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ABSTRACT 

 

The combined use of different therapeutic agents in the treatment of 

neurodegenerative disorders is a promising strategy to halt the disease progression. In this 

context, we aimed to combine the anti-inflammatory properties of geraniol (GER) with 

the mitochondrial rescue effects of ursodeoxycholic acid (UDCA) in a newly-synthesized 

prodrug, GER-UDCA, a potential candidate against Parkinson’s disease (PD). GER-

UDCA was successfully synthetized and characterized in vitro for its ability to release 

the active compounds in physiological environments. Because of its very poor solubility, 

GER-UDCA was entrapped into both lipid (SLNs) and polymeric (NPs) nanoparticles in 

order to explore nose-to-brain pathway towards brain targeting. Both GER-UDCA 

nanocarriers displayed size below 200 nm, negative zeta potential and the ability to 

increase the aqueous dissolution rate of the prodrug. As SLNs exhibited the higher GER-

UDCA dissolution rate, this formulation was selected for the in vivo GER-UDCA brain 

targeting experiments. The nasal administration of GER-UDCA–SLNs (1 mg/kg of GER-

UDCA) allowed to detect the prodrug in rat cerebrospinal fluid (concentration range = 

1.1 to 4.65 µg/mL, 30-150 min after the administration), but not in the bloodstream, thus 

suggesting the direct nose to brain delivery of the prodrug. Finally, histopathological 

evaluation demonstrated that, in contrast to the pure GER, nasal administration of GER-

UDCA-SLNs did not damage the structural integrity of the nasal mucosa. In conclusion, 

the present data suggest that GER-UDCA-SLNs could provide an effective and non-

invasive approach to boost the access of GER and UDCA to the brain with low dosages.  

 

Keywords MAX 6: Geraniol, ursodeoxycholic acid, conjugation, hydrolysis, prodrug, 

solid lipid nanoparticles, nasal administration, brain uptake Parkinson's disease 
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1. Introduction 

 

Parkinson’s disease (PD), firstly described in 1817, is a neurodegenerative 

disorder mainly characterized by the degeneration of dopaminergic neurons in the 

substantia nigra (SN), which leads to several severe symptoms [1]. In spite of numerous 

therapies aimed to attenuate the motor symptoms caused by dopamine deficiency, none 

of them has been able to prevent or arrest the progression of PD so far. Among the well-

established key mechanisms of PD pathogenesis, both neuroinflammation and 

mitochondrial dysfunction in dopaminergic neurons are, currently, considered the main 

causes leading to the progression of the disease. In neuroinflammation, the long-term 

activation of the microglia, the major resident immune cells in the brain, drives to an 

uncontrolled production of pro-inflammatory cytokines and reactive oxygen species 

(ROS), accelerating neuron degeneration [2,3]. Mitochondrial dysfunction in 

dopaminergic neurons is mainly characterized by the generation of ROS, cytochrome-c 

release, ATP depletion, decrease in mitochondrial complex I enzyme activity, and 

caspase 3 activation. The impaired mitochondrial function leads to the activation of 

death signaling pathways and to deficit in neuron homeostasis [4-6]. Therefore, a 

therapeutic approach aimed at reducing both neuroinflammation and mitochondrial 

dysfunction may prove to be effective in slowing/arresting the progression of the 

disease. 

Natural compounds are a potential source for novel therapeutic agents. As an 

example, geraniol (GER) is a monoterpene present in several essential oils extracted 

from aromatic plants, which exhibits a wide spectrum of pharmacological activities, 

such as neuroprotective, anti-inflammatory and antioxidant properties [7]. Furthermore, 

Rekha & Selvakumar demonstrated that orally administered GER promotes the survival 

of dopaminergic neurons. The mechanisms shown included enhancing the production of 

antioxidant enzymes, reducing the expression of apoptotic markers and increasing the 

production of neurotrophic factors [8]. The suggested mechanisms included an 

enhancement of the production of antioxidant enzymes, a reduction of the apoptotic 

marker expression and an increasing in the production of neurotrophic factors [8]. In 

addition, beneficial effects of GER in PD animal models have been further reported in 

the literature [7, 9-10]. The combination of the abovementioned properties, along with 

its low toxicity potential [11], makes GER a potential candidate for the treatment of PD.  
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However, the short half-life of GER in the bloodstream could limit its use in long term 

therapies through the conventional administration routes [7,12].  

Recently, the secondary bile acid, ursodeoxycholic acid (UDCA), commonly 

used for the treatment of liver disease, was proven effective in rescuing mitochondrial 

function in parkinsonian patients and it is now in phase II of a clinical trial in PD 

patients [13-14]. UDCA showed the ability to interact with the glucocorticoid receptor 

with increased phosphorylation of the protein Akt, exerting a protective effect against 

mitochondria-dependent programmed cell death [15]. Moreover, Parry et al. 

documented the safety and tolerability of UDCA, at doses up to 50 mg/kg per day, in 

patients with motor neuron disease [16]. UDCA has been clinically used for the 

treatment of primary biliary cirrhosis for more than 30 years, and its clinical 

pharmacokinetics is well-established [17,18].  

Based on the above reported background, in the present work we synthetized the 

ester conjugate of GER with UDCA (GER-UDCA, Fig. 1). We considered this 

conjugate as a prodrug candidate, combining the pharmacological properties of GER 

and UDCA for the development of a new therapeutic strategy against PD 

progression/development. However, the resulting compound remained nearly insoluble 

in water and presented a highly viscous and sticky physical aspect. As such, we 

prepared both lipid and polymer-based nanoparticles as GER-UDCA delivery systems. 

Nevertheless, reaching therapeutic levels in the central nervous system (CNS) is 

a challenge for most drugs. In light of that, we chose the intranasal route of 

administration to explore the nose-to-brain delivery of GER-UDCA. In fact, the 

olfactory region is known to potentially induce the direct transport of drugs or prodrugs 

into the CNS [19-21]. We also hypothesized that this pathway might contribute to 

overcome low CNS bioavailability following oral administration.  

Specifically, in the present study GER-UDCA prodrug was firstly synthesized 

and, after the characterization of its aptitude to be hydrolyzed in physiologic 

environments, it was entrapped in nanoparticles and intranasally administered via nose 

to brain to rats.  
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2. Materials and methods 

 

2.1. Materials 

UDCA was kindly supplied by ICE Srl (RE, Italy) and used without purification. 

GER (98%), carbazole, N-ethyl-N’-(3-dimethylaminopropyl) carbodiimide 

hydrochloride (EDCI·HCl), HPLC-grade methanol, acetonitrile, ethyl acetate (EtOAc); 

Span 85, Tween 80, PLGA 75:25, Pluronic-F127 and sodium taurocholate hydrate 97% 

were acquired from Sigma-Aldrich (Milan, Italy). Compritol ATO 888 was a kind gift 

from Gattefossè (Saint Priest, France). All other chemicals were of analytical grade. 

 

2.2. Synthesis Analytical assays  

Thin layer chromatography (TLC) was performed on pre-coated silica gel glass 

plates 60F254 (thickness 0.25 mm, Merck). Reagents and compounds were detected 

under short wavelength UV light and by heating after spraying with a 5% 

phosphomolybdic acid solution. Silica gel (Fluka, Kieselgel 60, 70−230 mesh) was used 

for preparative column chromatography. 1H and 13C-NMR spectra were recorded on 400 

MHz spectrometers in CDCl3 at room temperature. Chemical shifts are given in parts 

per million (ppm); J values are given in hertz (Hz). All spectra were internally 

referenced to the appropriate residual undeuterated solvent. Mass spectra were recorded 

using a LCQ Duo (ThermoQuest, San Jose, CA, USA), equipped with an electrospray 

ionization (ESI) source. IR spectra were recorded on a Perkin-Elmer FT-IR Paragon 

500. 

 

2.3. Synthesis of GER-UDCA conjugate. 

A solution of UDCA (1.50 g, 3.82 mmol), GER (0.65 g, 4.20 mmol) and 4-

dimethylaminopyridine (DMAP) (0.46 g, 3.82 mmol) in dry DMF (8 mL) was treated at 

0°C with EDCI·HCl (0.80 g, 4.20 mmol). The reaction mixture was stirred at 0°C for 1 

h then at room temperature monitored by TLC (cyclohexane/EtOAC 40:60). After 20 h 

the mixture was evaporated under vacuum to dryness, then EtOAc (50 mL) was added. 

The organic layer was washed with 5% aqueous HCl (30 mL), saturated aqueous 

NaHCO3 (40 mL) and brine (40 mL), then dried (Na2SO4), filtered and concentrated in 
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vacuo. Chromatography on silica gel (cyclohexane/EtOAc mixture 40:60) provided 

product 1 (1,67 g, 83%) as a sticky solid. 

