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Aggregation is frequently encountered during coating nanoparticles, especially when
the core is not solid and the coating polyelectrolytes are weak. Here, the coating of a
nanoliposome with two weak polyelectrolytes, alginate and chitosan, is investigated.
First, Quartz Crystal Microbalance with Dissipation, Atomic Force Microscopy,
Scanning Electron Microscopy, and Energy Dispersive Spectroscopy analyses confirm
the feasibility of firm adsorption of up to 16 layers of weak polyelectrolytes to the
liposomal surface. Titrations are then performed to identify the lowest amounts of
polyelectrolytes required to make 8 saturated coating layers using the washless
method. Significantly improved yields and reproducibility (almost 100%) are achieved,
in addition to control over layer thickness. Attenuated Total Reflectance Fourier
Transform Infrared Spectroscopy studies confirm the success of layering. This is
special since scientists always attempt to reduce nanoparticle aggregation by
substituting the soft core, using one strong polyelectrolyte, or contending with lower
yields or numbers of coating layers.
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Here we report the successful assembly of 8 saturated coating layers on a soft
liposomal core and using weak coating polyelectrolytes only. Applying the washless
method along with detailed titrations led to significantly enhanced reproducibility and
yields in comparison to prior attempts of coating by the authors. The achievement is
special because it opens doors to experimentation with more nanoparticulate drug
delivery systems and may increase the chances of large scale production for good
candidates.
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Aggregation is frequently encountered during coating nanoparticles, especially when the core
is not solid and the coating polyelectrolytes are weak. Here, the coating of a nanoliposome with
two weak polyelectrolytes, alginate and chitosan, is investigated. First, Quartz Crystal
Microbalance with Dissipation, Atomic Force Microscopy, Scanning Electron Microscopy, and
Energy Dispersive Spectroscopy analyses confirm the feasibility of firm adsorption of up to 16
layers of weak polyelectrolytes to the liposomal surface. Titrations are then performed to
identify the lowest amounts of polyelectrolytes required to make 8 saturated coating layers
using the washless method. Significantly improved yields and reproducibility (almost 100%)
are achieved, in addition to control over layer thickness. Attenuated Total Reflectance Fourier
Transform Infrared Spectroscopy studies confirm the success of layering. This is special since
scientists always attempt to reduce nanoparticle aggregation by substituting the soft core, using

one strong polyelectrolyte, or contending with lower yields or numbers of coating layers.
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Washless method titrations allow coating aggregation- prone liposome core nanoparticle
with 8 layers of polyelectrolyte with higher yields and reproducibility promising greater success
in investigating a broader range of multilayer coated nanoparticles for applications like drug
delivery.

L. Nayef, R. Castiello, M. Tabrizian*

Washless Method Enables Multilayer Coating of an Aggregation Prone Nanoparticulate Drug
Delivery System with Enhanced Yields, Colloidal Stability and Scalability
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1. Introduction

Nanoliposomes are a very interesting class of nanoparticulate drug delivery systems that have
been used for a variety of medical applications, ranging from vaccine delivery to fighting
infection and eradicating tumours.I* 21 Although disagreements exist in literature over the size
of nanoparticles, drug delivery research often refers to particles less than 1000 nm as “nano”,
unlike material science research that defines them as particles less than 100 nm.E®l The size of
nanoparticles is a critical point of discussion because of its responsibility for the special
behaviors they exhibit. The small size of liposomes, for example, provides them with a special
resemblance to biological structures in size allowing for easier escape from detection by the
immune system. ]

Many liposomal formulations have already been approved for use in humans by the FDA.[X% 14
However, despite their high level of biocompatibility, desirable control over their drug release
kinetics has not yet been achieved.

