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acids have previously been shown to improve drug 
delivery through their permeation enhancing prop-
erties; however, few studies report their use in gene 
delivery systems. Nanoparticles were developed with 
sodium alginate and poly-L-lysine through an iono-
tropic gelation method. Various surfactants including 
Tween-80 and poly-ethylene glycol 6000 were incor-
porated to both improve the solubility of the bile acid, 
ursodiol, and to modify nanoparticle properties. The 
evaluation of the nanoparticle’s safety profiles was 
the primary outcome of this study. The secondary 
aims were to perform genetic studies, such as trans-
fection efficiency. The nanoparticles generated in this 
study demonstrated formulation-dependent variability 
in particle size ranging from 30 to 300  nm. Several 
of the developed formulations demonstrated suit-
able safety profiles; further, the introduction of bile 
acid helped to reduce toxicity. Transfection efficiency 
for all formulations remained low, potentially due to 
poor plasmid release inside the cell. Poor transfec-
tion efficiency is one of the key pitfalls associated 
with polymer nanoparticles Overall the present study 
developed nanoparticles with suitable safety profiles 
but limited efficacy. The use of modified polymers, 
additional excipients, and cell-targeting peptides are 
potential methods that may be explored in future 
studies to help further improve gene delivery.

Keywords  Gene therapy · Nanotechnology · 
Hearing loss · Bile acid · Polymer · Nanobiomedicine

Abstract  Hearing loss is a widespread condition, 
affecting people from a range of demographics. Gene 
therapy is an emerging method for the ameliora-
tion of this condition. Challenges associated with 
the delivery of genes to various sites within the ear 
remain a significant challenge. In the present work, 
a novel polymer nanoparticle delivery system was 
developed, incorporating a bile acid excipient. Bile 
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Introduction

Hearing loss places a significant burden on society. 
It is reported that 1 in 5 people globally suffer from 
some degree of hearing loss [1], with an economic 
burden of $USD750 billion [2]. To date, pharmaceu-
tical interventions have shown limited success. Alter-
native techniques, including the use of gene therapy, 
represent an emerging field of hearing loss treat-
ment [3]. Gene therapies represent one of the most 
significant options in this field [4]. One commonly 
employed strategy relies on the delivery of specific 
gene-containing vectors to the supporting cells of the 
inner ear [5]. These supporting cells will then gain 
function to differentiate into functional hair cells that 
will, ideally, restore hearing function [6]. There are 
however several challenges associated with the deliv-
ery of genetic material to the inner ear. These include 
difficulty in reaching cells of interest, invasive proce-
dures, presence of nuclease, membrane permeation, 
off-target effect, and poor efficacy [7, 8]. Accord-
ingly, delivery vehicles, both viral and non-viral have 
been proposed as logical means to improve inner ear 
gene delivery [9]. Both methods act to protect the 
plasmid and to effectively deliver it to a site of inter-
est. Although there has been significant interest in 
viral vectors for inner ear gene therapy [10], there are 
significant risks that make non-viral delivery meth-
ods potentially more viable.

Here, we describe the development of a novel, 
non-viral, polymeric nanoparticle system for the 
in vitro delivery of a green fluorescent protein (GFP) 
to an inner ear cell line. Previous studies have dis-
cussed the development of ionotropically gelated 
sodium alginate (SA)/poly-L-lysine (PLL) nanoag-
gregates for nucleotide delivery [11, 12]. GFP acts 
as an analogue for a potential gene of interest that 
may be applied to the inner ear. In this way, this 
technology may be more versatile in which genes it 
can deliver. Several genes including Atoh1, Sox2, 
Six1, and Eya1 have been implicated as potential 
candidates either alone or in combination to induce 
supporting cell differentiation into functional hair 
cells [13–16]. Ideally, future studies will explore the 
effects of delivering these and similar genes.

Bile acids have shown significant potential as 
delivery adjuncts for cells and drugs [17–20]. Lim-
ited research has explored bile acid’s potential in 