1H-NMR (400 MHz, CDCl3): δ 5.32 (t, J = 6.8 Hz, 1H), 5.07 (br, 1H), 4.58 (d, J = 6.8 Hz 

, 2H), 3,57 (br, 2H), 2.40-2.14 (m, 2H), 2.15-1,0 (m, 39 H), 0.93 (s, 3H), 0.91 (d, J = 6,4 

Hz, 3H), 0.66 (s, 3H). 

13C{1H}-NMR (101 MHz, CDCl3): δ 174.28, 142.14, 131.80, 123.73, 118.33, 71.42, 

71.35, 61.21, 55.68, 54.88, 46.53, 43.74, 42.41, 40.10, 39.52, 39.14, 37.27, 36.79, 35.23, 

34.90, 34.05, 31.32, 31.01, 30.31, 28.58, 26.88, 26.28, 25.68, 23.37, 21.14, 18.37, 17.69, 

16.47, 12.11. 

FT-IR (neat, cm-1): max 3345, 2927, 1733, 1671, 1161. ESI-MS: m/z 551.33 (M + Na)+ 

 

 

 

 

 

 

 

 

Fig. 1. Synthesis of the conjugate GER-UDCA (1)  

 

2.4. HPLC analysis 

The quantification of the GER-UDCA prodrug and its hydrolysis product, GER, 

was performed by HPLC-UV. Please see Supplementary Methods for a detailed 

description of the analytical procedures. 

The chromatographic apparatus consisted of a modular system (model LC-10 

AD VD pump and model SPD-10A VP variable wavelength UV-vis detector; 

Shimadzu, Kyoto, Japan) and an injection valve with 20 μL sample loop (model 7725; 

Rheodyne, IDEX, Torrance, CA, USA). Separations were performed at room 

temperature on a 5 μm Hypersil BDS C-18 column (150 mm × 4.6 mm i.d.; Alltech 

Italia Srl, Milan, Italy), equipped with a guard column packed with the same Hypersil 
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material. Data acquisition and processing were accomplished with a personal computer 

using CLASS-VP Software, version 7.2.1 (Shimadzu Italia, Milan, Italy). The detector 

was set at 210 nm. The HPLC assay of GER alone was isocratically performed with a 

mobile phase constituted by a mixture of CH3CN and H2O 50:50 (v/v). The flow rate 

was 1 mL/min and the retention time 4.7 min. The HPLC assay of GER-UDCA alone 

was isocratically performed with a mobile phase constituted by a mixture of CH3CN 

and H2O 90:10 (v/v). The flow rate was 1 mL/min and the retention time 5.5 min. The 

isocratic conditions were used for the evaluation of GER loaded in the nanoparticles and 

GER-UDCA solubility, its loading and release from nanoparticles (see below). The 

chromatographic precision for GER and GER-UDCA dissolved in a water-acetonitrile 

mixture (50:50 v/v) was evaluated by repeated analysis (n = 6) of the same sample (100 

μM) and it is represented by the relative standard deviation (RSD) values of 0.91% and 

0.89%, respectively, referred to peak areas. The calibration curves of peak areas versus 

concentration were generated in the range 1 to 500 μM for GER and GER-UDCA 

dissolved in a mixture of aqueous phase and acetonitrile (50:50 v/v ratio). The 

calibration of GER and GER-UDCA alone were also performed in pure acetonitrile (for 

GER or GER-UDCA loading studies). Moreover, the calibration of GER-UDCA was 

performed in 50 mM Tris-HCl buffer (pH 7.4) mixed to 10% methanol (for kinetic 

studies) and in water with 5 mM sodium dodecyl sulfate (SDS, for release studies). All 

the calibration curves of GER and GER-UDCA were linear (n = 10, r > 0.995, P < 

0,0001).  

In order to simultaneously quantify GER and GER-UDCA in blood or 

homogenate extracts, the mobile phase consisted of a mixture of water and acetonitrile 

regulated by a gradient profile programmed as follows: isocratic elution with 40% (v/v) 

CH3CN in H2O for 11 min; then a 4 min linear gradient to 90% (v/v) CH3CN in H2O; 

the mobile phase composition was finally maintained at 90% CH3CN for 8 min. After 

each cycle the column was conditioned with 40% (v/v) CH3CN in H2O for 10 min. The 

flow rate was 1 mL/min. Carbazole was used as internal standard for the analysis of rat 

blood and liver or brain homogenate extracts (see below). The retention times for GER, 

carbazole and GER-UDCA were 10.5, 14.9 and 21.3 min, respectively.  

The precision evaluation and calibration procedures following the extraction of 

the analytes from homogenates and whole blood were performed in the presence of the 
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internal standard (carbazole) and are described in the appropriate sections (see 2.9. and 

2.15.) 

 

2.5. Water solubility of GER-UDCA 

For determining the solubility of GER-UDCA, an excess amount of the naked 

compound (2 mg/mL) was added to 5 mL of water and left to equilibrate at room 

temperature under continuous stirring for 36 h. After centrifugation at 14,000 g for 15 

min, a supernatant aliquot was mixed with acetonitrile (50:50 v/v ratio), then 10 µl of 

the mixture was injected into the HPLC system for GER-UDCA quantification. The 

experiments were performed in triplicate. 

 

2.6. GER and GER-UDCA stock solutions.  

Stock solutions of 5∙10−2 M GER and GER-UDCA in DMSO were prepared and 

stored at -20 °C until their use for kinetic studies. 

 

2.5. Kinetic analysis of GER-UDCA in Tris-HCl buffer. 

The conjugate GER-UDCA was incubated at 37 °C in 50 mM Tris-HCl buffer 

(pH 7.4) mixed to 10% methanol (v/v, final concentration) in order to increase the 

GER-UDCA solubility and to obtain its 50 μM final concentration. In particular, 5∙10-2 

M stock solution in DMSO was diluted 1:100 in methanol, then 5.4 mL of Tris-HCl 50 

µM were spiked with 600 µL of the 500 µM solution of GER-UDCA in methanol. At 

regular time intervals 200 μL of samples were withdrawn and 10 μL aliquots were 

immediately injected into the HPLC apparatus in order to quantify the GER and GER-

UDCA amounts. All the values were obtained as the mean of three independent 

experiments. 

 

2.6. Preparation of rat brain and liver homogenates 

Rat brain and liver homogenates were prepared as Tris-HCl water suspension. 

For further details, please see Supplementary Methods 
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Brains of male Sprague-Dawley rats (Charles-River, Milan, Italy) were 

immediately isolated after their decapitation and homogenized in 5 volumes (w/v) of 

Tris-HCl (50 mM, pH 7.4, 4 °C) with an ultra-Turrax (IKA Werke GmbH & Co. KG, 

Staufen, Germany) using 3 × 15 s bursts. The supernatant obtained after centrifugation 

(3,000 x g for 15 min at 4 °C) was decanted off and stored at −80°C before its use for 

kinetic studies. The total protein concentration in the tissue homogenate was determined 

using the Lowry procedure [22] and resulted as 7.2 ± 0.4 μg protein/μL. 

The livers of male Sprague-Dawley rats were immediately isolated after their 

decapitation, washed with ice cold saline solution and homogenized in 4 volumes (w/v) 

of Tris-HCl (50 mM, pH 7.4, 4 °C) with the use of a Potter-Elvehjem apparatus. The 

supernatant obtained after centrifugation (2,000 g for 10 min at 4 °C) was decanted off 

and stored at -80 °C before its use for kinetic studies. The total protein concentration in 

the tissue homogenate resulted as 29.4 ± 1.1 μg protein/μL. 