Research over control of drug release kinetics from liposomes have centered over changing the
bilayer constituents to influence the fluidity of their membranes.!*? Despite having success with
hydrophilic drugs, this method had limited success with hydrophobic drugs packed into the
membrane.[*2 31 The authors investigated coating the liposomes with multilayers of oppositely
charged PE polymers using LbL self-assembly of multilayered films a few tenths of a
nanometer.l*4l The method is appealing because it allows modulating release rate for both
hydrophobic and hydrophilic drugs, by simply adjusting the number of layers.[**! Self-assembly
IS more attractive than other methods like spin coating, thermal deposition and solution casting
because of the fine control it offers over coat thickness and surface charge.[*®! In addition, its
simplicity, requirement of no sophisticated equipment and ability to coat almost any surface or
shape makes LbL technique viable for large scale production by industry.[*"]

While the LbL self-assembly coating of macro and micro templates was very successful,

applying this method on nanoparticles with sizes less than 1000 nm has faced greater
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challenges.!*82% The challenges are due to a phenomena called “correlated adsorption” in which
PE polymers adsorb, creating a polymer decorated nanoparticle rather than a fully coated
nanoparticle.l?X! This occurs because the repulsive forces between the adsorbed polymers cause
them to lie slightly further apart from each other causing incomplete coverage of the
nanoparticle surface with the PE.[?2l The uneven covering decreases the colloidal stability of
the nanoparticles, leading to rapid and easy aggregation unless conditions are perfectly
controlled.[??

The most frequently used technique to overcome this limitation is incubating the nanoparticles
with an excess amount of PE to ensure maximum coverage and maximize colloidal strength.[24
However, the method known as the method of excesses, requires the use of a high energy
separation device like an ultracentrifuge to separate excess PE from the nanoparticles.?> The
separation is necessary to add the next layer of oppositely charged PE, which otherwise will
associate with unbound excess of the previous PE. The high energy step causes the
nanoparticles to aggregate, as even when excess PEs are used full coatings cannot be achieved,
and colloidal strength is relatively poor.[?* 261 The result is the loss of nanoparticles with each
coating step leading to very low yields as the number of layers increases, and decreasing the
repeatability of the procedure.’ The method has been used mostly with magnetic core
nanoparticles as those can be separated from excess PEs using magnets.[?® 21 |t has also been
used with metallic cores which have a high density hence can be separated with lower gravity
centrifugation without significant aggregation.['® 1% 30-331 However, even with metal cores,
aggregation losses have been reported specially at higher coat numbers.% 331 Attempts to coat
soft core nanoparticles like liposomes using this method are fewer, and try to circumvent this
problem by having fewer coats, and using ultrafiltration-centrifugation to remove excess
PEs.[** 35 However, losses can occur with this method as well due to coated liposomes sticking
in aggregated form to the ultrafiltration membrane preventing their full recovery [unpublished

data by the authors].
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A less frequently and more recently developed method called the washless method uses the
lowest amount of polymer needed to build up a saturated coating eliminating the need for
separation steps.?> 36 37 Despite the presence of several papers that tried using few
concentrations of PEs and the choice of the concentration that gives the best colloidal
stability,®84% this method ensures reaching the maximum colloidal strength possible by
allowing each coating layer to reach saturation through the use of a detailed titration curve.[?*
2%1 The titration curves allow determining the amount of PE that produces a saturated coating
and leaves negligible excesses.[?>1 The method is simpler, uses less sophisticated equipment and
has a lower energy consumption. It also maximizes the yield and provides greater flexibility
with the number of coating layers that can be assembled.[* In addition, the method is especially
desirable for soft core nanoparticles coated with weak PEs, known to produce the weakest
colloidal stability and most aggregation.?8] In addition, thickness of deposited layers can be
easily tuned using dilutions.[*?]

In this paper, nanoliposomes of approximately 200 nm diameter are coated with alternating
layers of alginate and chitosan known as weak PEs (Figure 1). The combination of a liposomal
core, alginate and chitosan PE coats is highly desirable for the intended use of the nanoparticles
in drug delivery because all constituents have been approved by the FDA for some uses in
humans.3-4%]