modifying gene delivery, especially to the inner ear 
[21]. To date, no significant studies have reported 
the use of the secondary bile acid ursodeoxycholic 
acid (UDCA) in the delivery of genes. UDCA is 
used widely therapeutically, sometimes referred to as 
ursodiol and has been shown to have numerous bene-
ficial pharmaceutical effects [22–26]. UDCA is how-
ever extremely poorly water-soluble [27]. There have 
been several proposed methods to improve its solu-
bility, including complexing with cyclodextrins [28], 
the addition of urea or mannitol [29], and the use of 
various surfactants [30]. In the present study, UDCA 
was solubilised through the addition of surfactants, 
including Tween-80 and polyethylene glycol (PEG) 
and ethanol. Some studies report that surfactants, 
including Tween-80 result in the reduction of parti-
cle size of SA-based nanoparticles [31]. It is thought 
that the surfactant decreases SA nanoparticle surface 
tension thereby increasing the dispersion of alginate 
into smaller particles [32]. Accordingly, the influ-
ence of Tween-80 + UDCA and Tween-80 alone will 
be reviewed. Bile acids have also shown, in addition 
to their therapeutic effects, the ability to improve the 
permeation of particles across membranes [33–36]. 
Improved permeation due to bile acids has also been 
suggested to have the potential to occur within the 
inner ear [37].

Accordingly, this study explored SA-based nano-
particles formed via ionotropic gelation. Formula-
tions were prepared to review the impact of UDCA 
solubilised in the non-ionic surfactant Tween-80. 
The primary outcome of this study was exploring 
the changes in cellular health between these formula-
tions on the inner ear cell line, HEI-OC1. Qualitative 
assessments of gene expression were also a primary 
outcome of this study.

Methods and materials

Nanoparticle preparation

Stock solutions of SA, bile acid, CaCl2, and PLL were 
prepared at 0.01  mg/ml. SA stock (sodium alginate, 
low molecular weight, Sigma-Aldrich, USA) was first 
diluted further in Milli-Q water. A pre-gel was then 
formed with the addition of CaCl2 (calcium chloride 
dihydrate, 99% MW = 147.02, Thermo Fisher, USA) 
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under constant stirring. A CaCl2:SA (w:w) ratio of 0.2 
was used to prepare all formulations in this study. Sev-
eral techniques were explored to attempt to increase 
the solubility of UDCA from Sigma-Aldrich (USA). 
Formulations of 1% Tween-80 (Sigma-Aldrich, USA), 
5% Tween-80, 10% Tween-80, 1% Tween-80 + 5% 
ethanol, 5% ethanol, 5% polyethylene glycol (PEG) 
600 diacid (Sigma-Aldrich, Germany), and 5% PEG 
600 diacid + 5% ethanol were trialed. The various for-
mulation solubilising agents are shown in Fig. 1. Solu-
tions were filtered through a 0.22 um filter (Millipore 
Express PES membrane filter Unit, Merck Millipore, 
Cork, Ireland) to reduce any aggregates. The UDCA 
solution was then added (except in the control formu-
lation), and the solution was allowed to homogenise 
over 10 min. Dilute PLL (Sigma-Aldrich, USA) was 
then added to produce ionic gelation of the nanopar-
ticles. A SA: PLL (w:w) ratio of 1.5 was used in this 
study for all formulations. The particles were then 
mixed for at least 60 min at 1000 RPM. The final solu-
tion volume was 4 ml. Formulation 1 contained nei-
ther Tween-80 nor bile acid, whilst formulation 2 con-
tained Tween and no bile acid.

Nanoparticles were prepared without cryopro-
tectant before being frozen overnight at − 80  °C, 
and subsequently freeze-dried in the Scanvac Cool-
safe Freeze Drier for 48–96  h or until it appeared 
that there was no more moisture remaining. For cel-
lular studies, the nanoparticles were reconstituted 

and used within 48 h. Particles were filtered through 
a 0.22-µm filter prior to use in further experiments.

Structural analysis

Nanoparticle size, charge, and PDI were measured 
via dynamic light scattering technology. Analysis 
was performed on the Zetasizer 3000HSa (Malvern, 
UK), as per previously established methods [17, 38]. 
Briefly, a refractive index of 1.33 with an absorption 
of 0.1 was used for detection. The dispersant was set 
to water, with a viscosity of 0.8872 cP. A temperature 
of 25 °C with an equilibration time of 20 s was used. 
The disposable folded capillary cell (DTS1070) was 
used for all measurements. All three parameters were 
measured before and after freeze-drying for nanopar-
ticles without plasmid and after freeze-drying in par-
ticles with plasmid. Measurements were repeated in 
at least triplicate for each value.

Nanoparticles were also assessed visually via scan-
ning electron microscopy (SEM). Only nanoparticles 
containing plasmid were imaged in the present study. 
Prior to SEM, samples were prepared on stands using 
double-sided carbon adhesive. Samples were then 
coated in a nanoscale layer of platinum to allow for 
visualisation. After coating, samples were imaged 
via the Tescan SEM (Tescan, Czechia). Micrographs 
were acquired at 2  keV, 100-pÅ beam current, and 
10-mm working distance.