 

2.7. Kinetic analysis of GER and GER-UDCA in rat brain or rat liver homogenates 

 

GER or the conjugate GER-UDCA were singularly incubated at 37 °C in 3 mL 

of rat brain or rat liver homogenates, resulting in a final concentration of 500 μM 

obtained by adding 10 μL of 5∙10-2 M stock solution in DMSO for each milliliter 

incubated. At regular time intervals, 100 μL of samples were withdrawn and 

immediately quenched in 200 μL of ethanol (4° C); 100 μL of internal standard (100 

μM carbazole dissolved in ethanol) was then added. After centrifugation at 13,000 x g 

for 10 min, 300 μL aliquots of supernatant were reduced to dryness under a nitrogen 

stream, then 150 μL of a water and acetonitrile mixture (50:50 v/v) was added, and, 

after centrifugation, 10 μL was injected into the HPLC system. In order to evaluate the 

potential influence of unloaded nanoparticles on GER-UDCA hydrolysis, the same 

procedure was adopted for the analysis of rat liver homogenate samples containing the 

free prodrug in combination with unloaded NPs using the same amounts employed for 

the loaded ones. The only difference was the addition of 50 μL of dichloromethane to 

the withdrawn samples before the extraction procedure. All the values were obtained as 

the mean of three independent incubation experiments.  
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Recovery experiments were performed by comparing the peak areas extracted 

from brain or liver homogenate test samples (100 µM) at 4 °C with those obtained by 

injection of an equivalent concentration of the analytes dissolved in water-acetonitrile 

mixture (50:50 v/v). The average recoveries ± SD were 56.7 ± 2.3% for the GER 

extracted from rat brain homogenate; 38 ± 1.9% for the GER extracted from rat liver 

homogenate; 69.3 ± 3.8% for the conjugate GER-UDCA extracted from rat brain 

homogenate; 86.2 ± 4.7% for the conjugate GER-UDCA extracted from rat liver 

homogenate. The concentrations of GER and GER-UDCA were therefore referred to as 

peak area ratio with respect to their internal standard carbazole. The precision of the 

method based on peak area ratio was represented by RSD values in the different 

homogenates ranging between 1.33% and 1.41% for 100 µM GER or between 1.18% 

and 1.21% for 100 µM GER-UDCA. For all compounds analyzed, the calibration 

curves were constructed by using ten different concentrations in homogenates at 4 °C 

ranging from 5 to 500 μM and expressed as peak area ratios of the compounds and the 

internal standard versus concentration. The calibration curves were linear (n = 10, r ≥ 

0.995, P < 0.0001). 

A preliminary analysis performed on blank rat liver homogenate samples 

showed that their components did not interfere with the GER, GER-UDCA, and 

carbazole retention times. 

The half-life value of the conjugate GER-UDCA incubated in rat liver 

homogenate was calculated from an exponential decay plot of its concentrations versus 

incubation time, using the computer program GraphPad Prism (GraphPad, San Diego, 

CA). The same software was used for the linear regression of the corresponding 

semilogarithmic plot. The quality of the fits was determined by evaluating the 

correlation coefficients (r) and P values. 

 

 

 

2.8. Preparation of GER and GER-UDCA-loaded nanoparticles  

Solid lipid nanoparticles (SLNs) were prepared by emulsification/evaporation 

solvent method. Firstly, compritol ATO 888 (120 mg), Span 85 (40 mg) and 30 mg of 

GER-UDCA were dissolved in 3 mL of chloroform. This organic phase was dropped 
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into 5 mL of aqueous phase (Tween 80 1% + Taurocholate sodium salt 1%, w/v) and 

homogenized by UltraTurrax (Ika-euroturrax T 25 basic, IkaLabortechnik, Staufen, 

Germany) at 24,000 rpm for 5 min. The O/W emulsion was poured quickly into 15 mL 

of the aqueous phase and sonicated at 20W for 3 min in an ice bath. The resulting 

suspension was maintained in magnetic stirring for 2 h to allow the solvent evaporation. 

Finally, SLNs were purified by dialysis (12,000 – 14,000 Da cut-off) for 30 min and 

freeze-dried for 48 h (Lio 5P, Cinquepascal, Milan, Italy). 

PLGA nanoparticles (NPs) were obtained by nanoprecipitation method. Briefly, 

PLGA (100 mg) and GER-UDCA (30 mg) were dissolved in a solvent mixture (4 mL 

acetonitrile + 2 mL methanol). Then, the organic phase was added into 30 mL of 

aqueous phase containing 0.1% w/v of Pluronic-127 under magnetic stirring. The 

formulation was kept under magnetic stirring overnight to complete the elimination of 

organic solvents. NPs were purified 3 times by centrifugation (5,000 x g) (Rotina 380R, 

Hettich, Germany) in 100 kDa MWCO Vivaspin (Sartorius, Goettingen, Germany) 

columns and freeze-dried for 48 h (Lio 5P).   

For comparison, in order to evaluate the possibility to encapsulate in 

nanoparticles only GER in liquid form, GER-loaded SLNs and NPs were prepared 

according to the same protocol previously described. For other procedures adopted in 

the preparation of GER-loaded nanoparticles see Supplementary Materials. 

 

2.9.  Particle size, zeta potential and morphological analysis 

Particle size, polydispersity index (PDI) and zeta-potential were measured by 

Photon Correlation Spectroscopy (PCS) (Zetasizer version 6.12, Malvern Instruments, 

Worcs, U.K. equipped with a 4 mW HeNe laser (633 nm) and a DTS software (Version 

5.0)) at 25°C. Freshly prepared formulations were diluted in purified deionized water 

(1:5) and the analysis was performed in triplicate, each measurement was averaged over 

at least 12 runs. 

SLNs morphology was determined by Atomic Force Microscopy (AFM) (Park 

Autoprobe Atomic Force Microscope, Park Instruments, Sunnyvale, CA, USA) at room 

temperature (25 °C), operating in non-contact mode, with resonance frequencies from 

100 to 200 kHz. SLNs suspension was deposited onto a small mica disk with a diameter 

of 1 cm. Topographical AFM images was processed using Gwyddion (2.5 version) 

software. NPs morphology were observed by field-emission gun scanning electron 
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microscopy (SEM-FEG, Nova NanoSEM 450, Fei, Eindhoven, The Netherlands) using 

both Scanning Electron Microscopy (SEM) and Scanning Transmission Electron 

Microscopy mode (STEM). NPs suspension was dropped on aluminium stub or 

carbon/copper grids for SEM-FEI and STEM, respectively, and after drying, coated 

with carbon under vacuum conditions (Carbon Coater, Balzers CED-010, Oerlikon 

Balzers, Balzers, Liechtenstein). 

 

2.10.  GER and GER-UDCA loading and entrapment efficiency 

Formulations (2 mg) were dissolved in acetonitrile (2 mL) heated at 50 °C for 15 

min. Then, samples were vortexed for 5 min and centrifuged at 14,000 g for 10 min. 

The supernatant was re-centrifuged, then 10 µL was injected into HPLC system for 

GER-UDCA quantification. All experiments were performed in triplicate. The drug 

loading (DL %) and drug entrapment efficiency (EE %) were calculated according to 

the following equations: 

 

 

 

 

2.11.  In vitro drug release  

In vitro release profiles of GER-UDCA from nanocarriers were evaluated by 

ultracentrifugation separation technique. 0.5 mg of GER-UDCA or equivalent pro-drug 

amount loaded in freeze-dried nanoparticles were suspended into 75 mL of water with 

SDS 5 mM at 37 °C under magnetic stirring (100 rmp). At predefined time points (0.25, 

0.5, 1, 1.5, 2, 4, 6 and 8h), 150 µL of sample were withdrawn and replaced by fresh 

release medium. The samples were centrifuged at 4°C in order to prevent further drug 

release, at 24,000 x g (Rotina 380R) for 20 min and the supernatant analyzed by HPLC, 

as described above. The centrifuge temperature was 4°C in order to prevent further 

release of drug. All experiments were performed in triplicate.  

 

 

𝐸𝐸% =
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑝𝑟𝑜𝑑𝑟𝑢𝑔 𝑖𝑛 𝑝𝑢𝑟𝑖𝑓𝑖𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒

𝑇𝑜𝑡𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓𝑝𝑟𝑜𝑑𝑟𝑢𝑔 𝑢𝑠𝑒𝑑
 𝑥 100 

𝐷𝐿% =
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑖𝑛𝑐𝑜𝑟𝑝𝑜𝑟𝑎𝑡𝑒𝑑 𝑝𝑟𝑜𝑑𝑟𝑢𝑔

𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑓𝑟𝑒𝑒𝑧𝑒 − 𝑑𝑟𝑖𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒
 𝑥 100 
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2.12. Hydrolysis studies of free and encapsulated GER-UDCA in rat liver homogenates  

 

Stability studies on the nanoencapsulated GER-UDCA were performed by 

spiking the rat liver homogenate (3 mL) at 37 °C with loaded NPs or SLNs, resulting in 

a final concentration of about 500 μM for GER-UDCA. Because the loaded 

nanoparticles were suspended in the medium, it was difficult to withdraw several 

homogeneous samples, and consequently stability was assessed by a single sampling 

after 120 min incubation. Dichloromethane (1 mL) was added, and 250 μL was 

withdrawn from the samples and quenched in 400 μL of ice-cold ethanol added with 

200 μL of 100 μM carbazole dissolved in ethanol as internal standard. After 10 min of 

centrifugation at 13,000 x g, 600 μL aliquots were reduced to dryness under a nitrogen 

stream. The obtained residue was re-dissolved in 300 μL of the water-acetonitrile 

mixture (50:50 v/v) and, after centrifugation, 10 μL was injected into the HPLC system 

for GER and GER-UDCA detection. All the values obtained are the mean of three 

independent experiments. 

