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Abstract: In this paper, the potential of poly(D,L-lactide-co-glycolide acid) (PLGA)
nanoparticles (NPs) for carrying single or compound drugs traversing the round window
membrane (RWM) was examined after the round window (RW) administration of different
NPs to guinea pigs. First, coumarin-6 was incorporated into PLGA NPs as a fluorescent probe
to investigate its ability to cross the RWM. Then, PLGA NPs with salvianolic acid B (Sal B),
tanshinone ITA (TS IIA), and total panax notoginsenoside (PNS) including notoginsenoside R,
(R)), ginsenoside Rg, (Rg)), and ginsenoside Rb, (Rb,) were developed to evaluate whether NPs
loaded with compound drugs would pass through the RWM and improve the local bioavailability
of these agents. PLGA NPs loaded with single or compound drugs were prepared by the emul-
sification solvent evaporation method, and their particle size distribution, particle morphology,
and encapsulation efficiency were characterized. In vitro release study showed sustained-release
profiles of Sal B, TS IIA, and PNS from the NPs. The pharmacokinetic results showed that NPs
applied to the RWM significantly improved drug distribution within the inner ear. The AUC_
of coumarin-6 in the perilymph (PL) following RW administration of NPs was 4.7-fold higher
than that of coumarin-6 solution, and the C___was 10.9-fold higher. Furthermore, the AUC , of
R,,Rg,, and Rb, were 4.0-, 3.1-, and 7.1-fold greater, respectively, after the application of NPs

compared to the compound solution, and the C_ _were, respectively, 14.4-, 10.0-, and 16.7-fold

higher. These findings suggest that PLGA NPs with unique properties at the nanoscale dimen-
sions have a powerful ability to transport single or compound drugs into the PL through the
RWM and remarkably enhance the local bioavailability of the encapsulated drugs in the inner
ear. The use of PLGA NPs as nanoscale delivery vehicles to carry drugs across the RWM may
be a promising strategy for the treatment of inner ear diseases.

Keywords: inner ear administration, nanoparticles, perilymph, local bioavailability, poly(D,L-

lactide-co-glycolide acid)

Introduction

The effective medical treatment of the inner ear diseases depends on achieving
therapeutic concentrations of medications within the inner ear. However, the existence
of the blood-labyrinthine barrier (BLB) and limited blood flow to the cochlea prevent
the delivery of drugs from the blood to the inner ear and represent a fundamental
obstacle to systemic application."* The BLB is a major barrier separating the inner
ear from systemic circulation with tight junctions, made up of capillary endothelial
cells that line blood vessels located in the stria vascularis.” Recent inner ear cellular
biology findings have suggested several possibilities for the novel medical treatment
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of certain inner ear diseases and have subsequently directed
increasing interest toward the topical administration of drugs
to the inner ear.’

At present, there are two main routes for topical drug
delivery to the inner ear: 1) intracochlear or intravestibular
drug delivery and 2) intratympanic (extracochlear) drug
application to the round window membrane (RWM). The
most widely used approach is round window (RW) applica-
tion mainly because it is a safe and feasible way to deliver
drugs to the inner ear, especially to minimize hearing
damage.” In intratympanic delivery, drugs in formulations
are delivered through the tympanic membrane to the middle
ear, from where the drugs permeate through the RWM into
the inner ear by passive diffusion.® Local application onto the
RWM is a promising way of targeting drugs to the structures
of the inner ear, which can directly deliver chemotherapeutic
agents into the inner ear, bypassing the BLB and avoid-
ing systemic side effects.”!? It is noteworthy that single or
repeated intratympanic injections of gentamicin'' are now
commonly used in the treatment of Méniére’s Disease. In
addition to aminoglycosides and anesthetics, a variety of
drugs have been applied extracochlearly to the RW niche in
humans, including neurotransmitters and neurotransmitter
antagonists for tinnitus, steroids'?> and monoclonal antibodies
for autoimmune inner ear disease, and apoptosis inhibitors
(AM-111) for noise-induced hearing loss.’

The RWM, a semipermeable membrane and physical
barrier, is the most important interface between the middle
and inner ear. The passage of substances through the RWM is
affected by the membrane’s thickness, morphologic integrity,
the presence and duration of inflammation, and the physico-
chemical characteristics of the substances.!*!'* Although the
RWM is accessible in the middle-ear space, some potential
therapeutic agents are unable to readily cross the RWM to the
cochlea due to their properties,'> which limits the treatment
of inner ear disorders. Moreover, the direct contact of some
therapeutic agents, such as hydrocortisone, with middle ear
structures can elicit morphological changes in the RWM.!¢
Thus, sophisticated approaches are required to enhance the
ability of drugs to access the inner ear, and nanoparticles
(NPs) can compensate for the insufficient molecular proper-
ties of some drugs to cross the RWM.

