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ABSTRACT

Oleuropein is a natural ingredient largely used in nutritional supplements. This study reports on the
development, validation and application of an HPLC method based on UV-vis detection for determining
oleuropein in olive oil, olive leaf extracts and nanoparticles. The principles of Green Chemistry were taken
into account for both the samples manufacturing and HPLC method development. A Zorbax C18 column
was used on which a mobile phase containing acetonitrile-water was applied in isocratic elution mode
injecting 10 pl of sample at 1.2 ml/min constant flow-rate, 30°C temperature and 15 minutes run time.
Method linearity (r2>0.999) was assessed in the range of 50 to 420 pg/ml. Precision expressed by RSD%
was always better than 2%. Accuracy was in all cases within 98-102% of the expected concentration value.
The sensitivity of the method was at the level of 0.08 pg/ml as limit of detection and at 0.25 pg/ml as limit
of quantification. The results witness that the method is suitable for the quantification of oleuropein in a

variety of samples with reduced environmental impact.







Experimental section. Chapter 1

1. Introduction

Olives and their juice are considered the cornerstone of the Mediterranean diet, which has been
historically linked with the higher longevity and the reduced incidence of some chronic diseases in
the Mediterranean population. These health benefits have been attributed by the scientific evidence
to some of the 20 types of olive polyphenols found in olive trees'. Among these, oleuropein (OLE)
(Figure 1), the major constituent of the sercoiridoid family, has gained special attention. Mainly due to
its hydrophilic nature as well as other factors (i.e. olive harvesting time, processing method) it is normally
found in high quantities in olive leaf (Olea europaea L.) but lower (sub-ppm) in olive oil.>* Apart from
being considered one of the main responsible for the organoleptic properties of food it is also used
for chemical standardization of marketed olive-derived products (i.e. olive leaf extracts, supplements
and olive oil). Beyond this, several pharmacological benefits have been attributed to this natural
polyphenol during the last decades. Even the European Medicines Agency (EMA) and the European
Food Safety Authority (EFSA) have emitted their own assessment reports about its health-promoting
properties in human health.>® In particular, OLE has been reported to exert antiinflamatory,” platelet anti-
aggregant,® antimicrobial,® hypoglycemic,® anticancer,’"'? antiviral,”® hypolipidimic,™ antioxidant and
neuroprotective™ effects among others. Literature offers a long list of other natural compounds that have
also been proved to possess important pharmacological activities.’® All these evidence, together with the
recently increased environmental awareness, have promoted a trend towards the consumption of natural-
origin products and thus, the use of bioactive compounds
like olive polyphenols has gained the attention of the
pharmaceutical, food and chemical industries. Most of
these natural molecules are obtained from agro-industrial
waste through extraction processes in which not only the

high energy consumption but also the use of large amount

of organic solvents contribute to its overall environmental
impact. Therefore, both from a toxico-pharmacological and
ecofriendly point of view, those harmful aspects should be

Figure 1. Oleuropein.
minimized through the application of green chemistry. 9 P

Another issue that must be addressed to achieve the required properties of olive polyphenol based
by-products is their lability against both external and systemic factors. Specifically, OLE is rapidly degra-

ded after light and oxygen exposure and once in the human organism its bioavailability is compromised
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by enzymatic degradation and limited absorption in the target site."”"

Taking into account the aforementioned facts, polymeric and lipid-based nanoparticles have been pro-
posed as innovative drug delivery systems (DDS) that could protect and improve the efficacy of the
encapsulated compounds until their release in the target site. Among these DDS, nanostructured lipid
carriers (NLC) offer several advantages such as the avoidance of organic solvents during the manufactu-
ring process, higher drug loading, long-term stability and scaling-up feasibility.?>?' In order to determine
the yield of the nanoformulation process, the amount of encapsulated drug should be quantified and

thus, precise analytical methods are needed.

High performance liquid chromatography (HPLC) coupled with diode array detector (DAD) is one of the
most common analytical methods in pharmaceutical and food industries for routine quantification analy-
sis. More specifically, reverse phase (RP)-HPLC has emerged as a sensitive, rapid and accurate technique
that allows the separation and determination of analytes in several nutraceutical and pharmaceutical

forms including nanoparticles.

As a result, several HPLC methods have been reported for OLE quantification in olive leaf and olive leaf
extracts,?*?® olive 0il,2#?® olive stems and roots,* olive pomace and fruit.®® However, they have some limi-
tations such as the use of large amounts of organic solvents due to long analysis time, lack of validation
results, more complex methods using gradients and mass detectors, tedious sample preparation techni-

ques and lack of method applicability for the quantification of oleuropein in nanoparticle formulations.

Taking the aforementioned, the goal of the present work was to validate a rapid and versatile RP-HPLC-
DAD method for the determination of OLE in olive oil, olive leaf extracts and nanoparticles obtained

through eco-friendly processes.

2. Materials and Methods

2.1. Materials

An oleuropein reference standard (>98% purity) was purchased from Sigma-Aldrich (St Louis, MO).
Oleuropein (>80% purity) for nanoencapsulation was kindly donated by Nonaherbs Bio (Tech) (China).

Olive leaf, organic extra virgin olive oil (EVOO) and organic extra virgin olive oil rich in olive polyphenols
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(EVOO-ph) were donated by Biosasun S.A. (Alava, Spain). HPLC-grade methanol (MeOH), acetonitrile
(ACN) and ortophosphoric acid (85%) were purchased from Scharlab®. Water (H,0) was purified in a
Milli-Q Plus system (Millipore®) with a conductivity of 18.2 MU.cm at 25°C. Precirol® ATO 5 (Glycerol
distearate) was a kind gift from Gattefosé (France). Polysorbate, Tween®80 was purchased from Panreac
Quimica (Castellar del Valles, Barcelona, Spain). Poloxamer 188 was kindly provided by Merck (Darmstadt,

Germany). All other reagents and solvents used in this study were of analytical grade.

2.2. Instrumentation

A Waters 2795 Alliance HPLC system (Waters Corporation, Milford, MA, USA) equipped with a binary
HPLC pump (Waters 2487), a diode array detector (Waters 2489), a column oven (Waters Column Heater
Module), and an auto sampler (Waters 717 plus Autosampler) was used. Data acquisition, analysis and
reporting were performed using Empower 2 chromatography software (Milford, MA, USA). Analysis was
performed using a Zorbax® C18 column (Agilent, Wilmington, DE, USA) with 5 pm in particle size, 4.6 mm

in internal diameter and 250 mm in length.

2.3. Chromatographic conditions

Separation of OLE was performed on isocratic mode with a mobile phase consisting of a mixture of
ACN-H,0 (20:80, v/v). The pH of the mobile phase was adjusted to 3.0 using ortophosphoric acid. Mobile
phase was degassed in an ultrasonic bath for 15 minutes before analysis. The analysis was carried out
at 1.2 mL/min flow rate with a detection wavelength of 230 nm and the injection volume was arranged
as 10 pL. Column temperature was set to 30°C. Method run time was 15 min. All tested samples were
filtered through a 0.45um pore-size polyvinylidene fluoride (PVDF, Scharlau®) filter prior to analysis. Each
working day injection was carried out after pre-conditioning of the column at the optimized temperature

(30°C) and flow rate for 15 min.

2.4. Preparation of standard solutions

Standards were prepared in deionized water and filtered through a 0.45um pore size PVDF-filter before in-
jection. All standards were protected from light. A stock standard solution of 1 mg/mlwas prepared in Milli-Q
water. Seven working standard solutions (50, 75, 100, 280, 350, 385 and 420 pg/ml) were prepared by dilu-

ting in Milli-Q water the corresponding aliquots of stock standard solution in 5ml amber volumetric flasks.
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2.5. System Suitability

System suitability testing is essential for the assurance of the quality performance of the chromatographic
system. For this purpose, six replicates of the OLE reference standard at a concentration of 280 pg/ml
was analyzed. System performance and chromatographic parameters such as the number of theoretical

plates (N), tailing factor (T), resolution (Rs) and capacity factor (k') were taken into consideration.

2.6. Method Validation

The analytical method for quantification of OLE was validated according to the International Conference
on Harmonization (ICH) guidelines Q2 (R1)?7in terms of specificity, selectivity, linearity, range, precision,

accuracy, limit of detection (LOD) and limit of quantification (LOQ).

2.6.1. Linearity

Linearity was determined in seven different concentration levels (50, 75, 100, 280, 350, 385 and 420 pg/
mL). Experiments were carried out in triplicate. Peak areas were plotted against the analyte concentration

to obtain a regression line. Linear calibration function was fitted by least-squares methodology.

The range of the method was validated by checking that the interval between the upper and lower
concentration (amounts) of analyte in the sample (including these concentrations) for which it has been

demonstrated that the analytical procedure has a suitable level of precision, accuracy and linearity.

2.6.2. Specificity

In order to demonstrate that no interference occurred due to the other sample constituents, specificity
test was carried out by comparing the chromatograms obtained from the EVOO hydroalcoholic extraction
solution (MeOH-H,0, 50:50, v/v), deionized water, mobile phase and supernatant of blank nanoparticles

(without OLE) with the OLE reference standard solution and samples containing OLE.

2.6.3. LOD and LOQ

In this study a calibration curve was prepared at low concentrations (0.2 ug/mL, 0.4 pg/mL, 0.6 pg/mL,
1 pg/mL and 6 pg/mL). This method can be applied in all cases, and it is most applicable when the
analysis method does not involve background noise. It uses a range of low values close to zero for

calibration curve, and with a more homogeneous distribution will result in a more relevant assessment.
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The LOD and LOQ were assessed by applying the following equations:

LOD=3.30/S

LOD=100/S

Where o is the standard deviation of the response of ten blank samples and S is the slope of the cali-

bration curve.

2.6.4. Precision

Precision is a measure of how close results are to one another. Precision of the method was determined
by repeatability (intra-day precision) and intermediate precision (inter-day precision) studies. Intra-
day precision was assessed by analyzing three replicates of the standard solutions: at three levels of
low (50pg/mL), medium (280 pg/mL) and high (420 pg/mL) concentrations on the same day. Inter-day
precision was evaluated through the analysis of three levels of the standard solutions at low (50 pg/mL),
medium (280 pg/mL) and high (420 pg/mL) concentration levels in three different days. Results were

expressed as relative standard deviation (RSD).

2.6.5. Accuracy

Accuracy is the closeness of the test results obtained by the analytical method to the true value. With
this aim and following ICH Q2(R1)* recommendations, accuracy of the method was studied by the
addition of known amounts of OLE to blank samples, working at the three concentration levels into the
linear range previously established for the analyte (50, 280 and 420 pg/ml). From the obtained data the

average recovery values of the lowest, intermediate and upper concentration levels were calculated.

2.7. Method Applicability and sample preparation

All samples were prepared by dilution in deionized water with the exception of EVOO and EVOO-ph for

which an extraction process was carried out.

2.7.1. Organic extra virgin olive oil rich in polyphenols (EVOO-ph)

Organic Olea europaea fruit juice rich in olive polyphenols (EVOO-ph) was obtained from organic olives

of Arroniz and Arbequina varieties following the protocols of Biosasun. Briefly, olives were harvested in
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early November, when the fruit is yet in a low ripening index, and leaves were discarded. Immediately after,
olives were grinded and centrifuged in a horizontal centrifuge (Baby 2-I, Pieralisi MAIP SPA, Zaragoza,
Spain) at low temperature (<27°C). The obtained product was kept in High Density Polyethylene (HDPE)
containers for decantation for 2 months at low temperature (<27°C) and finally, packaged in amber
bottles. EVOO was also obtained through the same methodology but only Arroniz variety olives were

employed.

With the aim to determine the OLE content in EVOO-ph through the validated HPLC method, it was
processed through a simple and rapid method. Briefly, EVOO-ph was subjected to sonication in a water
bath for 15 minutes in order to obtain a homogeneous sample. Then, 4 grams of the sample were diluted
in 20 ml of a MeOH-H,0 (50:50, v/v) solution and left to mix under magnetic stirring for 4 hours. After
that, the obtained solution was filtered through a 0.45um pore-size PVDF-filter prior to its analysis by
the validated HPLC method. As blank-control, pure EVOO was also processed as aforementioned and

analysed.

2.7.2. Organic Olea europaea L. extracts

Organic olive leaves discarded during the olive oil manufacturing process were used for OLE extraction.
Briefly, Olea europaea dried leaves (10kg) were ground and introduced into a brew bag. Solid-liquid ex-
traction was conducted by immersing the brew bag into a pre-heated water bath (50L, 80°C) for 4 hours.
After extraction, the aqueous solution of olive polyphenols was stored at 4°C, protected from light, until
use. The Olea europaea L. extract was also subjected to a freeze-drying process for 42 hours (Telstar
Lyobeta freeze-dryer, Terrasa, Spain). For this purpose, the following drying cycle was programmed:
freezing for 3.0 h, primary drying for 12h, and secondary drying for 24 h. The pressure was set to 0.2 mBar

during the primary drying. Table 1 summarizes the exact parameters of the process.

Table 1 Freeze-drying process steps for Olea europaea L.

extracts.
Freeze-drying Temperature Time (hh.mm) Pressure
Step (°Q) (mBar)

Freezing -50 3 h 00 min -

Chamber vacuum 0.2

Primary Drying -50 5h 00 ml‘n 0.2
20 7 h 00 min 0.2

Secondary Drying 20 24h 00 min -
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Enumeration of moulds and yeast in the obtained Olea europaea L. aqueous and freeze-dried extracts

was conducted following the I1SO 21527-1:2008 and ISO 21527-2:2008 guidelines.

In order to quantify the OLE content in the obtained aqueous and freeze-dried extracts, they were
diluted 1:20 and 1:1 in deionized water, respectively, and filtered through a 0.45um pore-size PVDF-filter

prior to its analysis by the validated HPLC method.

2.7.3. Oleuropein-loaded nanostructured lipid carriers (NLC-OLE)

For OLE nanoencapsulation, a commercial OLE powder (purity >80%, Nonaherbs®) from olive leaves
was employed. OLE-loaded nanoparticles were obtained by the hot melt homogenization method as
previously described by our group.?® Briefly, EVOO (liquid at room temperature) and the solid lipid Precirol
ATO® 5 (melting point: 56°C) were mixed and melted 5°C above the solid lipid melting point until a clear
and homogeneous phase was obtained. The aqueous phase was prepared by dispersing Tween® 80 and
Poloxamer 188 in purified water. OLE was also dissolved in purified water (0.66 mg/ml). When the lipid
phase was melted and the aqueous phase was heated to the same temperature, OLE solution was added
to the lipid phase and immediately after, the hot aqueous phase was added to the melted oily phase, and
then sonicated at 50 W (Branson Sonifier 250, Danbury, CT, USA). The obtained nanoemulsion was mixed
by magnetic stirring at room temperature and then stored for 2 h at 4 °C to allow the re-crystallization
of the lipids and NLC formation. Afterwards, particles were collected using a 100-kDa molecular weight
cut-off centrifugal filter unit (Amicon, “Ultracel-100k", Millipore, Spain) by centrifugation at 2500 rpm
and washed three times with MillliQ water. The obtained supernatants were collected to determine by

HPLC the encapsulation efficiency. Blank-NLCs without OLE were also prepared and used as the control.

