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Abstract
Pathophysiology of sensorineural hearing loss (SHL) has been associated with oxidative stress. Earlier
studies have shown that Probucol (PB) microcapsules can prevent oxidation and in�ammation induced
by reactive oxygen species in pancreatic β-cells. Therefore, we hypothesised PB containing capsules
might prevent the development of hearing impairment caused by oxidative stress. However, PB has many
limitations to achieving maximum therapeutic dose, which can be achieved by optimised formulation.
Thus, this study aims to design a novel, stable formulation of PB using polymers with and without
lithocholic acid (LCA) as an excipient, and examine the e�ciency of these formulations on the House Ear
Institute-Organ of Corti 1 (HEI-OC1) cell line. The PB was encapsulated using the spray-drying technique
and tested for particle characterization and in vitro effectiveness. This study demonstrates that all
formulations yielded uniform, circular microcapsules with consistent surface topography. The addition of
LCA did not affect drug content, but its effect was noticeable on surface chemistry and electrokinetic
stability. The addition of LCA favoured controlled drug release kinetics. Cell viability, bioenergetics
parameters and in�ammatory pro�le improved when cells were exposed to PB-LCA microcapsules (p < 
0.05). Therefore, the PB-LCA microcapsule can potentially prevent SHL induced by oxidative stress.

Introduction
Sensorineural hearing loss (SHL) is a subset of clinical hearing loss, associated with loss of hearing
sensitivity due to cell death and/or peripheral tissue damage in the cochlea. The underlying causes of
SHL are multifactorial; presbycusis, certain drugs, overexposure to sound, immune-induced in�ammation,
infection or disorders such as diabetes and high blood pressure are all common causes. The
pathophysiology of SHL is not fully understood; however, numerous studies have reported that the
development of chronic oxidative stress may be associated with SHL pathogenesis regardless of causes
1–3.

Lower intrinsic anti-oxidant defence mechanism and high metabolic demand of hair cells means the
cochlea is tremendously vulnerable to oxidative stress 4. Therefore, increased reactive oxygen species
(ROS) production in the cochlea can cause cellular dysfunction, impaired blood �ow and degeneration of
the stria vascularis supporting structures and nerve cells 5,6. Moreover, different histological studies
show oxidative stress in mice leads to loss of inner and outer hair cells 7,8, atrophy of spiral ganglion
cells, thinning of the stria vascularis and atrophy of the spiral ligament 9,10.

Considering the importance of oxidative stress in the pathophysiology of SHL, different anti-oxidants
have been previously studied to prevent oxidative induced SHL 11,12. Accordingly, the question of
whether anti-oxidants could have a favourable outcome in decreasing SHL risk has been intensively
studied, but the results remain indecisive and controversial12-14. In summary, the fact cannot be denied
that there is a genuine need for a novel, and effective, medication superior to current treatments,
potentially, relying on anti-oxidants to play a key role in preventing SHL 9,13,15.
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Probucol (PB) is a potent anti-hyperlipidemic drug with anti-oxidant and anti-in�ammatory properties. The
active compound in PB is a bisphenol with butylated hydroxytoluene rings linked together with sulphur
carbon bonds. PB shows anti-oxidant activities by both breaking the free radical chain reaction by
hydrogen atom transfer, or electron transfer, and also by inducing the endogenous anti-oxidant system
16,17. Moreover, it also directly protects DNA strands from ROS. PB has proven its effectiveness in many
organs and tissues as a potent antioxidant 18,19. As a step toward the development of a drug against
diabetes mellitus, PB has also shown its potential by protecting pancreatic β-cells from in�ammation and
oxidation levels 20. However, PB is highly lipophilic, has poor bioavailability, lower absorption kinetics
and is prone to inter-and intra-individual variations in dose recipient patients 21.

One possible approach to overcome the obstacles faced by PB is to develop, and optimise, novel and
stable formulations that protect the drug from unwanted degradation, increase drug solubility, and
ultimately release the drug at the target site in a controlled manner without having toxic off target effects.
A step in achieving this would be by implementing encapsulation technology. Spray drying is one of the
physical encapsulation techniques that converts a liquid phase into a dry, solid, powder and produces
nano-sized particles that can easily pass from the tissue to the target site, increasing bioavailability and
therapeutic e�cacy. Therefore, many studies have clari�ed the signi�cance of nanoparticles as a
promising drug-delivering method to the inner ear 22.

Drugs encapsulated in nanoparticles and delivered directly into the middle ear appear advantageous.
Drugs can enter the inner ear, diffusing into the perilymph �uid while offering controlled and sustained
drug release kinetics. However, in vivo studies have shown that sustained drug release by intratympanic
injection has more consistent clinical outcomes, showing more drug permeation deep in the temporal
bone 23,24, but many studies fail to produce capsules that support controlled drug release 24–26.