 

2.13. In Vivo GER and GER-UDCA nasal administration and quantification. 

2.13.1. Intravenous infusion of GER-UDCA 

Male Sprague-Dawley rats (200-250 g) fasted for 24 h were anesthetized during 

the experimental period and received a femoral intravenous infusion of 1 mg/mL of 

GER-UDCA dispersed in a medium constituted by 20% (v/v) DMSO and 80% (v/v) 

physiologic solution in the presence of 0.82 mg/mL sodium taurocholate, at a rate of 0.1 

mL/min for 5 min. At the end of the infusion and at fixed time points, blood samples 

(100 mL) were collected and CSF samples (50 μL) were withdrawn. The blood samples 

(n = 4) were hemolyzed immediately after their collection with 500 μL of ice-cold 

water, and then 50 μL of 10% sulfosalicylic acid and 50 μL of internal standard (100 

μM carbazole dissolved in a water-methanol mixture 50:50 v/v) was added. The 

samples were extracted twice with 1 mL of water saturated ethyl acetate, and, after 

centrifugation, the organic layer was reduced to dryness under a mild nitrogen stream at 

room temperature. Then, 150 µL of a water-acetonitrile mixture (50:50 v/v) was added, 

and, after centrifugation, 10 μL was injected into the HPLC system for GER and GER-

UDCA detection. Recovery experiments were performed comparing the peak areas 
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extracted from blood test samples (10 µM) at 4 °C (n = 6) with those obtained by 

injection of an equivalent concentration of the analytes dissolved in water-acetonitrile 

mixture (50:50 v/v). The average recoveries ± SD were 60.9 ± 2.8% and 74.6 ± 4.0% 

for GER and the conjugate GER-UDCA, respectively. Their concentrations were 

therefore referred to as peak area ratio with respect to the internal standard carbazole. 

The precision of the method based on peak area ratio was represented by RSD values of 

1.38% and 1.20% for GER and the conjugate GER-UDCA, respectively. The calibration 

curves referred to these compounds were constructed by using eight different 

concentrations in whole blood at 4 °C ranging from 2 to 40 μM (0.30 to 6.2 µg/mL) for 

GER and from 5 to 150 M (2.64 to 79.2 µg/mL) for GER-UDCA and appeared linear 

(n = 8, r ≥ 0.995, P < 0.0001). The limit of detection (LOD) and limit of quantification 

(LOQ) values of GER-UDCA in rat whole blood were 0.8 g/mL (8 ng/injection, 

signal-to-nose ratio = 3:1) and 2.6 g/mL (26 ng injection, signal to nose ratio = 10:1), 

respectively. The LOD and LOQ values of geraniol in rat whole blood were 0.09 g/mL 

(0.9 ng injection, signal-to-nose ratio = 3:1) and 0.30 g/mL (3.0 ng injection, signal-to-

nose ratio = 10:1), respectively. 

The CSF was withdrawn using the cysternal puncture method described by van 

den Berg et al. [22], which requires a single needle stick and allows the collection of 

serials (40-50 µL) CSF samples that are virtually blood-free [21]. A total volume of 

about a maximum of 150 μL of CSF/rat (i.e. three 50 μL samples/rat) was collected 

during the experimental session, choosing the time points (n = 4-6, taking into account a 

maximum of three collections for rat) in order to allow the restoring of the CSF 

physiological volume. The CSF samples (10 µL) were immediately injected into the 

HPLC system for GER and GER-UDCA detection. For CSF simulation, standard 

aliquots of balanced solution (PBS Dulbecco’s without calcium and magnesium) in the 

presence of 0.45 mg/mL BSA were used [23,24]. In this case, the chromatographic 

precision was evaluated by repeated analysis (n = 6) of the same sample solution 

containing 5 μM of GER (0,77 µg/mL) or GER-UDCA (2.65 µg/mL) and it is 

represented by the RSD values of 1.18% or 1.02%, respectively, referred to peak areas. 

The calibration curves of peak areas versus concentration in CSF simulation fluid of the 

analytes were generated in the range 1 to 300 µM for GER (0.15 to 46.5 µg/mL) and 1 

to 40 μM for GER-UDCA (0.53 to 20.1 µg/mL), appearing linear  (n = 8, r ≥ 0.994, P < 

0.0001). The limit of detection (LOD) and limit of quantification (LOQ) values of GER-
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UDCA in CSF simulation fluid were 0.16 g/mL (16 ng/injection, signal-to-nose ratio = 

3:1) and 0.53 g/mL (53 ng injection, signal to nose ratio = 10:1), respectively. The 

LOD and LOQ values of GER in CSF simulation fluid were 0.05 g/mL (0.5 ng 

injection, signal-to-nose ratio = 3:1) and 0.15 g/mL (1.5 ng injection, signal-to-nose 

ratio = 10:1), respectively. 

A preliminary analysis performed on blank CSF and blood samples showed that 

their components did not interfere with the GER, GER-UDCA, and carbazole retention 

times.  

A further group of rats (n = 4) received also a femoral intravenous infusion of 5 

mg/mL of GER-UDCA dispersed in a medium constituted by 20% (v/v) DMSO and 

80% (v/v) physiologic solution in the presence of 0.82 mg/mL sodium taurocholate, at a 

rate of 0.1 mL/min for 5 min. At the end of the infusion and at fixed time points, blood 

samples (100 mL) were collected and analyzed as above described for GER and GER-

UDCA detection. 

The in vivo half-life (t1/2) of GER-UDCA in the bloodstream of rats was 

calculated by nonlinear regression (exponential decay) of concentration values in the 

time range within 3 h after infusion and confirmed by linear regression of the log 

concentration values versus time (semilogarithmic  plot). The area under concentration 

curve of GER-UDCA in bloodstream or CSF of rats  (AUC, μgmL-1 min) was 

calculated by the trapezoidal method. The clearance (CL) and distribution volume (Vd) 

values were calculated according to the non-compartmental model as the ratios 

“dose/AUC” and “CL/kel”, respectively, where kel is the elimination constant obtained 

by the slope of semilogarithmic plot. 

All the calculations were performed by using Graph Pad Prism software, version 

7 (GraphPad Software Incorporated, La Jolla, CA, USA). 

 

 

2.13.2. Nasal administration of GER and GER-UDCA 

Adult male Sprague-Dawley rats (200-250 g body weight) fasted for 24 h, 

anesthetized and laid on their backs, received by nasal route about 1 mg of GER (4 

mg/kg) or about 500 µg of GER-UDCA (2 mg/kg). In particular, 55 µl of GER 

emulsified (10 mg/mL, corresponding to 11.4 µL/mL) in a mixture of glycerol and 
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water 60:40 (v/v), or 55 µl of an aqueous suspension containing an amount of loaded 

SLNs corresponding to about 250 µg of GER-UDCA was introduced in each nostril of 

rats. The nasal administrations were performed using a semiautomatic pipet which was 

attached to a short polyethylene tubing. The tubing was inserted approximately 0.6–0.7 

cm into each nostril. After the administration, blood (100 μL) and CSF samples (50 μL) 

were serially collected at fixed time points from each rat and analyzed as above 

described.  

All in vivo experiments were performed in accordance with the European 

Communities Council Directive of September 2010 (2010/63/EU). Any effort has been 

done to reduce the number of the animals and their suffering. 

 

2.14. Histopathological examinations of nasal mucosa  

The short-term effect of GER and GER-UDCA-SLNs on the structural integrity 

of nasal mucosa was evaluated on adult male Wistar rats weighing 250-300 g (obtained 

from the Central Animal Facility at Federal University of Goiás). Animals were 

acclimatized for a week prior to the beginning of experiments and kept under 12:12 h 

light-dark cycles at 25°C ± 1°C with food and water ad libitum. GER, GER-UDCA-

SLNs, PBS 7.4 (as negative control) and pure isopropyl alcohol (as positive control) 

were administered intranasally in rats (n=3). GER and GER-UDCA formulations were 

the same used for the uptake studies in CSF (section 2.13.2). Nasal administration was 

performed by introducing 55 µl of the sample in each nostril using a semiautomatic 

pipet, by inserting 0.6-0.7 cm of the attached polyethylene tubing into the nostrils. After 

2h from the administration, the nasal mucosa was carefully removed. Tissues were 

washed in PBS, fixed in 10% v/v of formalin solution overnight and paraffin-embedded. 