The coating was attempted previously by Haider et al. using the excess method, and the capacity
of layer addition to allow controlled drug delivery confirmed.¢ 4"l However, the soft core and
weak PEs made the nanoparticles highly prone to aggregation.[?8 3% 48 41 This caused most
nanoparticles to be lost totally after the addition of 4 layers. The achievement of 6 coating layers
was possible only twice by the author. However, in both attempts most nanoparticles were lost
to aggregation during centrifugation cycles, and less than 5% remained un-aggregated after the

addition of 6 layers. Therefore, the washless method is
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Figure 1.A) Diagram of the nanoliposomal drug delivery system with multilayer coatings of
negatively charged alginate and positively charged chitosan assembled by LbL technique. B)
Chemical structure and charge of both PEs in the solutions used for their LbL-assembly

attempted as an alternative procedure. The feasibility of LbL assembly of chitosan and alginate
on the liposomal surface is investigated first in a 2D model using a combination of QCM, AFM,
SEM and EDS analyses. This was performed to ensure that the low yields and repeatability
achieved through the excess method are not due to the inability of large numbers of the weak
PEs to adsorb firmly to the liposomal surface. Titrations were then used to determine the exact
amount of PEs needed to create a saturated coating layer for the nanoliposomes in solution
through the washless method. Finally, ATR-FTIR was used to confirm the accuracy of the
titrations through monitoring the characteristic peaks corresponding to each PE in the

supernatant for each layer.

2. Experimental Section

2.1. Materials

Liposomes were made from 1, 2-dihexadecanoyl-sn-glycero-3-phosphocholine (DPPC)
purchased from Cordon Pharma (Switzerland), dimethyldioctadecylammonium bromide
(DDAB) from Sigma-Aldrich (USA) and cholesterol from Sigma-Aldrich (USA). Chloroform

-6-
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(99.9%) and methanol (99.9%) were purchased from Fischer Scientific (USA). Polyelectrolyte
solutions were prepared using Alginic acid (12 kDa, viscosity 2.5x10? Pa.s, 2% (25°C),
Chitosan (91 kDa, deacetylation 83.2%, viscosity 2x102 Pa.s), acetic acid (99.9%) and sodium

hydroxide from Sigma Aldrich (USA).

2.2. Methods

2.2.1. Preparation of liposomes

Liposomes were prepared by dissolving 100 mg of DPPC, 26.3 mg of Cholesterol and 5.15 mg
of DDAB (4 mol% of lipids used) in 5 ml of 4: 1 chloroform: methanol (v/v). The mixture was
introduced in a round bottom flask and attached to a rotoevaporator to allow the evaporation of
organic solvents. A vacuum pressure of 50 cmHg and a heated water bed (43°C) were used as
evaporation aids. The dry thin lipid film was hydrated with 5 ml of Milli-Q water at the same
temperature. The liposomal mixture was extruded through 200 nm, 19 mm polycarbonate filters
(Whatman, USA) using a mini extruder (Avanti Polar Lipids, USA). The hydrodynamic
diameter and the zeta potential of the extruded liposomes were checked using a ZetaPALS

instrument with a particle sizing option (Brookhaven Instruments, USA).

2.2.2. Preparation of PE solutions

A stock solution of 1 mg/ml alginate was prepared and its pH adjusted to 7.0 using 1M sodium
hydroxide solution. A stock solution of 1 mg/ml chitosan was also prepared with chitosan
dissolved in Milli-Q water with 1 v/v% acetic acid and the pH was adjusted to 5.5 using 1 M
sodium hydroxide solution. Back titrations were not used as they increase the concentration of

salts in the coating solutions.

2.2.3. Characterizing adsorption of PE multilayers on liposomes using QCM-D
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QCM-D measurements were performed with a Q-Sense E4 unit (Q-Sense, Sweden) by
simultaneously monitoring the changes in frequency (Af) and energy dissipation factor (AD)
after each layer deposition. The QCM-D crystal was excited to oscillate at its fundamental
resonance frequency (f = 5 MHz) and odd overtones (v = 3, 5, 7, etc.) by applying a radio-
frequency voltage across the electrodes. For all experiments, QCM-D quartz sensors with a 100
nm gold layer (QSX 301) were used. All sensors were cleaned in UV/ozone (UV-ozone
chamber Biofore Nanosciences, Inc.) for 10 minutes, then placed in a 5: 1: 1 solution of Milli-
Q water, ammonia (25%) and hydrogen peroxide (30%) at approximately 75°C for 5 minutes.
Finally, the sensors were treated again with UV/ozone for an additional 10 minutes. In order to
confirm the adsorption of PE multilayers on the surface of 200 nm liposomes, 700 pl of 1 mg
DPPC/ml liposomes were incubated on a cleaned gold QCM-D sensor for 8 minutes. Milli-Q
water was flowed at 100 pl/min for 10 minutes to wash any weakly adsorbed liposomes.
Alginate (1 mg/ml) or chitosan (1 mg/ml) aqueous solutions were then introduced at 100 pl/min
for 15 minutes over adsorbed liposomes to build PE multilayers. Milli-Q water was flowed at
100 pl/min for 10 minutes in between layers to wash any excess PEs. The procedure was
repeated to allow 4, 6 and 16 alternating layers of PEs to self-assemble over liposomes. This
experiment was performed 3 times on different QCM-D sensors. Two additional QCM-D
sensors were used as negative controls by omitting the initial liposome incubation step and
exposing the sensor sequentially to 4 and 12 PE layers to verify whether buildup of PEs occurs