Over the last ten years, bile acids (BA) s have become an attractive excipient in drug delivery research.
Due to their unique amphoteric properties BAs can support drug absorption and permeation via biological
membranes, and act as a drug carriers and stabiliser by forming micelles, bilosomes, and chemical
conjugates with drug compounds 20,27–31. These properties makes BAs powerful physiological
surfactants and facilitates the encapsulation of both non-polar and polar compounds.

Overall, more than one hundred different kinds of bile acids are present endogenously inside the human
body. Different studies have previously successfully used some common bile acids as excipients,
developing novel and powerful PB based capsules that showed effectiveness in preventing diabetes
mellitus 20,29,32,33. Incorporation of lithocholic acid (LCA) with PB in microcapsule formulations showed
positive cellular effects, with reduced oxidation and in�ammation on diabetic pancreatic β-cells, and
supported controlled and targeted drug release without compromising PB’s physical and chemical
characteristics 34,35.

Developing nanocapsules, which support the controlled drug release, could be one novel approach for
treating hearing impairment. Many factors play a role in how much drug is available in the inner ear; the
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round window membrane permeability, drug particle size, drug solubility, drug stability, biocompatibility,
electric charges and rheological parameters 36. Therefore, designing a stable formulation is challenging
for delivering a drug to treat SHL. Hence, the study’s objective was to form advanced nanocapsules of PB
with LCA, which would support the sustained and controlled release of PB, assess the in vitro impact of
PB-LCA capsule, and make a platform for the in vivo study using intratympanic drug delivery method.

Results And Discussion

Characterisation of micro-nanocapsules

Physical characterisation of micro-nanocapsules based on
morphology and surface elemental analysis
Figure 1 shows that F1, F2 and F3 show the images obtained by SEM. Spherical shape and uniformity in
size morphology of the aggregates was observed. The average diameter of nano-microcapsule was
1.313 ± 0.622 µm, 1.466 ± 0.71 µm and 1.02 ± 0.39 µm for F1, F2 and F3 respectively (Table 1). The
addition of LCA in formulation F3 statistically signi�cantly decreased the size compared to F1 (p < 0.05).
The decrease in F3 size, brought by LCA, is attributed to nano-microcapsules having a high surface area
to volume ratio, cohesiveness and curvature, which means a greater amount of drug can come into
contact with the nano-microcapsules core. Thus, this may impact the e�cacy of the drug in in vivo
studies and result in increased dissolution rates of the drug 37. Generally, spray dry technology produces
capsules in agglomerates as seen in Fig. 1 (i-vi). It could be more advantageous in in�uencing prolonged
drug retention and higher drug concentration in vivo compared to conventional particle morphology
20,37,38.

Likewise, Table 1 shows the surface elemental analysis of microcapsules analysed by EDS. The EDS
spectra of all the micro-nanocapsules showed the presence of different atoms; carbon (C), oxygen (O),
and sodium (Na). In our previous studies, PB microcapsules presented with the sulphur (S) atom on the
surface of the capsule, demonstrating the con�rmation of PB on the surface of the capsule 35,39.
However, the present study does not show PB presence on the surface of microcapsules. PB may likely be
present inside the capsule core, which indicates a better, robust, and optimised formulation. The
dominant atom present on EDS spectra composed largely composed of sodium alginate dominant by C,
O and Na atoms 40. 
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Table 1
Surface elemental analysis of different formulations. The size of capsules is determined by image J

analysis software. Level of signi�cance, p < 0.05.
Formulations Size of

capsules

(µm)

Major surface elemental
distribution

F1 1.31 ± 0.62 N, C, O, and Na

F2 1.46 ± 0.71* N, C, O, and Na

F3 1.02 ± 0.39* N, C, O, and Na

Statistically signi�cant difference (p > 
0.05)

F2 vs F3  

Rheological, electrokinetic stability, surface tension, thermal
and chemical analysis
Rheological parameters such as viscosity, shear rate, torque and shear stress are presented in Fig. 2 (A-C).
The parameters were recorded at various set speeds (20-1000 rpm). The rheological patterns showed a
parallel reduction in their apparent viscosity, increase in torque and share stress under increasing stress
rate. In summary, this indicated that all the formulations acted as non-Newtonian, thixotropic �uids 41,42.
All the formulations form rapid circular motions away from the origin of centripetal forces while the set
speed is increased, suggesting the non-Weissenberg fashion particle formulations 41,43. The LCA
incorporation did not change the �uidic mechanics of formulation F3. The �uid behaviour is important to
understanding capsules stability pro�le, fabrication, and drug release kinetics, which is parallel with
previous studies 35,44.

The electrokinetic stability of all the formulations is presented in Table 2. Remarkably, the addition of LCA
in the F3 formulation signi�cantly improved the stability of the formulation. The magnitude of the
negative charge of microcapsules has previously been reported to be proportional to with stability and
dispersion of the solution, which in turn, results in particle �occulation and agglomeration45,46. Likewise,
Table 2 further highlights the surface chemistry of the particles. By incorporating LCA there is a
noteworthy decrease in surface chemistry of the liquid’s formulation which means LCA supports easier
spreading over the surface, making a thin and soft layer of liquid suspension that helps the smooth �ow
of liquid from the nozzle of spray dry and more importantly this behaviour increase the drug distribution
and absorption 47.