OLE content in nanoparticles was assessed by an indirect method. The supernatant obtained from the
ultracentrifugation process was diluted 1:10 in water, filtered through a 0.45um pore-size filter of PVDF-
filter and the analyte concentration was determined by the validated HPLC method. Blank-NLCs without

OLE were analysed as the control. Encapsulation efficiency (EE) was calculated following the equation:

EE (%)=(Total amount of OLE-Amount of free OLE)/(Total amount of OLE)x 100
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2.8. Greenness evaluation of the HPLC method to olive-derived samples

With the aim to assess the impact of the proposed method on health and environment the Environment
Assessment Tool (EAT) free software developed by Gaber et al. was employed.?® This tool is based on the
type and amount of organic solvents used in sample/standard pre-treatment and mobile phase
preparation, as well as the elution program employed (isocratic or gradient). Other factors involved in the
energy-consumption are not taken into account (i.e. temperature, type of detector). Therefore, to conduct
this assessment the type and amount of solvents employed for each sample preparation were introduced
in the tool, as well as, the chromatographic conditions (flow rate, mobile phase composition, analysis
time) and the safety (S), health (H) and environment (E) impacts were obtained. The sum of S, H and E
gave the total EAT value. For this metric, the higher the score the greener the method. Calculation is done

according to the following equation:

HPLC-EAT=STm1+HIM1+E1m1+S2m2+H2m2+E2m2+...+ Snmn+Hnmn+Enmn

Where S, E and H are safety, environmental and health factors, respectively, for n number of solvents
and m is the mass of the solvent. Mobile phases comprised of either pure H,0 or H,O containing buffer
salts and/or analytical modifiers are considered to have zero E, H and S, values due to the outweighing
effect of organic solvents. Detailed information is provided elsewhere.?® Furthermore, we employed
the EAT tool to rank the greenness of the different HPLC methods for OLE quantification found in the

literature and we compared them with our method.

2.9. Statistical analysis

The statistical analysis of the validation data was obtained using EMPOWER PRO 2 software (Milford,
MA, USA). Environment Assessment Tool (EAT) was employed for the greenness evaluation of the HPLC

method.

3. Results and Discussion

3.1. Method Development

The proposed RP-HPLC-DAD method was developed with the aim to provide a simple and versatile
technique for OLE quantification in different samples derived from organic certified olive trees and

obtained by green methods, with shortened time and cost analysis.
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HPLC is a powerful analytical technique and one of the most widely employed in industry. Among these,
the most popular is the RP-HPLC which usually uses mixtures of water and ACN. Despite the toxicity of
ACN, replacing it with another non-toxic solvent such as alcohols is not an easy work due to the advanta-
ges that H,O-ACN mixtures can offer in efficient RP-HPLC separation methods (i.e. better separation effi-
ciencies, lower viscosity, higher transparency in UV region). Therefore, with the aim to reduce the volume
of organic waste by shortening the retention time of OLE and reducing the amount of ACN employed in
the mobile phase as well as effectively separating the OLE peak in compliance with ICH Q2(R1)?” require-
ments, a new RP-HPLC-DAD method for OLE determination was developed, based on previous work of

our group and from an eco-friendly perspective.

Previously, our group defined a gradient method for OLE determination (ultrapure water with ortophos-
phoric acid *pH=3 as eluent A and ACN as eluent B) (data not published). The gradient started at 5% of
eluent B, increasing to 20% in 6 min, and remained constant until minute 10. At this time eluent B was
increased to 100% and maintained for 3 minutes. At minute 13, eluent B was decreased to 5% and kept
constant until minute 18. Injection volume was 20 pl, the flow rate 1 ml/min and the detector wavelength
was set to 280 nm. Acetic acid was also assayed for pH adjustment in eluent A but since it gave a small
signal in the baseline it was discarded. With this method, OLE eluted at minute 9.3 but no resolution
was achieved in real samples and high noise was detected in the baseline. Since OLE eluted when the
mobile phase composition was ACN-H,O (20:80 v/v) we decided to try it in isocratic mode, keeping the
other chromatographic parameters constant. Baseline noise was eliminated and OLE displayed the same
retention time as before. The Zorbax extended C-18 column was employed for these tests and lack of
reproducibility was shown, probably due to the fact that this column is more suitable for high pH values.
Therefore, due to its long-term stability and suitability at low pH values, as well as its properties we deci-
ded to try a Zorbax SB-CN C18 column and better peak shape and reproducibility were achieved. Taking
the aforementioned, ACN and H,O were selected as mobile phase solvents and pH was always adjusted
to 3.0 with ortophosphoric acid. Initially, several ACN-H,O proportions were assayed with OLE reference
standard, commercial OLE extract and olive leaf aqueous extract and results were studied to obtain ac-
ceptable retention times, good symmetry, shape and separation between peaks. Results are displayed in
Table 2. Despite the fact that shortened retention time was obtained with ACN-H,O (25:75, v/v, ‘pH 3.0),
retention factor (k') and resolution values were lower or too close to the acceptance criteria (Rs> 1.5) in
the studied samples. Therefore, the mobile phase composed of ACN -H,0O (20:80, v/v, "‘pH 3.0) was selec-

ted for the following optimisation steps.
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Table 2 HPLC method development results

Mobile phase composition Sample m Resolut'?:;mts Symmetry
(ACN:H20) 2> k<10)* (>15)" 1" Rr (min)

Oleuropein reference standard 153 - 114 74

25:75 Olea europaea L. extract 1.59° 154 114 75
Oleuropein for nanoencapsulation 1.59" 1.56 119 74

Oleuropein reference standard 2.74 - 121 11.0

20:80 Olea europaea L. extract 2.83 2.62 1.16 1.1
Oleuropein for nanoencapsulation 2.79 2.84 1.17 11.0

“results that do not accomplish acceptance criteria. ** acceptance criteria. Rr (retention time)

The detector wavelength was set to 255 and 230 nm, and as 230 nm gave a significantly higher area
value for the same OLE concentration it was selected as the best one. All the development process was
carried out with the analyte dissolved in water. However, theory states that better results are obtained
when a sample is dissolved in the mobile phase and based on bibliography, OLE seemed to have better
results when dissolved in methanol and thus, both solvents were assayed as well as water. No significant
differences were obtained in the peak quality parameters (data not shown) and since one of the objecti-
ves of this method was to keep the organic solvent use to a minimum, water was selected as the sample
dissolution media. Finally, column temperature was adjusted to 30°C in order to slightly improve the

resolution and reduce the retention time from 12 to 11 minutes.

3.2. Method Validation

Method validation was carried out following ICH Q2 (R1) guidelines.?”

3.2.1. System Suitability

Once the method was optimized with the best conditions, the system suitability parameters were in-
vestigated. Since ICH Q2 (R1) guidelines®” do not indicate any acceptance criteria to evaluate the system
suitability, US Food and Drug Administration (FDA) guidelines and European Pharmacopoeia (EP) es-
tablished criteria for HPLC methods of pharmaceutical analysis were followed** Therefore, the analyte
capacity factor (k’), peak symmetry or tailing factor, number of theoretical plates (N) and resolution (Rs)
were investigated. As it is shown in Table 3, the developed method accomplished the acceptance criteria

for all the studied parameters in the OLE reference standard.
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Table 3. Results from System Suitability Study

Parameter Acceptance criteria Results
. EP: > 1000 11474.47
Theoretical plates (N) EDA: > 2000 1127017
USP tailing (T) FDA: <2 121 + 0,01
Symmetry factor EP EP:0.8t0 1.5
Capacity factor (k') EP: 22 2.743
pacty FDA: > 2 '
Rr %RSD EP:<2 0.04
FDA: < 2

3.2.2. Specificity

The specificity test allows to verify if the method is selective enough to quantify the analyte of interest
in the presence of other substances that can interfere in the analysis of a complex sample. To assess this,
the retention times of OLE standard and samples solutions’ chromatograms were compared (Figure 2).
Moreover, blank samples’ chromatograms were studied. Similar retention times (~ 11 min) were obser-
ved in the chromatograms of the standard and sample solutions. Furthermore, no interfering peaks were
observed in the blank chromatograms (Figure 2B, D and F). The chromatograms of the samples also

showed other peaks of unknown compounds that absorb in the same wavelength as OLE.
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Figure 2. Chromatograms of NLC-OLE supernatant (A), Blank-NLC supernatant (B), Olea europaea L. aqueous ex-

tract (C), Water (D), EVOO-ph (E), EVOO (F), OLE for nanoencapsulation (purity> 80%, Nonaherbs®) (G), OLE refe-
rence standard (H).
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Nevertheless, good resolution was shown for these peaks that did not co-elute with the OLE peak, so
they did not interfere in the analysis (Figures 2A, C, E and G). Therefore, the proposed chromatographic

method offered an adequate selectivity for OLE analysis in EVOO, olive leaf extracts and NLCs.

3.2.3. Linearity

Based on the analysis of seven concentrations from 50 to 420 ug/ml, in triplicate, the linearity of the
developed analytical method was evaluated (Figure 3). The square of correlation coefficient (r?) value
was found to be over the acceptance criteria (> 0.999) indicating that the developed method is linear in
the considered range. Therefore, a good linearity was stablished over the studied range (50-420 pg/ml)

demonstrating the suitability of the proposed method.

Linearity parameter Reference Standard Solution 6000
Linearity range (ug/ml) 50-420 5.000
slope 1127
Intercept -49.43 =
Determination coefficient (r?) 0.9991
Correlation coefficient ( r) 0.9995 000,
SD of slope 0.07 1000
SD of intercept 17.21

o 100 200 300 400 500
OLE concentration (pg/ml)

Figure 3. Regression data and curve of the calibration curve for quantitative determination of OLE by HPLC.

3.24. LOD and LOQ

The lowest concentration at which an analyte can be detected (LOD) or quantified (LOQ) with accep-
table precision and accuracy was calculated from the standard deviation of the response and the slope
obtained from the linear regression of a calibration curve with concentrations close to zero (Table 4). To
assess these parameters, the following eight concentrations were prepared and analysed in triplicate: 0.2
pg/mL, 0.4 pg/mL, 0.6 pg/mL, 1 ug/mL, 6 pg/mL. According to the obtained results, the LOD was found
to be 0.08 pg/mL, whereas the LOQ was found to be 0.25 pg/mL.

Table 4 Curve calibration parameters for LOD and LOQ
determination

Linearity Parameter Reference Standard Solution
Linearity range (ug/ml) 0.2-6.0
Slope 7.98
Intercept 0.44
Determination coefficient (r?) 0.9994
Correlation coefficient (r) 0.9997
SD of slope 0.06
SD of intercept 0.20
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3.2.5. Precision

For precision analysis, OLE standard solutions (50, 280 and 420 pg/ mL) were prepared in triplicate, and
analyzed on the same day (repeatability) or in three different days (intermediate precision). As shown
in Table 5 both repeatability and intermediate precision did not exceed the maximum established RSD
value: 2. The highest RSD value was found to be 1.92%. Therefore, the good precision of the method

was confirmed.

Table 5 Results from intra-day (repeatability) and inter-day
(intermediate) precision studies

Intra-day Inter-day
Level % of RSD % of recovery RSD
recovery (%) (%)
Low 100.3 0.53 101.0; 99.2; 101.8 134
Medium 98.8 1.92 101.1;99.1;102.5 1.72
High 102.9 0.71 100.5; 99.5;102.9 1.72

3.2.6. Accuracy

In the present work, the accuracy of the method was studied using the average recovery values of
the lowest, intermediate and upper concentration levels of the calibration curve (50, 280 and 420
pg/ml), covering the linear range of the analyte. The supernatant of empty nanoparticles, distilled
water and EVOO extraction solution were spiked with OLE standard solutions and analysed after
three repeated injections for each sample, in triplicate. Results were expressed as the percentage of
recoveries with their respective RSD (Table 6). For all samples at the three concentration levels tested,

recovery was within 100 + 1.89%. Since RSD values were <2, accuracy of the method was confirmed.

Table 6 Results from accuracy study

EVOO extracti
Distilled water NLC-Supernatant extraction

OLE solution
(ug/ml)  Recovery RSD Recovery RSD Recovery RSD (%)
(%) (%) (%) (%) (%)

50 100.3 0.53 99.0 143 102.5 1.08
280 98.8 1.89 97.3 1.62 99.0 0.79
420 102.9 0.73 98.0 0.95 97.8 1.80

3.3. Method applicability to real samples

The developed and validated method in this work was proposed to study the presence of OLE in diffe-

rent sample matrices obtained through environmentally friendly processes. More specifically, we looked

95



Application of Green Nanoscience to olive polyphenols

for an analytical method that with reduced organic solvent use could be able to quantify the OLE content
in EVOO, Olea europaea L. extracts and EVOO based nanoparticles. Results are results are summarized in
Table 7. The European Food Safety Authority has released a claim concerning the effectiveness of the in-
gestion of olive polyphenols on protecting low-density lipoprotein cholesterol (LDL) from oxidative stress
(Commission Regulation (EU) 432/2012). On this basis, marketed olive oils should have a minimum con-
tent of 5 mg of oleuropein (or related polyphenols) per 20 grams of product in order to be acknowledged
with the proposed health claim (“Olive oil polyphenols contribute to the protection of blood lipids from
oxidative stress"). However, these polyphenols are rarely found in regular olive oils and thus, it is difficult
to find these products in the market labelling the claim. In fact, we have only detected three of them in
the market: Oleohealth®, Oliveheart® and Secret to live®. Nevertheless, the last one corresponds to a food
supplement composed of olive oil with the addition of olive leaf extract. Evidence suggests that speci-
fic factors, such as the ripening state of the olive on harvest time, olive variety and olive oil processing
method (temperature and pressure) have an important influence on that.'* Other authors state that it
is a consequence of the lack of adequate analytical methods to quantify OLE and related hydroxytyrosol
and tyrosol in olive oils.>* Routine analysis techniques for olive oils employ two-step extraction methods.
Firstly, an extraction process with n-hexane is normally conducted to discard fat components followed
by one or two hydroalcoholic extraction steps. In this work, the first step was avoided and extraction with

MeOH-H,0 (50:50, v/v) seemed to be enough for OLE isolation.

Table 7 OLE quantification from different samples. Results are
expressed as mean + standard deviation.

Sample Oleuropein content
EVOO-ph (mg/g) 0.52 + 0.03
Olea europaea L. aqueous extract (mg/g) 5.18 + 0.1

Olea europaea L. freeze-dried extract (mg/qg) 115.01 + 1.94

NLC-OLE supernatant (mg/ml) 30.62 + 0.06

Other authors have proved that the defatting step led to a difference of 3% in the obtained results
and thus, from an environmental point of view, in our case, it was not an essential step to carry out.

Following our validated method, EVOO-ph showed a concentration of 0.52 mg per gram of oil (Table 7)
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whereas EVOO did not exert any signal. Taking into account these results, the intake of at least 10 gr of
EVOO-ph might be enough for protecting LDL from oxidation and thus, the product accomplishes the
requirements for labelling the aforementioned claim. Beyond this health claim, the truth is that currently
there is no recommended dose for OLE nor toxicity established for this compound and related phenols.
Evidence in clinical trials suggests that OLE is safe in high doses up to 240 mg per person per day. Susalit
et al. reported in a clinical study with hypertensive patients that the intake of 200 mg per person per day
of OLE could effectively lower blood pressure in subjects with stage-1 hypertension and that the only
side effects that might be related to this polyphenol may include headache and muscle discomfort.3 In
other clinical trial it was demonstrated that a daily intake of 51.1 mg of OLE combined with 9.7mg of hy-
droxytyrosol for 12 weeks significantly improved insulin sensitivity and pancreatic B-cell secretory capa-
city in men at risk of developing the metabolic syndrome.® In contrast, Castafier et al. also demonstrated
the effectiveness of the intake of only 25 ml per day of high polyphenol content olive oil (around 8 mg of
total polyphenols per person per day) to reduce systemic cardiovascular risk factors and the possibility to
modulate genes involved in some chronic degenerative diseases.>” Therefore, clinical data suggest that
most of the pharmacological effects of these polyphenols need the intake of such an amount that could
not be reached with the maximum recommended intake of olive oil per person per day. As a result, Olea
europaea L. extracts emerge as an alternative source of olive polyphenols. In this work, Olea europaea L.
aqueous extract was obtained through a green extraction method, using high temperatures and distilled
water. The use of any organic solvent was avoided during the extraction process. Unknown peaks (pro-
bably other minor polyphenols) were found in the chromatograms of the studied extracts but the OLE
peak showed good resolution (>1.5) and thus, no peak interfered in OLE quantification, indicating that

the method was valid for OLE analysis in these samples.