Finally, slide samples (5 μm) were prepared using a microtome, stained with 

hematoxylin-eosin and observed under optical microscope (40x) to evaluate the mucosa 

integrity. 

In vivo experiments were approved by the Federal University of Goiás (UFG) 

Animal Research Ethics Committee (protocol 38/18). Experimental protocols followed 

the principles for laboratory animal care and the Brazilian legislation (Law 11,794, 

October 8, 2008).  
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2.15.  Statistical analysis  

Statistical comparisons between percentage values of GER-UDCA and GER 

obtained by incubation of the free or encapsulated prodrug in liver homogenates were 

performed by one-way ANOVA followed by Dunnet post-test. Statistical comparison of 

the nanoparticle size was performed by one-way ANOVA test considering p < 0.05 

statistically significant. Statistical comparison AUC test was performed by Student’s 

test.  P < 0.05 was considered statistically significant. The calculations were performed 

by using the computer program Graph Pad Prism. 

 

 

3. Results 

 

3.1. Synthesis of GER-UDCA prodrug.  

 

The GER-UDCA prodrug 1 was obtained as sticky solid in 83% yield and ≥ 98% purity 

as determined by their 1H-NMR analysis after column chromatography. The molecular 

weight, 1H-NMR, 13C-NMR and IR spectra of prodrug were in agreement with those 

required by its structure.  No by-products of UDCA self-esterification have been 

observed because the secondary OH groups of the steroid, due to the steric hindrance, 

are much less reactive than the primary hydroxyl group of GER. Instead, some 

unreacted starting materials were present in the crude reaction mixture. 

 

 

3.2. Hydrolysis and solubility studies of GER-UDCA  

A first step of the present work was the evaluation of the potential hydrolysis 

pattern of the GER-UDCA conjugate in different media such as Tris-HCl buffer, rat 

brain and liver homogenates. The second step was the nasal administration of GER-

UDCA loaded in nanoparticulate systems and its detection in CSF and whole blood of 

rats. Toward these aims it was firstly necessary to detect and quantify not only the 
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conjugate, but also GER, obtainable by the potential hydrolysis of the prodrug in all 

incubation media and all physiologic fluids. GER was chosen as hydrolysis product to 

be analyzed, being detectable and quantifiable by the UV detector of the HPLC system. 

To this purpose, an efficacious analytical method was developed based on the use of a 

reverse phase C-18 HPLC column and a mobile phase constituted by a mixture of water 

and acetonitrile following a gradient profile allowing us to quantify both the conjugate 

GER-UDCA and its hydrolysis product GER in the same HPLC chromatogram in all 

incubation media investigated.  

The solubility value of GER-UDCA in water was 439 ± 35 nM (0.23 ± 0.02 

µg/mL). 

The conjugate GER-UDCA was not degraded in Tris-HCl buffer (pH 7.4) during 

its incubation at 37°C for 8 h. This result excludes the possibility that factors other than 

homogenates enzymatic pools might be responsible for the GER-UDCA hydrolysis in 

rat brain and liver homogenates (see below), prepared as Tris-HCl suspension.  

The kinetic studies in rat brain and liver homogenates were performed by adding 

the stock solutions (1% v/v GER or GER-UDCA 5∙10−2 M in DMSO) in the 

incubation media, taking into account that the protein contents in physiologic fluids 

allowed solubilization of the lipophilic conjugate [25]. In these incubation media GER 

showed high stability within 6 h, whereas the conjugate GER-UDCA appeared 

degraded. In particular, Fig. 2A reports the degradation profile of GER-UDCA in rat 

liver homogenate whose half-life is 36.5 ± 2.1 min. This degradation followed a pseudo 

first-order kinetic, confirmed by the linear pattern of corresponding semilogarithmic 

plot (n = 8, r = 0.984, p < 0.0001) suggesting, therefore, that conjugate degradation is 

governed by a hydrolysis process. The hydrolysis of GER-UDCA was confirmed by the 

GER appearance in incubation media with amounts increasing during time, as reported 

in Fig. 2B. In particular, more than the 95% of GER-UDCA appeared hydrolyzed after 

incubation for 180 min in rat liver homogenate. This degradation profile was not 

significantly changed in the presence of unloaded PLGA or SLN particles (data not 

shown). 

Similarly, the conjugate GER-UDCA exposed to rat brain homogenate 

underwent hydrolysis, as reported in Fig. 3, however the reaction rate was markedly 

lower in comparison with the degradation in liver homogenate. Indeed, after 360 min of 
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incubation, about the 30% of the conjugate appeared hydrolyzed, with the release of a 

corresponding amount of GER. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. [A] Hydrolysis profile of the prodrug GER-UDCA incubated in rat liver 

homogenate and the corresponding semilogarithmic plot (inset), whose linearity (n = 8, r 

= 0.984, p < 0.0001) indicate a pseudo first order kinetic process. [B] Hydrolysis profile 

of the prodrug GER-UDCA represented with the corresponding appearance profile of 

GER during incubation in rat liver homogenate. All the values are reported as the 

percentage of the overall molar amount of incubated prodrug and as the mean ± SD of 

three independent experiments. 
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Fig. 3. Hydrolysis profile of the prodrug GER-UDCA represented with the corresponding 

appearance profile of GER during incubation in rat brain homogenate. All the values are 

reported as the percentage of the overall molar amount of incubated prodrug and as the 

mean ± SD of three independent experiments. 

 

3.3 Characterization of GER and GER-UDCA-loaded nanoparticles 

 

Particle size, PDI and drug content of both lipid (SLNs) and polymeric (NPs) 

nanoparticles are reported in Table 1. GER and GER-UDCA content is expressed as 

encapsulation efficiency (EE%) before freeze-drying and drug loading (DL%) after 

freeze-drying.  

Both SLNs and NPs showed average particle size below 200 nm with good 

homogeneity, as indicated by the PDI values lower than 0.2. GER quantification before 

freeze-drying process showed a high EE%, over 60%. However, for both samples, the 

DL% after freeze-drying process was not quantifiable, being near zero. Several 

modifications of the formulation process were adopted but negligible amounts of drug 

were found after freeze drying process in all cases (see supplementary materials, Table 

2S). In light of that, formulating GER-loaded SLNs and NPs was not viable.  

Conversely, the EE% values of GER-UDCA-SLNs and GER-UDCA-NPs before 

freeze-drying were 94.5 ± 2.6% and 89.3 ± 3.2%, respectively and the DL% values of 
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freeze-dried samples were 6.2 ± 0.6% (GER-UDCA-SLNs) and 12.1 ± 1.4% (GER-

UDCA-NPs), demonstrating that the freeze-drying process did not remove GER-UDCA 

from these formulations as occurred for GER with the native compound. 

GER-UDCA-SLNs and GER-UDCA-NPs showed mean particle size of 121 ± 

8.4 and 181 ± 5.9 nm with polydispersity index less than 0.2, and zeta potential around -

22.5 ± 7.7 and -26.7 ± 6.5 mV, respectively. It was observed that the incorporation of 

GER-UDCA into both nanosystems increased their size compared to unloaded 

formulations (p< 0.05). On the contrary, the particle homogeneity was not significantly 

affected by the addition of the drug, maintaining the narrow distribution for both the 

delivery systems (Table 1). Additionally, morphology analysis showed spherical shape 

and homogeneous size of the nanoparticles (Fig. 4).  

In vitro release experiments demonstrated a low dissolution rate of free GER-

UDCA, where less than 10% of the prodrug was dissolved in 8 h. On the other hand, 

GER-UDCA release from nanoparticles showed a high and quick burst effect of 

approximately 29% and 68% at 15 min for GER-UDCA-NPs and GER-UDCA-SLNs, 

respectively (Fig. 5). In addition, the overall GER-UDCA released within 8 h from NPs 

was about 40%, while for SLNs a minimum increase of prodrug release was observed 

over time, following the burst effect. However, the cumulative release of GER-UDCA 

from SLNs within 8 h was about 35% higher than NPs, mainly due to initial burst 

effect. 

Table 1.  

Particle size, polydispersity index (PDI), Entrapment Efficiency (EE%) and Drug 

Loading (DL%) of lipid (SLNs) and polymeric (NPs) nanoparticles. 