Fig. 1   Nanoparticle formulation preparations. Left: solubilis-
ing agents used in each formulation. F1 and F2 represent con-
trol formulations. The remaining formulations contained bile 
acid ursodeoxycholic acid (UDCA) with various solubilising 
agents. F3A-5A and 8A contain Tween-80 (T-80). F7A-9A 
contain ethanol (Etoh). F6A and F9A contain polyethylene gly-

col (PEG) 600 diacid. All formulations contained sodium algi-
nate, CaCl2, and poly-L-lysine. Formulations were prepared in 
at least triplicate (n = 3) on different occasions to confirm the 
consistency of the method. Right: likely method for formation 
of nanoparticles in solution
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Toxicity studies

Toxicity was assessed through the WST-1 assay in 
HEI-OC1 cells (Donated by Dr Young Joon Seo). 
WST-1 assay was performed as per the kit insert with 
minor modifications. HEI-OC1 cells were cultured 
in Nunc EasYFlask 75-cm2 flasks (Thermo Fisher, 
USA) at 33  °C in 10% CO2 in Dulbecco’s Modified 
Eagle Medium (DMEM) (Thermo Fisher, USA) sup-
plemented with 10% Foetal Bovine Serum (FBS) 
(Thermo Fisher, USA). Prior to treatment, cells were 
passaged before being plated on a Nunc™ MicroW-
ell™ 96-Well, Nunclon Delta-Treated, Flat-Bottom 
Microplate (Thermo Fisher, USA) at a concentration 
of 105 cells/well. Cells were then allowed to estab-
lish over 24  h. Media was then removed, and the 
wells were washed with Phosphate Buffered Saline 
(PBS). Nanoparticles were serially diluted from 1 
to 0.125 mg/ml in DMEM only. A total of 100 µl of 
these diluted formulations were then applied to wells 
in triplicate for each permeation of each formula-
tion. Control wells with media only and media + cells 
were also prepared at this time. The 96-well plate was 
then incubated in the permissive conditions previ-
ously discussed. After 48 h, the plates were removed. 
Each well was again washed with PBS to remove 
residual nanoparticles. WST-1 reagent diluted 1:10 
was then added to each well. The plates were then 
incubated for a further 4  h at 33  °C. After 4  h, the 
plates were removed and wrapped in foil to minimise 
light exposure. The plates were briefly homogenised 
with a plate rocker before the absorbance was read 
at 440 nm using the Infinite M Nano + (Tecan, Swit-
zerland) plate reader. The results were normalised to 
give a relative percentage of survival. Zero percent 
survival was considered to be the absorbance of the 
plate with media only, whilst 100% survival was the 
untreated plate with cells and media.

eGFP nanoparticles, transfection, and plasmid release

GFP transfection was performed using methods 
similar to those previously reported in the literature 
[39–41]. pEGFP-N1 (V012021) was purchased from 
NovoPro Bioscientific Inc, Shanghai, China. The vec-
tor was prepared as per manufacturer instructions 
and stored at − 20 °C when not in use. Nanoparticles 
were prepared as previously discussed. However, PLL 

was prepared with plasmid diluted to 20 µg/ml. The 
plasmid was gently brought up to room temperature 
before use. PLL/plasmid complex was then added to 
the formulation and was mixed at 1000 RPM over 
60 min. Formulations were filtered, frozen, and freeze 
dried.

For transfection assays, HEI-OC1 cells were cul-
tured as per previously discussed toxicity assays in 
75-cm2 flasks. Once cells reached 70–80% conflu-
ence they were trypsinised and diluted in DMEM 
supplemented with FBS to 104 cells/ml. One millili-
tre of the diluted cells were then applied to each well 
of a 24-well Nunc™ Cell-Culture Treated Multidish 
(Thermo Fisher, USA). Cells were incubated for 24 h 
to allow them to establish. After 24 h, plasmid-con-
taining formulations (F1-9) were filtered and applied 
to the cells at a concentration of 0.5  mg/ml. Nano-
particles were diluted in DMEM only and 1 ml was 
applied to each well. The plates were mixed briefly 
before being placed back in the incubator. After 24 h 
of co-incubation of plasmid nanoparticles with cells, 
the media was removed, and the plate was washed 
with PBS. DMEM supplemented with FBS was then 
applied. Cells were then placed back in the incuba-
tor. Transfection was then observed visually at 24, 48, 
and 72 h after media change using an Olympus IX-51 
inverted microscope with a FITC filter.

