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Abstract 

Cellular gene delivery via polycations has wide implications for the potential of gene therapy, but it has 

remained a challenge due to the plethora of pre- and post-uptake barriers that must be overcome to 

reach desired efficiency. Herein we report poly(hexamethylene biguanide) (PHMB) as a nano-vector for 

intracellular delivery of plasmid DNA (pDNA) and oligodeoxynucleotides (ODNs).  PHMB and pDNA or 

ODNs self-assembled into complex nanoparticles at different pH values (7.4 and 12). Their size, charge, 

cellular uptake, and gene-expression efficiency are assessed and compared to PEI analogues. The 

systematic results show that the nanoparticles are effective in delivering plasmid DNA and ODNs to 

model cell lines in culture (HepG2, HEK293T, HeLa), with measurable changes in gene expression 

levels, comparable to and, in some conditions, even higher than PEI. The well-accepted safety profile 

of PHMB makes it a valuable candidate for consideration as an effective intracellular DNA vector for 

further study and potential clinical translation.  
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Introduction 

Since the first published use of a cationic polymer for in vitro gene delivery[1], there has been a great 

amount of research focused on developing the strategy as safer substitute for viral vectors[2–5]. 

Although highly efficient, viruses still generate concern over their potential immunogenicity and they 

remain very expensive to manufacture. Polycations are the preferred non-viral alternative due to their 

wide versatility, facile production, low cost, scalability, and low immunogenicity[2,6]. Despite this, 

toxicity issues remain a problem and their ability to transfect diverse cells with useful efficiencies has 

not yet reached the same level as that of viral gene delivery, and despite their improved safety profile, 

this has delayed their translation into clinics.  

Nevertheless, since the work of Wu & Wu[1], there has been substantial progress, and other polymers 

have emerged[7–9], with increased capacity to induce gene expression, such as poly(2-

dimethylaminoethyl methacrylate) (PDMAEMA)[10] and poly(N-(2-aminoethylmethacrylamide) 

(PAEMA)[11]. Polyethyleneimine (PEI) is another example of a cationic polymer, and its continual use 

and high transfection efficiency in a wide range of model cell lines has made it a benchmark against 

which new candidates are compared[12,13]. Its use in vivo has been limited, but it has become a 

ubiquitous research tool for in vitro transfections and biotechnology applications.  

Much of the ongoing research is attempting to identify alternative potential candidates with diverse 

structures and properties in order to establish a structure-function relationship[14–16], as this appears 

to correlate with transfection, and may enable the development of cationic polymers with superior 

transfection rates, comparable to that of viral vectors. Pack et al.[17] and Yin et al.[2] have reviewed 

some of the currently accepted functional criteria that an ideal vector must satisfy in order to be 

considered as a candidate for this application. In brief, the polycation must interact with the nucleic acid, 

form a stable sub-micron colloidal phase which is efficiently internalised by the target cells, all while 

protecting the cargo from degrading enzymes. Escaping the endolysosomal compartment via a putative 

pH-dependent structural change and dissociating upon release into the cytoplasm are widely proposed 

rate-limiting factors for the success of a vector.  However, there is little information on the desirable 

structural characteristics of a potential carrier, which is why exploring diverse chemical architectures is 

valuable. So far, the majority of studies have focused on amine-based molecules, containing either 

primary, secondary, tertiary, quaternary amines, or a mix of these as the charge bearing moieties[2,7–
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9,18]. The biguanide functional group has been included in the structure of molecules based on PAMAM 

dendrimers and they were shown to be effective and safe gene carriers[19], however, to our knowledge, 

no study up to date has employed it as the single charge bearing moiety.  

Herein we report the use of poly(hexamethylene biguanide) (PHMB) as an intracellular vector for 

plasmid DNA (pDNA) and oligodeoxynucleotides (ODNs). PHMB is an amphiphilic polymer whose 

repeating unit consists of hydrophobic hexamethylene linked to a hydrophilic biguanide (Figure 1). The 

biguanide confers the molecule a strongly basic character and is the charge-bearing functional group. 

PHMB is a well-tolerated and potent antiseptic, preservative, topical disinfectant and active substance 

in wound dressings[20–23]. Recent work has shown it is capable of self-assembly with nucleic 

acids[24–26] and small molecules[27] and can deliver them to cells in vitro. The present study 

investigates PHMB’s potential as a vector for cellular delivery of DNA, by confirming and quantifying 

gene expression following delivery of model plasmids. Different self-assembly conditions (pH, PHMB – 

DNA weight ratios) are also explored in order to optimise these parameters for subsequent use. A 

comparison of efficiency of DNA uptake and induction of gene expression to the widely used PEI is also 

provided. 