Formulation Size (nm) PDI Zeta (mV) EE% DL% 

(w/w) 

Unloaded SLNs 104 ± 5.3 0.148 ± 0.02 -20.0 ± 5.5 - - 

GER-SLNs 140 ± 7.5 0.110 ± 0.01 -13.5 ± 3.6 82.4 ± 0.5 NV 

GER-UDCA-SLNs 121± 8.4* 0.164 ± 0.03 -22.5 ± 7.7 94.5 ± 2.6 6.2 ± 0.6 

Unloaded NPs 144 ± 9.2 0.052 ± 0.01 -23.6 ± 4.6 - - 

GER-NPs 190 ± 7.0 0.117 ± 0.08 -23 ± 4.2  65.8 ± 1.5 NV 

GER-UDCA-NPs 181 ± 5.9# 0.060 ± 0.02 -26.7 ± 6.5 89.3 ± 3.2, 12.1 ± 1.4 

Data represents mean ± SD (*;# p < 0.05); NV: negligible value 
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Fig. 4. Microscopy images of GER-UDCA nanoparticles showing a spherical shape and 

size homogeneity. A-B: Trasmission electron microscopy (TEM) and Scanning electron 

microscopy (SEM) images of GER-UDCA-NPs C-D: TEM and atomic force microscopy 

(AFM) images of GER UDCA-SLNs.  

 

 

 

 

 

 

 

 

 

 

Fig. 5.  In vitro cumulative GER-UDCA release from formulations in aqueous medium 

with 5 mM SDS at 37°C (n=3). Data represent mean ± SD. 
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3.4. Hydrolysis studies of free and encapsulated GER-UDCA in rat liver homogenates.  

 

In order to evaluate the ability of PLGA and lipid nanoparticles to protect and 

stabilize the prodrug in physiologic environments, we decided to compare  the 

hydrolysis rate of free and encapsulated GER-UDCA in the tissue homogenates above 

described. In particular, rat liver homogenates were selected for the study, because in 

the hydrolysis rate of the prodrug is faster in this biological preparation than in brain 

homogenates. In particular, As reported in Fig. 6, after 120 min of incubation about 

90% of the solubilized free prodrug was hydrolyzed with the apparence of 

corresponding amounts of the hydrolysis product GER. Similar results were observed 

after 120 min of incubation of the GER-UDCA-SLNs. On the contrary, following 120 

min incubation of GER-UDCA-NPs in rat liver homogenates, about 85% of the prodrug 

was still present, with corresponding poor amounts of GER produced by hydrolysis 

(about 15%; Fig. 6). 

 

 

 

 

 

 

 

 

 

Fig. 6. Hydrolysis in rat liver homogenates, after incubation for 120 min of free or 

encapsulated GER-UDCA in PLGA or SLNs particles. All GER-UDCA and GER values 

are reported as the percentage of the overall amount of incubated prodrug and as the mean 

± SD of three independent experiments. 

*P< 0.001 versus Free GER-UDCA; **P> 0.05 versus Free GER-UDCA. 
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These results suggest that the ability of NPs and SLNs to stabilize the prodrug in 

rat liver homogenates is strongly related to their capacity to control the relase of the 

encapsulated GER-UDCA, as reported in Fig. 5. In particular, the ability of SLNs to 

increase the dissolution rate of GER-UDCA is further confirmed. 

Overall, these data suggest that the rat liver homogenate can represent an 

optimal model to evaluate nanoparticle properties in physiologic environments. In 

particular, when the nanoparticles are able to control the prodrug relase (e.g. PLGA), 

they induce its protection from degradation, thus inducing a low hydrolysis rate. On the 

other hand, when the nanoparticles are able to induce a fast dissolution of the prodrug 

(e.g. SLNs), its hydrolysis is rapid. This last type of formulation may be particularly 

indicated for nasal administration, allowing a fast dissolution of the prodrug in nasal 

cavity, with consequent efficacious targeting in the CNS.  

 

 

3.5. In vivo GER and GER-UDCA nasal administration. 

3.5.1. Intravenous administration of GER-UDCA 

 

GER-UDCA was firstly administered to rats by intravenous infusion at the dose 

of 500 g (i.e. the same used for nasal administration of the GER-UDCA-loaded SLNs, 

see below). The higher GER-UDCA concentration detected in whole blood was 13.1 ± 

0.8 g/mL. This value decreased during time and blood GER-UDCA concentartion was 

not quantifiable at the 60 min time-point. GER was not detected in whole blood during 

this range of time, while both GER and GER-UDCA were not detected in CSF within 

90 min after the end of infusion.  

In order to better evaluate the pharmacokinetics of GER-UDCA after 

intravenous infusion to rats, a 2.5 mg dose was also administered. Under these 

experimental conditions, the rat blood GER-UDCA concentration at the end of infusion 

was 73.5 ± 5.6 g/mL and it decreased during time (Fig. 7A) with an apparent first 

order kinetic confirmed by the linearity of the semilogarithmic plot reported in the inset 

of Fig. 7A (n = 8, r =0.993, P < 0.0001), and a half-life (t1/2) of 21.6 ± 0.8 min. The 
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pharmacokinetic data (Table 2) indicate a clearance (CL) value of 4.35 ± 0.15 mLmin-

1Kg-1 and a volume of distribution (Vd) value of 136 ± 9 mLkg-1. 

 

 

 

 

 

 

 

Fig. 7. [A] Plasma elimination profile of GER-UDCA intravenously infused to rats at 

2.5 mg dose. The elimination followed an apparent first order kinetic, confirmed by the 

semilogarithmic plot reported in the inset (n = 8, r = 0.993, P < 0.0001). The calculated 

half-life of GER-UDCA was 21.6 ± 0.8 min. [B] Rat blood GER amounts following the 

intravenous infusion of GER-UDCA (2.5 mg). All data are expressed as the mean ± SD 

of four independent experiments. 

 

Finally, the intravenous infusion of 2.5 mg of GER-UDCA allowed to detect 

GER in rat blood at 30 and 60 min, with values around its LOQ (about 0.3 µg/mL, Fig. 

7B). 

 

Table 2.  

Pharmacokinetic parameters of GER-UDCA after intravenous administration of a 2.5 

mg dose to rats. Data are reported as mean ± SD (n = 4). C0: concentration at the end of 

infusion; AUC: area under concentration; kel: elimination rate constant; t1/2: half-life; 

CL: clearance; Vd: volume of distribution. 
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Vd 
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3.5.2. Nasal administration of GER and GER-UDCA 

 

GER was nasally administered at the dose of 4 mg/kg as emulsified formulation 

in a mixture of glycerol and water. Fig. 8 reports the GER concentrations detected 

during time in CSF of rats, following the nasal administration. The GER values detected 

were 4.3 ± 0.70 and 2.16 ± 0.32µg/mL at 30 and 60 min, respectively, as evidenced in 

the inset of Fig. 8. However, a drastic increase of GER concentration was evidenced in 

CSF at 90 min, (122 ± 15 µg/mL) whose value appeared up to 56 times higher than 

those detected at 30 or 60 min. These data suggest that the GER ability to permeate 

across olfactory mucosa drastically increased 1 h after its intranasal administration. 

 

 

 

 

 

 

 

 

Fig. 8. GER concentrations (µg/mL) detected in the CSF of rats after nasal administration 

of a 1 mg dose as emulsified formulation in a mixture of glycerol and water. Data are 

expressed as the mean ± SD of at least four independent experiments. 

GER-UDCA-SLNs demonstrated not only a high EE% but also the ability to 

induce a fast release of GER-UDCA. Therefore, GER-UDCA was nasally administered 

at the dose of 2 mg/kg as a water suspension of GER-UDCA-SLNs in order to verify its 

potential uptake in the CNS.  

The GER-UDCA-SLNs nasal administration produced detectable amounts of 

GER-UDCA in the CSF of the rats, as reported in Fig. 9. In particular, GER-UDCA 

concentrations in the CSF were 4.65 ± 0.52 μg/mL at 30 min then the concentration 

values slowly decresed to 1.1 ± 0.10 μg/mL at 150 min after nasal administration. After 
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180 min GER-UDCA concentration was not detectable. No GER amounts were 

detected in CSF of rats wihin 180 min after nasal administration of SLNs. Moreover, no 

GER or GER-UDCA amounts were detected in the bloodstream within 180 min after 

nasal administration of the particles. The AUC value in CSF obtained by nasal 

administration of GER-UDCA-SLNs (500 µg of GER-UDCA for rat)  was 389 ± 15 

µg∙mL-1 min (736 ± 28 µM min).  

 

 

 

 

 

 

 

 

 

Fig. 9. GER-UDCA concentrations (µg/mL) detected in the CSF of rats after nasal 

administration of a 500 µg dose as GER-UDCA-SLNs . Data are expressed as the mean 

± SD of at least four independent experiments. 