Aqueous extracts offer several advantages such as better bioactivity and less toxicity than their organic
equivalents. However, they are most likely to be contaminated with yeast and molds because of their
high water content and, at the same time, low concentration of the bioactive compounds is normally
found in these kind of extracts, especially when obtained through solvent-free extraction processes.*® In
industrial processes extraction is normally followed by a purification step, in which the main disadvantage
is not only the high energy consumption but also the excessive use of organic solvents. Whilst several
efforts have been conducted to minimize the use of hazardous solvents during extraction, this is not

possible for the purification steps which are usually based on industrial-scale chromatography methods.
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Aimed to address this issue, we proposed the application of freeze-drying as a greener alternative for
the purification of OLE which offers less harmful residues and lower waste amounts than conventional lar-
ge-scale chromatography. Freeze-drying is a common process in pharmaceutical, biotechnological and
nutraceutical industries normally employed for improving the shelf life and storage capabilities of drugs
and natural compounds. From a biological point of view, freeze-drying is also used for yeast preserva-
tion with the addition of cryoprotectants. However, some authors have also postulated the possibility to
inactivate or even reduce those cells' viability by this drying technology. More specifically, the freezing
step followed by sublimation is thought to influence yeast and moulds inactivation whereas if freezing
slowly, large ice crystals might be formed damaging cell membranes.® Given this scenario, with the aim
of both decreasing risks of microbial contamination as well as increasing OLE purity in the final product,
Olea europaea L. extract was freeze-dried for 36 hours. As a result, OLE content was increased from 5.18
to 115.01 mg/g and the amount of yeast and molds was reduced from 18,000 to < 100 UFC/g after the
lypophilization process (Table 7). Therefore, the proposed procedure in this work offers a greener al-
ternative for OLE extraction and purification through the avoidance of organic solvent use in both steps
which could be applied to other natural compounds and might be easily implemented in industrial-scale

processes meeting current Good Manufacturing Process (cGMP) regulations.

Finally, with the aim to protect and improve the efficacy of OLE after oral administration, EVOO based
NLCs were proposed in this work. The use of organic solvents was avoided during the nanoformulation
process and a biodegradable matrix composed of glyceryl distearate (Precirol® ATO 5) and organic EVOO
was employed. Given this, the HPLC method of the present work was also aimed to indirectly quantify
the encapsulation efficiency of the nanoencapsulation process. Formulation components from the NLCs
supernatants (residual lipids and surfactants) did not interfere in OLE determination, as shown in the spe-
cificity assay. Therefore, the developed RP-HPLC-DAD method could be applied for OLE quantification in
nanoparticles. OLE content in NLC-OLE supernatant was found to be 30.62 + 0.06 mg/ml and thus, the
encapsulation efficiency was 94.09 + 0.01 %. In light of these results, it could be assumed that the analyte
was successfully encapsulated in the EVOO-based NLCs, through the hot-melt emulsification method
and therefore, it was validated as an adequate system for OLE encapsulation. We have only found one
research article where an HPLC-DAD method was used for OLE determination in nanoemulsions, but
the retention time was high (30 min) and no data about linearity nor system suitability was reported.*
Therefore, to the best of our knowledge this is the first RP-HPLC-DAD method that has been validated for

the quantification of OLE in NLCs and which is also applicable to Olea europaea L. extracts and olive oail.
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3.4. Greenness assessment of the validated RP-HPLC-DAD method

Apart from validating an HPLC method for OLE quantification in the reported samples, offering the
conventional standard parameters of good accuracy, precision and selectivity, greenness of the method
was also taken into account. With this aim and from an eco-friendly perspective the well-known and
established principles of the green chemistry were taken into account to optimize the developed HPLC
method.#' Green chemistry can be summarized by three words: Reduce, Replace and Recycle but when
applying it to HPLC techniques only reduce and replace are viable options and thus, in this work, the
amount of organic solvent employed for OLE quantification was reduced by shortening the analysis
time and increasing the water proportion in the mobile phase composition and sample preparation
process. The EAT?® was used for greenness assessment of the validated HPLC method with regard to
its potential health, safety and environmental impact. For this purpose, EAT was applied to our method
and those found in the literature for OLE quantification. The obtained results were used for comparison
of our method with those from the literature (Table 8). As shown in Table 8, the total EAT value was
strongly influenced by the use of organic solvents for sample pre-treatment and for instance, method
D exhibited an EAT value of 69 for samples prepared in water and a value of 97 for those prepared with
MeOH. The same occurred for our method (G) in which samples prepared in water (olive leaf extracts and
nanoparticles) showed an EAT value of 12.87 whereas for samples of EVOO in which an hydroalcoholic
extraction step was conducted, EAT value was increased to 34.02. Nevertheless, it is worth metioning that
our method displayed the lowest EAT values for samples pre-treated with or without organic solvents.
From the studied analysis, F was found to be the most similar to our method. The total EAT value for F was
found to be 114 because they employed 100 ml of MeOH-H,O (50:50, v/v) for chromatographic sample

preparation. However, EAT could be reduced to ~19 by only decreasing the amount of solvent to 10ml.

Table 8 Summary of HPLC methods from the literature used for HPLC-EAT ranking

Elution method

_— Sample
No.of  Type of OLE Ry Analysis  Mobile Isocratic Gradient Flow rate prepgratiﬂn Total
Method analytes sample (min}  time (min) phase (viv) (steps)  (mlmin~") Validation for HPLC EAT
A 2 EVOO and Olive 10.6 ~25 H,0-ACN 70:30 — 0.5 No n-Hexane, 67.20
fruit EtOH
B* 12 Olive leaf 18.0 62 H,0-ACN/MeOH — 5 1.0 No MetOH 80%  77.35
y A (50:50)
C 7 Olive leaf 24.9 70 H>0-ACN — 5 1.0 No MetOH 50%  135.56
D> 1 Olive leaf 27.0 60 H,0-ACN — 8 1.0 No H,0 69.62
Or MetOH 97.79
E' 3 Stems and roots 50.0 100 H,0-MeOH — 12 1.0 No MetOH 157.90
I 2 Dietary supplement 11.0 15 H>0-ACN — 6 0.8 Yes MetOH 50%  114.2
G* 1 EVOO, Olive leaf, 11.0 15 H,0-ACN 80:20 — 1.2 Yes H,0 12.87
and NLC Or MeOH 50% 34.02

“(G is our validated method.
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Focusing on our method the overall EAT values were decreased to 12.87 for Olea europaea L. extracts
and nanoparticles analysis whereas the total EAT value for EVOO samples was found to be 34.02. As
aforementioned EVOO samples' EAT impact was higher due to the use of MeOH during the sample

pre-treatment process.

Nevertheless, it has to be taken into account that other published methods usually employ another
extraction step with n-hexane and even double-extraction step with ethanol which led to a higher EAT
value. Therefore, our method was demonstrated to have the lowest impact on health, safety and envi-

ronment for OLE quantification.

Beyond olive polyphenols, several other natural compounds have recently gained special attention due to
its pleiotropic pharmacological activities and low toxicity. There is a clear trend towards the study of isola-
ted natural polyphenols such as curcumin, resveratrol or quercetin among others. A number of preclinical
data states their potential therapeutic effects as well as their unfortunately, typical limiting factors (i.e. low
bioavailability, poor stability). As a result, many researchers are developing novel formulations to improve
the stability and bioavailability of these promising compounds in which analytical techniques are manda-
tory. RP-HPLC is one of the main preferred techniques for that purpose and researchers take advantage of
the amount of published methods for the determination of this kind of molecules. However, most of the-
se methods were developed for the simultaneous determination of a number of molecules in a complex
extract with long analysis time and thus, special attention should be paid to precisely adapt the analytical
method to the determination of the isolated molecule of interest, with the aim to optimize time and avoid
unnecessary waste of organic solvents. We have validated an RP-HPLC-DAD method for the determination
of OLE in NLCs' supernatant, aqueous extracts and EVOO samples with a low environmental impact which

could be also applied for the determination of other phenolic compounds in a variety of formulations.

4. Conclusions

The RP-HPLC-DAD method developed and validated in this work represents an alternative approach
for the quantification of OLE in several matrices such as olive oil, Olea europaea leaf extracts and lipid
nanoparticles with a minimized environmental impact. The validation procedure was carried out according
to ICH Q2(R1) guidelines and from an environmental perspective evaluating specificity, linearity, accuracy,

precision and greenness. The method proved to be reliable and simple, complying with the requirements
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of these parameters in the range of 50-420 pug/mL. The LOD was found to be 0.08 pug/mL and the

LOQ 0.25 pg/mL. RSD obtained in the assays indicate that this method is adequate to quantify OLE in

polyphenol rich-olive oil and aqueous and lyophilized extract of olives leaves as well as nanoparticulated

systems obtained through solvent-free methods. Besides, the method was proved to reduce the toxic

impact in regard to the environment, health and safety compared to other HPLC methods. The proposed

method could be applied to the determination of other phenolic compounds in a variety of samples.

5. Abbreviations

ACN
DAD
DDS
EAT
EVOO
EVOO-ph
HDPE
H,0
HPLC
K

LOD
LOQ
MeOH
N

NLC

NLC-OLE

OLE
PVDF
Rs

R,
RP-HPLC-DAD

RSD

Acetonitrile

Diode array detector

Drug delivery systems

Environmental Assessment Tool

Extra virgin olive oil

Extra virgin olive oil rich in polyphenols
High Density Polyethylene

Water

High performance liquid chromatography
Capacity factor

Limit of detection

Limit of quantification

Methanol

Number of theoretical plates
Nanostructured lipid carrier

Oleuropein loaded nanostructured lipid carrier
Oleuropein

Polyvinylidene fluoride

Resolution

Retention time

Reverse phase high performance liquid chromatography coupled with diode array
detector

Relative standard deviation

Tailing factor
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ABSTRACT
Oxidative damage has been linked to a number of diseases. Oleuropein (OLE), a natural occurring

polyphenol from olive leaves (Olea europaea L.), is known to be a potent antioxidant compound with
inherent instability and compromised bioavailability. Therefore, in this work, nanostructured lipid carriers
(NLCs) were proposed for OLE encapsulation to protect and improve its antioxidant efficacy. The lipid
matrix, composed of olive oil and Precirol, was optimized prior to OLE encapsulation. The characteriza-
tion of the optimized oleuropein-loaded NLCs (NLC-OLE) showed a mean size of 150 nm, a zeta potential
of =21 mV, an encapsulation efficiency of 99.12%, sustained release profile, and improved radical sca-
venging activity. The cellular in vitro assays demonstrated the biocompatibility of the NLCs, which were
found to improve and maintain OLE antioxidant efficacy in the A549 and CuFi-1 lung epithelial cell lines,
respectively. Overall, these findings suggest a promising potential of NLC-OLE to further design a pulmo-

nary formulation for OLE delivery in lung epithelia.

Keywords: oleuropein; polyphenols; nanoparticle; natural antioxidant; nanotechnology; olive oil
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1. Introduction

Reactive oxygen species (ROS) have an essential role in normal cell function and signalling. However,
their overproduction leads to an oxidative stress status that ultimately contributes to the development of
several pathological events such as inflammation, fibrosis, genotoxicity and carcinogenesis. As a result,
oxidative stress has been linked to more than 50 diseases involving several human organs [1-4]. Among
them, the respiratory tract is one of the main sites for the presence of prooxidant molecules. Moreover,
clinical evidence suggests that many lung diseases are associated with a reduced antioxidant defence to-
gether with an increased accumulation of ROS [5]. Although current strategies towards oxidative damage
have been focused on the use of small ROS scavenger drugs (i.e. Edaravone, N-acetylcysteine, Cerovive®)
their toxicity, together with their low clinical efficacy, has been discouraging [5, 6] . Given this, natural

antioxidants have emerged as alternative or even complementary candidates with minimized toxicity.

Extracted from olive leaves, oleuropein (OLE), is widely known for its potent antioxidant efficacy which,
interestingly, seems to be the basis for its pleiotropic pharmacological activities: hypoglycemic [7], an-
tiviral [8], antimicrobial [9], platelet anti-aggregant [10], anticancer [11, 12], hypolipidimic [13] and anti-
inflamatory [14, 15] among others. Even the European Medicines Agency (EMA) as well as the European
Food Safety Agency (EFSA) have emitted their own assessment reports about the health-promoting
properties of this natural compound in human health [16, 17]. Despite its promising properties, the the-
rapeutic use of OLE is limited by its poor stability against environmental (light, oxygen, temperature) and
human biological conditions (pH, enzymes) [18], resulting in compromised bioactivity, bioaccessibility
and bioavailability [19]. Along with these limitations, the lack of target specificity hampers the therapeutic

application of OLE.

In this context, micro and nanoencapsulation technologies have been proposed as promising
strategies[20]. Currently, some encapsulation methods for Olea europaealeaf extracts have been described,
such as W/O nanoemulsions and W/O/W double emulsions [21-23], spray-drying [24, 25], formation of
inclusion complexes with cyclodextrin[26], electrostatic extrusion [27], biopolymer complexes/double
emulsions [21] and liposomes [28]. However, they have some limitations such as the use of organic
solvents, tedious and time consuming manufacturing processes, high particle sizes, and low yield (for
spray drying). Furthermore, low amount of OLE is normally encapsulated in the final formulation (~ 1-2
% w/w) and there is a lack of tests ensuring the preservation of OLE antioxidant activity in biological

systems. Given this scenario, lipid nanoencapsulation and particularly, nanostructured lipid carriers
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(NLCs) offer special advantages: scale-up feasibility, long-term stability, high drug loading, sustained
release, good biocompatibility, biodegradable properties, and most importantly, the increased local
deposition of the drug [29-32]. Moreover, the lipid excipients used for NLC formulation have documented
biological anti-inflammatory effects in several disease models which might result in a synergistic effect
with the encapsulated compound [33, 34]. NLCs are made up by up of a lipid core formed by a mixture of
solid and liquid lipids, stabilized by surfactants and offer the possibility of incorproating both lipophilic
and hydrophilic drugs [35]. The selection of the encapsulating material is critical in the design of the
nanoparticles [36]. In this work, Precirol and olive oil were chosen to form the lipid core due to its efficacy
in sustained release formulations and its ability to reduce the possible cytotoxicity effect of residual

surfactants that might be present in the final nanoformulation, respectively [37].

Hence, the goal of this work was to elaborate OLE-loaded NLCs to modulate the antioxidant activity
of the encapsulated compound in lung epithelial cells. With the aim to obtain a nanoformulation with
suitable physico-chemical properties, a preformulation study was conducted varying the amount of li-
quid and solid lipids of the nanoparticle matrix. The most promising nanoformulation was chosen for
the evaluation of OLE encapsulation, in vitro release profile, thermal behaviour, and chemical antioxidant
activity. Finally, the biocompatibility of OLE-loaded NLCs as well as their cellular antioxidant efficacy were

investigated in three lung epithelial cell models.

2. Materials and Methods

2.1. Materials

2.1.1. Chemicals

Precirol® ATO 5 (glycerol distearate) was a kind gift from Gattefosé (France). Polysorbate, Tween® 80
was purchased from Panreac Quimica (Castellar del Vallés, Barcelona, Spain). Organic extra virgin olive oil
was donated by Biosasun S.A. (Alava, Spain). Poloxamer 188 and 2, 2-diphenyl-1- picrylhydrazyl (DPPH)
were kindly provided by Merck (Darmstadt, Germany). D-trehalose anhydrous was purchased from
ACROS Organics™ (Geel, Belgium). OLE (>80%) was donated by Nonaherbs Bio(Tech) (China). Ascorbic
acid was purchased from Sigma-Aldrich Chemicals (St. Louis, MO, USA). The ultrapure water was from a

Milli-Q Water System. Other chemicals were all analytical grade.
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2.1.2. Cell culture reagents

A549 (ATCC® CCL-185™), CuFi-1 (ATCC® CRL-4013™) and NuLi-1 (ATCC® CRL-4011™) cells were bought
from the American Type Culture Collection (ATCC; Manassas, VA, USA). Roswell Park Memorial Institute
(RPMI) 1640 medium without phenol red, N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid (HEPES),
penicillin-streptomycin (PEST), inactivated fetal bovine serum (FBS), Dulbecco’s Phosphate Buffered Saline
(DPBS), and trypsin-EDTA (0.5%) without phenol red were purchased from Gibco™ (Life Technologies,
Spain). Serum-free Bronchial Epithelial Growth Medium (BEGM Bullet Kit; CC-3170) made of BEBM ba-
sal medium and SingleQuot additives; Airway Epithelial Cell Basal Medium and Bronchial Epithelial Cell
Growth Kit additives were purchased from Lonza (Clonetics, Lonza, Walkersville Inc., Walkersville, MD,
USA). Dimethyl sulphoxide (DMSO) was purchased form Scharlau (Spain), Human Placental Collagen
Type IV (Sigma Cat. No. C-7521) and Cell Counting Kit-8 (CCK-8) were bought form Sigma-Aldrich (Saint
Louise, MO, USA). OxiSelect™ Cellular Antioxidant Cell Kit was bought from Quimigen (Madrid, Spain) to
Cell Biolabs, Inc. (San Diego, CA, USA).

