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Abstract

In the sphere of drug delivery, denatured whey protein (DWP) has in recent times gained
press. However, to date, no scalable and affordable dosage form has been developed. The
objective of our study was to evaluate the potential use of spray-dried DWP as a ready to
use excipient for oral drug delivery. Therefore, solid state, FTIR spectra and wettability were
studied. Dissolution, mucoadhesion and the effect on paracellular permeability were also
evaluated. The spray-dried DWP particles were spherical with 4 um mean diameter. Further,
relative to native WP, the spray-dried DWP particles bore reduced wettability, and their
structure was characterized by the exposure of a high amount of free thiol and by the
formation of intermolecular B-sheets. The DWP powders were mucoadhesive, enzymatic
inhibitors, biocompatible and they induced the opening of tight junctions. Our study shows
great potential for the use of spray-drying as a technique to modify the dissolution rate of
drugs and enhance the oral bioavailability of molecules. That is, the use of spray drying as a
single step ready to use DWP excipient

Abbreviations

DMEM medium Dulbecco’s modified eagle medium
DWP denatured whey protein

DWP-sp spray-dried denatured whey protein particles
EE Encapsulation efficiency

NWP native whey protein

NWP-sp spray-dried native whey protein particles
PEG polyethylene glycol

WP whey protein
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1. Introduction
Whey protein (WP) is a valuable milk component, of high nutritional value, that has long
been used in the food industry, serving multiple functions including emulsifying, gelling and
foaming. In recent times, the nutraceutical and pharmaceutical fields have shown greater
interest in WP owing to the encapsulation and protective properties of bioactive molecules
therein found.
The potential of WP as a nutraceutical delivery system was initially explored with regard to
vitamins such as A, D, E, riboflavin [1-4] and minerals such as iron [5]. Probiotics were also
successfully encapsulated into WP microparticles, which contributed to increase their
survival in the gastro-intestinal tract [6]. Indeed, encapsulation in such matrix system
resulted in specific protection from acidic pH, enzymatic degradation, and oxidation to
ensure bioactivity [4].
WP then gained interest in the sphere of drug delivery, and controlled release. This was due
to WP’s ability to selectively release molecules such as ketoprofen [7], theophylline [8] or
insulin [9], in response to environmental stimuli such as changes in pH [10].



Up to the conduct of our study, the most commonly studied forms of WP based delivery
systems were hydrogels and reticulated microparticles. The use of these two methods is a
direct result of the necessity for denaturing WP. The denaturation process itself involves a
thermal treatment of a native WP (NWP) aqueous solution. Denaturation induces the
unfolding of polymeric chains and thus the exposure of functional groups such as
hydrophobic and thiol groups. These groups are in turn responsible for the gelling and
reticulating properties of denatured WP (DWP) [11].

Besides interest from a technological point of view, denaturation is necessary to reveal the
functional and biopharmaceutical properties of WP. These properties can contribute to the
promotion of oral drug bioavailability, more specifically, bioavailability of drugs such as
insulin; and this took place after administration of DWP microparticles to rats [9]. Indeed,
compared to WP’s native form, DWP are highly mucoadhesive [12], and in reticulated
microparticle form, exhibited controlled release of encapsulated drugs, opened tight
junctions, and inhibited proteolytic enzymatic activity [13].

However, denaturation is not without disadvantages. The main disadvantage is the necessity
to use a liquid phase followed by a drying step for storage.

Recently, we have generated unloaded dried DWP particles using spray-drying, a suitable,
industrial, scalable and low cost method [14]. Among different drying techniques, spray-
drying presents a sound method of choice. This is not only because fluid materials can be
converted into solid products via rapid evaporation of solvents, [18] but also because this
technique leads, by use of co-spraying, to encapsulation and dry drug-loaded particles in a
single-step [15]. This can lead to the formation of particles that are of uniform size, stable
and present high encapsulation efficiencies [16]. Even in light of these advantages, very few
studies have explored spray-drying of DWP and those which did were not conducted with
pharmaceutical applications in mind. For example: Picot and Lacroix increased survival of
Bifidobacterium [6]; Koga et al. assessed stabilization of trans-resveratrol [17]; Wang et al.
studied stabilization of DHA fish oil [18]; Liu et al. evaluated solubility enhancement of
curcuma [19]; and Esfanjani et al. succeeded in encapsulating saffron extracts into
DWP/pectin walls [20]. So, many applications for nutraceutical uses but little is known about
the biopharmaceutical properties of spray-dried DWP (DWP-sp) and their benefits in oral
drug delivery.