Plasmid release studies were performed with the 
Quant-iT™ dsDNA Assay Kit, broad range (Thermo 
Fisher, USA) as per the manufacturer’s instruc-
tions. Nanoparticles were prepared with plasmid as 
discussed previously. Particles were re-suspended 
at 1  mg/ml in PBS (pH = 7.2). A 10-µl aliquot was 
then removed and added to the quantification rea-
gent alongside a standard e curve. Fluorescence was 
measured at excitation/emission of 510/527 nm using 
the Infinite M Nano + plate reader. The fluorescence 
was compared to the standards provided in the kit to 
report a concentration of nucleic acid. This process 
was repeated at + 2-, 4-, and 6-h incubation at 37 °C 
to demonstrate release properties over time.

Cellular metabolism and bioenergetics

Cell metabolism analysis was performed via the Sea-
horse XF 96 assay (Agilent, USA), using the manu-
facturer’s methods as previously described by the 
laboratory [42–44]. Briefly, HEI-OC1 cells were pre-
pared as per the previously described cellular assays. 



J Nanopart Res (2024) 26:39	

1 3

Page 5 of 14  39

Vol.: (0123456789)

Ninety-six hours before analysis, cells were plated at 
105 cells/ml in 180 µl of DMEM. The following day 
(48  h before analysis), nanoparticles were applied 
at concentrations of 0.5 and 0.25  mg/ml aseptically. 
Twenty-four hours prior to analysis, a sensor cartridge 
was hydrated and left overnight in a 37 °C incubator 
in the absence of CO2. On the day of the assay, a sup-
plemented DMEM (phenol-free) was prepared by the 
addition of pyruvate, glutamine, and glucose accord-
ing to the manufacturer’s instructions. This supple-
mented media was then used to carefully wash the 
cells, prior to degassing in a CO2-free incubator. The 
supplemented DMEM was then used to resuspend 
lyophilised reagents supplied in the kit (oligomycin, 
FCCP, and rotenone and antimycin A). Whilst the 
cells were degassing, each reagent was then aliquoted 
into the appropriate well. The calibrator was run to 
ensure assay validity. The assay was then run as per 
standard operating procedures.

Statistical analysis

Experiments in this study were repeated in at least 
triplicate, and generally on at least two separate occa-
sions with nanoparticles produced on different days to 
control for inconsistency between production. Statis-
tical analysis was performed with the latest available 
version of GraphPad Prism for Windows, GraphPad 
Software, San Diego, California USA, www.​graph​
pad.​com. Statistical significance was calculated with 
a one-way ANOVA unless otherwise indicated. For 
line graphs, an area under the curve (AUC) analysis 
was performed, and statistical significance was then 
calculated by comparing the generated values for each 
formulation: *p < 0.05, **p < 0.005, ***p < 0.0005, 
****p < 0.0001.

Results

Formulation optimisation

Particle formulation involved significant optimisa-
tion. Optimisation of the method to solubilise UDCA, 
whilst maintaining consistent, small, and non-toxic 
nanoparticles presented the most significant chal-
lenge. Several solubilising agents were used in an 
attempt to incorporate UDCA into the nanoparticles.

Structural studies

The results of nanoparticle Zetasizer analysis are 
indicated in Fig. 2A–C. Figure 2A indicates particle 
size, Fig.  2B shows nanoparticle PDI, and Fig.  2C 
indicates particle charge. Control nanoparticles 
showed a pre-freeze-dried size of ~ 80  nm. After 
freeze-drying, this increased to 105 nm. Interestingly, 
this goes against the trend of the other formulations. 
On average, formulations shrunk by 16% after freeze-
drying. The only other formulation, besides F1A to 
increase in size was F5A. The remaining formulations 
decreased in size from 5 to 57%. The control formu-
lation however also showed a decrease in PDI after 
freeze-drying by 32%. Alternatively, the T-80 control 
F2A showed a modest increase in PDI by 36%. The 
remaining formulations showed more subtle varia-
tions in PDI from a 27% increase to a 20% decrease. 
Finally, the charge also showed significant variation 
after freeze-drying. Although on average there was 
only a modest 1% increase in charge after freeze dry-
ing, most formulations individually showed signifi-
cant change.

SEM imaging of nanoparticles, as shown on the 
right side of Fig.  2, indicated conflicting results. 
Although some formulations did show nanoscale 
particles, there was significant amounts of “stringy” 
matrix. Although some formulations did show indica-
tions of nanoparticles (F1, F5, F7, F8, F9), even these 
showed very few particles. These images appeared 
to more closely resemble structures associated with 
hydrogels rather than nanoparticles [45].