2.2. Preparation of Nanostructured Lipid Carriers (NLC)

2.2.1. Blank-NLCs

Nanostructured lipid carriers, NLCs, were elaborated by the hot melt emulsification method as pre-
viously described by our research group [38] with few modifications. Briefly, Precirol® ATO 5 (solid lipid;
melting point: 56°C) and olive oil (liquid at room temperature (RT)) were chosen to form the lipid core.
Several solid-liquid lipid proportions ranging from 10:90 to 90:10 were employed for each batch manu-
facturing to study their effect in formulation parameters. This lipid phase was melted 5°C above the solid
lipid (Precirol® ATO 5) melting point until a clear and homogeneous phase was obtained. The aqueous
phase was prepared by dispersing 1.3% (w/v) of Tween® 80 and 0.66% (w/v) of Poloxamer 188 in Milli-Q
water and heating to the same temperature as the lipid phase. Straightaway, the hot aqueous phase
was added to the melted oily phase, and then sonicated for 30s at 50 W (Branson Sonifier 250, Danbury,
CT, USA). The formed nanoemulsion was maintained under magnetic stirring during 10 minutes at RT
and stored for 2 h at 4 °C to allow the re-crystallization of the lipids and NLC formation. Then, particles
were collected using a 100-kDa molecular weight cut-off centrifugal filter unit (Amicon, “Ultracel-100k",
Millipore, Spain) at 2500 rpm for 10 min and washed three times with MillliQ water. All the nanoparticles
prepared were freeze-dried for 36 h (Telstar Lyobeta freeze-dryer, Terrasa, Spain). Prior to the lypophili-

zation process of the resulting NLC suspension, a solution of a cryoprotectant (trehalose (15% w/w)) was
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added to the collected nanoparticles.

2.2.2. Oleuropein-loaded NLCs (NLC-OLE)

From the developed formulations, the lipid matrix which accomplished with the best physico-chemical
characteristics was selected for OLE encapsulation studies. OLE-loaded NLCs were prepared as described
above, but adding the corresponding volume of a saturated solution of OLE in purified water (0.66 mg/
ml). As OLE is hydrophilic and slightly thermosensitive, it was blended in the molten lipid phase just prior
to the addition of the aqueous phase and the following sonication process. The targeted loading of OLE

in NLCs were 30% (NLC-OLE30), 40% (NLC-OLE40) and 50% (NLC-OLE50) (w/w).

2.3. Characterization of lipid nanoparticles

2.3.1. Size and zeta potential

The mean particle size (Z-average diameter) was measured by Dynamic Light Scattering (DLS) and zeta
potential was determined through Laser Doppler micro-electrophoresis (Malvern® Zetasizer Nano ZS,
Model Zen 3600; Malvern instruments Ltd., UK). Prior to the measurements, nanoparticles were dispersed
in Milli-Q water (pH 5.6) at optimal intensity. For zeta potential, the measured electrophoretic mobility
was converted into zeta potential through Smoluchowski approximation. Each assay was performed
in triplicate before and after nanoparticles’ lyophilisation and data are presented as mean + standard

deviation (SD).

2.3.2. Thermogravimetric analysis

To assess the moisture content of freeze-dried nanoparticles, a thermogravimetric analysis was perfor-
med (NETZSCH, STA 449 F1 Jupiter®, Netzsch). Samples (NLC-empty, NLC-OLE30, NLC-OLE40 and NLC-
OLE50) were heated from 25 to 200 °C at a heating rate of 5 °C/min under nitrogen atmosphere. Results

are expressed as water content (%).

2.3.3. High Performance Liquid Chromatogragy (HPLC) method

Chromatographic analysis was performed using Alliance 2795 Waters equipment coupled to an UV/vis

detector. Chromatographic separation was performed in a Zorbax Eclipse Plus® C18 column (250 mm x
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4.6 mm I.D.; 5.0 um; Agilent Technologies, UK) column. The mobile phase consisted of acetonitrile: water
(25:75 (v/v)) and pH was adjusted with ortophosphoric acid to 3. The system was operated isocratically
at a flow rate of 1.0 ml/min, and the detection was performed at 230nm. The retention time of OLE was
7.6 min at room temperature and total run time of HPLC analysis was 10 min. Prior to injection (10 pl)
samples were diluted in water and filtered (0.45 pym). The method was validated in terms of linearity,
accuracy and specificity, over the range of expected concentrations. A linear correlation was observed in
the concentration range of 6.20-420 pug/mL, with a coefficient of determination r? = 0.999 and RSD<2%.
The limit of detection and limit of quantification were 0.2 ug/ml and 1.0 ug/ml, respectively. The method

was specific for OLE and no interfering peaks were observed near its retention time.

2.3.4. Encapsulation efficiency

Encapsulation efficiency (EE) of OLE into NLCs was determined indirectly by measuring the amount of
free OLE (non-encapsulated OLE) in the supernatant obtained after the filtration/centrifugation process.
OLE concentration was quantified by the explained HPLC method. Considering the initial amount of OLE

added to each formulation, the EE was calculated as:

EE (%)=((Total amount of OLE-Amount of free OLE)/(Total amount of OLE)) %100

2.3.5. Microscopy analysis

NLC surface characteristics and morphology were examined under transmission electron microscopy
(TEM, JEOL JEM-1400 Plus a 120 kV, Peabody, MA, USA). For this purpose, lyophilized samples were
suspended in Milli-Q water at an optimal concentration of 4 mg/ml and sonicated in a water bath for
one minute. Then, samples were placed on a carbon grid and treated with negative staining uranyl
acetate (2%) for particles visualization. Images were captured with a digital camera sSCMOS (Hamamatsu,

Hawthorne, CA, UK).

2.3.6. In vitro drug release studies

In order to obtain qualitative and quantitative information on OLE release from NLCs, in vitro drug re-
lease studies were conducted using Quix-Sep Micro Dialyzers (Membrane Filtration Products Inc., Seguin,
TX, USA) at 37°C under magnetic stirring in phosphate buffer saline (PBS, pH 7.4). A dialysis regenerated

cellulose tubular membrane having a molecular weight cut-off (MWCO) between 12,000 and 14,000 Da
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was used. First, cellulose membranes were soaked in the dissolution medium (PBS) for 12 hours prior to
its use to ensure thorough wetting of the membrane before placing it in a Quix-Sep cell. To carry out this
study, the NLC-OLE30, NLC-OLE40 and NLC-OLE50 suspensions (25 mg/mL) were placed in the cell sys-
tem which was immersed in 30 mL of PBS preheated solution (pH 7.4) as the dissolution medium. At fixed
time intervals up to 27 h, dissolution mediums were removed from the incubation and replaced with new
preheated PBS medium. Samples were kept at 4°C until they were analysed by HPLC (see section 2.3.3).
The release study was carried out under proper sink conditions. Results were expressed as percentage
of OLE released compared to the total compound encapsulated in the nanoformulation. Experiments
were run in triplicate for each point of release kinetics. To further study OLE release kinetics and me-
chanism, the obtained cumulative release data was computed with the DDsolver program and fitted to
several kinetic models: zero order, first order, Higuchi, Baker-Londslade, Hixson-Crowell, Hopfenger, and

Korsmeyer-Peppas [39]. Regression coefficient (r?) was calculated to determine the best-fit model.

2.3.7. Differential Scanning Calorimetry (DSC)

The thermal behaviour of the freeze dried NLCs, was studied by differential scanning calorimetry (DSC-
50, Shimadzu, Japan). One to two milligrams of each sample was weighed and placed on an aluminium
pan and crimped. The samples were heated from 25 °C to 350 °C at the rate of 10°C/min. Pure solid lipid
powder (Precirol® ATO5), OLE powder, pure solid surfactant (Poloxamer 188) and cryoprotectant (treha-
lose anhydrous) were also subjected to DSC analysis to gather additional information. The crystallinity

index (Cl) of NLCs was calculated from the enthalpy of fusion using the following equation:

Cl (%)=(Enthalpy NLC [J/g])/(Enthalpy solid lipid[J/g] )x 100

2.3.8. Radical scavenging activity assessment by the 2,2-diphenyl-1-picrylhydrazyl
(DPPH) method
Radical scavenging activity of the nanoparticles was investigated spectrophotometrically, analysing
their ability to scavenge DPPH radical [40]. Briefly, a solution of DPPH was prepared with a concentration
of 0.1 mM in absolute ethanol. Freeze-dried NLC-OLE50 was diluted in PBS to obtain a final concentration
of 1.25 mg/ml and was left to release the drug for 24h in the same conditions as described in section
2.3.6. Equivalent concentrations of OLE (0.2 mg/ml) and NLC-empty (1.25 mg/ml) were also prepared in
PBS and assayed in the same conditions. Ascorbic acid (0.2mg/ml) was used as the method control. A
total of 500 pL of each sample was added to 3300 pL of DPPH-ethanol solution. The reaction mixture was

incubated for 60 min protected from light on a shaker at 37°C. After that, the absorbance of the reaction
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solutions was recorded at 517 nm by UV-Vis spectrophotometry (6705 UV/Vis Spectrophotometer

JENWAY). DPPH radical scavenging activity was calculated according to the following equation:

DPPH scavenging activity (%)= ((Abs Abs )/(Abs

control sample

)x100

control

Where Abs_ _ is the absorbance of DPPH solution after reacting with the sample, and Abs is the

mpl control

absorbance of blank 0.1 mM DPPH solution. Ethanol was used as the blank. All measurements were ca-

rried out in triplicate and results are expressed as mean + SD.

2.4. Cell experiments

2.4.1. Cell culture

Human lung adenocarcinoma epithelial cells (A549) were grown and maintained in RPMI 1640 medium
(pH 7.4) supplemented with 10% (v/v) inactivated FBS, 1% PEST, and 1% HEPES, without phenol red and
incubated at 90% humidity, 5% (v/v) CO, atmosphere at 37 °C. Cells were allowed to grow until 90% of
confluence, then they were trypsinized (Trypsin-EDTA) and seeded in plates for each experiment. Cystic
fibrosis (CuFi-1) cell line, derived from a CF human bronchial epithelium homozygous for the CFTR AF508
mutation, was grown and maintained in serum-free BEGM medium. Cells were incubated at 37 °C, 90%
humidity and 5% CO,. All culture-flasks were pre-coated with 60 pug/mL solution of Human Placental
Collagen Type IV at least 18 hours in advance, then air-dried and rinsed 2-3 times with DPBS. Cells were
allowed to grow until 80% of confluence, trypsinized (Trypsin-EDTA) and seeded in plates for each experi-
ment. Plates were also pre-treated with collagen as explained before. Human normal bronchial epithelial
(NuLi-1) cells were grown and maintained under the same conditions as CuFi-1 cell line but in serum-free

Airway Epithelial Cell Basal medium supplemented with Bronchial Epithelial Cell Growth Kit additives.

2.4.2. Cell viability studies

Biocompatibility of empty nanoparticles (NLC-empty) and OLE-loaded nanoparticles (NLC-OLE50) was
evaluated in the A549, CuFi-1 and NulLi-1 cell lines. Each cell line was plated in 96-well microtiter plates
at a density of 10,000 cells/well (A549) and 15,000 cells/well (NuLi-1, CuFi-1)in a final volume of 100
uL of the corresponding cell medium. Cells were treated with NLC-OLE50 suspended in cell medium
at concentrations ranging from 14.45 to 462.5 pM (in terms of encapsulated OLE) and the equivalent

amounts of NLC-empty, for 24 h at 37 + 2 °C, 90% humidity and 5% CO,. Controls were set with dimethyl
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sulfoxide (DMSO) as the negative or death control, and medium without formulation as the positive
control. Free OLE was assayed for comparison. After 24h of incubation, cell viability was determined
with the CCK-8. Cells were washed with sterile DPBS and then 10% of CCK-8 in medium was added
to each well and incubated in a wet chamber for 4 h at 37° + 2°C and 5% CO,. The resulting colored
solution was quantified using a microplate reader (Infinite1 200 PRO, Tecan, Mannedorf, Switzerland).
The spectrophotometric absorbance was measured at 450/650 nm wavelength. Results were calculated
in relation to the untreated cells (~100% viability) and are expressed as the percent of cell viability + S.D.
of the values collected from the three separate experiments performed in triplicate for each sample and

each cell line.

2.4.3. Cellular antioxidant activity (CAA) assay

Cellular ROS scavenging activity of NLC-OLE50 was measured using OxiSelect™ Cellular Antioxidant
Activity Assay Kit in the A549, CuFi-1 and NulLi-1 cell lines. 2',7'-dichlorodihydrofluorescin diacetate
(DCFH-DA) was used as the fluorogenic probe. Cells were seeded as previously explained in clear
bottom black polystyrene 96-well plates for 24 hrs. After that, all media was removed and washed
gently with DPBS w/o calcium and magnesium three times. Cells were then treated with OLE, both
free and nanoencapsulated, at the following concentrations: 115uM, 231.2uM, and 462.5uM. After
24 h of samples incubation at 37°C, 90% humidity, and 5% CO,, the CAA assay was carried out.
Briefly, wells were washed with sterile DPBS and then 50 pl of DCFH-DA solution was added. Plates
were incubated for 60 min at 37°C, 90% of humidity and 5% CO, in order to allow the cell-permeable
fluorogenic probe dye (DCFH-DA) diffuse into the cells. After incubation, all solutions were removed and
wells were washed three times with DPBS. After addition of 100 ul of 2,2'-azobis (2-amidinopropane)
dihydrochloride (ABAP) solution, as the free radical initiator, fluorescence was read at 37 °C for

60 min with 5 min intervals with excitation wavelength 480 nm and emission wavelength 530 nm.

Each plate included cell control wells (cells without any treatment), negative control wells (cells
pretreated only with DPBS and DCFH-DA), and positive control wells (cells pretreated with ABAP and
DCFH-DA). Quercetin was used as a standard in each experiment and was added following provider
instructions, just prior to the addition of DCFH-DA with the aim to validate the assay in the selected cell
models. Absence of green fluorescence in the studied samples was confirmed before the assay. Each

assay was carried out in triplicate for each cell line.
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2.5. Statistical analysis

All results are expressed as the mean + standard deviation (SD) unless otherwise stated. All statistical
analyses were calculated using GraphPad Prism 6 Statistics software (San Diego, CA, USA) and p < 0.05
was considered as significant. A multiple-sample and two-sample t test with unequal standard deviations
was used to verify the significant difference between data in cellular antioxidant and DPPH assays, res-

pectively. For cell viability results, a two-way ANOVA was run.

3. Results and discussion

3.1. Optimization and physico-chemical characterization of nanoparticles: particle
size, morphology and zeta potential

In the first step of this work, NLCs were prepared through the hot melt emulsification method followed by
ultrasonication (HME-Us) as previously described by our group [38]. The rationale for using this technique
relies on its versatility and easy scale-up. HME-Us has gained a lot of importance after the Food and
Drug Administration encouraged the use of continuous processes among the pharmaceutical industry
[41] and overcomes most of the limitations offered by the conventional micro- and nanoemulsification
techniques. Avoidance of organic solvents, shorter and fewer steps of the process as well as the increased
homogeneous spreading of the particles are some of the advantages of this method [42, 43]. Altogether,
this makes HME-Us an industrially and environmentally friendly technique which has largely been applied

in the preparation of NLCs for multiple applications [44, 45].