Methods 

PHMB hydrochloride (Vantocil™) was obtained from Lonza, and PEI (linear, 25 kDa MW) from 

Polysciences. Oligodeoxynucleotides (ODNs) and fluorescently labelled ODNs (f-ODNs) were supplied 

by Eurofins Genomics, with the following sequences: f-ODN 5’-[FITC]-

ATCGATGTTTACCTGACCTCATTT-3’, ODNs 5’-AACATCATCCCTGCCTCTAC-3’. The plasmid 

pEGFP-N1 was acquired from NovoPro Labs. Dulbecco’s modified eagle medium (DMEM), foetal 

bovine serum (FBS), penicillin-streptomycin, pCMV-Luciferase plasmid (Cypridina), luciferase assay 

kit, phosphate buffered saline (PBS), 6X loading dye, deionised water, wheat germ agglutinin Alexa 

Fluor™ 594 conjugate, trypsin-EDTA, and Prolong™ Diamond Antifade mounting medium were 

purchased from Life Technologies. Sodium citrate, agarose, heparin, ethidium bromide, 10X TBE 

buffer, disodium hydrogen phosphate, osmium tetroxide, formaldehyde, Hoechst 33258, sodium azide, 

and bovine serum albumin (BSA) were purchased from Sigma-Aldrich.  

Nanoparticle preparation 
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The particles were formed via self-assembly, through the electrostatic interaction of two opposite-

charge polyelectrolytes in an appropriate pH buffer. For the present work, DNA (pDNA or ODNs) was 

dissolved in either PBS (pH 7.4) or 25 mM disodium hydrogen phosphate (pH 12), followed by the 

addition of a solution containing 3 times more polycation (PEI or PHMB) than the amount of DNA 

present in the initial solution, followed by vigorous mixing. The resulting mix was incubated at room 

temperature for 15 minutes prior to its use. 

Cell culture and maintenance 

The cell lines (HepG2, HEK293T, HeLa) were maintained in a humidified atmosphere incubator at 37 

°C and 5% CO2. The culture medium was 1 g/L DMEM supplemented with 10% FBS and 1% penicillin-

streptomycin, henceforth referred to as ‘complete DMEM’. 

Gel permeation chromatography (GPC) 

Molecular weight (MW) was measured with an Agilent GPC system equipped with a Sephadex LH-20 

column. The column was equilibrated with running buffer (0.1 M citrate pH 4.5 and 0.025% sodium 

azide). For the measurement, the column was loaded with 200 μL sample, at a concentration of 1 

mg/mL in running buffer, and run for 20 minutes at constant flowrate of 5 mL/h at 20 °C. The change in 

refractive index was monitored with a Wyatt MALS laser light scattering instrument, and the values were 

used to generate the dn/dc standard curve. The MW was calculated with Astra software. 

Gel retardation assay 

Plasmid DNA (pEGFP-N1, 200 ng) or ODNs (200 ng) were mixed with the appropriate amounts of 

PHMB or PEI solutions in PBS, in a final volume of 10 μL. In some cases, heparin was added to DNA 

solutions, before or after the addition of the polymer. The mixes were incubated at room temperature 

for 15 minutes, then 2 μL 6X DNA loading dye were added to each. The resulting mixes were loaded 

onto 1% agarose gel (for pDNA) or 3% agarose gel (for ODNs) containing 0.5 μg/mL ethidium bromide. 

Electrophoresis was performed for 1 h at 90 V in 0.5X TBE buffer pH 8.3 (45 mM Tris-borate, 1 mM 

EDTA) using a Bio-Rad Sub-CellTM electrophoresis apparatus. The gels were imaged with a Syngene 

G:Box system equipped with a UV transilluminator. The colours were inverted.  

 ζ potential measurement 
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Plasmid DNA (pEGFP-N1, 1 μg) or ODNs (1 μg) were added to 1 mL of either pH 7.4 buffer (PBS) or 

pH 12 buffer (disodium hydrogen phosphate), followed by 3 μg PHMB or PEI. The resulting mix was 

incubated at room temperature for 15 minutes, then transferred to a folded capillary zeta cell (Malvern). 

The ζ potential was measured in triplicates using a Malvern Zetasizer Nano ZS90 analyser, averaging 

12 runs per measurement. 

Dynamic light scattering 

Plasmid DNA (pEGFP-N1) or ODNs were mixed with PHMB or PEI in the weight ratio 1:3. The final 

DNA concentrations were 16 μg/mL, 8 μg/mL, and 4 μg/mL (plasmid), and 3 μg/mL, 1.5 μg/mL (ODNs). 

The diluent buffers were PBS pH 7.4 (for PEI and PHMB) or 25 mM disodium hydrogen phosphate 

buffer pH 12 (for PHMB). The mixes were transferred to plastic cuvettes (Sarstedt) and dynamic light 

scattering (DLS) measurements were performed using a Malvern Nano S90 analyser in 3 cycles of 12 

measurements. 

Transmission electron microscopy (TEM) 

The particles were generated by adding 900 ng PHMB to a solution of 300 ng plasmid DNA (pEGFP-

N1) or ODNs in 300 μL buffer at pH 7.4 or pH 12, followed by 15 minutes incubation at room 

temperature. From this, 20 μL were deposited on the carbon-coated side of a TEM copper grid (Agar 

Scientific) and the solvent was evaporated at room temperature. The grid was dipped in 1% osmium 

tetroxide (OsO4) for 5 seconds and stored in a desiccator until imaging. The TEM equipment was a Jeol 

2100 equipped with a 200 keV LaB6 electron gun.   