The excipient-drug thermal melting temperature compatibilities were analysed using the DSC. The
thermal peak of PB powder 126.8 ± 1.5°C, LCA 187.2 ± 2°C and SA 194 ± 3°C were reported, which
correspond appropriately with each respective melting point, as per our previous study 35. Likewise,
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poloxamer, PVA, PAA and silk �bre protein melting points were noted at 55 ± 3°C, 191 ± 1°C, 120 ± 2°C and
151.8 ± 2°C respectively. Gelatin shows a single, wide, thermal peak at 98.0°C ± 5. During the pre-micro-
nanocapsule processes (mixture of a free compound), three major characteristic peaks were noted; 43.5 
± 1.55°C, PB peak at 126.67 ± 0.75°C and next, possibly SA, peak at 179.9 ± 3.54°C. F1 presented three
major peaks at 43.1 ± 0.6°C, 93.6 ± 6.3°C and 195.15 ± 1.05°C corresponding primarily to poloxamer,
gelatin and perhaps the combined peak of SA-PVA. Likewise, F2 micro-nanocapsules also presented three
major thermic peaks at 43.5 ± 0.5°C, 126.8 ± 0.4°C and 182.85 ± 1.85°C. Similar to F2, F3 has three major
thermic peaks at 44.1 ± 0.9°C, PB peak at 126.7 ± 0.3°C and probably SA-LCA peak at 181.15 ± 2.15°C
(Table 2). It is interesting to note that in the pre and post-micro-nano encapsulation process, SA and LCA
peaks merge, resulting in a marginal exothermic shift in thermal peak towards the left when compared to
their corresponding powder to form one major peak and are involved in an ionic-crosslinking reaction.
Perhaps due to alternation in the plasticisation, crystallinity and polymorphism, but interestingly this
uni�cation does not alter the thermal characteristic of PB, which closely aligns with the authors’ previous
studies35,43. The crosslinking between SA and LCA makes capsules more stable, with the ability to resist
unwanted mechanical pressure, and stress and may increase membrane stability 48. Not only SA and
LCA but also the other added polymers do not affect the thermal compatibilities of PB and possibly, they
may interact with each other to form better cross-links, which is also buoyed by FT-IR results (Table 2).

The chemical bond stability and alternation of PB with the addition of SA, LCA and other polymers were
established by identifying the functional groups present within a molecule or between molecules using
the FT-IR method 49. Only the major and characteristic peaks speci�c to a particular compound were
noted. FT-IR PB spectra showed primarily three speci�c peaks at 2957.94 cm− 1, 1422.06 cm− 1, and 1309
cm− 1 which are parallel to O-H, C-H and S = O functional groups respectively. Likewise, SA displays four
peaks; O-H intense stretching peak at 3235.5 cm− 1, C-H intense stretching peak at 1406.9 cm− 1 and
1025.88 cm− 1 and C = C intense stretching peak at 1599.2 cm− 1. Moreover, LCA showed four major
characteristic spectra at 3285.3 cm− 1 2924.84 cm− 1 1700.93 cm− 1 and 1040 cm− 1, similar to our
previous work 35. The structural determination of poloxamer, gelatine, PVA, PAA and silk �bre protein
display stretching intense peaks similar to other studies 50–56. Parallel with the DSC results, pre-micro-
nanocapsules display the distinctive peaks of PB at 1422 cm− 1 and 1309 cm− 1 suggesting excipient
compatibility and stability of PB even after the addition of LCA with no interference. The SA and LCA
spectra combined to form one common peak at 1031 cm− 1 which supports our DSC result. As shown in
Table 2, F1 micro-nanocapsule mostly showed the characteristic peaks of SA. F2 micro-nanocapsules
show interference-free peaks at 1309 cm− 1, representing PB. Similar interference free peaks at 1308 cm− 1

of PB were also noticed in F3 micro-nanocapsules suggesting PB chemical stability in these
formulations. Parallel to DSC analysis, SA and LCA, the characteristic peak of LCA and SA combine and
give one common peak during encapsulation process at 1031 cm− 1 in F2 and 1032 cm− 1 in F3 cm− 1.
However, this interaction and addition of other polymers does not affect chemical modi�cation of PB.
Thus, from DSC and FT-IR results, it is clear that encapsulation of PB with SA, LCA and other polymers
does not signi�cantly negotiate the structural, thermal and chemical integrity of PB.
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Drug content and release study
As shown in Table 2, even though the addition of LCA in F3 increased the PB content it is not statistically
signi�cant compared to F2 (p > 0.05), which shows that LCA addition does not change the concentration
of PB, supporting the authors' previous studies 48,57. However, the impact of LCA addition is seen in the
PB release pro�le presented in Fig. 2D. The drug content and release study support our hypothesis that
PB is present on the inner core of the capsules rather than on the capsule's shell. This also means, early
drug release from both the capsules is low due to the PB present inside the core of the capsules rather on
the surface as shown in the EDS result (Table 1).