The use of novel NPs made from biodegradable and
biocompatible polymers as promising drug delivery vehicles
may complement existing therapeutic strategies. NP-based
drug delivery systems preferentially manipulate drug distri-
bution and improve their bioavailability. Poly(D,L-lactide-
co-glycolide acid) (PLGA), a biodegradable and nontoxic

polymer approved by the US Food and Drug Administration
(FDA) for human use, is thought to be an ideal particulate
drug carrier for NPs.!® The encapsulation of drugs in PLGA
nanocarriers can reduce the undesirable shortcomings of
therapeutic agents, such as short circulation half-life or non-
site-specific targeting, resulting in undesired systemic side
effects.!” Based on nanoscale size, PLGA NPs can permeate
through the RWM easily. Several articles have reported on
the local application of PLGA NPs onto the RWM for drug
delivery to the cochlea. PLGA NPs encapsulating rhodamine,
a red fluorescent dye, placed on the RWM were detected
in the scala tympani.?’ Similarly, iron oxide-loaded PLGA
NPs applied to the RWM were found in the cochlea with or
without exposure to magnetic forces.”! PLGA NPs loaded
with multiple agents and applied to the RWM have scarcely
been reported. Because the different physicochemical
characteristics of drugs lead to their inconsistent absorption
through the RWM, the compound drugs cannot achieve the
best effects. This will be circumvented by the application of
PLGA NPs incorporating the combined drugs to treat inner
ear diseases.

Coumarin-6, a kind of lipophilic fluorescent dye with
high sensitivity, is nontoxic and releases minimally from
PLGA NPs at acidic pH, and was therefore chosen as an
appropriate marker for in vivo tracking of NPs and related
mechanism studies.?>* Salvianolic acid B (Sal B) and tanshi-
none IIA (TS ITA) are the major hydrophilic and lipophilic
bioactive components, respectively, in the extract of Salvia
miltiorrhiza (Danshen in Chinese) and together have been
proven to be responsible for the neuroprotective effects
against apoptosis and antioxidation effects.?*® Total panax
notoginsenoside (PNS), including notoginsenoside R, (R,),
ginsenoside Rg, (Rg)), ginsenoside Rb, (Rb)), and others,
from Panax notoginseng (Sangi in Chinese) protects spiral
ganglion cells from cochlear ischemia.?” Danshen in com-
bination with Sanqi as a traditional Chinese herb-combined
prescription has been successfully prescribed to patients for
the treatment of inner ear diseases, such as sudden deafness
and Méniére’s Disease.?8%

To investigate the potential use of PLGA NPs to facilitate
the migration of pharmacological agents across the RWM,
coumarin-6-loaded PLGA NPs were prepared and applied
onto guinea pig RWM as a fluorescent probe to examine
the ability of PLGA NPs to cross the RWM. Subsequently,
a polymeric NP delivery system for TS IIA, Sal B, and PNS
was developed to evaluate whether the NPs would carry
payloads of compound drugs onto the RWM and improve
the local bioavailability of these therapeutic agents.
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Materials and methods

Materials

Coumarin-6 (98%) was purchased from Sigma-Aldrich
(St Louis, MO, USA). Sal B (95%) and TS IIA (98%)
were purchased from Shenzhen Medherb Bio-Tech Co,
Ltd (Shenzhen, People’s Republic of China). PNS was
obtained from Chengdu Must Bio-Tech Co, Ltd (Chengdu,
People’s Republic of China). The contents of R, Rg,, and
Rb, were determined to be 26.1%, 36.5%, and 31.8% (w/w),
respectively, by high-performance liquid chromatography.
Sephadex G-50 was purchased from Pharmacia Co, Ltd
(Switzerland). Span-80 was purchased from Shanghai
Shenyu Medical Chemical Industry (Shanghai, People’s
Republic of China). LABRAFILM 1944 CS was kindly
supplied by GATTEFOSSE Co, Ltd (Shanghai, People’s
Republic of China). PLGA (LA/GA =50:50 and 75:25,
MW 10 kDa) was supplied by Shandong Medical Institute,
People’s Republic of China. Polyvinyl alcohol 4-88 (PVA,
MW 31 kDa) was purchased from Sigma-Aldrich.

NP preparation

Coumarin-6-loaded PLGA NPs were prepared by the
emulsion/solvent evaporation method. Briefly, 30 mg of
PLGA (LA/GA =75:25) and 60 ug of coumarin-6 in 1 mL
of dichloromethane/ethyl acetate (7:3) was added into
5 mL of 3% (w/v) PVA aqueous solution on ice using a
probe sonicator set at 190 W of energy output (Scientz
Biotechnology Co, Ltd, People’s Republic of China) for
100 seconds with pulses of 5 seconds on and 5 seconds off to
form an oil-in-water (O/W) emulsion. Then this emulsion was
diluted with a 0.5% (w/v) PVA aqueous solution, followed by
the evaporation of organic solvents under magnetic stirring
for 3 h to create a coumarin-6 nanosuspension.