Unlike other lipid nanoparticles, the lipid core of NLCs is composed by the blend of a liquid lipid and a
solid lipid. The presence of this liquid lipid leads to a more amorphous matrix and a less crystalline state
of the carrier, which results in the accommodation of a higher amount of drug molecules compared to
other lipid nanoformulations [45]. In this work, Precirol® ATO 5 as the solid lipid and olive oil as a natural
liquid lipid were chosen for the lipid core formulation. Precirol® ATO 5 has largely been used as a compo-
nent of lipid matrix for sustained release formulations and has proven to be effective in the formulation
of NLCs for pulmonary delivery [30, 38, 46]. As for liquid lipids, the medium chain triglycerides, known
under the brand name Miglyol® 812, are the most commonly employed. However, we selected olive oil
as it is thought to reduce the possible cytotoxicity effect of residual surfactants that might be present in
the final nanoformulation [37]. Accordingly, we employed an aqueous phase composed by the minimum

amount of Tween® 80 (1.3 %, w/v) and Poloxamer 188 (0.66%, w/v), which lead to a nanoformulation

117



Application of Green Nanoscience to olive polyphenols

with good physico-chemical stability as previously demonstrated by our group [47, 48]. Particle size and
superficial charge are important parameters in NLCs development. Whilst particles sizes below 500 nm
are generally thought to escape from phagocytosis by macrophages [49], negative superficial charge of
around -20mV is generally correlated with good physical stability of the nanoparticle dispersion [50] as
well as their attraction to the positively charged proteins from damaged tissues [45, 51]. Finally, aimed
to improve NLC stability, 15% (w/w) of trehalose was chosen as a cryoprotectant since it was found to be

the most suitable one for the lyophilization process [38].

Therefore, the aim of this work was to obtain, through the HME-Us method, a NLC formulation with the
highest amount of olive oil as the liquid lipid and adequate physico-chemical characteristics. To attain
this purpose, various solid-liquid lipid ratios from 10:90 (formulation 1) to 90:10 (formulation 9) were
tested. Aqueous phase composition was always the same for all the formulations. As summarized in Table
1, it seemed that the higher the olive oil content, the smaller the particle size, which was then confirmed
by TEM micrographs (see Supplementary Materials). These results were in line with other authors, who
also reported a decrease in particle size of NLCs when the liquid lipid amount was increased [52-54].
Nevertheless, all formulations displayed adequate sizes between 100 and 200 nm. Due to the dissociation
of protons from the carboxylic groups of Precirol after dilution in deionized water (pH 5.6), NLCs exerted
a negative superficial charge, which was found to be around -20 mV for all nanoformulations and thus
all of them might have good physical stability [55, 56]. In contrast, olive oil content significantly affected
the freeze-drying process of the NLCs. Particularly, we found that the amount of olive oil in the lipid core
should be <50% (w/w) to successfully achieve a lyophilized product (Supplementary Materials, Section

S1).

Considering all the aforementioned, formulation 6 with an adequate particle size (~140nm) and superfi-
cial charge (~ -22 mV) as well as the highest amount of olive oil in the lipid core (40%, w/w) that allowed

a successful lypophilization process, was selected for the forthcoming loading studies.

3.2. Physico-chemical characterization of OLE-loaded nanoparticles

3.2.1. Particle size, z-potential, encapsulation efficiency, morphology and moisture.

As shown in Figure 1A, OLE-loaded NLCs exhibited sizes of around 140 nm (NLC-OLE30), 120 nm (NLC-
OLE40) and 150 nm (NLC-OLE50). For the zeta potential, no significant differences were found after OLE
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Table 1. Physico-chemical characterization of the developed nanoformulations with different
solid lipid (Precirol ATO 5): liquid lipid (olive oil) ratio in the lipid core.

Lipi r
Formulation code (PreciroI:CF))Ii(j/ecziI(,e% w/w) Size (nm) Z potential (mV)
1 10:90 134.30 + 5.23 -17.08 + 1.20
2 20:80 129.62 + 3.65 -17.03 £ 5.89
3 30:70 123.88 + 2.43 -18.03 + 4.01
4 40:60 121.73 + 1.86 -17.66 + 4.59
5 50:50 130.27 + 4.55 -19.82 + 2.84
6 60:40 141.69 + 11.43 -21.64 £ 3.72
7 70:30 152.76 + 27.17  -25.34 + 4.52
8 80:20 148.50 + 0.03 -26.16 £ 4.93
9 90:10 158.44 + 7.57 -19.16 £ 2.52

incorporation into the lipid matrix, indicating that physical stability of the nanoparticles was not disturbed
by OLE loading. With regard to the water content, similar low moisture values ranging from 0.4% (NLC-
OLE30) to 1.33% (NLC-OLE40) were found. As depicted by the TEM micrographs (Figure 1B), OLE-loaded
nanoparticles displayed a uniform and rounded shape. According to the 100nm scale-bars in the images,
the mean diameter was found to be less than 200 nm in all cases, validating the results obtained with DLS
techniques (Figure 1A). Finally, the entrapment efficiency of OLE (Figure 1A) was above 95% in all cases,

and thus, the developed NLCs were validated as an adequate delivery system for future applications.

3.2.2. In vitro drug release

Results from the performed in vitro release studies, at physiological pH and temperature (pH 7.4 and
37 °C, respectively), are reported in Figure 1C as the percentage of OLE released over time. A sustained
release of the olive polyphenol was detected in all cases up to 27h, which might suggest that OLE
was protected inside the core of the lipid carries. For the NLC-OLE40 and NLC-OLES50 formulations, a
total OLE-release of ~80% was found by the end of the study (27h). However, NLC-OLE30 showed a
significantly lower percentage of released OLE (65% after 27h). It is known that the release profile of OLE
could have a significant effect on its antioxidant and bioactive properties. Therefore, aimed to ensure that
the obtained release patterns of NLCs were sustained as well as to describe the release mechanism of OLE
from the developed NLC matrices, mathematical kinetic models were applied to the experimental data

obtained in the release assay (Table 2) [57, 58].
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Formulation Size (nm)  Z potential (mV) Encapsulation eficiency (%) Release at27 h Moisture (%)

NLC-empty 141.69+1143  -21.64+3.72 - - 116
NLC-OLE30 139.45+5.80 -23.26+1.74 96.57 +0.0 65.00 + 5.04% 0.40
NLC-OLE40 12070+2.14 -25.13+1.79 95.01 £6.6 81.18 + 6.36% 133
NLC-OLE50 156.36 +3.77 -21.90 +0.82 99.12+0.7 79.71 +7.64% 0.93
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Figure 1. Physico-chemical characterization of freeze-dried nanostuctured lipid carriers: empty (NLC-empty) and
oleuropein (OLE) loaded, with a targeted loading of 30% (NLC-OLE30%), 40% (NLC-OLE40%), and 50% (NLC-OLE50)
(w/w). (A) Particle size, Z potential, encapsulation efficiency, total released OLE and moisture content of NLCs. (B) In
vitro release of OLE from the developed NLCs. (C) TEM micrographs of OLE-loaded and empty nanoparticles (NLC-
empty). The scale bar indicates 100 nm.
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The regression coefficient value (r?) was used to

choose the model that best fitted the data. In this
work, Korsmeyer-Peppas showed the highest r? for
all nanoparticle formulations with r> = 0.977 (NLC-
OLE30), r* = 0.998 (NLC- OLE40) and r* = 0.999
(NLC- OLE50), respectively. This type of release has
been reported before for some nanostructured lipid
carriers [59-61]. In addition, the diffusional exponent
‘'n’ of the Korsmeyer-Peppas model also described the
OLE release mechanism, which in this case was in the
range 0.46 to 0.59, indicating that OLE was released
by an anomalous transport mechanism [58]. These
results imply that probably a combination between
erosion and diffusion contributes to the release of
the olive polyphenol from the lipid matrix of the

nanoparticle.

All in all, we demonstrated the sustained release
of OLE via a nanocarrier delivery system that could
provide the opportunity to maintain prolonged
targeted lung exposures to OLE and thus, longer

residence time in lung tissue.

3.2.3. DSC

Crystallization and thermal behavior of nanoparticles
are important properties that determine their utility
as drug delivery systems [62, 63]. Given this context,
DSC thermograms and endothermic events of the
bulk solid lipid, bulk OLE, and NLCs (NLC-empty, NLC-
OLE30, NLC-OLE40 and NLC-OLE50) were analyzed.
Results of the conducted thermal analysis are shown

in Figure 2 and Table 3.

Table 2. Oleuropein release parameters of different kinetic models.

KINETIC MODELS

SAMPLE

Hixson-

Baker-
londslade

Korsmeyer-Peppas

Hopfenger

Crowel

First order Higuchi

Zero order

kp

r-2

r-2

r-2

r2

0.84

r2

rZ

r2

Experimental section. Chapter 2

0.97

0.87

3.03

0.46

21.29

0.776 0

0.005 0.02

0.072 0776  14.87

0.551

-0.100

NLC-OLE30

0.99

0.02

0.58

0.84

0.52

26.59

0.020

0.596

0.009

0 0741 0.113 0723  0.019

-0.157

NLC-OLE40

0.99

0.02

0.70

0.94

3.68

0.59

20.61

0.022

0.733

0.009

0.108 0.840 17.89

0.836

0.150

NLC-OLE50

r?, determination coefficient; K, release kinetic constant; kp, Korsmeyer-Peppas constant; n, diffusion release

exponent.
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Solid lipid Precirol® ATO 5 is known to have a melting range from 50°C to 60°C. As shown in Figure 2,
bulk Precirol® ATO 5 exhibits a sharp and single endothermic peak at 56.00°C related to its melting point.
Since the diester fraction of the glyceride is apparently the only fraction present in the bulk material, the
main modification in which Precirol crystallizes should be the stable B-form, as occurs with most solid
lipids. The DSC curve of bulk OLE (Figure 2) exerted a small but broad endothermic event, ascribed to its
melting point, at 64.70°C, which ended up at around 103°C, followed by its decomposition. This result
emphasizes the chemical stability of OLE under the nanoparticles” manufacturing conditions. Poloxamer
188 showed a sharp melting endothermic peak at 56.69°C and trehalose anhydrous displayed its melting
endotherm at 211.82°C. For the thermograms of OLE-loaded and unloaded NLCs, they showed two
broadening endothermic peaks. The highest temperature endotherms (around 56°C) can be seen as a
shoulder and are similar to the peak of Poloxamer 188. The other endothermic event, around 50°C, was
at lower temperatures than that of the solid lipid. It can be seen that these peaks were broader for NLC-
empty. Therefore, there was a clear melting point depression in all NLCs' thermograms. This phenomenon
is generally ascribed to the transformation of the bulk solid lipid into its nanoparticle form as a result
of their higher specific surface area or the possible chemical interactions between solid lipid and liquid
lipid/or surfactants/ or drugs that could take place during the nanoparticle production process and affect
crystallization and result in a lower melting enthalpy. Furthermore, the melting peak of OLE (64.7°C)
seemed to be absent in NLC-OLE formulations, suggesting that the encapsulated olive polyphenol was
in an amorphous state. As a result, we assumed that NLCs might offer a greater bioavailability of OLE,
as the melting point, an indicator of intermolecular attractive forces, is usually lower for non-crystalline

substances.

As expected, the addition of olive oil into the nanoparticle matrix clearly decreased the energy requi-
red to melt the lipid (Table 3). On the other hand, Table 3 shows the enthalpy values for bulk Precirol
(-150.56 J/g), NLC-empty (-90.21 J/g), NLC-OLE30 (-56.22 J/g), NLC-OLE40 (57.15 J/g), and NLC-OLE50
(63.09 J/g). Furthermore, all nanoformulations showed a lower crystallinity index (Cl) than bulk solid lipid.
Interestingly, OLE-loaded NLCs displayed a greater decrease in both enthalpy and Cl values compared to
NLC-empty. This energy reduction could be ascribed to the transformation of the solid lipid (Precirol) into
a less-ordered metastable B'-form, which leads to a disruption of the crystalline structure and diminish

the Cl, whicht could allow enough space to accommodate OLE molecules.
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Figure 2. Differential scanning calorimetry (DSC) graphs of pure excipients (D-trehalose,
Poloxamer 188, Precirol ATO 5, oleuropein (OLE), developed nanoparticles with OLE (NLC-
OLE30, NLC-OLE40, NLC-OLE50), and without OLE (NLC-empty).
Table 3. Thermal properties of Precirol and nanoparticles ( NLC-empty, NLC-OLE30,
NLC-OLE40, NLC-OLES50).
Sample Melting point (°C) Onset (°C) Endset (°C) Enthalpy (-J/g) Cl (%)
Precirol® ATO5 56.00 50.12 62.97 -150.56 100.00
NLC-empty 51.05 40.18 61.28 -90.21 59.92
NLC-OLE30 50.47 41.71 61.34 -56.22 37.34
NLC-OLE40 50.16 43.27 61.38 -57.15 37.96
NLC-OLE50 50.88 40.86 62.67 -63.09 41.90

Cl (%): Crystallinity index.
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Thus, the developed NLCs seemed to be a potential carrier for OLE, and NLC-OLE50 was selected

to continue with the rest of the assays, since this formulation
exhibited good physico-chemical characteristics together with

the highest OLE amount.

3.24. Radical scavenging activity by DPPH assay

The main bioactivity of OLE is related to its ability to eliminate
free radicals and to prevent lipid peroxidation, which, in the
end, contributes to alleviate the injuries caused by oxidative
stress as described elsewhere. Given this, the next step of this
work was to verify that the antioxidant activity of OLE was not
disturbed by the nanoformulation process, and thus the radical
scavenging activity of NLC-OLE50 was assayed. As shown in
Figure 3, free OLE had an antioxidant power of 55.33 + 1.94%,
which was significantly enhanced by its incorporation in NLCs
(61.22 £ 0.38%). These results could be ascribed to the higher
specific area of the nanoparticles for chemical quenching as well
as the protection of the polyphenol against external agents into
the lipid matrix. Similarly, the encapsulation of other natural
compounds such as [-carotene or quercetin into protein-based

and polyvinyl alcohol-based nanoparticles, respectively, as well

30

204

Radical scavenging activity (%)

10

Figure 3. 2,2-diphenyl-1-picylhydrazyl
(DPPH) radical scavenging assay of
NLC-OLE50 and equivalent amounts of
free OLE and NLC-empty. Results are
expressed as mean % of DPPH radical
scavenging activity compared to the
control + SD; n=3; *p<0.05, *** p<0.001.

as the co-loading of tocopherol and ascorbic acid in nutriosomes have been shown to significantly

improve their DPPH radical scavenging activity [64-66]. It is worth noting that unloaded-NLCs did not

exhibit any radical scavenging activity (-3.84 + 1.79 %) and thus, the lipid excipients of the carrier had no

influence on the antioxidant power of NLC-OLE50. Hence, we demonstrated that the nanoencapsulation

process through the hot-melt homogenization technique did not decreased OLE activity but improved it.

3.3. Cell experiments

In light of the characterization results, NLC-OLE50 seemed to be a promising carrier for OLE with enhan-

ced antioxidant activity and thus we continued to study its efficacy in lung epithelial cell models. Several

authors have reported micro and nanoencapsulation methods for olive leaf extracts but to the best of
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our knowledge, there is a lack of studies regarding the impact that the formulation process could have

on the bioactivity of this polyphenol in a biological system [22, 23, 52].

3.3.1. Cell viability studies

Nanotoxicology has gained special attention during the last decades. The main disadvantage of nanos-
cale drug delivery systems is their potential cytotoxicity [44]. Generally, nanoparticle toxicity is correla-
ted with the type of excipients and organic solvents employed during the manufacturing process that
remain in the final formulation. In this work, we proposed NLCs made up with generally recognized as
safe (GRAS) excipients and the use of organic solvents was avoided during their preparation. Moreover,
the encapsulated natural compound is known to have low toxicity. Altogether, they lead us to hypothe-
size that NLC-OLES50 will result in a highly biocompatible formulation with minimum toxicity to the lung
epithelium. Therefore, with the aim to prove our hypothesis and thereafter, select the appropriate NLCs
concentration for cellular oxidative stress studies, the biocompatibility of the formulations was assayed
by the CCK-8 test in A549, CuFi-1 and NuLi-1 cell lines as models of pathological and healthy pulmonary
epithelia (Figure 4).