For the first time, we propose a new direction for the use of DWP. We propose the spray-
drying of DWP for drug encapsulation and oral delivery applications. We do so with the goal
of improving oral drug bioavailability.

In testing our hypothesis as to the efficacy of the spray drying methodology, numerous
characterizations were performed on the obtained WP-sp powder. These characterizations
sought to determine the impact of spray-drying on the DWP structure/morphology and
physico-chemical properties such as crystallinity, free thiol content, solubility and
wettability. Also studied, with specific regard to oral administration and biopharmaceutical
considerations, were apparent dissolution, mucoadhesivity, enzymatic inhibitory effect and
the effect on Caco-2 cell permeability. Finally, a model drug, BCS (Biopharmaceutical
Classification System) class |, was co-sprayed with DWP to evaluate the impact of
encapsulation into DWP, by spray-drying, on the drug release profile.



2. Materials and Methods

2.1. Materials

Whey protein isolate (WPI° 895, protein 93.5%, fat 0.39%, moisture 4.7%, lactose
monohydrate 0.2%) was obtained from Fonterra® dairy products, France. Theophylline was
purchased from Cooper chemical company, Melun, France. Cell culture products and
dissolution buffers components were purchased from Fisher scientific Elancourt, France. All
other materials were purchased from Sigma-Aldrich, France.

2.2. Preparation of spray-dried WP powders

2.2.1. WP polymeric solutions

NWP solutions (10%, w/w) were prepared by re-hydrating whey protein isolate powder
(unrefined WP) in deionized water by gentle magnetic stirring for 1 h at room temperature
and then allowed to rest for 2 h to ensure complete hydration of proteins to form a solution.
To prepare DWP solutions, NWP solutions were heated at 80°C for 40 min [21]. The solutions
were cooled overnight at room temperature. All WP solutions were adjusted at pH 7.0 with
NaOH 1M.

Viscosity of all polymeric solutions was measured using a Brookfield DVII+ viscometer at
25°C, using a SC4-18 spindle at 100 rpm (Brookfield Engineering laboratories, Inc., USA).

2.2.2. Preparation of particles by spray-drying
Prepared solutions were spray-dried using a Buchi Mini Spray Dryer (B-290, Buchi®
Labortechnik, Flawil, Switzerland), which employs a system of co-current drying via a two-
fluid nozzle mechanism. The nozzle size was 1.5 mm and the nozzle cleaning procedure was
set at 5 throughout each run. Aspiration was maintained at 100%. Spray drying was
performed in the following conditions [14]: inlet temperature (160°C), pump rate (5.7
mg.min’) and the spray gas flow rate or Q-flow (50 mmHg or 600 L/h). Outlet temperature
was noted for every batch. All powders were then stored in desiccator and yield was
calculated as following:

amount of collected powder (g)

. o) —
Yield (%) amount of initial powder (g) x 100 @

2.3. Physico-chemical characterization of unloaded spray-dried WP particles

2.3.1. Residual humidity

Moisture content of spray-dried powders was immediately determined once the powder
was collected from the dryer by thermogravimetric method using an infrared balance
(Mettler Toledo LJ16 moisture analyser, Viroflay, Switzerland). Two grams of powder were
weighed and residual humidity was determined after 10 min of heating at 80°C.

2.3.2. Particle size analysis

Particle sizes of powders were determined using a laser light diffraction granulometer
(Mastersizer S, Malvern Instruments, Malvern, UK) outfitted with an MS64-dry powder
feeder sample unit. The lens used was 100 mm, the active beam length was set to 10 mm
and the analysis model used was polydisperse. The results were volume based and the mean
volume diameter, D [3,2], was selected to represent the average diameter of particles.



2.3.3. Scanning electron microscopy (SEM)

The external morphology of particles was studied by scanning electron microscopy (JEOL,
JSM-6060LV, Tokyo, Japan). The samples were fixed onto double faced carbon tapes and
sputtered with thin film of Palladium-Gold for 60 s using the following device: JEOL JFC-1300.
Specimens were examined at 5 KV with different magnifications.