 Assessment of cellular uptake of fluorescently labelled DNA (f-ODNs) 

Confocal microscopy: HepG2, HEK293T, and HeLa were seeded in 24-well plates containing 13 mm 

coverglasses at a density of 2.5 × 104 cells/cm2 in complete DMEM, and incubated overnight at 37°C 

and 5% CO2. The next day, polyplexes were generated by adding 2.4 μg polymer (PHMB or PEI) to 50 

μL PBS containing 0.8 μg f-ODNs and incubating at room temperature for 15 minutes. From the 

resulting mix, 15 µL were then added to corresponding wells containing 1 mL full DMEM and incubated 

for 24 h. The final polymer concentration per well was 0.7 µg/mL. After the incubation, the cells were 

fixed with 4% formaldehyde for 20 minutes. The membranes were stained for 20 minutes with 5 μg/mL 

wheat germ agglutinin Alexa FluorTM 594 conjugate. The nuclei were stained for 10 minutes with 10 
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μg/mL Hoechst 33258. The cover glass slips were mounted on rectangular glass slides using ProLongTM 

Diamond Antifade Mountant and imaged with a Nikon Eclipse Ti confocal microscope. 

Flow cytometry: HepG2, HEK293T, and HeLa were seeded in 6-well plates at a density of 2.5 × 104 

cells/cm2 in complete DMEM and incubated overnight at 37°C and 5% CO2. The following day, 2.4 μg 

polymer (PHMB or PEI) were added to 50 μL PBS containing 0.8 μg f-ODNs. The resulting mix was 

incubated at room temperature for 15 minutes, after which the entire volume was added to 

corresponding wells containing 2.5 mL complete DMEM. The final polymer concentration per well was 

1 µg/mL. The cells were incubated for 24 h at 37°C and 5% CO2. At the end of the incubation period, 

the medium was removed, the cells were recovered by trypsinisation (0.25% trypsin-EDTA) and fixed 

4% formaldehyde for 20 minutes. Finally, the cells were resuspended in 0.5% BSA in PBS. Flow 

cytometry was performed using a BD LSR II flow cytometer, and the results were analysed with FlowJo 

v10 software. The control cell population was gated and the proportion of cells (% total) with higher 

FITC signal than the control was recorded for each measurement.  

Green fluorescent protein expression from pEGFP-N1 after transfection 

Polyplexes were generated by mixing 0.8 μg pEGFP-N1 and 2.4 μg polymer (PEI or PHMB) in 50 μL 

of the corresponding buffer (PBS pH 7.4 or pH 12 buffer) and incubating at room temperature for 15 

minutes. Separately, HepG2, HEK293T, and HeLa cells were seeded in 24-well plates at a density of 

2.5 × 104 cells/cm2 in 1 mL complete DMEM. To these, 15 μL of the corresponding polyplex mixes was 

added, for a final polymer concentration of 0.7 µg/mL. The cells were incubated for three days at 37°C 

and 5% CO2 and visualised with an EVOS FL fluorescence microscope. 

Luciferase assay (pCMV-Luciferase transfection) 

Polyplexes of pCMV-Luciferase plasmid were generated by mixing 0.4 μg plasmid with 1.2 μg PEI or 

PHMB in 100 μL of the corresponding buffer (PBS pH 7.4 for PEI and pH 12 buffer for PHMB) and 

incubating at room temperature for 15 minutes. Separately, HepG2, HEK293T, and HeLa were seeded 

in 96-well plates at a density of 5 × 104 cells/cm2 in 250 µL complete DMEM (n=4 per condition). To 

each well, 10 μL of the corresponding polyplex mix were added, for a final polymer concentration of 1 

µg/mL. The cells were incubated for three days at 37°C and 5% CO2. At the end of the incubation 

period, the amount of secreted luciferase was quantified using a luciferase assay kit as per the 
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manufacturer’s instructions. The luminescence was measured with a Tecan Infinite M200 Pro plate 

reader in black flat-bottom 96-well plates. The assay was repeated 3 times. 

Measurement of cellular viability (PrestoBlue™ assay) 

HepG2, HEK293T, and HeLa were seeded in 48-well plates at a density of 2.0 × 104 cells/cm2 in 

complete DMEM. An equal volume of complete DMEM containing 2X polymer concentration (PEI or 

PHMB) was added to each corresponding well (n=6 per concentration). The final polymer concentration 

range was 0.25 – 5 μg/mL. The reagent manufacturer’s instructions were followed. The fluorescence of 

the wells was measured (excitation 530 nm, emission 620 nm) using a Fluoroskan Ascent FL plate 

reader. After subtracting the blank (10% PrestoBlue reagent in complete DMEM), the cell viability was 

calculated as a percentage relative to the control samples (cells grown in complete DMEM).  