NulLi-1 cells viability (%)

Oleuropein concentration

#A NLCOLE 50 Bl Free OLE

A549 cells viability (%)
g
CuFi-1 cells viability (%)

Oleuropein concentration

Oleuropein concentration

Figure 4. Effect of nanoencapsulated (NLC-OLE50) and free oleuropein (OLE) at different concentrations on the viability of
A549, NuLi-1 and CuFi-1 cell lines within 24h. The results are given as the mean % of living cells compared to the control +
SD, n =3.*p < 0.05, ** p<0.01.
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Different concentrations of OLE ranging from 7.2 to 462.5 uM and its equivalent amount in NLCs were
tested after 24 h of incubation. Equivalent concentrations of empty NLCs were also assayed as the control.
Cell viability values >70% are considered as “no toxicity” [67] and thus, we assumed that NLCs as well as
OLE were biocompatible with the tested lung epithelial cell lines. It is worth noting that NLC-empty did
not shown any toxic effect, confirming the biocompatibility of the excipients of the NLCs (Supplementary
Materials, Section S2). This finding is in accordance with other reports that demonstrated the good
tolerability of lipid nanoparticles in lung epithelial cell lines [30, 68, 69]. Considering these results, OLE
concentrations from 115.6 to 462 UM and their equivalent amount in NLC-OLE50 were chosen for the

following antioxidant activity studies.

3.3.2. Antioxidant activity of NLCs in lung epithelial cells: CAA assay

The oxidative stress pathway has gained special attention as a novel target for the treatment of a
number of diseases. Particularly within the lungs, oxidative stress has been correlated with cystic fibrosis
progression as well as cancerogenesis mechanisms among others, in which natural antioxidants have
been proposed as promising candidates[1, 3-6]. Our optimized NLC-OLE50 had been demonstrated, by
chemical analysis, to improve the radical scavenging power of OLE. Moreover, the size of our NLCs fell wi-
thin the favorable range (100-200 nm) for an efficient cellular uptake, most likely to be taken up through
the cell membranes by endocytosis mechanisms [70, 71]. Beyond this, we had demonstrated a sustained
release of the olive polyphenol from the lipid matrix within 24h and thus, we assumed that OLE, which is
protected inside the lipid core, might be progressively released to the cell, avoiding its rapid degradation
and metabolism to other polyphenols (i.e. hydroxytyrosol, tyrosol, oleuropein aglycone), thus preserving
or even improving its efficacy against oxidative stress. Altogether, this lead us to hypothesize that NLC-
OLE50 could be a promising carrier for OLE towards oxidative stress related injuries in lung epithelia.
However, the lack of in vivo data about OLE efficacy in the lungs encouraged as to conduct a preliminary

cell-based study to further confirm its effectiveness in lung cells.

Given this scenario, the radical scavenging activity of NLC-OLE50 and OLE was measured in ABAP-
stressed A549, CuFi-1, and NulLi-1, as human-lung epithelial cell models, after 24 h of exposure to the
mentioned treatments. The morphology of the cells was always checked to ensure that the induced oxi-
dative damage did not cause cell death. Obtained results are displayed in Figure 5 as the percentage of

intracellular ROS levels compared to the positive control (~100% of ROS levels).
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Figure 5. Antioxidant activity of free oleuropein (OLE), encapsulated OLE (NLC-OLE50) and empty nanoparticles
(NLC-empty) in ABAP-stressed A549 (A), CuFi-1 (B) and NulLi-1 (C) cells. The mean percentages of DCF fluores-
cence, as a measure of oxidative stress, are shown in relation to the positive control (set to 100%). Depicted re-
sults are the means + standard error of the mean of at least three independent experiments. * p < 0.05, ** p<0.01,
***p<0.001 vs positive control; # p<0.05, ## p<0.01, ### p<0.001 vs free OLE.
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Following our hypothesis, NLC-OLE50 clearly alleviated the oxidative stress status of A549 cells, which
was found to be dose-dependent (Figure 5A). It should be noted that non-encapsulated OLE was only
able to reduce ROS at the highest concentration tested (462.5 uM, p<0.001) and, most importantly, it
exerted prooxidant effects at 115uM (p<0.05) and 231uM (p<0.01).

This result is in line with other authors who have demonstrated the prooxidant activity of OLE in some
specific cancer cell lines of human breast cancer [72, 73] and hepatocarcinoma [74]. However, there is
still a lack of studies to further justify these findings. Therefore, we assumed that NLC-OLE50 significantly
enhanced the antioxidant power of OLE in A549 cell line, and this finding might be ascribed to a better
permeability across cell membranes of the NLCs as well as their well-known higher uptake by the cellular
model [65, 75, 76]. For the CuFi-1 human cells, NLC-OLE50 was demonstrated to preserve the moderate
antioxidant power of OLE. Similarly, Hatahet et al. showed that the encapsulation of quercetin into NLCs
did not improve its antioxidant activity, but preserved it in acute monocytic leukaemia cells [77]. Evidence
suggests that the misfolded CFTR protein can be modulated through antioxidant and prooxidant effects
in cell environment and thus, we assumed that NLC-OLE50 and OLE might have interacted with the
misfolded CFTR protein in CuFi-1 cells [1, 78, 79]. Unexpectedly, with regard to healthy epithelial cells
(NuLi-1), neither free nor encapsulated OLE exerted any effect against ABAP produced peroxyl radical
reaction, which could be ascribed to the inherent capacity of normal airways to cope with oxidative stress

by themselves [79].

Given the aforementioned, the cellular antioxidant effects of NLC-OLE50 clearly depend on the studied
cell line, which could be correlated with their different cellular uptake mechanisms. Nanoparticles are
generally thought to be internalized through endocytosis mechanisms (i.e. phagocytosis, pinocytosis,
clathrin-mediated and caveolae/raft-mediated transports). Previous studies from our group demonstrated
that the composition of the nanoparticles together with the type of cell can determine the predominant
endocytosis mechanisms for their uptake and intracellular distribution, which ultimately affect the
delivery of the active compound and the efficacy of the formulation [80-82]. These findings are in line
with other authors who have demonstrated that the uptake of nanospheres by A549 cells could occur
by clathrin-mediated endocytosis (PLGA and chitosan-PLGA nanospheres, 100 nm) as well as by the
caveolae/raft-dependent transport (wheat germ agglutinin-conjugated PLGA nanospheres, 200 nm) [83].
On the other hand, evidence also suggests that depending on the size, shape and surface charge of the

nanoparticles, a particular cellular internalization route may be preferred over others. From the scarce
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data available about nanoparticles efficacy in cystic fibrosis cells, we found that authors have given special
attention to the surface chemistry of the NLCs as an important influence factor for their cellular uptake
and thus, one possibility to enhance our NLC activity in CuFi-1 cells could be the modification of their
superficial charge. However, whilst some authors have suggested that decreasing the surface charge of
nanoparticles up to -50mV could enhance their cellular uptake (CuFi-1 cells) [84], others have postulated
that positive superficial charge is required to promote their internalization (CFBE410- cells)[85] and thus
it is highlighted again that special attention should be given not only to particle superficial charge but
also to the cell line and its predominant endocytosis mechanisms of transport. Similarly, the A549 cells
were also shown to be more sensitive to OLE activity compared to the CuFi-1 and NuLi-1 cells. Since
passive diffusion through cellular membranes is almost similar for al cells, scientific evidence suggests
that differences in the active membrane transports are likely responsible for the differences observed
in the CAA results between cell lines. Accordingly, the glucose moiety of OLE is known to interact with
the membrane glucose transporter proteins (GLUT), allowing its diffusion into the cells. It is known that
GUT are overexpressed in A549 cell membranes and thus we assumed that a higher uptake of OLE
could have occurred in these cells, which ultimately might have led to a more pronounced intracellular
antioxidant effect compared to the other cell lines [86]. A similar phenomenon has been found for the
natural flavonoids quercetin, catechin and epicatechin which had superior antioxidant activities in Caco-
2 compared to the HepG2 cell lines, probably due to a higher accumulation in Caco-2 cells [87, 88].
However, little data is available about the role of transporters in cellular accumulation and evidence for
individual phenolic compounds remains at a basic level. Finally, it should be noted that NLC-empty did
not show any effect in the tested cell lines with the exception of A549 cells, in which the highest tested

concentration seemed to increase ROS generation but without toxic effects.

All'in all, the preserved antioxidant activity of OLE in NLCs holds great promise for transporting this na-
tural polyphenol to the lung epithelia but further studies should be conducted to elucidate their interna-
lization mechanism and intracellular trafficking processes in the proposed cells, which can be modulated

by optimizing the formulations toward more efficient nanocarriers.

4. Conclusions

Whilst a number of preclinical data have revealed the therapeutic properties of olive polyphenols

as plant extracts or pure synthetic molecules, scarce studies are available concerning isolated OLE and
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more specifically, naturally obtained OLE. In this work, OLE, a natural antioxidant with poor stability
and compromised bioavailability, was successfully formulated in highly biocompatible NLCs. Optimized
nanoparticles exhibited a mean size of 150 nm and demonstrated to be effective in loading up to 50%
(w/w) of OLE with an encapsulation efficiency of 99.12%. Additionally, NLCs showed a sustained release
kinetic of OLE from the lipid core and an enhanced antioxidant power was proven in the DPPH assay.
Moreover, the rapid and simple proposed formulation process avoided the use of organic solvents and
OLE loading was significantly higher compared to the other reported methods [25, 27, 28, 89]. NLCs were
found to be biocompatible in three lung epithelial cell lines, indicating their safety for lung administration.
Interestingly, NLCs were shown to enhance and maintain the OLE protection effect against oxidative
stress in lung cancer and cystic fibrosis cells, respectively, and thus, they could hold great promise for
transporting this natural polyphenol to the lung epithelial cells. Nonetheless, further formulation studies
should be conducted to obtain an adequate final formulation for pulmonary administration of NLC-

OLE5O0 (i.e. dry powder for inhalation) [90-92].

Supplementary Materials: The following are available online at https://www.mdpi.com/1999-
4923/12/5/429/s1, Section S1: Nanoparticle morphology and success in freeze-drying process of blank

nanoparticles. Section S2: Cell viability assay of NLC-empty.
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Supplementary Materials

S1. Nanoparticle morphology and success in freeze-drying process of blank nanoparticles

Formulation 1 Formulation 4 Formulation 7

Figure S1. TEM micrographs and photographs of freeze-dried nanoformulations with different solid-liquid lipid ratios.
The scale bar of TEM micrographs (bottom right) indicates 100 nm.
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Figure S2. Effect of NLC-empty at different concentrations on the viability of NuLi (upper), A549 (bottom-left) and
CuFi-1 (bottom-right) cells. Results are given as the mean % of living cells compared to the control + SD, n = 3.
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Oral delivery of oleuropein-loaded lipid nanocarriers alleviates
inflammation and oxidative stress in acute colitis

Amaia Huguet-Casquero®®, Yining Xu, Eusebio Gainza®, Jose Luis Pedraz>< Ana Beloqui ¢

2 NanoBioCel Group, Laboratory of Pharmaceutics, School of Pharmacy, University of the Basque Country (UPV/EHU), Spain.

°Biosasun S.A,, Iturralde 10, Etxabarri-Ibifia, Zigoitia, 01006, Spain.

< Biomedical Research Networking Centre in Bioengineering, Biomaterials and Nanomedicine (CIBER-BBN), Spain.

¢ UCLouvain, Université catholique de Louvain, Louvain Drug Research Institute, Advanced Drug Delivery and Biomaterials, 1200 Brussels, Belgium

* Corresponding authors: Ana Beloqui, Jose Luis Pedraz.

ABSTRACT

Inflammation and oxidative stress pathways have emerged as novel targets in the management of
inflammatory bowel diseases (IBD). Targeting the drug to the inflamed colon remains a challenge.
Nanostructured lipid carriers (NLCs) have been reported to accumulate in inflamed colonic mucosa.
The antioxidant/antiinflamatory polyphenol oleuropein (OLE) was loaded in NLCs (NLC-OLE). NLC-OLE
showed to be more effective in decreasing the TNF-a secretion and intracellular reactive oxygen species
(ROS) by activated macrophages (J774) compared to the conventional form of OLE. OLE efficacy was
preserved within NLC-OLE ameliorating inflammation in a murine model of acute colitis: reduced levels
of TNF-a and IL-6, decreased neutrophil infiltration and improved histopathology of the colon were
reported. In addition, NLC-OLE enhanced the ROS scavenging activity of OLE in the colon after oral ad-
ministration. These data suggest that the proposed NLC-OLE could be a promising drug delivery system

for OLE in IBD treatment.

Keywords: oleuropein, polyphenols, nanostructured lipid carrier, inflammatory bowel disease, oxidative

stress, olive oil
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1. Introduction

Inflammatory bowel diseases (IBD) are multifactorial immune mediated gastrointestinal disorders.
Clinically, they are characterized by chronic but relapsing diarrhoea and rectal bleeding which are usually
accompanied by weight loss and abdominal pain. The main idiopathic forms involved in IBD are ulcera-
tive colitis (UC) and Crohn'’s disease (CD). Whilst inflamed lesions in CD could be widespread to any part

of the gastrointestinal tract (GIT), UC is limited to the colon.’

Current treatment for IBD aims to block the inflammatory pathway with the administration of corti-
costeroids, sulfasalazine, immunosuppressants and biological drugs (i.e. anti-TNFa or monoclonal anti-
bodies). However, their unspecific targeting along with their undesirable side effects and the high daily

doses needed, makes the search for new alternatives an urgent necessity.>*

How are IBD originated still remains unclear but recently, redox impairment has gained special attention
as one of the potential etiological factors for IBD development. The GIT is one of the main sites in the
organism for the presence of prooxidant molecules. Clinical studies have shown that IBD patients have
reduced antioxidant capacity even in the remission phase of the disease. Furthermore, inflammation is
known to be caused, in part, by free radicals and thus, their increased amount in IBD together with the
pro-inflammatory cytokines (i.e. TNF-o) have strong repercussion on the establishment/pathogenesis
and progression of these diseases.> Given this scenario, it has been recently proposed that treating with
antioxidants with additional anti-inflammatory effect might be a promising strategy for designing new
therapies. A growing evidence support the use of polyphenolic compounds (i.e. curcumin, oleuropein,

ellagic acid) as natural preventive treatments of IBD to relief intestinal inflammation.°

Oleuropein (OLE) is one of the most bountiful phenolic acids in olive leaves (Olea europaea L). Recently,
the European Medicines Agency (EMA) has emitted its own assessment report about the health-pro-
moting properties of this molecule in human health." It is widely known for its potent antioxidant and
anti-inflammatory activities which seem to be the cornerstone for its multiple pharmacological activities:

antiviral, anticancer, antimicrobial, neuroprotective and gastroprotective, among others.’2'

Whilst a number of encouraging preclinical data have revealed the influence of polyphenols on intes-

tinal inflammation as plant extracts or pure compounds, scarce studies are available concerning isolated
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oleuropein. As for IBD, particularly OLE has shown to be effective in acute, chronic and colon-cancer
associated colitis.™'® Nevertheless, OLE is limited by its poor stability not only against external factors (li-
ght, oxygen) but also across the human organism (pH, enzymes). Several studies suggest that OLE suffers
a complex biotransformation process during gastric digestion.”-'® Because of this, the efficacy results
retrieved from the oral administration of OLE might be lower than those expected and high doses have

been used to date for in vivo studies.

In this context, nanotechnology has emerged as a promising approach towards IBD treatment and/
or prevention. Nanoscale drug delivery systems (DDS) can be specifically designed to accumulate in the
inflamed areas of the bowel. The disrupted intestinal barrier along with the overproduction of mucus and
the higher amount of immune-related cells can result in a greater accumulation of the nanoparticles in
the inflamed colonic tissues as against the healthy ones.”??*> Among the existing nano-sized DDS, na-
nostructured lipid carriers (NLCs) offer special advantages: sustained release, good biocompatibility and
biodegradable properties. Moreover, the lipid excipients used for NLC formulation have documented

biological anti-inflammatory effects in IBD.”2

All'in all, an optimal and colon-targeted NLC could enhance OLE efficacy at ameliorating inflammatory
and oxidative stress symptoms in IBD by protecting the molecule inside the lipid core until its release
on the specific site, as well as synergistically improving its anti-inflammatory activity thanks to the lipid

excipients.