2.3.4. FTIR analysis

Structure of WP was analyzed by infrared spectrometer (IRAffinity-1S FTIR, Shimadzu, Kyoto,
Japan) equipped with attenuated total reflectance accessory (ATR-FTIR, Miracle 10). Spectra
of unrefined WP and spray-dried samples were collected in absorbance mode from 400-
4000 cm™®, with 200 scans at 4 cm™ resolution. Deconvolution of spectra was performed in
the amide | region (1600-1700 cm™) to study secondary structure of WP using the Happ-
Ganzel apodization, 20 cm™ band width and 0.1 cm™ pathlength using IR-Solution software.

2.3.5. Free thiol content determination

The amount of free thiol in WP samples was determined spectrophotometrically with
Ellman’s reagent (Pierce Biotechnology, Rockford, USA) according to the manual instructions
guide [12,22]. First, NWP-sp and DWP-sp powders were dissolved in deionized water (pH 6.8)
at 20 mg.mL?* and 250 pL of the obtained WP solutions were mixed with 2500 L of reaction
buffer and 50 pL of Ellman’s reagent. The samples were incubated for 15 min at room
temperature followed by measurement of absorbance at 412 nm. The number of thiol
groups was calculated using a molar extinction coefficient for 5-thio 2-nitrobenzoic acid
(TNB) of 14150 Mt.cm™ at 412 nm (Ellman’s reagent manual instructions guide, Pierce
Biotechnology).

2.3.6. Contact angle measurements

Contact angle measurements were done to analyze the wettability of WP powders [23,24]
using Theta Lite goniometer (Attension, Stockholm, Sweden) equipped with IC capture
software. Samples (200 mg of spray-dried powders) were compacted (1.5 t of pressure
during 30 s) prior to experiments in order to get a smooth surface allowing accurate
measurements. Then, samples were placed on a 3D manipulator plate which was adjusted to
be straight and horizontal and a micro-syringe containing deionized water was mounted
above the samples. Data was acquired as one droplet (10 pL) was deposited from the micro-
syringe on the sample. Resulting images were analyzed by Imagel program to calculate
contact angle. Each sample was prepared in triplicate and two independent measurements
were made for each surface.

2.3.7. Solubility study

Solubility study was performed according to the excess substrate addition method (Florence
and Attwood, 2006; Martin and Sinko, 2011). NWP-sp or DWP-sp were added in excess to 20
mL deionized water or pH 1.2, 4.5, 6.8 or 7.8 european pharmacopeia buffers under
agitation. After 24 h, suspensions were centrifuged 10 000 rpm, 10 min and supernatants
were analyzed according to BCA method (Bio Basic Inc, Markham Ontario, Canada) to
determine WP solubility.



2.4. Biopharmaceutical characterization of unloaded spray-dried WP particles for oral
administration

2.4.1. Apparent dissolution of WP powders

Dissolution profiles of NWP-sp and DWP-sp powders (300 mg) were investigated using an
automated flow-through cell dissolution apparatus (USP 4, Sotax, Aesch, Switzerland) with
200 mL of pH 1.2 or 6.8 USP buffer at 37°C in a closed loop setting (22.6 mm cells). Rate was
fixed at 20 mL.min"! and a whatman GF/F filters were used in each cell. Samples (1 mL
replaced by fresh buffer) were withdrawn at set interval times up to 8 h and centrifuged at
5000 rpm during 5 min. Quantities of released WP were calculated using a UV
spectrophotometer (Jenway 7315, Staffordshire, United Kingdom) at 280 nm.

2.4.2. Mucoadhesive properties

Mucoadhesion of WP powders was evaluated using the technique of non-everted gut sacs
[25] in accordance with The Code of Ethics of the EU Directive 2010/63/EU for animal
experiments. After anesthesia, rat jejunum was cut into equal fragments of 10 cm and
washed several times with saline before filling it with 2 mL of suspension containing either
500 mg of NWP-sp or DWP-sp powders in Krebs Henseleit buffer (D-glucose 2 g.L?,
magnesium sulfate 0.141 g.L%, potassium phosphate monobasic 0.16 g.L %, potassium
chloride 0.35 g.L%, sodium chloride 6.9 g.L%, calcium chloride dihydrate 0.373 g.L'! and
sodium bicarbonate 2.1 g.L?). Then, gut sacs were sutured and placed in tissue chambers
containing 15 mL of warmed (37°C), oxygenated (95% 0,/5% CO;) Krebs Henseleit modified
buffer for 1 h . After this stipulated time, sacs were opened, content collected and then
dried in an incubator at 60°C until constant weight to determine the remaining quantity of
WP. The rate of adhered powder onto the sac was determined by subtracting the residual

mass from the initial mass via Equation (2).

