth analysis of the ionic strength. Further 

characterisation with PBS in terms of the swelling and charge behaviour of PDMAEMA-grafted 

nanoparticles, DNA-brush interaction studies, cytotoxicity assays and transfection assays at a 

range of N/P ratios would be beneficial.  

Furthermore, the pH responsive nature of PDMAEMA could be utilised by varying the pH of 

the media to control its complexation behaviour as well as transfection by favourably tuning 

the charge density of the resultant polyanion complex to promote cellular uptake, endosomal 

escape and DNA release whilst also reducing the cytotoxicity. 

The electrostatic interaction between PDMAEMA and DNA can also be examined to obtain 

information on the strength of the interaction which may shed light on the dissociation 

abilities of the complexes and subsequent DNA release when in the cytosol. It would be worth 

also noting whether small molecules from the medium play a role in dissociation of DNA from 

the complex. 

As discussed in Chapter 3, DNA delivery is affected by both endosomal escape and 

destabilisation of the complexes thus strategies aiming to release DNA earlier from the 

endosome could improve transfection efficiencies. It would be also useful to perform 3D 

imaging using CLSM to further monitor the localisation of the complexes and live imaging using 

the same microscopy method to acquire information on the possible route taken by these 

complexes. 
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Developing targeted systems by conjugating ligands such as antibodies, peptides, proteins, 

growth factors and other small molecules to these nanoparticles can give direct delivery to 

cancer cells or intracellular organelles including the nucleus (using nuclear localisation 

factors), whilst avoiding any undesirable side effects. 

The current system could also employ quantum dots or labelled particles with more robustly 

fluorescent particles as they can be more easily detected, thus allowing quantification of the 

cellular uptake. Simultaneous labelling of DNA would also allow to determine DNA-brush 

dynamics in the cytosol. 
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6  

6 Appendices 
 

 Appendix 1 
 

Calculation of Copolymer composition via NMR 

The ratio of PDMAEMA to POEGMA in the copolymer brushes were calculated using two 

methods. It is encouraging that both methods give comparable values. 

 

Method 1 

 

For 25% PDMAEMA and 75% POEGMA: 

Integration area for methoxy (-O-CH3) group present in POEGMA at 3.35 ppm = 0.38 

Number of protons = 3 

 

Ratio of methoxy group =  
0.38

3
= 0.126 

 

Integration area for methylene (N-CH2-) group present in PDMAEMA at 2.7 ppm = 0.11 

Number of protons = 2 

Ratio of methylene group =  
0.11

2
= 0.055 

 

Ratio of PDMAEMA in copolymer =  
0.055

0.126 + 0.055
 × 100 = 30.39% 

 

Ratio of POEGMA in copolymer =  
0.126

0.126 + 0.055
 × 100 = 69.61% 
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Method 2 

 

For 25% PDMAEMA and 75% POEGMA which is 1:3, 

Integration area for methoxy (-O-CH3) group present in POEGMA at 3.35 ppm = 0.38 

Number of protons = 3 

Integration area for methylene (N-CH2-) group present in PDMAEMA at 2.7 ppm = 0.11 

Number of protons = 2 

 

Ratio of POEGMA in copolymer =  (
0.38

3
) ÷ (

0.11

2
) = 2.3 

Hence the ratio of PDMAEMA to POEGMA is 1:2.3 

1

3.3
× 100 = 30.22% 𝑃𝐷𝑀𝐴𝐸𝑀𝐴 

 

2.3

3.3
× 100 = 69.78% 𝑃𝑂𝐸𝐺𝑀𝐴 
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