On this basis, this work aimed to analyze the behavior and efficacy of the anti-inflammatory and antioxi-
dant compound oleuropein (OLE) encapsulated in olive oil-based NLCs, in terms of their potential effi-
cacy for transport OLE to the specific site and preserve its efficacy in IBD. With this purpose OLE-loaded
NLCs were evaluated (i) in accordance with their physicochemical characteristics; (ii) in vitro by assessing
their ability to reduce TNF-a production and intracellular ROS levels from, respectively, LPS-activated
and H,0,-stimulated J774 macrophages; and lastly (iii) in vivo, by evaluating the neutrophil infiltration,
cytokines concentration (TNF-a, IL-6), ROS concentration as well as by histologically and macroscopically

assessing the severity of inflammation in dextran sodium sulfate (DSS)-induced acute colitis mice model.
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2. Materials and Methods

Sources for materials and some methods are shown in the Supplementary material.

2.1. Preparation of the formulations

2.1.1. Nanostructured lipid carriers

NLC-OLE were elaborated through the hot melt emulsification method followed by ultrasonication.?
Briefly, Precirol® ATO 5 (0.66g) and olive oil (0.44g) were melted at 75°C to obtain a clear and homogeneous
oil phase. Oleuropein (OLE) was uniformly dispersed in deionized water. For aqueous surfactant phase
preparation, Poloxamer 188 (0.66%) (w/v) and Tween® 80 (1.3%) (w/v) were dispersed in deionized water
(15 ml). Prior to the emulsification step, OLE solution and the aqueous phase were heated to the same
temperature (75°C) as the lipid phase. Next, OLE solution was added to the lipid phase and immediately
after the aqueous phase was added too. The mixture was sonicated for 30 s at 50 W (Branson Sonifier
250, Danbury, CT, USA) and gently shaken by magnetic stirring for 10 min at room temperature. Then,
the obtained nanoemulsion was stored for 2 h at 4 °C to give rise to the lipid re-crystallization and the
resulting NLC formation. Afterwards, nanoparticles were centrifuged (2,500 rpm, 10 min) and washed
three times in deionized water using 100-kDa cut-off centrifugal filter units (Amicon, “Ultracel-100k",

Merck, Millipore, Spain). Blank nanoparticles were prepared as aforementioned without OLE (NLC-Blank).

Finally, a cryoprotectant aqueous solution (trehalose (15% w/w)) was added to the resulting NLCs and

they were subjected to lypophilization for 36 h (Telstar Lyobeta freeze-dryer, Terrassa, Spain).

2.1.2. OLE suspension
An OLE suspension (OLEsus) was prepared as a control for in vitro and in vivo experiments. For this

purpose, OLE was dispersed in deionized water to a concentration of 67 mg/ml.

2.2. In vitro cell experiments

2.2.1. Cell culture

J774 murine macrophages were maintained in RPMI 1640 media supplemented with 1% (v/v) PEST and
10% (v/v) FBS at 37°C in a 5% CO,/ 95% (v/v) air atmosphere. 75cm? flasks (Corning, Lowell, MA, USA)

were used for cell grown.
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2.2.2. Cell viability studies

CCK-8 method was used for assessing the cytotoxicity of the formulations in murine macrophages.
Briefly, cells were seeded in 96-well microtiter plates (Nunc, Roskilde, DK) and their density was set
to 20,000 cells/well. After an incubation period of 24 h (37 °C, 5% CO,) cells were treated for 4 h with
OLEsus, NLC-OLE and the equivalent unloaded formulation (NLC-Blank) which were diluted in 100 pl of
cell culture medium, at increasing concentrations (from 7.8 to 500 pg/ml of OLE concentration). Dimethyl
sulfoxide (DMSO) was used as negative control (dead cells) and fresh medium as positive control (cells
alive). The CCK-8 assay was then conducted as previously described by our group.?* The spectropho-
tometric absorbance was measured at 450nm/630nm wavelength (MultiSkan Ex plate reader, Thermo
Fisher Scientific, Waltham, MA, USA) and the IC, values were calculated. All CCK-8 tests were conducted

in triplicate.

2.2.3. Study of cellular anti-inflamatory effects

J774 cells were seeded in 24-well plates (200,000 cells/well) and left to adhere for 24 h. Murine
macrophages were then treated for 4 h with the studied formulations. Based on the results from the
cell viability studies, the following concentrations for each formulation were prepared in 1 ml of culture
medium: (i) OLEsus (0.15 mg/ml) (i) NLC-OLE (0.15 mg/ml of OLE) and the equivalent amount of unloaded
nanoformulation. The cell-free supernatants were then collected and macrophages were stimulated with
fresh medium containing 0.1 pg/ml of LPS for 24 h.2%” Supernatants were subsequently gathered and
stored at -20 °C until later assessment. TNF-a levels were quantified using a Mouse TNF-a uncoated

ELISA Kit (Thermofischer, Invitrogen Corporation; Paisley, UK) following the manufacturer’s instructions.

2.2.4. Study of cellular antioxidant effects

Intracellular levels of reactive oxygen species (ROS) were measured using the 2,7-dichlorofluorescein
diacetate (DCFH-DA) reagent.?® J774 cells were seeded at 25,000 cells/well in dark, clear-bottom 96-well
microtiter plates and left to adhere for 24h. Cells were then loaded with 200 pl of 1 mM solution of
DCFH-DA for 40 min at 37 °C. Then, cells were washed once with DPBS and exposed for 4 h to 100 pl
of OLEsus, NLC-OLE and NLC-Blank formulations dispersed in culture medium. The same non-cytotoxic
concentrations used in section 2.2.3. were selected for this study. Afterwards, cells were washed once and
100 pl of a 0.03% hydrogen peroxide solution (H,0,, pro-oxidant agent) in DPBS was added to each well.

The microplate was incubated for 30 min at 37 °C.
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Fluorescence intensity was measured with an excitation wavelength of 485 nm and an emission wa-
velength of 535 nm (Spectrophotometer SpectraMax M2e & program SoftMax Pro, Molecular Devices,
LLC, USA). Data was reported as the intracellular percentage of ROS compared with oxidized control cells
(H,0,-activated untreated cells). All assays were performed in triplicate, each comprising six replicates of

each sample tested.

2.3. In vivo efficacy study against acute ulcerative colitis

Animal care and experimental protocols were in accordance with the Université catholique de Louvain
animal committee (2018/UCL/MD/45). 8-week old male C57BL/6 mice (Janvier Laboratories, FR) weighing
21-26 g were housed under standard conditions, fed with standard laboratory food and supplied with
tap water ad libitum. Acute colitis was established by the addition of DSS (3% (w/v)) in mice drinking
water for the first 5 consecutive days of the study, and colonic symptoms were evaluated 7 days after
the beginning of DSS treatment.?® Animals were randomly separated into six groups (8 mice per group),
namely: untreated control group (healthy mice), control DSS group, OLEsus-treated DSS group (0.5 g of
OLE/kg), NLC-OLE-treated DSS group (1.7 g of NLC-OLE/kg) and NLC-Blank-treated DSS group (1.2 g of
NLC-Blank/kg). NLC-OLE group received the same amount of OLE as the OLEsus group. NLC-Blank group
received the same amount of NLC excipients as NLC-OLE group. Formulations were administered by oral
gavage during the first five days of DSS-colitis induction. Control groups received deionized autoclaved
water given by oral gavage instead of the formulations. Mice were fasted 12 h prior to the administration
of the treatments. All animals were sacrificed on day 7 by cervical dislocation. Colons were excised and

properly stored for later evaluation.

2.3.1. Clinical disease activity scoring

Severity of colitis was assessed by evaluating weight loss, stool consistency and rectal bleeding as pre-

viously described.”*® Recorded results were scored on a 0-3 scale as shown in Table 1.

Table 1. Assessment of inflammation by means of clinical and macroscopic score.

Score Weight loss score Consistency score Blooding score
0 None Normal pellets None
1 1-5% Slightly loose faeces Slightly bloody
2 6-10% Loose faeces Bloody
3 11-18% Watery diarrhoea Blood in the whole colon

Score reflects degree of weight loss, diarrhea and fecal blooding score on the day of necropsy and is characterized on a scale of 0-3.
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2.3.2. Colon weight/colon length ratio

After 7 days of colitis induction, mice were sacrificed and the luminal contents of the collected colons
were rinsed with PBS. Then, colons were weighted and measured to further calculate the weight/length
ratio which is considered a sensitive and reliable marker of the extent and severity grade of the colitis-as-

sociated inflammatory status.?’

2.3.3. Histological appearance study

Small pieces of the colons (distal regions) from each study group were fixed in 4% buffered
paraformaldehyde overnight, washed with ethanol (70% v/v) and embedded in paraffin. For each
mouse, two sets of 3 serial sections with a thickness of 10 um were cut 100 um apart, and stained with

hematoxylin-eosin for detailed histological study of colonic inflammation.

2.3.4. Myeloperoxidase (MPO) assay in colon tissue

MPO is commonly used as an indicator for neutrophil infiltration which, at the same time, is correlated
with the severity of colonic inflammation in UC.3? Briefly, at the time of necropsy, proximal portions of
the colons (~25 mg) were placed on Eppendorf safe-lock tubes, snap frozen in liquid N, and stored at
-80 °C. For MPO activity investigation, tissue samples were gently homogenized on ice with HTAB buffer
(0.5% HTAB in 50 mM potassium phosphate buffer, pH 6). Then, resulting samples were ultracentrifuged
at 5,000 rpm for 20 min at 4 °C (Eppendorf Centrifuge 5804R) to yield a supernatant fraction of around
300ul. An aliquot of the obtained supernatants (7ul) was placed on 96-well plates (Nunc, Roskilde, DK)
along with 200 pl of a 50 mM potassium buffer solution supplemented with 0.167 mg/ml of O-dianisidine
hydrochloride and 1% (v/v) of H,O,. Samples were analyzed in duplicate. Absorbance was measured
spectrophotometrically at 460nm for 30 min (Spectrophotometer SpectraMax M2e & program SoftMax
Pro, Molecular Devices, LLC, USA). Resulting data were expressed as MPO units per gram of total protein
of sample. The bicinchoninic acid assay (BCA) method was used for protein quantitation in each super-
natant sample (Thermofischer, Pierce™ Biotechnology; lllinois, USA). One unit of MPO activity was defined

as the amount needed the degradation of T mmol/min of H,0O, at 25°C.*'

2.3.5. Determination of inflammatory cytokine levels in colon tissue

The colonic concentration of cytokines (TNF-a and IL-6) was quantified by the sandwich-type ELISA tech-
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nique following the manufacturer's instructions for the Mouse TNF-a uncoated and IL-6 mouse ELISA kits
(Thermofischer, Invitrogen Corporation; Paisley, UK). Frozen colonic tissue portions of each mice group
were vigorously homogenized in 500 pl of extraction buffer (DPBS with 1% SDS and 1 tablet of complete
protease inhibitor cocktail (Roche Diagnostics, Vilvoorde, BE) per 10 ml of solution) by means of an Ultra-
Turrax (IKA T18 Basic, Staufen, Germany) and ultracentrifuged for 20 min at 5,000 rpm at 4°C. Obtained
supernatants were stored at -80 °C until cytokine analysis. Data were normalized with the total protein

concentration (BCA method) of each sample.
2.3.6. Determination of ROS levels in colon tissue

The tissue-associated ROS were analyzed to assess the degree of oxidative stress which correlates
with the severity of colitis.>** Briefly, at the time of necropsy, colon specimens from the central region
were snap frozen in liquid N, and stored (-80°C) until further assessment. For ROS quantitation, colon
samples were placed in 1,000 pl TRIS-HCI buffer (50 mM, pH 7.4) on ice and gently homogenized with
an UltraTurrax. The homogenate was ultracentrifuged at 5000 rpm for 15 min at 4 °C. A supernatant
aliquot (50ul) was added to 96- well black plates (Fluotrac™, Greiner, GE) along with 50 pl of a prepared
DCFH-DA (10uM) solution and left to react for 30 min at 37 °C, under shaking and dark conditions. The
autofluorescence of each tissue homogenate was also assayed and subtracted from the results. Excitation
and emission wavelengths were set to 485 nm and 535 nm, respectively, for measuring the fluorescence
intensity with a plate reader (Spectrophotometer SpectraMax M2e & program SoftMax Pro, Molecular
Devices, LLC, USA). Data from triplicate assays were expressed as fluorescent intensity units (FU) per
mg of total protein for each sample. Protein concentration in homogenates was quantified by the BCA

method.

2.4. Statistical analysis

The results are expressed as the mean + standard error of the mean (SEM) unless otherwise stated.
GraphPad Prism 6.0 program (GraphPad Software Inc., San Diego, CA, USA) was employed for statistical
analyses. Differences were considered statistically significant when *p < 0.05. The Shapiro-Wilk normality
test was applied for normal distribution assessment. For those studies in which normality and homoge-
neity were confirmed, a one-way ANOVA test of multiple comparisons followed by Bonferroni‘s post-
hoc test was performed. All other analyses were conducted using Student's t-test or a Mann-Whitney

non-parametric test.
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3. Results

3.1. Physicochemical properties of NLCs

The physicochemical behavior of NLC-OLE and NLC-Blank is summarized in Figure 1C. The size was
found to be about 150 nm and both formulations presented a negative zeta potential. OLE was almost
fully encapsulated in the NLCs. A round-shape of the nanoparticles was confirmed by TEM micrographs
(Figure 1A and B). Previous in vitro release studies conducted at pH 7.4 and 37 °C, demonstrated that

about 80% of OLE was released in a sustained manner within 27h.%

c Formulation Size (nm) £ (mV) PDI EE(%)
NLC-Blank 141.7£11.43 -21.64£3.72 0.2
NLC-OLE 14124123 -25.3042.7 0.2 99.95%

Figure 1. Summary of NLCs characterization: (A) TEM micropgraphs of NLC-Blank, (B) TEM micrographs of NLC-OLE,
and (C) particle size, zeta potential (¢), polydispersity index (PDI) and encapsulation efficiency (EE) of NLC (n=3; data
are expressed as the mean + SD). The scale bar in TEM micrographs indicates 100 nm.

3.2. In vitro cell experiments in murine J774 macrophages

3.2.1. Cytotoxicity evaluation

The CCK-8 test (Figure 2A) was carried out to study the possible toxicity of the formulations and there-
after, select the appropriate concentration for antiinflamatory and oxidative stress studies in J774 macro-
phages. The IC,, of OLEsus was 200 ug/ml whereas NLC-OLE showed an IC_ of 680 ug/ml. NLC-Blank did
not show any cytotoxic effect in the concentration ranges studied (up to 1200 pg/ml), demonstrating the
safety of the nanocarrier matrix. Therefore, 150 pg/ml of OLEsus and its equivalent amount in NLC-OLE

were selected for the forthcoming studies.
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3.2.2. In vitro anti-inflamatory activity evaluation

The ability of the formulations to suppress TNF-a production from J774 cells was assessed by comparing
NLC-OLE with OLEsus and NLC-Blank (Figure 2B). OLEsus did not exert any inhibitory effect in comparison
with the control-(+) (LPS-stimulated non-treated cells). By contrast, NLC-OLE and NLC-Blank significantly
reduced the secretion of TNF-a from the cells under the same studied conditions (*p<0.05). Moreover,
both nanoformulations exerted a significantly higher effect when compared to OLEsus (**p<0.01) under

the same conditions, but no difference was shown between the nanocarriers.

3.2.3. In vitro antioxidant activity evaluation

The inhibition of intracellular ROS production by H,O,-stressed murine macrophages was studied by
comparing NLC-OLE with NLC-Blank and OLEsus (Figure 2C). Only NLC-OLE was able to significantly
scavenge the generated ROS compared to the control (**p<0.01), enhancing the activity of OLE when

encapsulated within NLCs compared to OLEsus ("p<0.01).
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Figure 2. Summary of the in vitro studies in J774 cells. (A) Cytotoxicity results, (B) TNF-a quantitation in LPS-activated
macrophages and (C) Intracellular ROS quantitation in H,O,-stressed macrophages of OLEsus, NLC-OLE and NLC-
Blank. Data are expressed as the mean + SD (* p<0.05 vs Control+. # p<0.05 vs OLEsus. $ p<0.05 vs NLC-Blank).