Release studies show that from 30 minutes to 2 hours, PB release from the F2 is rapid and higher
compared to F3, but statistically not signi�cant. However, after 2 hours a PB rapid and "burst release"
from F3 was observed to be statistically signi�cantly greater compared to F2 (p < 0.05). The result proved
that the inclusion of LCA established an improvement in drug release, which means this drug release
study is formulation dependent20,35,39. From the physicochemical compatibility study (Table 2), it is
clear that SA and LCA cross-link with each, strengthen the wall of the encapsulation matrix, and prevent
the rapid degradation of PB. These features support a more controlled release of the drug in the early
hours. After a certain time, alginic acid forms a soluble viscid layer due to quick solubilisation and
dissolution that break the cross-link bond with LCA. This mechanism causes a rapid release of the drug,
which was intact inside the core of the capsules. After 3 hours, the drug release from both formulations
reached a stable pro�le with maximum release from the F2 formulation at 62 ± 4% and from F3 at 79 ± 
2% (p < 0.05) (Fig. 2D). Both formulations provide sustained drug release.

Controlled and sustained drug release formulations are important to decrease the concentration of drugs
needed to show the maximum positive effect of the drug in patients with cochlear dysfunction. Studies
show that controlled, sustained drug release into the inner ear determines the ultimate outcome of the
drug and prevents the unwanted drain of the drug into the Eustachian tube 24. Together with controlled
drug release, burst release has been utilised to deliver drugs at high release concentrations as a targeted
delivery strategy 58. However, researchers chase to avoid initial burst release, with potential reasons
being, that high drug release at the starting phase could cause drug toxicity and may also be metabolised
and excreted without being utilised effectively 59,60. In our previous study, drug release from SA
microcapsules showed early burst and uni-phasic PB release even after the addition of taurocholic acid
(another bile acid), probably due to the presence of PB 39. However, the addition of both natural and
synthetic polymers and LCA and improved methodology could give better and improved PB release
patterns in this study. The LCA addition showed a decrease in the size of capsules and surface chemistry
and better electrokinetic stability; this could be another reason why the PB-LCA microcapsule showed
controlled release kinetics.

In the last few years, silica-based nanoparticles and viral vector systems have been highly utilized to
deliver drugs to the inner ear. Every delivery system has pros and cons, for example, viral vector is still
considered harmful to the delivery drug and silica-based nanoparticles have limited controlled drug



Page 9/24

release, limiting drug clearance by drainage from the Eustachian tube or elimination out of the blood
lybrithium barriers 25. In addition, silica-based nanoparticles may cause prolonged diffusion across the
round window membrane cavity 61,62. Therefore, our robust formulation preserved initial burst release
and supported controlled and sustained drug release and control degradation kinetics, which might be the
best approach for targeted drug transfer to the round window membrane. 

 
Table 2

Zeta potential, surface tension, drug content DSC and FTIR analysis. Data are presented as mean ± 
standard deviation, n = 3. Level of signi�cance, p < 0.05.

Formulations Zeta
potential
(mV)

Surface
tension

(mN/m)

Drug
Content
(%)

DSC
(°C) major
thermal peaks

FTIR

(cm− 1) major
characteristic spectral

F1 -12.57 ± 
4.31

61.50 ± 
2.06 *

  43.1 ± 0.6,
93.6 ± 6.3 and

195.15 ± 1.05

3346, 2889, 1733,

1606, 1412 and 1031

F2 -13.02 ± 
4.63

66.33 ± 
2.92 *

5.66 ± 
0.92

43.2 ± 1.3,
126.07 ± 1.17

and 179 ± 
3.23

3222, 2952, 1870,

1605, 1415, 1309 and
1031

F3 -23.36

± 7.69

51.33 ± 
3.19 *

6.29 ±
1.29

44.1 ± 2.5,
26.66 ± 0.72

and 180 ± 
0.92

3290, 2954, 2860,
1701, 1416, 1308 and
1032

Statistically
signi�cant difference
(p > 0.05)

F1 vs F3

F2 vs F3

F1 vs
F2

F1 vs
F3

F2 vs
F3

 