) Residual mass
Powder mucoadhesion (%) = — x 100 (2)
Initial mass

2.4.3. Enzymatic inhibition properties
Effects of WP-sp powders on enzymatic activity was studied with trypsin and a-chymotrypsin
according to Ameye et al procedure [26].

a-chymotrypsin inhibition activity

NWP-sp or DWP-sp were dispersed in Tris HCL pH 7.8 buffer at 1% final concentration (w/w).
The substrate N-benzoyl-L-tyrosine p-nitroanilide (BATPNA) was dissolved at 1.18 mM in
dimethylformamide (DMF) while a-chymotrypsin from bovine pancreas was dissolved in 10
mM HCI. Then 1 mL of WP solutions, 1 mL of BATPNA and 40 Ul of a-chymotrypsin were
mixed at 37°C for 30 min before stopping the reaction by the addition of 1% trichloroacetic
acid. Finally, the metabolite p-nitroaniline formed was measured spectrophotometrically at
405 nm.

Control experiments were conducted using exactly the same protocol but without addition
of WP. The activity of a-chymotrypsin in control was taken as 100% and the activity of
partially a-chymotrypsin incubated in the presence of WP was expressed relative to 100%
activity calculated comparing the absorption of reaction mixtures.

Trypsin inhibition activity
Same WP-sp powders were dispersed in pH 7.4 phosphate buffer at 1% final concentration
(w/w). The substrate N-benzoyl dl-arginine p-nitroanilide (BAPNA) was dissolved at 20 mM in



dimethylformamide (DMF) while trypsin was dissolved in 10 mM HCI. Then 1 mL of WP
solutions, 1 mL of BAPNA and 30 Ul of trypsin were mixed at 37°C for 30 min before stopping
the reaction by the addition of 1% trichloroacetic acid. Finally, the percentage of inhibition
was calculated in an exactly similar manner as applied in the case of a-chymotrypsin
inhibition assay.

2.4.4. Cytotoxicity and permeability studies of PEG 4000 on Caco-2 cells

The Caco-2 cells were obtained from the American Type Culture Collection (ATCC, Rockville,
MD). Polycarbonate transwell permeable supports (0.4 um pore size) were seeded with
5.10° cell per well at passage 35 and incubated for 21 days with DMEM medium (Dulbecco’s
modified eagle medium supplemented with 15% fetal bovine serum, 1%
penicillin/streptomycin and 1% L-glutamine. Cytotoxicity studies were then performed to
evaluate the viability of cells in the presence of NWP-sp and DWP-sp powders at 0.5% (w/Vv).
The viability of the cells was evaluated by trypan blue exclusion (final concentration of 0.2%
in PBS) [27].

Transport studies were also done after complete cells differentiation and only wells
exhibiting transepithelial electrical resistance (TEER, electrode STX2, EVOMX World Precision
Instruments, Sarasota, FL, USA) greater than 600 Q.cm? were used. Before experiment,
medium was withdrawn and cells monolayers were washed twice with 1 mL PBS buffer.
Then 500 pL of the following samples were added to the apical side of cells monolayers: WP-
sp powders dispersed at 0.5% (w/v) in HBSS buffer containing 1 mg.mL! PEG 4000 as a
model molecule [28,29] while basolateral side contained only HBSS buffer. Reference
corresponded to untreated cells. Cells were incubated at 37°C during 120 min. At
predetermined times, TEER was measured and 500 uL were taken out from basolateral side
and replaced by fresh HBSS. Passage of PEG 4000 was determined on withdrawn samples by
colorimetric method as described by Nag et al. 1996 [30]. TEER was recorded throughout
incubation and during 24 h for recovery period as a measure of cell viability and monolayer
integrity. At the end of the experiment, permeability studies were stopped by removing the
apical medium and washing the cells three times with PBS. Immediately fresh medium
incubated at 37°C was replaced. The monolayers were allowed to regenerate for 24 h at
37°Cin an atmosphere of 95% air and 5% CO2 at 90% relative humidity.

Results are expressed as apparent permeability coefficient (Papp) and variation of TEER (%)
compared to initial values, calculated according to Equation (3) and (4).

oy~ TEER® ;
TEER (/0) = m X ( )
d 1
Papp (cm.s™1) = (d—?) X0 (4)

where dQ/dt is the flux of tested product across the monolayer (mol.s), Co is the initial
concentration in the apical compartment (mol.mL?), and A is the surface area of the
monolayer (1.12 cm?). The Papp values are expressed as cm.s™t, The Papp values were
calculated for the 120 min period of the experiment.