3.3. In vivo efficacy studies against acute colitis

3.3.1. Histological appearance evaluation and clinical activity determination

The clinical activity score (Figure 3) and the histological assessment results (Figure 4) proved the expected

effects from the chemical induction of acute colitis in the DSS-groups compared to the untreated control
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mice (healthy). No significant differences were found between

DSS colitis induced groups. The same result was observed

regarding the colon weight/length ratio (data not shown). % 2 * x . 2
Regarding histopathology, as shown in Figure 4A, disrupted é 1

mucosa architecture, high leukocyte infiltration as well as ,

submucosal edema were observed in the control-DSS group. &ﬁ* %“f\ oy"s &'0& Qq,\*’s"
For OLEsus and NLC-OLE treated DSS groups (Figure 4B and D ° DS: l

respectively) the colon structure was found to be similar to the o o )
Figure 3. Clinical activity score after in

healthy untreated control group (Figure 4C). Compared to the vivo assessment. (n=8 mice per group).

other treatments, NLC-Blank treated DSS group showed a higher infiltration of immune cells (Figure 4E)

but the architecture of the crypts was well preserved in comparison with the control DSS group.

Figure 4. Representative figures of histopathology of the colon tissue after hematoxylin-eosin staining from: control
DSS group (A), OLEsus-treated DSS group (B), non-treated healthy group (C), NLC-Ole treated DSS group (D) and
NLC-Blank treated DSS group (E). Images are shown at the same magnification (100x).
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3.3.2. Inflammatory and oxidative stress assessment in colon samples

MPO activity, the concentration of the pro-inflammatory cytokine TNF-q, the pleiotropic cytokine IL-6
and total ROS content in the colon are summarized in Figure 5. In all cases, control-DSS group showed a
significant increase in the measured parameters compared to the healthy group (data not shown), thus
confirming the colitis-induction. It is worth to note that MPO activity, TNF-a and IL-6 concentration for
the OLEsus and NLC-OLE-treated DSS groups were decreased when compared with DSS group. However,
no significant differences were found between OLEsus and NLC-OLE-treated DSS groups. No significant
differences were observed in NLC-Blank treated DSS group. Interestingly, only NLC-OLE treatment was
able to attenuate oxidative stress by significantly decreasing total ROS generation (*p<0.05) compared

to DSS control, whereas OLEsus and NLC-Blank did not show any significant effect.
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Figure 5. Effect of formulations in colitis associated inflammation and oxidative stress. From left to right, MPO activity,
absolute levels of TNF-a and IL-6 and relative ROS presence in the colon. **p< 0.01, *p<0.05 vs DSS group. (n=7-8).

4. Discussion

ROS mediated oxidative stress together with inflammatory pathways have gained special interest as
targets for new drug studies in UC.>3* OLE, the major polyphenol in olive leaves, is known to inhibit the
inflammatory response through several pathways, such as suppressing the secretion of an array of cytoki-
nes (i.e. IL-1B, IL-17, TNF-o) probably, in part, due to its interaction with the nuclear factor (NF)-kB which,
indeed, plays an important role in IBD. Additionally, this bioactive compound has shown ROS scavenging
ability, although its precise mechanism of action still remains unclear'>'3. Altogether, OLE is a good can-
didate for IBD management and some authors have revealed its effectiveness in both acute and chronic
UC™*1®. However, in these studies high doses of OLE were needed to be administered within the food for
OLE to be effective. The reason for this could be that OLE, as well as the majority of the anti-inflammatory
and antioxidant agents, presents several limiting factors. Particularly, it presents low absorption rates,

poor stability after light and oxygen exposure, as well as rapid biotransformation upon gastric digestion
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and thus, its bioactivity, bioaccessibility and bioavailability seem to be compromised.'”"*3> Therefore,
targeting the inflamed colonic mucosa with OLE is still a challenge. In this sense, lipid-based nanotech-
nology seems a promising strategy to overcome these limitations. Among all nanoscale drug delivery
systems, NLCs can offer a greater drug loading capacity, an increased retention in the inflamed target
site and biological anti-inflammatory properties.6”2°233637 Hence, we hypothesized that merging those
properties with OLE could lead to a synergistic anti-inflammatory action of the lipid nanoparticles in IBD
and a greater targeting to the colon resulting in an improved efficacy of OLE treatment. In this work,
nanostructured lipid carriers loaded with oleuropein (NLC-OLE) were assessed both in vitro and in vivo,

with the aim to evaluate its impact on IBD therapy.

NLCs were obtained through the hot-melt emulsification method and showed a mean particle size
~150 nm together with a moderately narrow size distribution (PDI~0.2). OLEsus was successfully
incorporated into the nanocarrier (~ 100%). Moreover, due to the nature of the lipid core, NLCs exhibited
a negatively charged surface (~ -25 mV) which is known to promote their accumulation in ulcerated
tissues via interaction with the positively charged proteins.?"*® Therefore, both the nanometer size and

surface negative charge together turn NLC-OLE into promising candidates for IBD treatment.

Particularly, Precirol® ATO 5 and olive oil were chosen for the lipid core formulation. Precirol® ATO 5
has been approved by the FDA for the oral route administration and has been largely used as a compo-
nent of the lipid matrix for sustained release formulations. As for liquid lipids, the medium chain triglyce-
rides, known under the brand name Miglyol® 812, are the most commonly employed. However, in this
work, we selected olive oil since it provided our NLCs with a suitable physico-chemical stability. Olive oil is
also expected to help enhance OLE availability in the intestine and reduce the possible cytotoxicity effect

of residual surfactants that might be present in the final nanoformulation.3%4°

Innate immunity has an important role in IBD pathogenesis.” During active inflammation, particles in the
nano-scale range are more easily internalized by a greater number of immune-related cells. Given this, the
anti-inflammatory and antioxidant potential of NLC-OLE was evaluated in vitro. Firstly, TNF-a production
by LPS-stimulated murine J774 macrophages was studied. Surprisingly, we found that OLE itself did not
exert any inhibitory effect in vitro whereas NLC-OLE significantly inhibited TNF-a secretion (*p<0.05). The
negligible efficacy of OLEsus to suppress TNF-a production in LPS-stimulated macrophages has been

also observed by others.’®#" Interestingly, NLC-Blank was also able to attenuate TNF-a secretion in our
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study. These results are consistent with those published by Beloqui et al.”*® who found that after 4 h of
pre-treatment with budesonide and curcumin loaded NLCs and blank NLCs in LPS-activated J774 cells
TNF-a levels were significantly reduced, whereas the active compound alone was not able to exert any
effect. Serpe et al.*? also observed the ability of solid lipid nanoparticles to significantly decrease the
secretion of IL-1B and TNF-a in an in vitro model of human IBD whole-blood. Therefore, in light of these
results, the nature of the NLCs might boost their ability to inhibit TNF-a secretion from LPS-stimulated
J774 cells. Later, we assessed the antioxidant potential of NLC-OLE in vitro. It is a well-accepted fact
that olive polyphenols are excellent reactive oxygen scavengers.'>' Our previous studies, demonstrated
that OLEsus and NLC-OLE antioxidant activity was cell-type dependent. In this work only NLC-OLE
showed antioxidant activity in H,0,-activated J774 macrophages (*p<0.05). All in all, the in vitro results
highlighted the importance of OLE encapsulation within NLCs toward an efficient anti-inflammatory and

antioxidant effect.

After assessing the in vitro potential of NLC-OLE, their therapeutic efficacy was evaluated in an acute
DSS colitis mice model with documented similarity to human UC.24® DSS is known to induce weight loss,
bloody stool and loose feces in mice. From the clinical score results we confirmed that the administration
of DSS successfully induced colitis in mice. However, no formulation was able to reduce the clinical
symptoms (Figure 3). The DSS colitis model is a well-stablished in vivo model for the study of UC-related
innate immune response.3® During the genesis of active intestinal inflammation, innate response manifests
itself as an increased level of leukocyte infiltration in the inflamed mucosa leading to the recrudescence
of oxidative stress.** MPO, one of the most abundant neutrophil proteins, is commonly used as standard
indicator in feces of IBD patients as well as for colitis assessment in IBD animal models.** Precisely, it is
mostly used in DSS-induced colitis murine models, where extensive neutrophil infiltration occurs during
the entire DSS treatment period, even after it is withdrawn.®#¢ At day 7, both OLEsus and NLC-OLE treated
DSS groups showed a decrease in MPO activity in comparison with H,O-treated DSS group (Figure 5).
DSS-induced damage is also promoted by several anti/pro-inflammatory cytokines. In this regard, at day
7, mice showed a marked secretion of the pro-inflammatory cytokine TNF-a in colonic tissue which was
significantly reduced by NLC-OLE treatment (Figure 5). Contrary to the in vitro results, OLE was effective
in TNF-a inhibition in vivo. This is in line with other study in which the amelioration of acute colitis by OLE
in the in vivo model was not consistent with its negligible activity in the in vitro models of inflammation."®
The secretion of IL-6, a pleiotropic cytokine mainly localized in the intestinal crypts, was also assessed.

Pro-inflammatory as well as wound healing activities have been attributed to IL-6 signalling. Particularly,
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IL-6 has shown to protect intestinal epithelial cells from DSS-induced apoptosis.*” Both OLE and NLC-OLE

were able to reduce IL-6 when compared to DSS-control group.

As aforementioned, the increased MPO activity could be correlated with the recrudescence of ROS in
the inflamed colonic tissue.** Likewise, increased levels of the pro-inflammatory cytokines TNF-a and IL-6
are known to be connected with a higher rate of cellular oxidative stress. Particularly, ROS are known to
be induced by IL-6 and TNF-a is known to induce IL-6 secretion through ROS.*4¢ This, together with the
in vitro proven antioxidant efficacy of NLC-OLE lead us to assume that NLC-OLE could have ameliorated

DSS-induced inflammation through its antioxidant activity in the colon.

Aimed to elucidate this, we analyzed the total ROS content in the colon tissue. As expected, DSS-control
group presented a significant accumulation of ROS when compared to the healthy-control group (data
not shown) and they were significantly reduced by NLC-OLE (*p<0.05). Meanwhile, OLE slightly reduced
oxidative stress but the differences did not reach statistical significance compared to the control. This,
again, highlights the importance of the encapsulation of OLE toward an enhanced pharmacological acti-

vity in the murine colitis model.

It is worth noting that no significant therapeutic effect was observed for NLC-Blank treated DSS group
in any of the in vivo studies, indicating that the nano-sized lipid carrier has no influence on the therapeu-

tic activities of NLC-OLE.

All these results from the in vivo experiments were in line with those from the histological assessment
of the colitis associated inflammatory injury (Figure 4). DSS-induced colitis (Figure 4A) clearly modified
the architecture of the colon tissue, with a reduction of the protective epithelial layer and the number
of goblet cells as well as an increased infiltration of immune-related cells. For OLE-treated and NLC-OLE
treated DSS groups (Figure 4B and D, respectively) adequate colon structure was observed when com-
pared to the healthy control group (Figure 4C). As expected, NLC-Blank treated group showed a higher
infiltration of immune cells (Figure 4E) but the architecture of the crypts was well preserved compared to
the control DSS group. Therefore, NLC-OLE demonstrated to maintain the anti-inflammatory potential of

OLE and enhanced its ROS scavenging effects after oral administration in vivo.

To the extent of our knowledge, this is the first study evaluating the in vivo efficacy of OLE loaded

NLCs in a murine model of acute colitis. /n vitro, NLCs inhibited TNF-a production by activated murine
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macrophages and the encapsulation of OLE into the lipid core led to an efficient antioxidant activity in
stressed macrophages. Our findings from the in vivo study showed the ability of orally administered
NLC-OLE to alleviate inflammation and oxidative stress in DSS-induced acute colitis as confirmed by the
enhanced histological appearance of the colonic samples which was further confirmed by the reduced
MPO activity, decreased tissue-associated TNF-a and IL-6 levels and the inhibited ROS-generation in
NLC-OLE treated mice colons. The discussed results highlight and justify the combination of olive oil and
Precirol formulated within NLCs for the delivery of OLE or other antioxidant/anti-inflamatory phenolic
compounds in IBD therapy. On a wider level, future research is also needed to determine the precise
mechanism of action and pharmacokinetics of NLC-OLE as well as the rationale for the enhancement of

the antioxidant activity of OLE.
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SUPPLEMENTARY MATERIAL
Materials

Chemicals

Precirol® ATO 5 (Glycerol distearate) was a kind gift from Gattefosé (France). Polysorbate 80 (Tween®
80) was purchased from Panreac Quimica (Castellar del Valles, Barcelona, Spain). Organic extra virgin
olive oil was donated by Biosasun S.A. (Alava, Spain). D-trehalose anhydrous was purchased from ACROS
Organics™ (Geel, Belgium). Oleuropein (purity 80.12%) was kindly donated by Nonaherbs Bio (Tech)
(China). Poloxamer 188, potassium dihydrogen phosphate (KH,PO,) and ortophosphoric acid (H,PO,)
were purchased from Merck (Darmstadt, Germany). O-dianisidine hydrochloride, HTAB (hexadecyltrime-
thylammonium bromide), hydrogen peroxide (30%), sodium dodecyl sulphate (SDS) and polysorbate 20
(Tween 20) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Dextran sodium sulfate (DSS) was
purchased from TdB Consultancy (Uppsala, SE). Complete protease inhibitor cocktail tablets were pur-
chased form Roche Diagnostics (Vilvoorde, BE). TRIS-base (purity > 99.9%) was purchased from Carl Roth
GmbH (Karlsruhe, Germany). Ultrapure water was obtained from a Milli-Q Water System. Other chemicals

were all analytical grade.

Cell culture

J774 murine macrophages were kindly donated by Prof. M.P. Mingeot (UCLouvain, LDRI, BE). Roswell
Park Memorial Institute (RPMI) 1640 medium, fetal bovine serum (FBS), penicillin-streptomycin (PEST),
Dulbecco’s phosphate buffered saline (DPBS) and trypsin-EDTA (0.05%) were purchased from Gibco™
(Invitrogen, UK). Lipopolysaccharide (LPS, E. coli O111:B4), 2,7-dichlorofluorescein diacetate (DCFH-DA),
hydrogen peroxide (30%) and Cell Counting Kit-8 (CCK-8) were purchased from Sigma-Aldrich (St. Louis,
MO, USA).

NLC characterization

Size and zeta potential measurements

The mean particle size (Z-average diameter) and polydispersity index (PDI) of the NLCs were measured
by Dynamic Light Scattering (DLS). The zeta potential was determined through Laser Doppler micro-elec-

trophoresis (Malvern® Zetasizer Nano ZS, Model Zen 3600; Malvern instruments Ltd., UK). Prior to the
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measurements, nanoparticles were dispersed in Milli-Q water (pH 5.6) at optimal intensity. For the zeta
potential measurement, the measured electrophoretic mobility was converted into zeta potential throu-
gh Smoluchowski approximation. Each assay was performed in triplicate and data are presented as mean

+S.D.

Encapsulation efficiency

The encapsulation efficiency (EE) of oleuropein into NLCs was determined indirectly by measuring the
free oleuropein (non-encapsulated oleuropein) in the supernatant obtained after the filtration/centrifu-
gation quantified by a previously validated HPLC method. Considering the initial amount of oleuropein

added to each formulation, the EE was calculated as:

EE (%)=((Total amount of OLE-Amount of free OLE)/(Total amount of OLE)) x100

Microscopy analysis

NLC surface properties and morphology were examined under transmission electron microscopy (TEM,
Philips JEOL JEM-1400 Plus a 120kV). For this purpose, lyophilized samples were suspended in Milli-Q
water at an optimal concentration of 4 mg/ml and sonicated in a water bath for 1 minute. Then, samples
were placed on a carbon grid and treated with negative staining uranyl acetate (2%) for particles visuali-

zation. Images were captured with a digital camera sSCMOS (Hamamatsu, Hawthorne, CA, UK).
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