Cytotoxicity, plasmid release, bioenergetics, and 
transfection

Cell cytotoxicity, as measured using the WST-1 
assay, is demonstrated in Fig. 3A. Several of the for-
mulations developed showed significant cytotoxic-
ity towards HEI-OC1 cells. Notably, formulations 
containing Tween-80 to attempt to solubilise UDCA 
demonstrated significant toxicity at all concentrations. 
Given the association of increased T-80 and increased 
cytotoxicity, it is more likely that the increased cyto-
toxicity is because of T-80 rather than UDCA. Inter-
estingly, ethanol both alone and with T-80 resulted in 
no significant decrease in cell survival, compared to 

http://www.graphpad.com
http://www.graphpad.com
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both untreated and control formulations. Control for-
mulation F1A also did not show significant cell death 
at low concentrations. Finally, ethanol with PEG 600 
diacid resulted in an increase in cell survival at low 
concentrations compared to controls.

Plasmid-containing nanoparticles were freeze 
dried for 48 and 96 h to review the effects of freeze-
drying on plasmid. Gene expression studies were 
carried out at both time points. At 96 h, there was no 
eGFP expression in the cells despite positive expres-
sion in the controls after freeze drying for 96 h (data 
not shown). Although studies do indicate that freeze 
drying does prolong plasmid stability [46, 47]. Pre-
vious studies have indicated that freeze drying, espe-
cially for prolonged periods with poor cryoprotection 
may result in plasmid degradation and reduced activ-
ity which is similar to what was seen here [48].

After freeze drying for only 48  h however, we 
did find limited transfection in this study as seen in 

Fig.  3B. Fluorescence was only observed visually in 
the present study. Confirmatory methods, such as flow 
cytometry, were not performed as transfection was 
very low overall, although was greater than the use 
of naked plasmid (where no fluorescence was seen). 
Only F1, 4, 5, and 9 showed eGFP expression between 
48 and 72 h after treatment. Interestingly, this corre-
sponds to the control formulation (F1), the two for-
mulations with the highest concentration of T-80 (F4 
and F5), and the PEG + Etoh-containing formulation 
(F9). This suggests that despite the high cytotoxic-
ity of T-80 containing formulations, they still show 
promising transfection results. It is estimated that this 
transfection would be very low, likely at < 0.1%. Sig-
nificant optimization of the nanoparticles generated 
in this study would be required for future use. Sev-
eral approaches have previously been used to increase 
transfection of polymer nanoparticles. The remaining 
formulations did not show any GFP expression.

Fig. 2   Formulation physical properties. A Particle size (nm) 
pre- and post-freeze-drying process of formulations prepared 
in this study and post-freeze drying with plasmid. B Nanopar-
ticle polydispersity index (PDI) pre- and post-freeze dry and 
post-freeze dry with plasmid. C Nanoparticle charge (mV) 

pre- and post-freeze dry and post-freeze dry with plasmid. All 
results are reported as averages of experiments completed in at 
least triplicate (n = 3). *p < 0.05, **p < 0.005, ***p < 0.0005, 
****p < 0.0001. The right side of the figure shows scanning 
electron microscopy images with scale
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This low transfection is despite promising results 
in the plasmid release studies seen in Fig.  3C. All 
nanoparticle formulations showed increased plasmid 
release over time in PBS, with almost all formulations 
showing at least 2-ng/µl plasmid after 6-h incubation. 
The increased concentration over time suggests that 
plasmid was encapsulated in the nanoparticles gener-
ated in this study, if this were not the case, it would be 
more probable to see little to no increase in plasmid 
concentration over time. The structure of the pEGFP-
N1 plasmid used in this study is shown in Fig. 3D.

The bioenergetic profiles generated from the Sea-
horse XF analyser for each formulation are displayed 
in Fig. 4.

The data generated via the Seahorse assay gener-
ally agrees with the WST cytotoxicity data presented 
in Fig. 3A. The basal respiration of formulations was 

generally consistent with untreated cells, apart from 
F4 and F5 at 0.5 mg/ml, which showed a statistically 
significant (p < 0.05) decrease in oxygen consump-
tion rate (OCR) as basal respiration (Fig.  4A). This 
reduced respiration was also demonstrated in maxi-
mal and non-mitochondrial OCR (Fig. 4B, D). These 
formulations also showed poor viability. Proton leak 
was also significantly (p < 0.0001) decreased in F5 
at 0.5  mg/ml. Interestingly, there were significant 
increases in proton leak in F3, and F6 at 0.5 mg/ml 
and F4 at 0.25  mg/ml (Fig.  4C). There was signifi-
cant variation in ATP production amongst treatment 
groups, with several formulations showing varia-
tion compared to the control (Fig.  4G). Glycolysis 
and basal proton efflux remained consistent between 
treatment and control groups, except for F4 and F5 
(Fig. 4E–F).