Statistical analysis 

GraphPad Prism software v7 was used to perform statistical analyses. Data was presented as mean 

±standard deviation. P values were generated by either t-tests or one-way ANOVA, and considered 

significant when p<0.05. 

Results 

Gel permeation chromatography 

The average molecular weight of the commercial PHMB samples used in this study was determined to 

be 3300 Da, with a polydispersity index of 1.9 (Figure S1, Table S1 in Supplementary Information). 

Gel retardation assay 

PHMB, like PEI, interacts with both pDNA and ODNs in a ratio-dependent manner, as evidenced by the 

fading out of the DNA bands in Figure 2 (A, B), as the ratio of polymer to DNA is increased. The negative 

charge of pDNA is neutralised at polymer to DNA ratios above 3 (weight/weight), and in the case of 

PHMB, this happens whether the interaction occurred at pH 7.4 or 12 (Figure 2 B). A similar behaviour 

is observed for ODNs interacting with PHMB whereby ratios higher than 3 are enough to neutralise at 

either pH 7.4 or pH 12. This was not the case for PEI, for which ODNs were not fully neutralised for any 

of the tested polymer:DNA weight ratios (1-6, Figure 2A).  
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In the heparin-exclusion assays shown in figure 2 (C-E), heparin replaces both pDNA and ODNs in the 

PHMB polyplexes whether these were assembled at pH 7.4 or 12 (only 7.4 was tested for ODNs). This 

was indicated by the increase in the intensity of DNA bands as the amount of heparin relative to DNA 

increases. It was observed that this exclusion behaviour of heparin occurred whether heparin was 

present before or after the PHMB-DNA polyplex formation, although slightly more pronounced in the 

former case (intensity of DNA bands). Heparin did not trigger the release of pDNA from PEI polyplexes 

for the ratios tested here (Figure 2F). 

ζ potential 

The results for the ζ potential measurements are summarised in Table 1. All values for DNA polyplexes 

with PHMB were positive at both pH 7.4 and pH 12, although the magnitude was lower for the particles 

formed at pH 12. Similarly, the polyplexes of DNA with PEI were also of positive magnitude at pH 7.4. 

Measurements of PEI polyplexes at pH 12 were not performed.   

Dynamic light scattering 

DLS measurements showed that for constant concentrations of PHMB and DNA, the polyplexes self-

assembled at pH 12 had a smaller hydrodynamic diameter than those formed at pH 7.4 (Table 2 and 

Figure S2 A-B SI). Also, for constant pH and PHMB:DNA ratio, the lower concentrations used in this 

study generated smaller particles than the higher concentrations. This was the case for both pDNA 

(Figure S2 A, C SI) and ODNs (Figure S2 B, D SI). Similar behaviour was observed for PEI, albeit 

measurements for it were only performed at pH 7.4 (Figure S2 C-D SI). At pH 7.4 the plasmid polyplexes 

with PHMB (Figure S2 A SI) were larger than those for PEI (Figure S2 C), whereas the ODN polyplexes 

for the two polymers were of similar size (Figure S2 B, D SI). It is of note that the plasmid polyplexes 

with PHMB at pH 12 were slightly smaller than the PEI particles at pH 7.4 in the concentration of 16 

µg/mL, but larger than those in the concentration of 8 and 4 µg/mL, whereas the ODN polyplexes at pH 

12 were smaller than those for PEI at pH 7.4 (Table 2). The particles were monodispersed and their 

corresponding hydrodynamic diameters and PDI values are shown in Table 2.  

Transmission electron microscopy 



 9 

TEM imaging revealed the formation of submicron particles with round morphology (Figure 3). The 

particle diameter was larger for the polyplexes of the higher molecular weight DNA (plasmid) relative to 

the ones of the lower MW ODNs. It was also apparent that the particles formed at pH 12 were smaller 

than those assembled at pH 7.4.   

Cellular uptake of f-ODNs 

Polyplexes of f-ODNs with PHMB showed positive cellular uptake after 24 hours, with punctiform 

cytoplasmic distribution of the fluorescence signal in the three cell lines tested (Figure 4 A). The green 

fluorescence signal was also localised in the nuclear space (less intense for HeLa than for the other 

two cell lines), suggesting release of the particles from the encapsulating uptake vesicles. In contrast 

to PHMB, the PEI polyplexes showed no obvious uptake of the f-ODNs under the same conditions 

tested. This qualitative observation was confirmed quantitatively by flow cytometry analysis (Figure 4 

B), where f-ODNs polyplexes with PHMB were shown to be up taken to greater extent by all three cell 

lines after 24 hours, judging by the intensity and proportion of fluorescent cells, when compared to those 

with PEI. This was the case whether the polyplex self-assembly occurred at pH 7.4 or 12. The PHMB 

particles generated at pH 7.4 produced higher proportion of fluorescent cells (77.4 ±7.6% HepG2, 81 

±10.2% HEK293T , 65.5 ±15.3% HeLa) than those at pH 12 (36.7 ±5.9% HepG2, 32.4±9.1% HEK293T, 

29.3 ±17.2% HeLa), and both significantly higher than PEI at pH 7.4 (7.6 ±1.3% HepG2, 10.2 ±3.2% 

HEK293T, 4.1 ±2.3% HeLa). 