PLGA NPs loaded with TS IIA, Sal B, and PNS were
prepared by a double emulsion/solvent evaporation method.
PLGA (LA/GA =50:50, 125 mg), TS IIA (10 mg), and Sal B
(18 mg) were dissolved in 1 mL of dichloromethane/ethyl
acetate (7:3) containing span-80 (0.05 g/mL) and LABRA-
FILM 1944 CS (0.05 g/mL) as a mixture emulsifier to form
the oil phase. The primary emulsion was formed between the
oil phase and 0.1 mL of PNS aqueous solution (400 mg/mL)
using a probe sonicator (190 W) for 1 minute with pulses of
5 seconds on and 5 seconds off on ice. Then 3 mL of aqueous
solution containing 2% (w/v) PVA was added to the primary
emulsion to obtain the W/O/W emulsion using intermittent
sonication on ice for 5 minutes (pulses of 5 seconds on and
5 seconds off, 190 W), which was further diluted with a
1% (w/v) PVA aqueous solution under magnetic stirring

for 3 h to remove organic solvents. The NPs were collected
from the supernatant colloidal suspension using a centrifuge
for 30 minutes at 3,000 rpm.

NP characterization

Particle size

The particle size and polydispersity index (PDI) of the polymer
NPs were determined using a Mastersizer 2000 laser particle
size analyzer (Malvern Instruments, Worcestershire, UK).

Transmission electron microscopy

Morphological characteristics were determined using a
transmission electron microscope (TEM, JEOL JEM-100CX
II, Tokyo, Japan). Samples of the nanosuspension were
placed on a copper grid covered with nitrocellulose and
dried at room temperature. After being negatively stained
with 1.5% (w/v) phosphotungstic acid, the samples were
observed using TEM.

Determination of encapsulation efficiency
The encapsulation efficiency (EE) of the coumarin-6 NPs
was determined by Sephadex filtration method.’® A gel
chromatographic column (1.5 cm X20 cm) filled with
Sephadex G-50 was used to separate the NPs and the
free drugs. One milliliter of the sample of the coumarin-6
nanosuspension was added to the column, and eluted using
distilled water to collect the NPs. The original coumarin-6
nanosuspension (1 mL) and the eluted coumarin-6 nanosus-
pension (0.5 mL) were ruptured using adequate acetonitrile,
and then diluted with methanol. The total drug content and
the drug entrapped in the nanosuspension were then analyzed
using a Shimadzu HPLC system (Shimadzu, Japan) consist-
ing of a Dikma Diamonsil C column (150 mm x4.6 mm,
5 um), a LC-10ATvp pump, and a RF-10AXL fluorescence
detector. The emission wavelength and excitation wavelength
of this detector were 504 and 466 nm, respectively, and the
injection volume was 20 L. The mobile phase, consisting
of acetonitrile and distilled water (80:20, v/v), was kept at
a flow rate of 1.0 mL/min. The EE of the coumarin-6 NPs
was calculated as follows:

Drug entrapped

EE (%) =
(%) Total drug content

x100. (1)

The EE of the NPs loaded with TS IIA, Sal B, and PNS
was determined by the reverse dialysis method described
by Fei.?! A dialysis bag (MW cutoff value of 8-14 kDa,
Guangzhou Qiyun Biological Technology Co, Ltd, People’s
Republic of China) containing 2 mL of saline with 0.2%
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sodium dodecyl sulfate (SDS, w/v) was placed directly
into 25 mL of the nanosuspension. After equilibrating for
12 hours, the dialysis bag was withdrawn from the nano-
suspension, and then the free dissolved drugs in the dialysis
bag were measured using HPLC. Then, the encapsulation
efficiency was calculated using the following formula:

Total drug content — Free dissolved
Total drug content

EE (%) = x100. (2)

To determine the total drug content in the nanosuspension,
I mL of the nanosuspension was dissolved in adequate
acetonitrile to destruct its packaged status. The drugs
were then extracted using methanol and filtered through a
0.22-um Millipore filter (EMD Millipore, Billerica, MA,
USA). The concentrations of TS IIA, Sal B, and PNS were
simultaneously measured by HPLC. The Shimadzu HPLC
system was equipped with an Amethyst C18-P column
(150 mm x4.6 mm, 5 um), two LC-10ATvp pumps, an
SCL-10Avp controller, and an SPD-M10Avp detector.
The detection wavelength was set to 203 nm for PNS and
280 nm for TS IIA and Sal B. The analytical column was
maintained at 25°C and eluted with a mobile phase consisting
of acetonitrile (A) and 0.05% phosphoric acid aqueous solu-
tion (B) using the following gradient program: 20%-25% A
at 0—10 minutes; 25% A at 10-15 minutes; 25%-35% A at
15-35 minutes; 35%—-60% A at 35-40 minutes; 60% A at
40-70 minutes; 60%—20% A at 70—71 minutes; and 20% A
at 71-80 minutes at a flow rate of 1.0 mL/min. The injection
volume of the sample solution was 20 pL.