2.6. Statistical analysis
All experiments, except SEM, were done in triplicate. Values are presented as mean +
standard deviation (SD) and statistical comparisons were performed using analysis of



variance (ANOVA). p < 0.05 was used as the level of significance (p < 0.01 was considered to
be very significant).

3. Results and discussion

3.1. Production of DWP particle powder

Spray-drying was used to produce DWP particles intended to be a biopolymer wall and
matrix material for drug delivery. Four variables (yield, residual humidity, particle size and
outlet temperature) were consequently measured (Table 1).

Yield was about 80%, satisfying for the laboratory scale. Residual humidity was under 5%, in
accordance with values recommended in the pharmacopeia for solid dosage forms to ensure
good storage of product without mold development and bacterial growth [31].

Moreover, particle shape and size were monitored, since these can influence drug release
kinetics. Laser diffraction showed that mean particles size D[3,2] was around 4 um. This
result was confirmed by SEM where spherical particles were identified with two populations:
under 3 and around 6 um (Fig. 1). These distributions are characteristic of WP-sp powders
and are similar to those reported in literature [17,20]. Evidence of indentation and wrinkles
on powder surface (Fig. 1) might be due to the rapid evaporation and cooling process during
drying [32] and to the protein nature of the polymeric matrix [20,33]. The same observations
were made by Khem et al [34]and Shen and Quek [35].

Concerning outlet temperature, recorded values (72 £ 1 °C) are acceptable since heating
time is very short. Studies showed that even thermolabile proteins such as insulin remained
stable and bioactive at these temperatures [36].

Nevertheless, outlet temperature was higher with NWP and thus the yield (approx. 87%)
(Table 1) in link to lower viscosity of NWP compared to DWP solutions (2 vs. 47 cP). In fact,
the nozzle plays the role of a heat exchanger between gas flow and feed solution, thereby
when viscosity increased, energy supplied to the nozzle should overcome larger viscous
forces resulting in decreased outlet temperature and yield [37]. Viscosity appeared clearly as
a key parameter to optimize, if necessary, product stability and yield.

It is noteworthy to mention that, despite the theory of aggregate formation following
denaturation [38], in both cases, particle size distributions were similar.

3.2. Physico-chemical properties of spray-dried DWP particles

3.2.1. FTIR

FTIR spectra were performed in order to get molecular information about the
conformational behavior of WP following denaturation and atomization.

As shown in Fig. 2a, spectra of NWP presented five major absorption peaks in the range of (i)
1200-1350 cm, related to combination of N-H in-plane bending with C-N stretching
vibrations (amide 111); (ii) 1400-1550 cm?, associated to N-H bending (amide 11); (iii) 1600-
1700 cm™, governed by stretching vibration of C=0 and C-N groups (amide 1); (iv) 2850-2980
cm?, assigned to symmetric and asymmetric C-H stretching vibrations; and (v) 3000-3600
cm’?, attributed to free and bound O-H and N-H groups [39]. Deconvolution spectra were
recorded in the amide | region (1600-1700 cm™) since this region is sensitive and indicative



of the protein secondary structure (Fig. 2b) [1,40]. The amide | band of unrefined WP
contained five individual components; their assignments are well-described in the literature.
The strongest peak at 1631 cm™ is characteristic of amide groups involved in the extended B-
sheet structure [41]. Bands at 1647 and 1666 cm™ are representative of a-helix/unordered
structures and turns respectively. Component at 1678 cm™ is attributed to B-sheet while
that at 1689 cm™ correspond to intermolecular anti-parallel B-sheet. WP-sp in the chosen
operating conditions conserved the secondary structure as seen in Fig. 2b [40,42,43].
However, denaturation induced a dramatic alteration in the amide | band characterized by a
featureless broadband between 1630 and 1680 cmindicating the loss of native structures
and more precisely the unfolding of polypeptide segments [44]. Though, the a-
helix/unordered (1647 cm™) and turns (1666 cm™) structures were barely conserved. In
addition, the strongest band assigned at 1632 cm™ shifted to 1628 cm™ which corresponds
to the appearance of intermolecular B-sheets resulting from aggregation instead of
intramolecular B-sheets [43]. This shift occurred simultaneously with an increase in the 1685
cm™ component showing that additional intermolecular antiparallel B-sheets are formed.
Thus, the main secondary conformation of DWP-sp was antiparallel B-sheets characterized
by unfolding and aggregation of proteins. This structure was similar to FTIR results obtained
in our previous study on DWP powder obtained by polymeric solution freeze-drying [12]
indicating that heat elements during spray-drying had no influence on DWP-sp structure.