Fig. 3   WST-1 assay and plasmid release. A Normalised cell 
survival based on untreated and blank wells as reported from 
the WST-1 assay. Nanoparticles prepared in serial dilutions 
based on the mass of nanoparticles prepared in DMEM. B 
Gene expression analysis performs via visualisation of GFP 

protein under fluorescent microscopy. C Plasmid release over 
6  h in PBS (pH = 7.2). D Structure of the plasmid used in 
this study. Significance comparing area under curve analysis 
*p < 0.05, **p < 0.005, ***p < 0.0005, ****p < 0.0001
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Discussion

Nanoparticle formulation properties initially appeared 
promising with small particle size, acceptable PDI, 
and workable charge. The nanoparticles produced in 
the present study represent early examples of a gene 
delivery system to inner ear cells. The primary goal 

of this work is to develop nanoparticles suitable for 
direct delivery to patients. Although there are several 
methods for gene delivery to the cells of the inner ear, 
intra-tympanic injection is a commonly used tech-
nique [49]. This technique however requires nano-
particles to traverse the round window membrane 
(RWM) [50]. There is significant variation, based on 

Fig. 4   Bioenergetics profiles. Bioenergetics profiles for nano-
particle formulations F1-9 in HEI-OC1 cell line without plas-
mid as measured by Seahorse XF analyser. Samples were ana-
lysed at both 0.5 and 0.25 mg/ml. Basal respiration, maximal 

respiration, proton leak, non-mitochondrial oxygen consump-
tion, glycolysis, basal proton efflux, and ATP production (A–
G). *p < 0.05, **p < 0.005, ***p < 0.0005, ****p < 0.0001



J Nanopart Res (2024) 26:39	

1 3

Page 9 of 14  39

Vol.: (0123456789)

particle formulation, for appropriate size and charge 
for RWM permeation [51–53]. It has been reported 
that positively charged nanoparticles are more capa-
ble of permeating the RWM; however, they are also 
associated with more cytotoxicity compared with 
negatively charged nanoparticles [51]. Further stud-
ies in artificial RWM [54], ex vivo, or in vivo models 
would be required to understand how capable the par-
ticles produced in this study are at entering the com-
plex inner ear.

Control nanoparticle formulation F1A showed 
acceptable particle size, with poor PDI. It has previ-
ously been reported that polymer particles of between 
150 and 300  nm show desirable permeation across 
the RWM [55]. PDI is a measurement of dispersity, 
it has been reported that solutions with a PDI > 0.3 
are to be considered polydisperse [56]. Maintaining 
mono dispersity is critical for consistency between 
results and for the development of a commercially 
viable product. The addition of T-80 reduced particle 
size (F1 vs F2). This reduction was not statistically 
significant in the pre freeze dried measurement, but it 
was significant (p < 0.0001) in the post-freeze-dried 
samples. The addition of UDCA resulted in a fur-
ther decrease in particle size compared to the con-
trol formulation F1 and the formulation with only 
T-80, F2. Further, there was a statistically significant 
particle size decrease in all formulations compared 
to the control F1A except for F5A which contained 
only ethanol. It is well known that surfactants, such 
as T-80, result in a reduction of particle size for the 
nanoparticles [57]. The surfactant is likely lower-
ing the surface tension of the polymer nanoparticle 
structure. This allows for an increase in the particle 
dispersion resulting in more nanoparticles of smaller 
size [58]. The UDCA may be acting through similar 
mechanisms to reduce particle size. Previous studies 
have demonstrated various effects of UDCA on poly-
mer nanoparticle size [59].

The results from the SEM conflict somewhat 
with the data interpreted from the physical analysis. 
Although imaging is not an exhaustive method for 
confirming nano structures, few nanoparticles were 
identified in each formulation. Given that formula-
tions were filtered prior to administration, it is plau-
sible that this matrix never directly interacted with 
the cells. However, this may also mean that a lower 
amount of plasmid reached the cells and could pro-
vide some explanation for the low transfection 

efficiency noted in this study. We suggest that future 
studies explore different ratios of SA:PLL:CaCl2 to 
evaluate what effect, if any, this has on the ratio of 
nanoparticle to matrix.