 

 

3.6. Histopathological examinations of nasal mucosae 

 

The histopathological evaluation of rat nasal mucosae was performed after 2 h 
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isopropyl alcohol (Fig. 10). No signs of damage were detected on the nasal mucosa after 
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Fig. 10B) and free GER (Fig. 10D), a separation of pseudostratified columnar 

epithelium from basement membrane was observed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10. Representative histological sections of nasal mucosae of rats 2 h after intranasal 

administration of [A] PBS 7.4 (as negative control), [B] isopropyl alcohol (as positive 

control), [C] GER-UDCA-SLNs and [D] free GER. Magnification: 40X. Scale bars = 

62.2 µm. 

 

4. Discussion 

 

Therapeutic strategies able to counteract neuroinflammation or to induce 

mitochondrial protective effects appear promising to prevent and/or to reduce PD 

progression. Among other agents, natural compounds possessing these properties such 

as GER, an abundant component of essential oils [11], and UDCA, a bile acid, have 

been recently proposed. In fact, in a mice model of PD, GER alleviated the 

A B 

C D 
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neuromuscular impairment [10] induced by the administration of 1-methyl-4-phenyl-

1,2,3,6-tetrahydropyridine (MPTP), while UDCA has been proposed as an encouraging 

neuroprotective drug, being able to induce beneficial effects on dopaminergic neuron 

mitochondrial functions [13,26].  

Both GER and UDCA penetrate the CNS from the bloodstream and their ability 

to reach the cerebrospinal fluid has been demonstrated [12, 16,27]. Their 

neuroprotective effects could be, therefore, exerted following the drug oral 

administration, although very high doses (up to 200 mg/kg or 50 mg/kg per day for 

GER or UDCA, respectively) would be required [8, 16]. Moreover, GER appears 

quickly eliminated from the body after its oral administration, showing a very short 

half-life (about 12 min) at systemic and central levels in rats [12]. These aspects could 

compromise the use of these natural potential drugs for long-term therapies against PD, 

thus prompting the development of new strategies to improve their brain delivery and 

survival after administration. In this context, nose-to-brain delivery represents an 

interesting approach since it permits a direct transport of neuroactive agents to CNS, 

thus allowing to achieve therapeutic compound CNS concentrations after the 

administration of relatively low dosages [28]. In particular, the olfactory and trigeminal 

pathways allow to deliver drugs or prodrugs from nose to CNS within few minutes. 

These pathways encompass drug transport across the olfactory mucosa, or extracellular 

routes, such as the transport via olfactory neurons, or trigeminal nerves [29,30], 

avoiding the axonal transport which, instead, requires endocytosis processes and some 

days to be completed [31]. Unfortunately, the nasal administration of GER could be 

associated with several issues. Firstly, GER is liquid at room temperature and causes 

high mucosal irritability [32]. Moreover, its poor water solubility (100 mg/L) and high 

partition coefficient (2.65) [33] generally induce its separation from aqueous 

formulations with consequent administration difficulties and mucosal damages [32]. 

This latter aspect also emerged in the present study, following the rat nasal 

administration of GER (4 mg/kg) as a water emulsion in the presence of glycerol. This 

formulation was previously used for oral GER (50 mg/kg) administration and allowed 

to detect the compound in rat CSF at concentrations ranging from about 0.8 to 2.5 

g/mL within 45 min after the administration [12]. Under this experimental condition 

Following the GER nasal administration, in fact, the CSF GER concentrations ranged 

between ~2 and ~4 µg/mL within 60 min after the nasal administration, but at 90 min 

they suddenly increased to ~120 µg/mL, suggesting a drastic change of permeability of 
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nasal mucosa. In line with this scenario, the histopathological analysis of nasal mucosa 

of rats evidenced serious mucosal damages 120 min after the administration of this GER 

emulsion (Fig. 10D) although the intranasal GER dose was about ten times lower than 

the oral one. Another issue possibly related to GER nasal administration is its relative 

high volatility that seems to preclude the compound encapsulation in polymeric or lipid 

nanoparticulate systems. In the present study, this aspect emerged by the results 

obtained after the design and development of biocompatible delivery nanocarriers for 

the nose-to-brain delivery of GER. Specifically, lipid-based (SLNs), obtained with 

compritol, and polymeric (NPs) nanoparticles, based on PLGA, were prepared by melt-

emulsification with solvent evaporation and nanoprecipitation techniques, respectively, 

to obtain particles in the nanometric range. Compritol is composed by glycerol mono, 

di- and tri-behenate and it was selected for its high biocompatibility [34] as well as 

PLGA polymer, approved by FDA for formulation development [35]. In GER-loaded 

nanoparticles, the compound content was relatively high before freeze-drying, but 

following this process it appeared negligible, regardless the kind of matrix material (see 

supplementary materials). The use of mannitol and trehalose as cryoprotectant was also 

tested, in order to prevent potential particle aggregation and fusion and to protect the 

nanoparticles from the mechanical stress of ice crystals [36]. Unfortunately, this 

strategy did not avoid GER loss, suggesting that this phenomenon is due to GER 

volatility (data not shown). In the attempt to overcome these limitations, we have 

previously proposed a formulation based on chitosan oleate as surfactant, which allows 

to obtain a GER emulsion in water characterized by droplets lower than 1 µm with high 

stability during time. The nasal administration of this formulation (1 mg/kg of GER) to 

rats induced quite high GER concentrations in CSF (> 100 µg/mL); unfortunately, the 

effects of this formulation on nasal mucosa have not been yet elucidated and, therefore, 

cannot be excluded. [27]. Based on these issues, in the present study we explored the 

possibility of intranasal administration of an innovative GER-UDCA prodrug as useful 

strategy to improve the CNS targeting of GER and UDCA co-administration. The 

prodrug approach appeared suitable to this aim, being often used to avoid clinical 

limitations related to the therapies based on some neuroactive drugs [37,38]. As an 

example, this strategy can allow to circumvent the active efflux transporters expressed 

on the barriers between the bloodstream and the CNS [25], as well as to prolong the 

activity of drugs with short half-lives [39]. Besides these advantages, we have recently 

demonstrated that some prodrugs are particularly suitable to be included in micro or 
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nano-particulate formulations in order to enhance the brain targeting of neuroactive 

agents following nasal administration [21,40,41].  

We have firstly provided GER and UDCA ester conjugation in order to obtain 

the GER-UDCA prodrug, potentially releasing both compounds after its hydrolysis by 

endogenous esterases [42]. The GER-UDCA conjugate showed high stability in Tris-

HCl buffer. A similar result was previously obtained with GER incubated in phosphate 

buffer saline (PBS, pH 7.4) [12]. On the other hand, in rat liver or brain homogenates 

the conjugate was hydrolyzed, evidencing its aptitude to release GER and UDCA in 

physiologic environments. GER-UDCA prodrug appears, therefore, potentially able to 

release both GER and UDCA in the liver or brain, in dependence of its ability to target 

these compartments. The lower hydrolysis rate of the prodrug detected in brain 

homogenates with respect to liver homogenates suggests that GER-UDCA may induce a 

controlled release of GER and UDCA in the CNS, allowing their prolonged activity 

during time. Based on these properties, GER-UDCA appeared a prodrug suitable to be 

included in nanoparticulate systems, in order to obtain nasal formulations for its 

targeting in the CNS. Interestingly, the usefulness of nanoparticulate nasal formulations 

has been evidenced for the nose to brain delivery of dopamine, against the PD 

symptoms [43]. Differently from GER, GER-UDCA prodrug is not volatile and appears 

semisolid with very low water solubility. These last properties make difficult its 

intranasal administration in the free form. Consequently, biocompatible delivery 

nanocarriers for the nose-to-brain delivery of GER-UDCA were designed and 

developed with the same procedures and materials used for GER encapsulation (see 

above). GER-UDCA-SLNs, based on compritol, and GER-UDCA-NPs, based on 

PLGA, were characterized demonstrating that they have an average diameter below 200 

nm. The negative zeta potential of formulations may be attributed to lipid and polymer 

nature, which guarantees their physical stability, since the charge repulsion between the 

nanoparticles avoids their aggregation. For a nose to brain delivery of nanoparticles, 

both size and zeta potential influence and determine the brain distribution of drugs. 