3.2.2. Free thiol determination

The number of free thiol was determined in order to evaluate the impact of denaturation
and spray-drying on the exposition of these functional groups (Fig. 3). As expected,
denaturation favored exposition of free thiol in both, solution and spray-dried powder
forms. Unfolding of polymeric chains following denaturation was the main reason for the
exponential increase in thiol groups [12] whereas rearrangement of functional groups during
particle formation probably decreased accessible thiol groups following spray-drying.
Rearrangement could be the reformation of aggregates by thiol-disulfide interchange [45] or
the sharing of total free thiol groups between the surface and the core of particles.

Despite the mentioned decrease, the amount of accessible free thiol remained very high
after denaturation compared to the amount of thiol sufficiently effective to exhibit
functional properties such as mucoadhesion and bioavailability enhancement as described
for other thiomers [46,47].

3.2.3. Wettability

Contact angle between a liquid droplet and a flat surface is a direct indicator of the surface
wettability. Value less than 90° characterize good wettability properties. The two explored
polymers showed moderate to good wettability (<90°) with two different behaviors. For
NWP-sp, contact angle was around 50 £ 2°, which is in agreement with published data [48].
Denaturation significantly increased contact angle to reach 82 + 2°. Though, denaturation
decreased WP wettability, which could be correlated to the exposure of hydrophobic groups
following chain unfolding induced by denaturation.

3.2.4. Solubility



Whey protein structure are known to be thermosensitive and prone to solubility changes
following denaturation [49] but no information is available about these properties following
atomization.

Unrefined WP were highly soluble with pH dependency, solubility increasing with pH (Table
2), in agreement with solubility values determined by Pelegrine and Gasparetto [49]. Spray-
drying of NWP did not significantly affect solubility indicating the absence of protein
degradation through denaturation during atomization in the selected operating conditions
[50].

On the contrary, denaturation induced a sharp decrease in DWP-sp solubility irrespective of
the pH (Table 2). Insolubility of DWP-sp is due to conformational changes of proteins
resulting from unfolding and exposure of hydrophobic and thiol groups leading to
hydrophobic and disulfide intermolecular bonds [11,38]. These interactions are responsible
for intermolecular aggregation as shown in FTIR spectra resulting in a cross-linked insoluble
network [51]. Insolubility of DWP-sp was a required factor for further applications such as
controlled release of encapsulated drugs and can represent a promising advantage as a
carrier to avoid fast release.

3.3. Biopharmaceutical properties of spray-dried DWP powders

Strategies developed to improve drug bioavailability are mainly based on excipient
biopharmaceutical properties. These strategies include: (i) prolonging gastro-intestinal
residence time by choosing mucoadhesive excipient, (ii) protecting APl from enzymatic
degradation by using enzymatic inhibitory and (iii) promoting paracellular transport by using
absorption enhancers [52]. In addition to these strategies, controlled release is of great
importance since it allows improving drug efficacy, reducing toxicity, and improving patient
compliance and convenience [53].

3.3.1. Apparent dissolution

Apparent dissolution profiles of NWP-sp and DWP-sp powders were evaluated in a USP 4
closed system, at pH 1.2 and at pH 6.8, by monitoring the release of WP (Fig. 4).

NWP-sp exhibited very fast dissolution with 70% released in 5 min whatever the pH. At pH
6.8, dissolution was complete but at pH 1.2, dissolution didn’t exceed 75%. Incomplete
dissolution despite working in sink conditions was probably due to the moderate wettability
properties [54,55] of NWP-sp and to the hydrodynamic conditions. In flow-through cell
dissolution, flow is laminar and shear is provided by the pulsatile flow over the particles [56].
Gentle laminar flow may cause the deposit of a thin layer of particles on the glass beads, so
that, in the case of NWP-sp, aggregation may occur and thus reduce the extent of
dissolution.

Denaturation modified completely the WP dissolution profile: DWP-sp dissolution was zero
at pH 1.2. We have to note that it was impossible to work in sink conditions because its
solubility was far too low (approx. 2 ug.mL?) regarding experimental conditions. At pH 6.8,
DWP-sp exhibited a zero-like order dissolution rate.