In vitro release study

The release test of coumarin-6 in vitro was performed by
incubating a dialysis bag containing 3.0 mL of coumarin-6
nanosuspension and 2.0 mL PBS (pH 7.4) in 15 mL of PBS
(pH 7.4). The entire system was maintained at 37°C with
continuous stirring at 100 rpm. At predetermined time points,
1 mL samples were withdrawn from the medium and an equal
volume of fresh medium was added. The coumarin-6 content
in each of release samples was determined by HPLC. The
in vitro release of NPs loaded with TS IIA, Sal B, and PNS
was evaluated in saline containing 0.2% (w/v) SDS using the
dialysis method. A sealed dialysis bag containing 2.0 mL of
nanosuspension (harboring an equivalent of 1.16 mg of R ,
2.81 mgofRg,,2.82mgofRb, 1.03 mg of Sal B, and 7.42 g
of TS ITIA) dispersed in 2.0 mL of saline supplemented with
0.2% (w/v) SDS was fully immersed into 30 mL of release
medium, and incubated at 37°C with horizontal shaking at

100 rpm. Then, 1 mL of release medium was withdrawn at
predetermined time intervals and assayed for drug content
by HPLC.

Pharmacokinetic and tissue distribution

studies

Guinea pigs weighing 250-300 g were obtained from the
Experimental Animal Center at Guangzhou University of
Chinese Medicine (Guangzhou, People’s Republic of China).
The animal protocols were approved by and performed in
accordance with the Animal Ethical Committee (Guangdong
Pharmaceutical University, Guangzhou, People’s Republic of
China). The animals had free access to food and water. Ninety
guinea pigs were randomly assigned to two groups. Groups 1
and 2 received RW administration of the coumarin-6 NPs
(equivalent to 0.186 ug/kg) and coumarin-6 solution
(equivalent to 0.185 pg/kg), respectively, and saline was
used as a blank control in each group. At time points of
0.5 hours, 1 hour, 2 hours, 3 hours, 4 hours, 5 hours, 6 hours,
8 hours, 12 hours, 18 hours, 24 hours, 36 hours, 48 hours,
72 hours, and 96 hours post administration in guinea pigs
under anesthesia with ethyl carbamate (1 g/kg), the inner
ear perilymph (PL) was collected by piercing the RMW
with a microsyringe. Blood was withdrawn from the heart
and centrifuged for 10 minutes at 3,500 rpm, and then the
plasma was separated. The plasma and PL were subjected
to methanol extraction for HPLC analysis.

In addition, 78 guinea pigs were randomly assigned to
two groups for pharmacokinetic investigation: 1) RWM
application with PLGA NPs loaded with TS IIA, Sal B, and
PNS (equivalent to 12.43 ng/kg TS IIA, 766.38 ng/kg Sal B,
1.05 mg/kg R, 2.08 mg/kg Rg,, and 2.31 mg/kg Rb,) and
2) RWM application with compound solution (equivalent
to 0.73 mg/kg TS IIA, 8 mg/kg Sal B, 3.13 mg/kg R,
4.38 mg/kg Rg, and 3.82 mg/kg Rb ). The compound
solution was prepared using mixed solvents (ethanol/
glycerol/PEG 400 =2:1:2), and saline was used as a
blank control in each group. At time points of 0.17 hours,
0.5 hours, 1 hour, 2 hours, 3 hours, 4 hours, 6 hours, 8 hours,
10 hours, 12 hours, 18 hours, 24 hours, and 36 hours after
RW administration under anesthesia, plasma and PL were
separately collected as described earlier. The PL was diluted
in sufficient methanol for HPLC analysis. All the plasma
samples for each point were separated into two parts to
analyze the various components. One part (100 uL) was
acidified with 10% HCI (20 uL) and vortex-mixed with
1 mL acetic ether for 5 minutes, followed by centrifugation
for 10 minutes at 10,000 rpm to collect the supernatant.
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The underlayer was extracted again as before. The two
supernatants were amalgamated and evaporated to dryness
under a stream of nitrogen. The residue was dissolved in
100 uL of methanol. A 20-uL sample was injected into the
HPLC system to assay TS IIA and Sal B. To extract the
plasma PNS (R, Rg,, and Rb, ), the other part (100 uL) was
vortex-mixed with methanol (300 uL) for 5 minutes and
centrifuged at 10,000 rpm for 10 minutes. The separated
supernatant was collected to determine PNS (R, Rg, and
Rb,) by HPLC.