In vitro e�cacy of characterised micro-nanocapsules

Effect on cell viability
Figure 3 (A and B) shows the effect of F1, F2 and F3 micro-nanocapsules on the cell viability of HEI-OC1
cells. The data was normalised where 100% is the viability of cells, which is, consider as control (C1). The
percentage of cell viability signi�cantly improved when cells were exposed to F2 and F3 (p < 0.05). The
cellular viability of C2 and F1 were below 50%, whereas cellular viability signi�cantly increased, to ~ 70%
when cells were treated with F2 and F3 micro-nanocapsules (p < 0.05). The highest increase was noticed
when cells were treated with F3 (p < 0.05) (Fig. 3A). Cellular staining of live/dead cells was presented in
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Fig. 3B to complement the MTT results. The number of dead cells signi�cantly increased in the untreated
group (C2) and F1, while fewer dead cells were observed when cells were treated with F2 and F3 micro-
nanocapsules. This result suggest the PB acts as an anti-oxidant and protects HEI-OC1 from the oxidative
damage usually caused by AAPH, resulting in the normalisation of free radicals. The protective effect
brought by PB is signi�cantly enhanced in the presence of LCA, which is consistent with our previous
works showing a protective effect of PB-bile acids on pancreatic β-cells from oxidation and in�ammation
35,63. The positive effects of F3 micro-nanocapsules (Fig. 4) may be due to the increased PB release
once LCA is added (Fig. 2D), or due to the anti-apoptotic or anti-in�ammatory effects of LCA 64,65. AAPH
is an azo compound, generating peroxyl radicals forming in the reaction with oxygen peroxyl radicals and
often causes lipid peroxidation and cellular oxidative damage without generating hydrogen H2O2 as an
intermediate 66. Thus, PB-LCA micro-nanocapsules are shown to reverse this mechanism and protect the
cells, which positively in�uences other biological data (Fig. 4).

Effect on bioenergetics assay
Figure 4 (A-C) shows the cellular respiration and mitochondrial activity of HEI-OC1 cells when measured
after cells were exposed to AAPH and treated with and without nano-microcapsules. The results are in
line with the cell viability assays, which shows statistically signi�cant improvement in bioenergetics
parameters when cells are treated with F2 and F3 micro-nanocapsules (p > 0.05), which is similar to our
previous studies 35,48. The addition of F3 nano-microcapsule to the cells treated with APPH signi�cantly
increased the OCR from − 53 ± 1.02 to 187 ± 11.76 pmol O2/min, suggesting an increase in mitochondrial
respiration (Fig. 4A). Moreover, it signi�es a higher OCR, likely linked with high ATP (adenosine
triphosphate) turnover and electron transfer with a proportional increase in oxidative phosphorylation due
to low mitochondrial damage 67. Increased ECAR from 35.50 ± 0.55 to 99.40 ± 6.8 mpH/min and PPR
from 63.75 ± 1.75 to 174.45 ± 12.78 pmol/min when treated with F3 micro-nanocapsule (Fig. 4B-C),
suggests more proton transport, supporting the production of cellular energy via the glycolysis pathway
and complements OCR results (Fig. 4A). Through the glycolysis pathway, pyruvate in the presence of
oxygen is oxidised to NADH, forming a proton gradient from ATP-ADP, changing the ATP: ADP ratio and
increasing the cellular ATP production. It signi�es the synthesis of oxygen molecules in the mitochondrial
electron transport chain has prevented mitochondrial dysfunction caused by damage from AAPH. Many
other anti-oxidants such as D-methionine, thiourea and coenzyme-Q10 have been studied to prevent SHL
induced by oxidative stress 11,12,68. Low or weak mitochondria protection is still the major problem with
these anti-oxidant treatments 12. Damaged mitochondria inhibit the synthesis of oxidative
phosphorylation complexes, and cells initiate apoptotic cell death, creating further damage to
mitochondrial function 69. Therefore, we have shown that the PB-LCA combination could represent one
way to counteract mitochondrial dysfunction induced by the free radicals.

Effect on in�ammatory pro�le
The production of in�ammatory cytokines TNF-α and IFN-γ are signi�cantly lower in the group treated
with F3 micro-nanocapsules, followed by F2. The highest cytokine levels analysed correspond with the
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untreated AAPH C2 group (p > 0.05) (Fig. 4D-E). Noteworthy is the decrease in TNF-α and IFN-γ were seen
in group F3 from 13.76 ± 0.87 pg/mL to 3.26 ± pg/mL and 13.55 ± 0.28 pg/mL to 5.88 ± 0.13 pg/mL
respectively, as noted in Fig. 4D and 4E. A previous study has reported that in�ammation could be one of
the most causative factors involved in SHL and is also connected with the growth and progress of the
disease 70. In the cochlea, it is well studied that the spiral ligament releases chemokines, including TNF-α
and IFN-γ, and their overexpression is seen in oxidative stress, which may cause hair cell function
disorder and subsequent SHL 71. IFN-γ causes vestibular hair cell death via different cellular
mechanisms, and it may sensitise cochlear cells to TNF-α cytotoxicity 72. Similarly, the same study
reported the sensitisation effect of IFN-γ to TNF-α in HEI-OC1 cells and the effect on cochlear sensory
cells. Moreover, TNF-α and IFN-γ are key molecules to activate the caspase-dependent apoptotic and their
expression is highly present in mitochondrial dysfunction 73. It could be reasonable to assume that cells
exposed to AAPH amplify pro-in�ammatory cytokines, thus determining diseases severity. The present
study successfully decreased the level of pro-in�ammatory cytokines when treated with F3 micro-
nanocapsule, which is in line with our above cell viability assay (Fig. 3) and previous studies 30,48,63.