This low release rate correlates with the solubility study and is promising for drug controlled
delivery.

3.3.2. Mucoadhesive properties
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Mucoadhesive behaviors of spray-dried powders were assessed by measuring adhesion of
particles to isolated rat intestinal fragments after 1 h: mucoadhesivity of NWP-sp was low
(19.3 £ 2.9%) whereas DWP-sp exhibited high mucoadhesion to the intestine (48.7 £ 4.5 and
40.9  3.4%, respectively).

Though, denaturation favored mucoadhesive properties of WP-sp powders. This was due to
unfolding of polymeric chains following denaturation, which expose functional groups such
as free thiols and hydrophobic groups. Thiol functional groups are the main key for
mucoadhesion because they allow establishment of covalent disulfide bonds between
polymer and cysteines of the mucus [12]. By comparison with mucoadhesivity of hydrogel or
microparticles made of DWP [12,57], these results effectively proved that the denaturation
clearly exhibited these properties and the spray-drying technique turned to maintain them.

Mucoadhesivity of DWP-sp, especially compared to NWP-sp, render them to be good
carriers for drug administration because mucoadhesion prolong residence time and facilitate
intimate contact with the intestinal mucosa playing though an important role in enhancing
bioavailability [58].

3.3.3. Enzymatic inhibitory effect

The protective property of a polymeric delivery system towards enzymatic degradation is
primordial in case of oral administration of enzyme-sensitive drug like therapeutic proteins.
Amongst luminally secreted proteases and membrane bound proteases, trypsin and a-
chymotrypsin are the most abundant secreted proteases with the highest enzymatic activity
and they were though chosen as model proteases to study the inhibition effect of WP [59].
Both NWP-sp and DWP-sp powders inhibited enzymatic activity (Fig. 5). Nevertheless, the
efficacy of DWP-sp to inhibit the enzymatic action was significantly superior to NWP-sp (Fig.
5). Being a protein moiety, WP can be considered as a substrate for proteases and thus can
play the role of inhibitor as observed with the commonly used Bowman—Birk inhibitor
extracted from soybean protein [60].

3.3.4. Cytotoxicity studies and paracellular transport enhancement

Cytotoxicity study was carried on by the blue trypan exclusion test which indicates
membrane integrity [61]. None of the tested polymers induced cell cytotoxicity: more than
90% viable cells were counted after 2 h incubation (96.54 + 2.33%, 93.07 + 3.65% and 91.52
+ 4.18% for NWP-sp and DWP-sp, respectively).

So, DWP-sp, by comparison to other calcium chelating agent used as enzymatic inhibitor
(EDTA, EGTA [59,62]) , doesn’t present any toxic effect and though can be considered more
advantageous for drug delivery.

The effect of spray-dried powders on the paracellular transport of PEG 4000 was assessed.
The transport of this model compound is known to be through tight junction opening due to
its hydrophilic and high molecular weight characters [29].

At the beginning of experiments, all Caco-2 monolayer cells presented TEER values greater
than 600 Q.cm? indicating the integrity of the tight junctional complex. In comparison to
untreated cells and to cells treated with NWP-sp, addition of DWP-sp powders to the apical
side induced a significantly decrease in TEER values and an increase in the Papp of PEG 4000.
TEER decreased to reach 60% of its initial value after 2 h incubation (Fig. 6). At the tight

11



junctional complex, TEER values are usually reduced due to water and ion passage through
the paracellular route [63]. Thus, DWP-sp powders seemed to exert an effect on paracellular
permeability by opening tight junctions. This hypothesis was confirmed by the two time
increased Papp of PEG 4000 (Table 3). Similar results were obtained by Déat-Lainé et al. [27],
evaluating the effect of DWP polymeric solutions and microparticles on paracellular passage
of insulin on Caco-2 cells.

Thus, spray-drying preserved well DWP properties to enhance paracellular transport and
could be thus, an interesting alternative to produce dried DWP particles in a single-step.

The ability of Caco-2 monolayers to recover to their original impermeable state after sample
removal was evaluated by monitoring TEER values for up to 24 h. For all samples, TEER
values returned to their baseline levels in 24 h. Consequently, as previously demonstrated
for DWP microparticles [27], DWP-sp powder can be considered as a good excipient to
temporary modulate paracellular permeability and to promote drug absorption without
toxic effect.