Particles around 100 nm have been demonstrated to increase brain drug concentration 

compared to other administration routes [44,45]. Regarding the superficial charge, the 

issue is controversial. The drug absorption is influenced by a large number of different 

parameters that makes difficult to compare different results. Overall, both negative and 

positive charged nanoparticles have been established to increase brain drug 

concentration compared to other routes or to drug solutions [44-46]. 
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High EE% of the lipophilic GER-UDCA in both nanocarriers used in this study were 

obtained, consistent with the expectations. In fact, during nanoprecipitation lipophilic 

drugs do not migrate to aqueous phase but interact with the polymeric matrix where 

they are encapsulated [47]. In the case of SLNs, the evaporation of organic solvent 

spontaneously occurs in precipitation of lipids along with the drug, since lipophilic 

compounds generally show higher affinity for the lipid dissolved into organic phase, 

than for water [48]. Nevertheless, DL% values showed that the use of GER-UDCA was 

efficient to improve the amount of GER in the freeze-dried nanoparticles, confirming 

the reduction of GER volatility when conjugated with UDCA. 

In vitro release data showed a higher dissolution rate of GER-UDCA from the 

present formulations compared to the free prodrug in its semisolid form. In fact, 

nanoparticles have been applied for enhancing solubility of poorly water-soluble drugs, 

since the reduction of particle size increases their surface area, which would be related 

to the higher drug dissolution rate [49,50]. In particular, our results clearly evidenced 

this solubility effect for GER-UDCA-SLNs. The high and quick burst effect obtained 

with this formulation suggests that important amounts of GER-UDCA are placed on the 

surface of SLNs or just nearby, rather than entrapped in their lipid matrix. On the other 

hand, the ability of NPs to better control the prodrug release, suggests higher core 

distribution of GER-UDCA than in SLNs. Remarkably, the high concentration of 

surfactants used for SLNs manufacturing may contribute to accelerate drug release from 

the nanoformulations [51]. Rapid or prolonged therapeutic effects may be therefore 

obtained by the different release patterns of SLNs and NPs that allow to deliver the 

prodrug at different rates.  

The stability studies of free and encapsulated GER-UDCA in rat liver 

homogenates evidenced the ability of NPs to strongly reduce the hydrolysis of GER-

UDCA in a physiological environment, whereas this effect appeared very poor with 

SLNs, confirming their ability to promote a prompt dissolution of the prodrug. This 

prompt dissolution can be very useful in order to induce a nose-to-brain delivery of 

GER-UDCA, based on diffusional mechanisms across nasal mucosae.  The SLNs were 

therefore selected as the formulation suitable for nasal administration of the prodrug and 

their potential ability to promote its uptake in CNS was evaluated. 

Following the administration in the rat nostrils of GER-UDCA-SLNs 

suspension, containing a prodrug dose of 500 g (i.e. a dose similar to those we 

previously used for micro- and nanoformulation of prodrugs [21,28,41]), GER and 
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prodrug concentrations in CSF and bloodstream were measured. It was not possible to 

perform a comparison with raw GER-UDCA, being its semisolid and highly adhesive 

form not suitable for nasal administration.  

The compritol based SLNs induced the uptake of the prodrug in the CSF, 

allowing to obtain concentrations up to ~5 μg/mL within 30 min after nasal 

administration. These data confirm the ability of GER-UDCA-SLNs to induce the 

delivery in nasal mucosa of prodrug amounts ready to be targeted in the CSF, probably 

by promoting its dissolution rate. Interestingly, no GER or GER-UDCA amounts were 

detected in the bloodstream of rats, following the nasal administration of the 

nanoparticulate suspension. Similarly, these compounds were not detected in CSF 

following the intravenous administration of the same dose of GER-UDCA (500 g). As 

this could be possibly due to the potential quick hydrolysis and high volume of 

distribution of GER-UDCA, we also evaluated the pharmacokinetic parameters of GER-

UDCA following the intravenous administration of a higher prodrug dose (2.5 mg 

dose). Data reported in Table 1 indicate that the prodrug half-life is about 20 min, while 

the volume of distribution and clearance values are about 150 mL/kg and 5 mL min-1 

kg-1, respectively.  Literature data report rat volume of distribution values of drugs 

ranging from 100 mL/kg to 100 L/kg orders of magnitude. Similarly, clearance values 

are reported ranging from 1 mL min-1 kg-1 to 10 L min-1 kg-1 orders of magnitude [52-

53]. The pharmacokinetic data reported in Table 2 indicate, therefore, that the 

elimination rate of GER-UDCA from the rat bloodstream is relatively slow. This profile 

appears, indeed, markedly different from that of a similar prodrug (UDCA-AZT), 

obtained by the conjugation of zidovudine (AZT) with UDCA, whose hydrolysis in rat 

whole blood showed a half-life of few seconds [25]. Moreover, the data reported in 

Table 2 also suggest that GER-UDCA poorly migrates to peripheral tissues, showing a 

relatively small volume of distribution. This pharmacokinetic profile can be related to a 

poor permeation coefficient of the prodrug, possibly due to its relatively high molecular 

weight (528 Da). In this context, we have previously demonstrated that AZT showed a 

strong decrease of its permeation coefficient across cell monolayers when conjugated to 

UDCA [25].  

Finally, the intravenous infusion of the 2.5 mg dose of GER-UDCA allowed to 

detect GER in rat blood at 30 and 60 min, with values around its LOQ (about 0.3 

µg/mL, Fig. 7B). The poor amounts of GER detected in the blood of rats are probably 
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due to its higher elimination rate (t1/2 = 12,5 ± 1.5 min) [12] with respect to the 

elimination rate of GER-UDCA, whose half-life is 21.6 ± 0.8 min. 

Overall, these data emphasizes the ability of suggest that SLNs promote a 

selective uptake of GER-UDCA in CSF, thus indicating the existence of a direct nose-

CNS pathway for this prodrug. This view is also supported by the lack of detectable 

GER-UDCA concentrations in rat blood after the prodrug nasal administration. In fact, 

it seems likely that this could not be related to the high volume of distribution and/or 

rapid clearance of GER-UDCA, but rather to its incapability to pass from brain into 

peripheral circulation. 

Moreover, following the nasal administration of SLNs, GER-UDCA 

permanence in CSF appeared sensibly prolonged (about 2 h) in comparison to the CSF 

permanence of GER administered by oral route [12].  

It may be intersting to observe that GER-UDCA AUC value in CSF of rats (736 

± 28 µM∙min) obtained after nasal administration of SLNs is significantly higher (P < 

0.001) than that obtained by the oral administration of 12,5 mg of GER (473 ± 23 

µM∙min) [12], a dose about 100 times higher, in molar terms, than that of the prodrug 

nasally administered (please see Supplementary Methods for further details). 

The absence of GER in CSF, following the nasal administration of GER-UDCA, 

suggests that the prodrug hydrolysis can be localized in the brain parenchima, as 

evidenced by the prodrug  hydrolysis detected in rat brain homogenates. In view of this 

evidence, further experiments in animal PD models are necessary to evaluate the 

efficacy of this new therapeutic approach. 

Finally, the histopathological examinations of nasal mucosa highlighted the 

safety of the intranasal administration of GER-UDCA-SLNs in comparison to free GER 

and isopropyl alcohol (positive control). Indeed, neither mucosa damage nor alteration 

in the epithelial lining was observed, as the integrity of both the pseudostratified 

columnar epithelium and the basement membrane was maintained (Fig. 10C). These 

results indicate the high biocompatibility of GER-UDCA-SLNs with respect the GER 

nasal formulation. For the sake of clarity, it is relevant to remark that pharmacokinetic 

results and histopathological data were obtained in two different rat strains (i.e. 

Sprague-Dawley and Wistar rat, respectively). Although these rat strains are the most 

widely used ones, usually not discriminated in research, and there are no 

histopathological differences between them it will be important, in a further study, to 

confirm the present histopathological results in Sprague-Dawley rats. 
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5. Conclusions 

 

To achieve brain targeting via intranasal administration, we propose lipid 

nanoparticles containing a new prodrug obtained by the conjugation of GER with 

UDCA, two natural compounds known to prevent and counteract PD. Even if in vitro 

experiments demonstrate the ability of the prodrug to be hydrolyzed in physiologic 

environments, its sticky consistence and very poor solubility hindered its intranasal 

administration. The encapsulation of GER-UDCA in polymeric or lipid nanoparticles 

induced a significant increase of its dissolution rate in aqueous solvent. In particular, 

nasal administration of GER-UDCA-SLNs demonstrated the ability of SLNs to induce 

prodrug permeation from nose to CSF of rats, without inducing mucosal irritation. In 

conclusion, these data suggest the potential ability of this formulation to induce drug 

central effects, in the absence of peripheral undesired phenomena indicating that the 

prodrug nanoencapsulation could provide an effective noninvasive approach to 

encourage the access of GER and UDCA to the brain for treatment of PD. Future 

experiments in animal PD models are needed to demonstrate the efficacy of this 

therapeutic approach. 
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