Results and discussion

Preparation and characterization of
PLGA NPs

Several factors, such as the composition and molecular weight
of PLGA, surfactant content, w/o ratio, and drug/PLGA
ratio, have been shown to affect the characteristics of PLGA
nanoparticles prepared by the emulsion-solvent evaporation
method. Glycolic acid is more hydrophilic than lactic acid, and
therefore glycolide-rich PLGA copolymers are more compat-
ible with water-soluble drugs and have a higher entrapment
efficiency.*? Similarly, lactide-rich PLGA copolymers have
a higher affinity with lipid-soluble drugs. The interaction or
affinity of coumarin-6 with PLGA contributes to the increased
encapsulation efficiency. In our previous study, we found that
PLGA polymers with a lactide/glycolide (L:G) ratio of 75:25
in NP formations achieved a higher entrapment efficiency
of coumarin-6 than PLGA polymers with an L:G ratio of
50:50. Thus, PLGA polymers with 75:25 ratio of L:G were
used to formulate the coumarin-6-loaded NPs. PNS and Sal
B are water-soluble micromolecule drugs (MW: R -933,
Rg -801, Rb -1109, and Sal B-719), which are difficult to
encapsulate into NPs.*? Therefore, PLGA polymers with an
L:G ratio of 50:50 were applied in the preparation of PLGA
NPs loaded with TS IIA, Sal B, and PNS. The TEM image
and size distribution of coumarin-6 loaded PLGA NPs are
shown in Figure 1. It can be seen that the copolymers formed
small, spherical particles. The average size of the NPs was
135 nm with a PDI of 0.17. The mean entrapment efficiency
of coumarin-6 NPs was 51.6%.

Using the double emulsion-solvent evaporation tech-
nique, TS IIA, Sal B, and PNS were successfully incorporated
into PLGA NPs. The TEM image and size distribution of the
NPs were shown in Figure 2. The morphology of the NPs was
observed by TEM, and the image showed that particles were
spherical. The results from the laser particle size analyzer
indicated that the NPs had a mean diameter of 154 nm with
a PDI of 0.007 and displayed a narrow distribution.

According to the results of the RP-HPLC analysis,
the entrapment efficiency of the NPs was 91.81% for
TS 1IA, 92.88% for Sal B, 37.87% for R, 44.98% for
Rg,, and 93.56% for Rb . To prepare PLGA NPs loaded
with TS ITA, Sal B, and PNS, the double emulsion/solvent
evaporation method, the best technique for encapsulating
hydrophilic drugs,*? was used with PLGA polymers with an
L:G ratio of 50:50, which can improve the amount of the
encapsulated water-soluble drugs. Compared to PNS, the
stronger interaction of Sal B with the PLGA polymer may
contribute to the relatively higher encapsulation efficiency
of Sal B into PLGA NPs.

In vitro drug release of PLGA NPs

The in vitro cumulative release of coumarin-6 from the
NPs was <2% in PBS (pH 7.4) for 72 hours. The release
of coumarin-6 from the NPs in this study was slightly faster
than in the previous report.> The relative inertia of the
coumarin-6 encapsulated in PLGA NPs guaranteed that
the fluorescent probe was not released under physiologi-
cal conditions. Consequently, coumarin-6 can be used as a
fluorescence marker for in vivo tracing and targeting study
of NPs. The release of free drugs (TS IIA, Sal B, and PNS)
was used as the control.

Significantly different in vitro release profiles were
observed for encapsulated TS IIA, Sal B, and PNS released
from the PLGA NPs and for free drugs released from the
saline containing 0.2% SDS (Figure 3). The variation in the
release profiles of the drugs from NPs may be very likely due
to the different solubilities of the drugs in the medium. Gener-
ally, compared to hydrophobic drugs, hydrophilic drugs have
a faster diffusion rate and thus faster release from the polymer
device. Because of the hydrophobicity of TS 1A, 0.2% SDS
was applied as a surfactant to the release medium to promote
the solubility of TS IIA and maintain sink condition. Free
drugs were released rapidly; during the first 6 hours, >79%
of the free TS IIA, Sal B, R,, Rg,, and Rb, were released,
which suggested that the free drugs could diffuse through
the dialysis membrane freely. The cumulative release of free
Sal B and Rg, decreased at 6 hours and 8 hours, respectively,
which may be due to their own degradation.**** Nanoparticle
formulations exhibited a biphasic pattern of drug release for
Sal B, R, Rg,, and Rb : burst release and sustained release.
An initial burst release may be attributed to the immediate
release of the surface-associated drug, and a prolonged
release in the later stage is due to the slow diffusion of drug
from the matrix. In vitro drug release behavior showed that
NPs produced a sustained drug release. While 76.2% of
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Figure | Transmission electron microscopic image (A) and size distribution (B) of coumarin-6-loaded PLGA NPs.