Green fluorescent protein expression 

PHMB, like PEI, delivered pEGFP-N1 plasmid to HEK293T and HeLa and elicited expression of green 

fluorescent protein (GFP), as evidenced by the green signal in Figure 5 A. This only occurred when the 

PHMB polyplexes self-assembled at pH 12, but not at pH 7.4. There was no detectable GFP expression 

for HepG2 for either of the two delivery vectors used here. 

Luciferase assay 

The complex of PHMB with the plasmid pCMV-Luc assembled at pH 12 showed a higher level of 

luciferase expression than the PEI analogue assembled at pH 7.4 in both HEK293T and HeLa cell lines 

(Figure 5 B). The mean luminescence signal produced by luciferase expression also appeared higher 

in HepG2, but the difference was not significant.  
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Cellular viability 

Both PEI and PHMB exhibited similar dose-dependent decrease trends in cellular viability for HEK293T 

and HeLa cells, as measured via PrestoBlue™ assay (Figure 6), in the range of concentrations tested 

here (0.25 – 5 μg/mL). The trend was different for HepG2, for which only PHMB produced a statistically 

significant decrease in viability above 1.5 μg/mL.  

Discussion 

The average molecular weight of the PHMB sample used in this study was 3300 Da, which is consistent 

with reported literature molecular weights for commercial PHMB between 2400 Da and 4200 Da, 

suggesting an average theoretical degree of polymerisation n = 12. However, de Paula and co-

workers[28] argue that the contribution of end groups cannot be neglected given the relatively low 

molecular weight of the polymer. Therefore, they concluded an average n = 6.5 is more plausible, which 

is in the appropriate range for DNA condensation[29]. The molecular weight distribution is governed by 

an equilibrium between the rate of polymer chain extension and the thermal breaking of the biguanide 

group due to the high temperatures employed during the polycondensation reaction for its large-scale 

production[30,31]. The breaking occurs randomly in the chain, generating the large polydispersity index 

of 1.9 in the case of the present sample. The relatively high PDI for PHMB was not detrimental for its 

function in the present study, nor others it is currently employed in. Should a monodisperse distribution 

of molecular weights ever be required for future applications, a new controlled polymerisation method 

would have to be developed. For instance, the high activation energies of the nitrile groups could be 

overcome by increasing their polarity with the use of Lewis acids and thus their propensity for amine 

nucleophilic attack, allowing for polycondensation in more mild temperature conditions and prevent 

thermal chain breaking. 

Under aqueous, physiological conditions, biguanides in their iminic form (Figure 7 A-a, erroneously 

represented in the literature as the aminic form in Figure 7 A-b) participate in acid-base proton 

exchange[32], resulting in the mesomeric form (Figure 7 A-c). This species is stabilised by six 

resonance contributors (Figure 7 A-d), leading to the positive charge being delocalised over the entire 

chemical group, accounting for its high proton affinity[33] and strong basic character[34] (pKa ≈ 12). 

This strong basic character renders PHMB fully protonated at physiological pH, allowing it to interact 

electrostatically with the negatively charged backbone of nucleic acids. It also implies that the positive 
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charge is maintained on the chain backbone across a wide range of pH values, up to and including pH 

12, where only approximately 50% of the biguanides are protonated (Henderson-Hasselbalch 

relationship)[35]. PHMB, like PEI, interacts with DNA in a ratio-dependent manner, neutralising charge 

through random interactions between the charged sites of the two polyelectrolytes. This occurs for 

weight ratios above 3, as evidenced by the electrophoretic mobility shift assay in figure 2 A-B. Given 

the large molecular weight difference between the two chemical species (plasmid MW ≈ 2925 kDa, 

PHMB MW ≈ 3.3 kDa), multiple PHMB molecules are required for complete neutralisation of each 

plasmid. It has been proposed[36] that this occurs via the formation of inter- and intramolecular PHMB 

bridges between DNA molecules, ultimately resulting in condensation of the DNA/PHMB complex 

(polyplex) and formation of a particle suspension. The relative proportion of the two polyelectrolytes 

influences the ratio of the two types of possible bridges, and ultimately size of the suspended particles. 

This is exemplified in figure 7 B. 

A high ratio ensures not only neutralisation of the DNA, but also provides sufficient excess charge to 

generate positively charged particles, which have been associated with good cellular uptake[37]. All 

particles produced in this study via self-assembly of PHMB with DNA in a weight ratio 3:1 showed 

positive ζ potentials (Table 1) with a higher magnitude at pH 7.4 than at pH 12 due to a higher proportion 

of positively charged biguanide sites at the lower pH. The measurement for PEI was only performed at 

pH 7.4 due to PEI’s low pKa value implying lack of positive charge at pH values approaching 12[38]. 