over the bare gold surface.

2.2.4. Characterizing of Adsorption of PEMs using AFM

The topography of a clean gold QCM-D sensor, the negative controls (PEs with no liposomal
core) and the various layer-coated liposomes were characterized by AFM using a Nanoscope
Il instrument (Digital Instruments, USA) and later analyzed using Nanoscope v 5.12r5

software. AFM images were obtained in tapping mode in air at room temperature with a silicon
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probe with a nominal spring constant of 42 N/m and a nominal resonance frequency 330 kHz
(model PPP-NCHR, NANOSENSORSTM). Depth histograms were acquired for 100 x 100 pm
sections of the gold QCM-D sensor for all samples. The most frequently encountered height
was taken as an indication of the average height of attached particles and used to verify the

attachment of PE multilayers on liposomes.

For SEM and EDS analyses, the same procedure described above was applied to prepare
liposomes and liposomes+ 6 and 16 layers of PEs on new QCM-D sensors. Immediately after
the layering process ended on the QCM-D gold sensors, the sensors were dried under a stream
of nitrogen and a 5 nm layer of Ti was deposited on them with a Leica Microsystems EM
ACEG600 High Resolution Coater. A control gold QCM-D sensor with only 16 layers of PEs
was also assembled. The coating morphology was then characterized using a Field Emission
Inspect F50 Scanning Electron Microscope (FE-SEM), equipped with an EDAX Octane Super

60 mm2 SDD and TEAM EDS analysis system and compared with bare liposomes.

2.2.5. Titrations to determine the optimal amounts of PEs needed for coating liposomes

The extruded liposomal mixture was diluted to 0.2 mg/ml with Milli-Q water. Increasing
volumes of 1 mg/ml alginate solution were pipetted to polystyrene disposable cuvettes filled
with a fixed volume (0.5 ml, corresponding to 0.1 mg DPPC) of the diluted liposomal mixture.
The cuvettes were then incubated at room temperature for 20 minutes. The hydrodynamic
diameter, PDI and zeta potential of resulting particles were then measured and plotted versus
the amount of added PE to visualize the data. The lowest amount needed for making a saturated
coating layer was taken as the first point after the peak in the diameter versus titrant curve,
when adding more PE does not cause a significant decrease in hydrodynamic diameter and
when the zeta potential is above 30 mV in magnitude. This process was repeated to find all
minimum amounts needed for making stable eight layer coated nanoparticles. For example, a

minimum amount of 1 mg/ml alginate solution needed to create a saturated stable first layer
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coating for 0.5 mL of the diluted liposomes was found from titration curves to be 3 pL.
Titrations for the second layer are performed by incubating 3 pL of 1 mg/ml alginate with 0.5
mL of the diluted liposomes for 20 minutes in different cuvettes. Different and increasing
volumes of 1 mg/ml chitosan solutions are then incubated for an additional 20 minutes and the
hydrodynamic diameter, zeta potential and PDI of the resulting nanoparticles in each cuvette
recorded in titration curves showing the variation of each property against added chitosan
solution volume. The changes that occur when 0-6 uL of chitosan solution are incubated were
recorded, with measurements made every 0.1 pL in regions where the desired properties change
most, and every 1 pL in regions where the properties change least. The minimum volume of
chitosan needed to create a stable second layer is chosen from the second set of titration curves
as described above, and the process is repeated for the subsequent layer. The incubation time
for all layers was 20 minutes, except for layer three, where optimizations showed that a seven-

minute incubation period gives the optimum results.