Control formulation, F1, followed a dose-depend-
ent cytotoxicity, with increasing concentration of nan-
oparticles being associated with increased toxicity. 
Given that F1 only contained SA, PLL, and CaCl2, 
it follows that at least one of these reagents is at least 
somewhat toxic to the HEI-OC1 cells used. Of these, 
PLL has previously been shown to be cytotoxic and is 
thus likely the culprit [60]. It has been reported that 
PLL acts through intrinsic and extrinsic pathways to 
initiate cellular apoptosis [61]. Most other formu-
lations showed higher cytotoxicity at all dilutions, 
with increasing T-80 concentration being correlated 
with increased toxicity, i.e. F3, F4, and F5. The addi-
tion of UDCA did somewhat mitigate this toxicity as 
seen when comparing F2 and F3. UDCA has known 
anti-apoptotic properties that may be contributing to 
reduced cellular death [22]. PEG-containing formula-
tions F6A and F9 were the only nanoparticles to show 
improved cellular health compared to control formu-
lation F1 via WST-1 assay. F6 showed a statistically 
significant improvement in cellular survival based 
on AUC analysis (p < 0.05). PEG is well known to 
reduce the toxicity of drugs and nanoparticles [62]. 
Interestingly, PEGylated nanoparticles have previ-
ously been reported to stimulate the immune system 
[63]. Data generated through the Seahorse assay was 
concordant with the WST-1 cytotoxicity assay. F5 
and F4 showed particularly poor respiration, both 
mitochondrial and basal. This suggests mitochondrial 
dysfunction may be a causal or consequential mecha-
nism of cell death within these cells after treatment.

Although the present study was performed in vitro, 
there are several aspects regarding potential in  vivo 
delivery that should be considered concurrently. 
Degradation of nanoparticles is a key consideration 
within the sensitive inner ear. Alginate nanoparticles 
formed via ionotropic gelation are known to degen-
erate in a pH dependent, but predictable, manner 
[64]. Although mammals lack the required enzyme 
to degrade alginate to its monomers, it is generally 
thought, that over time, alginate will progressively 
lose its cation (in this case sodium), which will result 
in the alginate dissolving [65]. Alginate’s properties 
can be tuned to modify the time it takes for degrada-
tion to occur [66]. The soluble alginate can then be 
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removed from the ear through normal cellular pro-
cesses and excreted. PLL, the other polymer used 
in this study, can be degraded enzymatically before 
being exported out of the ear and excreted [67]. Fur-
ther studies in vivo, within the inner ear specifically 
are required to understand with more certainty how 
these processes occur. Additionally, although toxic-
ity studies were extensively explored in this study, 
interactions with organelles, such as the stapes, are 
important to consider as the inner ear cells used in 
this study may not be representative of all cell types. 
Although no studies have evaluated the toxicity of 
the nanoparticles developed in this study in  vivo, 
the individual components have been evaluated. For 
example, alginate has been shown to be non-toxic 
within the inner ear of mouse models [68]. There are 
concerns about toxicity associated with PLL [69]; 
however, further studies are needed to evaluate if 
there exists a safe in vivo concentration for inner ear 
delivery. Further, how nanoparticles may affect sound 
transmission through the bony and membranous laby-
rinth should also be considered. Although some stud-
ies have demonstrated that nanoparticles do modify 
sound transmission through aqueous phases [70], the 
significance of this in vivo remains uncertain. Finally, 
non-invasive quantification of hearing modification 
would also be critical in any potential future in vivo 
experiments. Behavioural studies for example are one 
common method of evaluating the degree of hearing 
loss in mouse models [71].

Plasmid release showed strong agreement between 
formulations with a steady but noticeable increase in 
plasmid concentration over the course of 6 h. No sig-
nificant change in concentration was noted after this 
point so no further data was collected. As per Fig. 3B, 
there was no significant increase in plasmid release 
compared with control formulation F1. All formula-
tions rather showed a statistically significant decrease 
in release over time except F3 and F7. The slightly 
delayed release of plasmid demonstrated by these 
nanoparticles would be useful for the delivery of plas-
mid to the inner ear. The slight delay would allow for 
the nanoparticles to permeate into the inner ear prior 
to the release of the plasmid, protecting it from deg-
radation. Previous studies have indicated pH depend-
ent release from similarly formulated nanoparticles. 
For example, PLL nanoparticles have previously 
been shown to have pH mediated drug release, with 
increased release at lower pH [72].