Effect on cellular oxidation assay
Figure 4F shows the cellular oxidation assay of HEI-OC1 cells over 48 hours for C1, C2, F1, F2 and F3
treatment groups. The cells treated with F3 micro-nanocapsules showed a signi�cant decrease in
�uorescent activity, which indicates the combination of PB-LCA brought a signi�cant anti-oxidant activity
that inhibited the formation of the intracellular release of peroxyl, hydroxyl or ROS activity that can cause
lipid peroxidation induced by AAPH (p < 0.05), consistent with our previous �ndings on pancreatic beta-
cell 34,74.

Exposures of HEI-OC1 cells to AAPH signi�cantly affects cell survival and viability, energy production, pro-
in�ammatory cytokines release and oxidation assay. However, co-treatment of cells with PB micro-
nanocapsules protects the cells from damage induced by AAPH. The improved cellular function was
noticed more when LCA was added to the PB formulation. This suggests that PB’s antioxidant, anti-
in�ammatory function and cellular uptake are enhanced in the presence of LCA. This in turn results in
improvements toHEI-OC1 cell survival, energy production, pro-in�ammatory cytokines, and oxidation level.

Conclusion
To our knowledge, this is the �rst study in which PB-based miro-nanocapsule were developed to examine
the effect of PB micro-nanocapsules on oxidative stress in HEI-OC1 cells. This preliminary study showed
that the developed method is optimised, robust, and successful in producing uniform micro-nanocapsule
without the presence of drug crystals on the capsule surface, with physiochemical compatibility, stability,
and controlled and sustained drug release over the time when LCA is added. The addition of LCA does not
change the �uid behaviour nor the drug content, but in�uences the electrokinetic stability, surface
chemistry and size of capsules. The in vitro study �nding showed the addition of LCA on PB micro-
nanocapsule signi�cantly improves the biological function of the HEI-OC1 cells, which suggests potential
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application in treating SHL induced by oxidative stress. Future studies will be focused on the mechanism
of PB on other anti-ROS proteins and enzymes, and in vivo studies to show its optimised function in inner
hair cells and nervous.

Materials And Methods
Reagents

PB (≥ 99), LCA (≥ 95%), low viscosity sodium alginate (SA; ≥ 99), Tween 80, gelatin,
poloxamer, Polyvinyl alcohol (PVA), Poly(acrylic acid) (PAA), polystyrene sulfonate (PSO),  Poly-L-
ornithine (PLO) and silk �broin protein were gained from Sigma-Aldrich (St Louis, MO, USA). 2,2′-Azobis-2-
methyl-propanimidamide, dihydrochloride (AAPH) was bought from Sapphire Bioscience (Redfern, NSW,
Australia) and 20,70-Dichloro�uorescin diacetate (DCFH-DA) from Sigma-Aldrich as well. Dulbecco’s
Eagle's Medium (DMEM) (Bioscience Gibco TM, Dublin, Ireland), foetal bovine serum (Thermo�sher
Scienti�c, Melbourne, Australia), MTT(3- (4, 5 - dimethylthiazol-2-yl)-2, 5- diphenyltetrazolium bromide)
(Thermo Fisher Scienti�c MA, USA), (PBS), pH 7.4 (Thermo�sher Scienti�c, Australia), DMSO (Sigma
Chemical Co, USA), Hoechst 33258 (Thermo�sher Scienti�c, Australia), propidium iodide (1 µg/ml) dye
(Thermo�sher Scienti�c, Australia), seahorse kit (Massachusetts, USA) and cytokine bead array assay
(BD Bioscience, CBA Mouse, USA) were brought for cell work. 

Preparations of Drug

Stock mixtures for the formulations were prepared in deionised water using PB (0.45% w/v), LCA (0.45%
w/v), SA (1.7% w/v), tween 80 (1.7% v/v), gelatin (0.8% w/v), poloxamer (1% w/v), PVA (1.3% w/v), PAA
(0.35% w/v), PSS (0.35% v/v), PLO (1.1% v/v) and silk �broin protein (0.7% w/v). All formulations were
mixed thoroughly for 10 hours at room temperature. The stock solutions were stored in the fridge and
used within 24 hours of preparation.

Preparation of micro-nanocapsule

Three different formulations were prepared; F1= polymers only, F2= polymers and PB, F3= polymers, PB
and LCA. The micro-nanocapsules were prepared by pumping in the formulation at a 5-10% �ow rate in
the BUCHI mini spray dryer B-290 with a 0.7 mm nozzle diameter (Meierseggstrasse, Flawil, Switzerland).
Inlet and outlet temperatures at 150°C to 170°C and 60°C, respectively. The aspirator was set at 92-95%.
All the formulations' dry powder was collected, weighed, and used for further analysis. Each experiment
was analysed in triplicates (n = 3).