2.2.6. PE multilayers film thickness adjustment through dilutions

Dilutions were performed before deposition of layer 7 to investigate the ease of controlling the
hydrodynamic diameter of the nanoparticle. An equal volume of milli-Q water was added to
the 6-layer nanoparticle suspension to half its ionic concentration. New titration curves were
plotted to find the lowest amounts of PEs needed to produce saturated coatings after the dilution.
The titration curves were conducted as described in previous sections. The procedure was tested

to limit the nanoparticle hydrodynamic diameter after layering to less than 500 nm.

2.2.7. PEs multilayer analysis using ATR-FTIR

A 1 mmx1 mm piece of glass substrate was cleaned using subsequent washing with soap,
acetone, isopropanol and Milli-Q water. One droplet of 33.3 pl of each layered sample was then

deposited on the substrate and allowed to dry at room temperature. This step was repeated 3

-10 -
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times to achieve a final deposited volume of approximately 100 ul for each sample. Similarly,
a volume of 2 mL was taken after the addition of each PE layer and ultra-centrifuged at a speed
of 50000 rpm (108,628xg), using a Beckman ultracentrifuge (rotor TLA-100.2) and deposited
on a glass substrate. The speed of ultracentrifugation was chosen through optimizations so that
it is only sufficient to pellet the bare liposomes. The substrates with the deposited samples were
mounted on top of the Ge ATR crystal and pressed gently against its surface using a sample
clamp incorporated to the instrument to achieve optimal contact between the surface of the
sample and the crystal. FTIR spectra were then acquired in transmission mode with OPUS
software version 7.2 at a spectral resolution of 4 cm™ within a 4000-600 cm™ range and
averaging 128 scans per sample using a Bruker Tensor 27 spectrophotometer equipped with an
ATR module, a MIR source and a MCT detector cooled with liquid nitrogen. Baseline

correction and atmospheric compensation was performed to all spectra.

3. Results and Discussion

3.1. QCM-D and AFM data show adsorption of up to 16 layers of PEs

QCM studies were performed using excess PEs to ensure the ability of large numbers of layers
of the relatively weak PEs to adsorb to the liposomal surface before more time consuming
titrations are performed. Frequency of gold-surface quartz crystal, indeed decreased after
allowing 1 mg (DPPC)/ml liposome suspension to settle on its surface (Figure 2 A). The
decrease remained even after the washing step showing that liposomes adsorbed firmly to the
gold surface of the crystal.[ 51 Frequency also decreased when 4, 6 and 16 layers of alternating
PEs were allowed to flow over liposomes adsorbed to gold surface crystals as shown in Figures
2 B-D. Washing steps after each deposition increased frequency slightly, but never higher than

frequencies prior to each layer deposition.
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Figure 2. Frequency changes (black line) as recorded by QCM-D after the deposition of A)
Liposomes only, B) Liposomes+ 4 layers of PE, C) Liposomes+ 6 Layers of PE and D)
Liposomes+ 16 Layers of PE. Blue lines in each diagram represent the corresponding
dissipation energy. Different colored arrows represent the time points of permission of different
solutions: 1mg DPPC/ml liposomal solution(black), 1mg/ml alginate and chitosan solutions
(green and red respectively) and Milli-Q water for washing (blue)

AFM studies used in conjugation with QCM-D for samples containing various numbers of
layers up to 16 layers confirmed the PE adsorption on liposomes. Top and 3D profile AFM
images of the quartz crystals’ surfaces after depositions showed protrusions indicating the
underneath adsorbed liposomes (Figure 3 A to D) as compared to AFM images of bare gold
surface quartz crystals (Figure 3 E). Depth histograms measuring heights of protrusions on
each crystal over sample areas of size 100 um x 100 um are shown in Figure 1S in attached

supplementary materials.