4. Conclusion

High yield and low residual humidity unloaded DWP-sp particles, with almost perfect
spherical forms, were obtained in our study using spray-drying method. DWP-sp powder
exhibited the characteristics required to increase bioavailability of a drug after oral
administration.

Compared with native one, DWP-sp showed an unfolding of polypeptide segments with
intermolecular B-sheets resulting from aggregation. The free thiol exposure favored by
denaturation was preserved after drying, and thus the DWP-sp powder was mucoadhesive at
intestinal pH due to possible establishment of covalent disulfide bridges between mucin and
polymer.

The obtained powder of DWP-sp, known to be calcium chelating agent, exhibited a
protective inhibitory activity effect against proteases; which is a requirement for therapeutic
peptide/protein oral administration. Moreover, this powder had no cytotoxic effect on Caco-
2 cells and promoted reversible opening of tight junction, which allow increasing drug
absorption by paracellular route.

In addition, dissolution of DWP-sp showed interesting slow release properties to push
forward investigations concerning impact on drug controlled release for oral delivery.

In view of the observed physico-chemical and biopharmaceutical properties, manifested in
our study, spray drying is a single step technique for preparing DWP based particles to
operate as excipients for modifying the dissolution rate of drugs and enhancing the
bioavailability of molecules, such as therapeutic proteins.
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Fig. 1. SEM images (x3500) for spray-dried WP particle samples: (a) NWP, (b) DWP (10% WP
content, inlet temperature 160°C, pump rate 5.7 mg.min! and Q-flow 50 mmHg).
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Fig. 2. (a) FTIR spectra of unrefined WP and spray-dried NWP or DWP powders and (b) deconvoluted
spectra of these powders in the amide | region (1600-1700 cm™).
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Fig. 3. Comparison of free thiol concentrations in liquid and in spray-dried samples: influence
of denaturation and glycerol addition (n=3, mean = SD, * and T p <0.05 significantly different
from solution of NWP and DWP respectively).
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Fig. 4. WP release from (A) NWP and (o) DWP powders obtained by spray-drying, at pH 1.2

(open symbol) or pH 6.8 (closed symbol) during 8 h in USP 4 closed system (n=3, mean % SD).
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Fig. 5. In vitro trypsin and chymotrypsin inhibitory effect of NWP and DWP powders obtained
by spray-drying (n = 3, mean = SD, * and T p <0.05 significantly different from trypsin and
NWP respectively).
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Fig. 6. TEER (%) values obtained on Caco-2 cells after 2 h incubation of NWP, DWP and DWP-
Gly powders on Caco-2 cells (n = 3, mean + SD).
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Table 1.

Spray-drying of WP solutions (10%, w/w): Evaluation of response variables (yield, residual

humidity, outlet temperature and particle size) as a function of applied process parameters

(inlet temperature 160°C, pump rate 5.7 mg.min* and Q-flow 50 mmHg) (n=3 + SD).

WP form NWP DWP
Yield (%) 87.3+0.1 | 80.8%0.4
Residual humidity (%) 45+0.2 39+1.2
Outlet temperature (°C) 88.6+1.2 | 72%+1.0
D [3,2] um 42+26 | 42%27
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Table 2.

Solubility (mg.mL?) of WP powders (unrefined WP, NWP-sp or DWP-sp) in pH 1.2, 4.5, 6.8 or

7.5 buffers (n = 3, mean = SD).

Buffer pH 1.2 pH 4.5 pH 6.8 pH7.5
Unrefined WP 502.6 £30.8 772.5+51.2 835.2+47.2 872.5+39.7
NWP 469.8 + 26.9 723.4+38.5 784.4 +£33.8 867.6 £33.3
DWP 2.2(+0.3).10° 8.8+0.3 144+2.1 169+1.4
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Table 3.

Mean apparent permeability (Papp) of PEG 4000 and absorption enhancement ratio (R) across
Caco-2 cell monolayers, alone (control, free PEG) or with NWP-sp or DWP-sp powder after
2h incubation (n = 3, mean + SD, * p <0.05 significantly different from control).

Sample Absorption Papp R

ug % x (10%.cms™)
Control 52.96 + 2.55 11.21+0.54 6.95+0.03 1.00
NWP 47.72 +2.40 10.36 £0.52 6.42+0.03 0.92
DWP 100.44 +5.02 21.80+1.09 13.20+0.06* 1.91*
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