Particle characterization

Toporphology, size and surface elemental analysis of micro-nanocapsules

The size and appearance of micro-nanocapsules were determined using a �eld emission scanning
electron microscope (SEM; CLARA TESCAN, Brno, CZ). The mean particle size was determined by using
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the software Image J Analysis. The surface elemental analysis was characterised using energy-dispersive
spectrometry (EDS, INCA X-Act; Oxford Instruments, UK). Prior to imaging, dried particles were mounted
on an aluminium stub with double-sided adhesive carbon tape and coated under vacuum in an argon
atmosphere with 5 nm platinum. 

Rheological analysis, zeta-potential, surface tension and physicochemical compatibility

Rheological analyses such as viscosity, torque, shear stress and shear rate were measured for all the
formulations using the viscometry (Visco-88 viscometer, Malvern Instruments, Malvern, UK) at various
speeds. Particle electrokinetic stability was measured using the Zetasizer 3000 HS (Malvern Instruments,
Malvern, UK). Tensiometer (Sigma 703, NSW, Australia) was used to analyse Surface tension.

Powder form compounds and the formulations' physical characterisation were analysed using the
differential scanning calorimetry (DSC) (Netzsch DSC 3500 Sirius, JP) under a nitrogen atmosphere. The
heat �ow difference between reference and sample is determined, representing the sample’s caloric
change. Brie�y, dry samples (F1, F2, F3, individual and mixture of compounds) were sealed in an
aluminium pan together with a reference (empty sealed pan) and heated range from 10°C to 300°C at a
�ow rate of 20 K/minute with auto cooling 35. 

The chemical pro�le of compounds and formulations characterisation was performed by Fourier
transform infrared spectroscopy (FT-IR) (Waltham, MA, USA) in a transmission frequency range of 450-
4000 cm-1   35.               

Drug content and release study

For drug content, 8 mg of F1 and F2 suspensions were stirred at 37°C, 100 rpm for 4 hours in 10 mL
acetonitrile. 1 mL of the suspension was �ltered and transferred to a glass vial and measured using high-
pressure liquid chromatography (HPLC) using the method mentioned below. The amount of drug content
and encapsulation e�ciency was calculated as described previously 48.

For the PB release study, 100 mg of F2 and F3 micro-nano particles were suspended in 10 mL
of perilymph-simulating �uid (pH 7.25 and Osmolarityms= 320 mOsm/L) at 37 °C for 4 hours, stirred at
100 rpm. The �uid was collected in a tube every 30 minutes, and sink conditions were maintained
throughout the experiment. The tubes were centrifuged for 30 minutes at 11,000 xg and �ltered using a
0.22-µm Millex syringe �lter before being injected into HPLC to analyse the release parameters. For HPLC
analysis, 20 μL samples were loaded with a low-pressure gradient in the Shimadzu Prominence HPLC
system (Pump model: LC-20AT, UV detector: SPD-20A and injector model: SIL-20AC, Shimadzu
Corporation, Kyoto, Japan) on a Phenomenex C18 reverse-phase column with an internal diameter of 4.5
mm and a length of 25 cm at a wavelength of 242 nm. The suspension and PB standard concentrations
were run in acetonitrile: water (95:5% v/v) at the wavelength of 242nm with a �ow rate of 1.5ml/min. PB
standard concentrations were run from 0.04 to 12 mg/mL 34.
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In vitro study

Cell culture

HEI-OC1 (House Ear Institute-Organ of Corti 1) cells were obtained from UCLA medical centre. Cells were
cultured in permissive conditions (33°C and 10% CO2) in high glucose in DMEM without antibiotics, with
10% foetal bovine serum. At every 24 hours interval, media was changed and when the cells population
reached around 80% con�uence, a sub-culture was performed as described75,76.  

For each assay, cells were collected and adjusted at 2.0 × 105 cells/mL concentrations and left overnight
in incubation for the attachment on the cell-well plate. The experiment started by exposing the cells to a
chemical AAPH stressor in various concentrations. The cells' viability was signi�cantly decreased with
the increasing concentration of AAPH. AAPH at a 12.5 millimole (mM) rendered a ~50% cell viability
(IC50) and this concentration was selected for this study.  Cells were then treated with differently prepared
micro-nanocapsules (F1, F2 and F3) for 48 hours and compared within the different groups and controls
(C1= untreated cells and C2 = cells treated only with AAPH; negative control).