Unfortunately, transfection in HEI-OC1 cells 
was very poor, with only four formulations showing 
any transfection despite positive controls producing 
results. We would estimate transfection efficiency to 
be < 1% in the present study. Only F1, 4, 5, and 9 dem-
onstrated successful transfection of HEI-OC1 cells as 
confirmed qualitatively by fluorescent microscopy. 
Control formulation F1 is similar to other formula-
tions that have previously been shown to successfully 
deliver nucleic acid in vivo [11]. However, very few 
studies available in the literature report the delivery of 
plasmids with alginate/PLL nanoparticles, particularly 
to inner ear cells. Interestingly, F4 and 5 correspond 
with increasing T-80 concentration and increased 
cytotoxicity. Suggesting that despite higher toxicity, 
these formulations were capable of improved transfec-
tion. It is hypothesised that T-80 may be improving 
gene delivery via one of two methods. One, the T-80 
may be spontaneously forming liposomes or lipid 
nanoparticle-like structures independent of the poly-
mers, in conjunction with UDCA to deliver plasmid 
[73]. Alternatively, previous studies have shown that 
T-80 improves cellular uptake of nanoparticles and 
thus may have contributed to the increased plasmid 
expression seen [74]. The addition of UDCA alone to 
nanoparticles however did not appear to have any sig-
nificant effect on transfection (F2 vs F3).

Given the poor transfection efficiency of the nano-
particles presented in this study, it may be prudent to 
explore the transfection efficiency in a range of dif-
ferent cell lines in future studies. It is common for 
nanoparticles to show different levels of transfection 
efficiency in different cell lines [75]. Alternatively, 
modification of the nanoparticles to improve delivery 
may increase eGFP expression in the HEI-OC1 cells. 
For example, studies have shown that strategies includ-
ing modulating polymer properties, stability modifi-
cations, buffering modifications, and the use of cell-
penetrating peptides have all been shown to improve 
transfection efficiency [76–78]. Further, to improve 
cell targeted specific release, various methods, includ-
ing the conjugation of antibodies may be employed 
[79]. Given the preliminary nature of this study, such 
methods were not employed here; however, they could 
be applied to the nanoparticles prepared in this study.

To place this research into some context, we have 
briefly evaluated some other methods for nanoen-
capsulation of plasmid for auditory delivery. A sum-
mary of this data is provided in Table 1. Given the 
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emerging nature of gene therapy, there were few 
comparable studies available in the literature.

Conclusion

To conclude, this study developed and characterised 
various nanoparticle formulations for potential  gene 
delivery in inner ear cell lines. Formulations were 
evaluated for their properties, including charge, size, 
polydispersity, cytotoxicity, plasmid release, and 
transfection capability. The results  suggest that nan-
oparticle formulations containing surfactants, such 
as T-80 and the bile acid, UDCA was able to poten-
tially reduce particle size and modify plasmid release 
and transfection. Further, PEG-containing nanoparti-
cles showed potential improvement in cellular health 
compared to the other formulations. Transfection effi-
ciency in the HEI-OC1 cell line was, however, low. 
Low transfection is a common issue associated with 
polymer nanoparticles. Thus, further optimisation 
of these nanoparticles is required for efficient gene 
delivery within the inner ear. Despite this, the authors 
believe that polymer nanotechnology still represents 
a novel and potentially viable method for the effi-
cient delivery of gene therapy products to the inner 
ear, primarily due to their well-studied safety profiles 
and customisability. Further studies could investigate 
these, or similar polymer nanoparticles for in vivo or 
ex vivo delivery in combination with modified poly-
mers or additional excipients to better understand 
their release properties.
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Table 1   Comparison of nanotechnology based gene delivery for the inner ear. A summary of some of the delivery methods reported 
in the literature for gene therapy within the inner ear

Components Synthesis method Size (nm) Charge (mV) Toxicity Transfection efficiency Citation

Cell penetrating pep-
tides ± dexamethasone

Self-assembly 90 - Toxicity at 0.05–
0.1 mg/ml

Greater transfection 
efficiency than lipo-
fectamine control

[80]

Polyethyleneimine-
polyethylene glycol

Aggregation - - Lower toxicity than 
control

Increased gene expres-
sion in vitro and 
in vivo

[81, 82]

Poly D,L-lactic-co-
glycolic acid

Emulsion 184  − 27 No toxicity noted 
at < 800 µg/ml

Comparable to control 
in HEI-OC1 cells

[83]

Poly-L-lysine/algi-
nate ± taurocholic acid

Ionic gelation 100–250  − 20–40 Increased toxicity at 
1 mg/ml

Poor transfection effi-
ciency

[21]

Polyamidoamine den-
drimer

- 132 31 - Selective transfection of 
auditory hair cells

[84]
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