Note: Scale bars represent 200 nm.
Abbreviation: PLGA NPs, poly(D,L-lactide-co-glycolide acid) nanoparticles.

Rg,, 76.0% of Rb,, 93.0% of Sal B, and 23.6% of TS ITIA
were released from NPs within 72 hours, R, was completely
released. We took 36 hours to complete the sample acquisi-
tion for the in vivo study. Thus, in vitro drug release was
conducted for only 72 hours. A relatively slow release of
TS ITA from the NPs was observed, which was consistent
with the result obtained in a previous study.*® The release rate
of TS IIA from the NPs and its concentration in the dissolu-
tion medium depend on the diffusion of the drug across the
membrane and the partition coefficient of the drug between
two immiscible phases, namely the polymeric phase and the
aqueous environment in the dialysis bag.

In vivo pharmacokinetic study

The pharmacokinetic parameters were determined using the
non-compartmental method by the DAS (Drug and Statistic
for Windows) software (version 3.1.1, Shanghai BioGuider
Medicinal Technology Co, Ltd, People’s Republic of China).
The pharmacokinetic parameters of coumarin-6 are shown
in Table 1. The concentration versus time profiles after the

RW administration of coumarin-6 NPs and its solution in
the PL are presented in Figure 4.

No coumarin-6 was detected after 36 hours in PL after
the RW administration of the coumarin-6 solution. However,
coumarin-6 was found in the PL up to 96 hours following
RW administration of coumarin-6 NPs. An infinitesimal
amount of coumarin-6 was detected in the plasma of several
guinea pigs after the RW administration of coumarin-6 NPs
or solution. The AUC_, (area under the curve) of coumarin-6
in the PL after the RW administration of NPs was 4.7-fold
higher and the C__(maximum concentration) was 10.9-fold
higher than after the RW administration of a coumarin-6
solution. Due to the unique nanoscale size of the particles,
the PLGA NPs readily carried substances across the RWM
to the PL.%7 These results indicated that the application of
the PLGA NPs to the RWM significantly improved the drug
distribution within the inner ear. PLGA is a biodegradable
carrier with controllable degradation rates, which protects the
encapsulated drugs, so coumarin-6 had a sustained release
from NPs in the inner ear. Therefore, the concentration of
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Figure 2 Transmission electron microscopic image (A) and size distribution (B) of PLGA NPs loaded with TS IIA, Sal B, and PNS.

Note: Scale bars represent | pum.

Abbreviations: PLGA NPs, poly(D,L-lactide-co-glycolide acid) nanoparticles; TS IlIA, tanshinone IIA; Sal B, salvianolic acid B; PNS, panax notoginsenoside.

coumarin-6 in inner ear PL after the local application of NPs
is apparently higher than that of the solution. All these results
demonstrated that the topical application of PLGA NPs to
the RWM might be an effective strategy for the treatment
of inner ear diseases.

Compound Danshen Tablets containing Danshen and
Sangi in Chinese Pharmacopoeia require that the doses of
TS IIA and Sal B given at a single time are not <0.6 mg
and <15 mg, respectively. Each dosage of PNS intravenous
or intramuscular injections “Xueshuantong” for an adult is
150 mg. Referring to Chinese Pharmacopoeia for the dosage of
compound Danshen tablets, the human dose was converted to
the guinea pig equivalent dose based on body surface area con-
version. The dosages given to the guinea pigs were as follows:
Sal B was 1.796-2.026 mg, TS IIA was 0.0718-0.0810 mg,
and PNS was 2.900-3.500 mg. Because tympanic capacity is
limited, the dosing volume should not exceed 0.1 mL. Thus,
the formulation concentrations of Sal B, TS IIA, and PNS
were 20.0 mg/mL, 0.80 mg/mL, and 30 mg/mL, respectively.
However, TS ITA could not be detected at this dose, so we
used its maximum solubility in mixed solvents (ethanol/
glycerol/PEG 400 =2:1:2) of 1.83 mg/mL as its dosage.

The contents of R , Rg , and Rb, were determined to be 26.1%,
36.5%, and 31.8%, respectively, and the guinea pigs weighed
250 g. Therefore, the doses of the compound solution were
equivalent to 8 mg/kg Sal B, 0.73 mg/kg TS IIA, 3.13 mg/kg
R, 4.38 mg/kg Rg,, and 3.82 mg/kg Rb,. The same volume
of nanosuspension containing compound drugs administered
to the inner ear could not reach the same doses as the com-
pound solution because of the limited capacity of the NPs to
encapsulate drugs in a finite administration volume. To detect
these agents in the animal study, we used the optimized NPs
to calculate the dose.