Cell viability assay

Cell viability analysis was performed via MTT assay. The MTT stock solution (5mg/ml) was prepared in
PBS.  For this assay, cells were collected and adjusted to the required concentration (2.0 × 105 cells/mL).
Cells were treated with AAPH and co-treated with micro-nanocapsules. After 48 hours of treatment, MTT
assay was performed as mentioned previously with slight modi�cation 76. Brie�y, after 48 hours, cell
media was removed, washed with PBS, and 30 μL of MTT reagent was added with serum-free DMEM
media and incubated for 3 hours.  After 3 hours, DMSO was added to stop the reaction; the multi-well
plate was then kept on a plate shaker for another 10-20 minutes to ensure the reaction was completed.
PerkinElmer Multimode Plate Readers (Waltham, Massachusetts, USA) set at 550 nm were used to
measure the absorbance, and the result was expressed as a normalised percentage of viable cells
compared to the control culture cells.

For live/dead cell staining, the cell was seeded on 24 well plates and left overnight to allow attachment to
the substrate in an incubator, and then cells were stressed with the addition of AAPH. After 48 hours of
the treatment, the cells were washed with PBS, treated with the mixture of Hoechst 33258 (5 µg/ml) and
propidium iodide (1 µg/ml) dye, and incubated for another 10 minutes. Fluorescent images were captured
by Olympus IX51 inverted �uorescence microscope (Tokyo, JP). For the analysis of su�cient cell
numbers to allow the presented data to have statistical signi�cance, images from four adjacent �elds
were taken per well, and the percentage of the dead and live/cell was calculated. Cells were considered
dead if they emitted the �uorescence signal only propidium iodide. 

Bioenergetics assay
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Mitochondrial function was analysed by measuring oxygen consumption rate (OCR), extracellular
acidi�cation rate (ECAR) and proton production rate (PPR) using real-time Seahorse Flux Analyser XF 96
(Seahorse Bioscience, USA) with our well-established method 33. Brie�y, the �rst injection was with media
without glucose, with subsequent ATP synthase inhibitor oligomycin (1.5 µM) and FCCP (1 µM) (carbonyl
cyanide-p-tri�uoromethoxy phenylhydrazone) and the �nal injection was complex I + II inhibitors
Rotenone + antimycin A (0.5 µM) 77. The result was automatically generated and analysed by the wave
software.

Cytokine bead array assay

Cytokine release (TNF- α, Tumor necrosis factor-alpha and  IFN-γ, interferon-gamma) from 48 hour treated
HEI-OC1 cells was performed via the cytokine bead array assay BD Bioscience cytometry bead using the
BD FACSCanto II cell analyser 9BD Bioscience, USA) as per protocol provided. Data were analysed by
using the FlowJO software (FlowJo, Ashland, OR, USA). 

Cellular anti-oxidant assay 

This assay measures the anti-oxidant effect on live cells. It is the standard approach to measure
intracellular ROS via the use of DCFH-DA. For this assay, after 48 hours of the AAPH treatment and co-
treatment with micro-nanocapsules, cells were washed with PBS, treated with 50 µM �uorescence label
probe DCFH-DA and incubated for 30 minutes. DCFH-DA stock solution (25 mM) was prepared in
methanol, aliquoted and stored at -20°C. DCFH-DA is esteri�ed into DCFH when it diffuses through the
cell membrane into the cytosol, which is oxidised by intracellular ROS to form �uorescing DCF. The higher
the �uorescence activity, the greater the DCFH-DA oxidation which was measured at 485 nm absorption
and 538 nm emission using Enspire Multimode Plate Reader 34,78,79.

Statistical analysis 

All the experiments were analysed thrice; data were shown as the mean ± standard deviation (SD) or
standard error of deviation (SED) and analysed using one-way analysis of variance (ANOVA) followed by
Tukey's posthoc analysis or by using Pearson t-test using Graphpad Prism version 8.1.2. Statistical
signi�cance value was set at p < 0.01 or p < 0.05.   
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Figures

Figure 1

Surface morphology of micro-nanocapsule by SEM of different formulations F1, F2 and F3 (i-vi) at
different magni�cations, (i, iii and V) 10 µm scale and (ii, iv and vi) 20 µm scale.
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Figure 2

Rheological analysis of different formulations taken at various speeds (A-C) and drug release pro�le in
perilymph-simulating �uid at 37 °C for 4 hours (D). Data are presented as mean ± standard deviation, n =
3. Level of signi�cance, p < 0.05 

Figure 3
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HEI-OC1 auditory cellular viability assay (A) measured by MTT after 48 hours of the treatment and live,
death cells imaging con�rmed by cell staining assay; blue (Hoechst 33258) and red (propidium iodide)
(B). Data are presented as mean ± standard error of deviation, n = 3 Number of * signi�es the level of
signi�cance (p < 0.05 or p < 0.01). 

Figure 4

HEI-OC1 auditory cell, bioenergetics assay (A-C), pro-in�ammatory assay (D-E) and cellular oxidation
assay (F) after 48 hours of cell treatment. Data are presented as mean ± standard error of deviation, n =
3. Number of * signi�es the level of signi�cance (p < 0.05 or p < 0.01).
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