The pH 12 PHMB particles could possess lower long-term stability and a higher potential for aggregation 

than the pH 7.4 ones[39,40], but in this study, they were used immediately following their self-assembly. 

A high enough ratio of polycation to fully neutralise, condense and tightly pack the DNA is also 

favourable because it minimises the access to the DNA of potential nucleases present in the biological 

environment, thus preventing its enzymatic degradation. In the case of PHMB, it is presumed that the 

hexamethylene groups also interact with the nitrogenous bases of DNA via hydrophobic 

interactions[41,42], further increasing the binding strength between the two polyelectrolytes, and the 

compactness of the polyplex.  

The tendency of the particle size to decrease with the increase in pH during self-assembly, as per the 

DLS measurements (Table 2, Figure S2 SI), is due to the reduction in the degree of protonation of 

PHMB, and thus in the potential number of positively charged sites available for bridging between DNA 

molecules. Lower concentrations also generate smaller particles because of the lowered chance of 
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PHMB chains encountering multiple DNA molecules during the polyelectrolytes neutralisation, thus 

favouring inter- to intramolecular bridging of DNA by PHMB. 

The polyplex formation of DNA and PHMB was further confirmed by transmission electron microscopy 

(Figure 3). The relative dispersity of sizes likely arises due to the heterogeneity in molecular weights of 

the PHMB chains, producing different degrees of bridging of DNA. However, the different sized particles 

remain submicron, with potential for cellular internalisation. Whereas it has been reported[43,44] that 

non-phagocytic cells preferentially uptake small particles ranging between 20 - 50 nm, there is also 

evidence of uptake of particles up to 1 µm[45,46]. The cut-off particle size for efficient cellular 

internalisation is heterogeneous and dependent on the type of cell and physicochemical characteristics 

of the colloid and the biological environment[47]. Both PEI and PHMB polyplexes assembled at pH 7.4 

exhibit ζ potentials favourable for stability and cellular uptake. Their sizes vary with concentration, pH, 

and DNA MW, but these can be optimised to produce hydrodynamic diameters within literature-reported 

values for positive cellular internalisation, such as the ones exhibited by the lowest DNA concentrations 

in Table 2.  

We have shown positive intracellular uptake of f-ODNs via PHMB after 24 hours incubation (Figure 4 

A) in HepG2, HeLa, and HEK293T. Alongside the punctate cytoplasmic distribution of the green 

fluorescence signal, which is likely due to DNA internalised in endosomal vesicles, there is also some 

indication of uniform diffuse fluorescence. This could suggest not only endosomal release of the 

polyplexes, but also their dissociation and DNA release in the cytoplasmic and nuclear space. The 

mechanism for the transport of the DNA in the nucleus is not yet clear, but it is possible that the breaking 

down of the nuclear membrane during mitosis could allow for free diffusion and accumulation of f-

ODNs[48,49]. The dissociation of the DNA from the polyplex in the cytoplasm could occur because of 

competition of negatively charged cytoplasmic molecules for the positively charged sites of PHMB, as 

suggested by the heparin-exclusion assay whereby negatively charged heparin promoted the release 

of DNA from the complex (Figure 2 C-D). The low molecular weight of PHMB could play a role in this 

rapid dissociation given that the disassembly of polyplexes formed by the higher molecular weight PEI 

was not triggered by the same amounts of heparin (Figure 2 F). 

In contrast to PHMB, the PEI group showed no obvious uptake of f-ODNs under the same conditions 

tested (Figure 4 A), despite its well-known capacity to act as a DNA vector[13]. This qualitative 
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observation was confirmed quantitatively by flow cytometry (Figure 4 B-C), where f-ODNs were shown 

to be uptaken to greater extent by all three cell lines after 24 hours incubation when bound by PHMB, 

compared to PEI. This was the case whether the PHMB and f-ODNs self-assembly occurred at pH 7.4 

or pH 12. The PHMB polyplexes generated at pH 7.4 produced higher uptake of the f-ODNs than those 

at pH 12, due to the higher relative density of positive charge on PHMB at the lower pH, allowing for 

binding of more f-ODNs. The incomplete neutralisation of ODNs by PEI (Figure 2A) at ratios sufficiently 

high to otherwise neutralise plasmid DNA (Figure 2B) could also account for this discrepancy.   

Although uptake of ODNs by PHMB was confirmed by confocal microscopy and flow cytometry following 

self-assembly at pH 7.4, transfection of pEGFP-N1 plasmid at this pH produced no noticeable 

expression of GFP (Figure 5 A). However, transfection of pEGFP-N1 via PHMB at pH 12 generated a 

GFP signal comparable to that by PEI at pH 7.4 (Figure 5 A). The difference in particle size at the two 

different pH levels (Figure 3 A) could account for a variation in uptake and subsequent gene expression 

for the PHMB-plasmid polyplexes. Uptake of plasmid at pH 7.4 has not yet been confirmed, and this 

remains to be ascertained via confocal microscopy studies of fluorescently labelled plasmid DNA. 