The pharmacokinetic parameters of the PLGA NPs loaded
with TS IIA, Sal B, and PNS are shown in Table 2. The
concentration versus time profiles in different tissues after
the RW administration of NPs or solution are presented in
Figures 5-8. The administered dosages of R , Rg ,and Rb in
the compound solution were 3.0, 2.1, and 1.7 times as large
as those in the NP formulations administered via RM, respec-
tively. However, the C__values of R , Rg ,and Rb, in the PL
after the delivery of the NPs were respectively 14.4-, 10.0-,
and 16.7-fold higher compared with those of the compound
solution, and the AUC , of R, Rg , and Rb, was 4.0-, 3.1-,
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Figure 3 In vitro release profiles for PLGA NPs loaded with TS IIA, Sal B, and PNS and compound solution containing these free drugs (n=3 mean + SD).
Abbreviations: PLGA NPs, poly(D,L-lactide-co-glycolide acid) nanoparticles; TS IIA, tanshinone I1A; Sal B, salvianolic acid B; PNS, panax notoginsenoside; R, notoginsenoside R ;

Rg,, ginsenoside Rg ; Rb,, ginsenoside Rb,; h, hours; SD, standard deviation.

and 7.1-fold greater, respectively. The administration doses
of Sal B and TS IIA in the compound solution were much
larger than that in the NPs; however, both the C_ and the
AUC _, of Sal B and TS IIA in the PL were not significantly
higher. Although 10.4- and 58.7-fold lower doses of Sal B and
TS IIA were, respectively, administered with the NPs com-
pared to the compound solution, the AUC_, values of Sal B
and TS IIA in the PL were only 4.1- and 1.9-fold, respec-
tively, lower compared to the compound solution, and the
C,,. values of Sal B and TS IIA were 1.9- and 3.8-fold lower,
respectively. The pharmaceutical concentrations in the PL
were much higher than those in the plasma through the local
administration of PLGA nanoparticles or drug solution. The
maximum PL plasma concentration ratios of R , Rg ,and Rb,
after the application of NPs were obviously higher than those of

Table | Pharmacokinetic parameters of coumarin-6 after RW
administration of coumarin-6 nanoparticles and solution in PL

Parameters of coumarin-6 Nanoparticles Solution
T .(h) 0.5 2

C, .. (ng/mL) 201.46 18.46
AUC_  (ng h/mL) 563.60 119.70

Abbreviations: PL, perilymph; RW, round window; AUC, total area under the
perilymph concentration versus time curve from time zero to time infinity; C__
peak perilymph concentration; T, time to reach C__ .

"

drug solution. In addition, the plasma concentrations of Sal B
and TS IIA with administration of NPs were higher than
those with the drug solution. We speculated that the existing
surfactants (eg, PVA) in the NP colloidal suspension might
enhance the transportation of Sal B and TS IIA from the PL
to the plasma. Further studies would be required to confirm
this speculation. On the whole, these results show that the

250+
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Figure 4 PL concentration versus time curves in guinea pigs after RW administration
of coumarin-6 nanoparticles and solution (n=3, mean * SD).
Abbreviations: PL, perilymph; RW, round window; SD, standard deviation.
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Table 2 Pharmacokinetic parameters of TS IIA, Sal B, and PNS after RW administration of compound solution and PLGA NPs loaded

with TS IIA, Sal B, and PNS in PL and plasma

Parameters Tissue Nanoparticles Solution
R, Rg, Rb, Sal B TSIIA R, Rg, Rb, Sal B TSIIA
T . (h) PL 0.5 | 0.5 0.5 0.5 2 3 3 | |
Plasma 10 0.5 8 | 2 3 0.16 4 0.03 0.08
C. .. (ug/mL) PL 965.94 1,383.36  1,692.39 35484 947 67.17 137.84 101.32  683.29 35.69
Plasma 7.50 5.49 14.70 6.89 3.69 36.33 15.6 14.33 6.41 0.85
AUC_ (ugh/mL)  PL 1,867.32  3,136.83 447189  581.45 29.98 468.76 1,026.04 62848  2,385.03  57.97
Plasma 67.65 42.44 141.58 24.06 28.93 187.05 149.33 172.77 15.58 1.18

Abbreviations: PL, perilymph; RW, round window; TS IIA, tanshinone IIA; Sal B, salvianolic acid B; PNS, panax notoginsenoside; RI,

notoginsenoside RI;