Alternatively, a potentially lower degree of interaction between the two polyelectrolytes (PHMB, plasmid 

DNA) at pH 12 relative to pH 7.4, due to a decrease in positive charge density on PHMB with increase 

in pH [35,50], could generate looser, less compact particles, for which intracellular dissociation and 

DNA release might be more likely. This might explain the difference in gene expression between 

particles self-assembled at the two pH levels. However, under the experimental conditions tested here, 

no difference in behaviour was observed in the heparin exclusion assays between PHMB polyplexes 

produced at either pH 7.4 or pH 12 (Figure 2 D, E), so the cause ultimately remains unclear. Lack of 

detectable GFP expression was evident for HepG2, but its difficulty in being transfected is well-known 

[51]. 

The expression of luciferase following transfection of pCMV-Luc plasmid was quantitatively higher when 

using PHMB (pH 12) as vector than when using PEI (pH 7.4), in both HeLa and HEK293T (Figure 5 B). 

The mean luminescence signal produced by luciferase expression also appeared higher in HepG2, but 

the difference was not significant. The transfection success of PHMB in the present work suggests that 

the endosomal pH-buffering capacity of the carrier is not a requirement for positive transfection, 

although the efficiency of PEI has been attributed to its ability to resist endosome acidification. PHMB 

is a strong base for which the pKa is much larger than the endosomal pH, so it is unable to prevent its 
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acidification and trigger osmotic lysis, as proposed by Behr and colleagues in the ‘proton sponge’ 

hypothesis[52], and which has served as an important criterion for the design of new potential carriers. 

Moreover, Funhoff and colleagues[53] noted low transfection potential for carriers possessing 

endosomal-buffering capacities, which further emphasises our proposition.  

Even though they pose fewer risks than viral carriers, a major limitation of polycations is also their 

cytotoxicity[54], as measured in vitro by a decrease in cellular viability (Figure 6). This occurs due to 

their electrostatic interaction with the cellular membrane and initiation of membrane damage and 

increased permeability[55]. The extent of this damage is dependent on the molecular weight and charge 

density of the polycation, but also on the polymer concentration and the cell type. The dose-dependent 

cytotoxic behaviour of PEI is already well-established[56] and was anticipated. Also, given that the 

antibacterial effect of PHMB is partly based on its ability to interact with negatively charged lipid 

bilayers[57,58], a negative effect at high concentrations is to be expected. The in vitro cell toxicity can 

often be misleading and not representative of the in vivo behaviour, given that PHMB has a long history 

of safe use in the clinics[22]. Dosage can be optimised for both polymers to reduce negative effects, 

and this was considered and adjusted when comparing them in the current work, such that there be no 

decrease in cell viability during any assay.   

We show that the widely used antiseptic polymer PHMB can bind DNA in a wide range of pH conditions, 

and form condensed submicron particles that can be up taken by HepG2, HEK293T and HeLa cells 

lines in vitro, in serum-rich environments. Gene expression from transfected plasmids was observed in 

all three cell lines following plasmid delivery by PHMB, for which the transfection efficiency was 

dependent on the self-assembly pH. Gene expression was observed only in the polyplex groups 

assembled at pH 12, and not pH 7.4, perhaps due to formation of less compact particles more prone to 

intracellular dissociation. Under these conditions, PHMB induced similar (in HepG2) or even higher (in 

HEK293T and HeLa) levels of luciferase expression than the widely used PEI. The present results 

would suggest that the potential for endosomal pH-buffering of the DNA carrier, as suggested by the 

‘proton sponge hypothesis’ would not be a suitable singular criterion for the exclusion of new potential 

candidate vectors for gene delivery, as we offer a counterexample for this model. As PHMB was able 

to also promote the intracellular uptake of low molecular weight DNA, we anticipate positive results in 

its use for siRNA delivery, as demonstrated by Tirella and colleagues[59]. We therefore propose PHMB, 
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a polycation with a long history of safe clinical use, as a viable candidate for gene delivery, with 

relevance for study for potential future clinical translation.   
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Figure 1.The chemical structure of the free-base form of the biocide poly(hexamethylene 

biguanide) (PHMB) [1-column] 
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Figure 2. Gel retardation assay for DNA polyplexes of PEI or PHMB at pH 7.4 or pH 12 (A) 

oligodeoxynucleotides (B) pEGFP-N1 plasmid DNA (C) heparin displacement assay for ODNs 

at pH 7.4 (D) heparin displacement assay for pEGFP-N1 plasmid DNA at pH 7.4 (E) heparin 

displacement assay for pEGFP-N1 plasmid DNA at pH 12 (F) heparin displacement assay for 

pEGFP-N1 plasmid DNA at pH 7.4; (A-B: numbers represent polymer/DNA weight ratios, C-

F: numbers represent heparin/DNA weight ratios, polycation to DNA weight ratio is maintained 

constant (3:1) except for the first well where no polycation was added) [1-column] 

 

 

 

Figure 3. TEM images showing the general microstructure of the polyplexes of PHMB with 

plasmid DNA or oligodeoxynucleotides (ODNs) at two different pH values (7.4 and 12) [1-

column] 
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Figure 4. (A) Confocal microscopy images showing the difference in cellular uptake of f-ODNs 

(green, FITC-ODNs) by HepG2, HEK293T, and HeLa. The FITC-ODNs interacted with either 

PHMB or PEI at pH 7.4 in a weight ratio of 3:1 (polymer:DNA) prior to 24 hours incubation; 

colours: nuclei – blue (Hoechst 33258), membranes – red (WGA – AlexaFluor™ 594 

conjugate) (B) Flow cytometry analysis showing difference in cellular uptake of FITC-ODNs 

by HepG2, HEK293T, and HeLa. The FITC-ODNs were bound to either PHMB or PEI in a 3:1 

weight ratio (C) Proportion of fluorescent cells measured via flow cytometry following uptake 

of complexes of PHMB or PEI with FITC-ODNs prepared at different pH values [2-columns] 

 

Figure 5. (A) Fluorescence microscopy showing cellular expression of GFP following a three-

day exposure of HepG2, HEK293T, and HeLa to polyplexes of pEGFP-N1 plasmid with PEI 

or PHMB; the PHMB polyplexes self-assembled at two different initial pH conditions (7.4 and 

12); bar size – 400 μm (B) Relative luminescence measurement of luciferase expression by 

HepG2, HEK293T, and HeLa following a three-day incubation with polyplexes of pCMV-

Luciferase plasmid with either PEI or PHMB; PEI polyplexes self-assembled at pH 7.4, 

whereas the PHMB polyplexes self-assembled at pH 12 [2-columns] 
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Figure 6. (A) Concentration-dependent decrease in cellular viability after a three-day 

exposure of HepG2, HEK293T, and HeLa to increasing concentrations of PEI and PHMB 

(PrestoBlue™ assay) (B) Cellular viability of HepG2, HEK293T, and HeLa after a three-day 

exposure to transfection levels of a – PBS pH 7.4, b – pH 12 buffer, c – 1 µg/mL PHMB in pH 

7.4 buffer, d – 1 µg/mL PHMB in pH 12 buffer, e – 1 µg/mL PHMB complexed in a 3:1 weight 

ratio with ODNs in pH 7.4 buffer, f – 1 µg/mL PHMB complexed in a 3:1 weight ratio to pDNA 

in pH 12 buffer [2-columns] 
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Figure 7. Schematics of (A) Resonance structures of the biguanide functional group (A-a) 

correct iminic representation (A-b) erroneous aminic representation (A-c) mesomeric 

monoprotonated state (A-d) resonance contributors (reproduced from Maksić & Kovačević 

[33]) (B) The proposed interaction of two polyelectrolytes (polycation and DNA) and formation 

of inter- and intramolecular bridges at (B-a) low (B-b) high polycation to DNA ratios [2-columns] 
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Table 1. ζ potential values for polyplexes of PHMB and PEI with plasmid DNA or oligodeoxynucleotides at pH 7.4 

or pH 12 (polymer:DNA w/w 3, n=3 replicates) 

 
Plasmid DNA ODNs 

pH 7.4 pH 12 pH 7.4 pH 12 

PHMB 34.1 ±3.1 mV 12.3 ±1.8 mV 29.7 ±0.5 mV 9.7 ±0.5 mV 

PEI 38.4 ±1.3 mV  35.1 ±1.8 mV  

 

Table 2. Particle size and PDI values associated with the DLS measurements of particle hydrodynamic 

diameters for complexes of PHMB and PEI with various concentrations of plasmid DNA or 

oligodeoxynucleotides at pH 7.4 or pH 12 (polymer:DNA w/w 3, n=3 replicates) 

 Plasmid DNA ODNs 

pH 7.4 pH 12 pH 7.4 pH 12 

16 

μg/mL 

8 

μg/mL 

4 

μg/mL 

16 

μg/mL 

8 

μg/mL 

4 

μg/mL 

3 

μg/mL 

1.5 

μg/mL 

3 

μg/mL 

1.5 

μg/mL 

PHMB 

Diameter 

(nm) 

1040 

±35 

587 

±79 

568 

±46 

505 

±26 
530 ±6 

406 

±14 

561 

±28 

254 

±10 
184 ±5 170 ±8 

PDI 
0.22 

±0.05 

0.15 

±0.08 

0.21 

±0.04 

0.19 

±0.02 

0.18 

±0.04 

0.09 

±0.06 

0.09 

±0.03 

0.08 

±0.04 

0.07 

±0.01 

0.08 

±0.05 

PEI 

Diameter 

(nm) 

590 

±47 

349 

±27 

352 

±20 
 

653 

±46 
280 ±6  

PDI 
0.17 

±0.02 

0.07 

±0.04 

0.16 

±0.06 
 

0.07 

±0.01 

0.08 

±0.01 
 

 