Rg,, ginsenoside Rg; Rb,, ginsenoside Rb ; AUC, total area under the perilymph or plasma concentration versus time curve from time zero to time infinity; C__, peak

perilymph or plasma concentration; T__, time to reach C .
max ma

X

NPs are promising vehicles to transport potential compound
drugs to the inner ear and can result in increased absorption
after RW administration. The enhanced bioavailability of
the NPs in the inner ear may be the result of several factors
as follows: 1) The permeability of the RWM. The RWM
is a membranous opening in the bone within the scala
tympani that acts as a barrier to separate the PL from the
middle ear space and only allows select substances to cross
from the middle ear to the inner ear because of its relative
permeability.’®* NPs readily cross the RWM.?*?! In addi-
tion, the bioadhesive properties of the polymer may have
contributed to the increased rate of absorption.*’ NPs depos-
ited locally in the middle ear cavity could be transported by
pinocytosis through the RWM, and then enter the perilymph
through lymphatic and blood vessels.” 2) Middle ear clear-
ance. The injected drug can be eliminated from the RW niche
by the middle ear mucosa or through the Eustachian tube.'

2,400
—o— R,-nanoparticles
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Figure 5 PL concentration versus time curves in guinea pigs after RW administration
of PLGA NPs loaded with TS A, Sal B, and PNS (n=3, mean £ SD).
Abbreviations: PL, perilymph; RW, round window; PLGA NPs, poly(D,L-lactide-
co-glycolide acid) nanoparticles; TS IIA, tanshinone IIA; Sal B, salvianolic acid B;
PNS, panax notoginsenoside; R‘, notoginsenoside RI; Rgl. ginsenoside Rgl; Rbl,
ginsenoside Rb ; SD, standard deviation.

Thus, the perilymph drug level will be greatly affected by
the presence of middle ear clearance. The higher viscosity
of the NP colloidal suspension would prolong contact with
the RWM and allow greater access to the inner ear, which
will further increase the efficiency of drug delivery across the
RWM. 3) The protection of NPs. NPs diffusing into the inner
ear fluids through the RWM protect drugs in the PLGA matrix
against undesired clearance and their own degradation,
which will further modulate their release. Moreover, PLGA
nanoparticulate systems are able to convert poorly soluble,
poorly absorbed, and labile biologically active substances
into promising deliverable drugs."

Conclusion

In the present study, we successfully prepared PLGA NPs
loaded with coumarin-6 or compound drugs of Salvia
miltiorrhiza and Panax notoginseng with satisfactory

1,200 —0— R,-solution
—0— Rg,-solution
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Figure 6 PL concentration versus time curves in guinea pigs after RW administration
of compound solution of TS IIA, Sal B, and PNS (n=3, mean + SD).
Abbreviations: PL, perilymph; RW, round window; TS IIA, tanshinone IIA;
Sal B, salvianolic acid B; PNS, panax notoginsenoside; R‘, notoginsenoside RI; Rgl,
ginsenoside Rg ; Rb , ginsenoside Rb; SD, standard deviation; h, hours.
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Figure 7 Plasma concentration versus time curves in guinea pigs after RW
administration of PLGA NPs loaded with TS IIA, Sal B and PNS (n=3, mean + SD).
Abbreviations: PL, perilymph; RW, round window; PLGA NPs, poly(D,L-lactide-
co-glycolide acid) nanoparticles; TS IIA, tanshinone IIA; Sal B, salvianolic acid B;

PNS, panax notoginsenoside; R, notoginsenoside R; Rg,, ginsenoside Rg; Rb,,
ginsenoside Rbl; SD, standard deviation; h, hours.

encapsulation efficiency. Coumarin-6 loaded PLGA NPs
were identified in the inner ear fluids after RW application,
suggesting that PLGA NPs can permeate through the RWM.
PLGA NPs loaded with the compound components pass-
ing through the RWM to the inner ear was also confirmed.
PLGA NPs with this powerful capability were able to carry
single or multiple agents to traverse the RWM due to their
unique properties at nanoscale dimensions, thus resulting in
increased drug absorption in the inner ear. Local bioavail-
ability in the inner ear was enhanced remarkably by the NP

55+
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Figure 8 Plasma concentration versus time curves in guinea pigs after RW
administration of compound solution of TS IIA, Sal B, and PNS (n=3, mean * SD).
Abbreviations: PL, perilymph; RW, round window; TS IIA, tanshinone lIA;
Sal B, salvianolic acid B; PNS, panax notoginsenoside; RI, notoginsenoside R‘; Rgl,
ginsenoside Rg ; Rb , ginsenoside Rb ; SD, standard deviation; h, hours.

delivery system after RW application, suggesting that PLGA
NPs provide a promising vehicle for effective inner ear drug
delivery across the RWM.
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