The average heights of protrusions, taken as the most frequently encountered protrusion heights
in the histograms are summarized in the table in Figure 3 F. The average height increases
slightly with the addition of 4 and 6 layers of PEs. However, after the addition of 16 layers, the
increase in height became clearly distinguishable both in the 3-D profile AFM image (Figure
3 D) and average height measurements (Figure 3 F). The increase in height further consolidated

QCM-D finding that multilayer coating occurred on the liposomes.
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Figure 3. 2-D and 3-D AFM images of gold QCM-D sensors for (A) liposomes deposited alone,
(B) liposomes + 4 PE layers, (C) liposomes + 6 PE layers, (D) liposomes + 16 PE layers and
(E) clean QCM-D sensor surface respectively. All images have the same height scale of 100
nm. F) Table showing average depth of peaks (within an area of 100 pm X 100 pum on each
QCM-D sensor) obtained from AFM histograms presented in Figure 1S

Further analysis of negative controls revealed that the decreases noted in the frequency of the
crystals after depositing the various layers on attached liposomes are not due to depositions on
unoccupied gold surfaces between attached liposomes on the crystal. QCM-D measurements of
frequency decreases after depositing 4 and 16 layers of PEs without prior attachments of
liposomes to the gold surface showed that most of the PEs deposited are washed away in
subsequent rinsing steps (Figure 4 A and B). This leads to much lower depositions than
witnessed when the same number of layers are deposited on liposomes. A 20 and 100 Hz
decrease in frequency of the QCM-D sensor occurred when 4 and 16 layers of PEs are deposited
on the surface of the QCM-D sensor for instance, in comparison with 87 and 140 Hz
respectively for sensors with the same number of layers with liposomes adsorbed. Despite the
availability of the entire gold surface for PEs to bind (Figure 4 C), only these small random

depositions are noticed (Figures 4 E-F). Conversely, higher depositions occurred when

-13-
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liposomes were attached even though the availability of very little exposed gold surface (Figure
4 D). Chitosan and alginate showed a low binding capacity to the gold surface of the quartz

crystal confirming that they adhered almost entirely on the liposomal surfaces.
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Figure 4. A) Frequency changes in QCM-D experiment (black line) for A) negative control
showing the depositions after flowing 4 PE layers (no liposomes) and B) 16 layers of PE (no
liposomes). Blue lines show the corresponding change in dissipation. Green and red arrows
represent points of permission of 1mg/ml alginate and chitosan solutions respectively, while
blue arrows represent points of permission of Milli-Q water for washing. C) 2D AFM image
of a clean QCM-D sensor, D) QCM-D sensor with liposomes only, E) QCM-D sensor of
negative control with 4 PE layers (no liposomes) F) QCM-D sensor of negative control with 16
PE layers (no liposomes).

3.2 SEM and EDS analysis confirm adsorption occurs at the surface of Liposomes

SEM images (Figure 2S) taken of layered liposomes attached to QCM-D sensors surfaces
matched the AFM images, while the EDS analysis verified the successful coating of the
nanoliposomes (Figure 3S). This can be observed in the progression of the C: Au peak ratio on
the EDS survey of the elements. For instance, on Figure 3S A which shows the surface of a
clean QCM-D sensor, the C peak is very small compared to the Au peak. Once nanoliposomes
are deposited on the QCM-D sensor surface (Figure 3S B) the C peak increases notably. Later
the C: Au ratio also increases as 6 PE layers (Figure 3S C) and 16 PE layers (Figure 3S D) are

deposited.
-14 -
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3.3. Titration curves enabled finding the optimal amount of PEs needed to form washless

multilayered liposomes

The results obtained with QCM-D and AFM using the 2D model, confirming the adsorption of
up to 16 layers of PEs on liposome, were employed to develop the protocol for coating the
liposomes in free solution. The titration curves used to find the lowest amounts of alginate
needed to make the first saturated layer are shown in Figure 5. The diameter of particles when
small amounts of PEs were added to them, increased as shown in Figure 5 A until it reached a
peak, then decreased to approximately the size of the original particle. Further addition of PEs

did not cause significant decreases in diameter.
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Figure 5. Titration curves used to find the optimal volume of a 1 mg/ml solution of alginate to
form the first saturated coating layer over 0.5 ml of 0.2 mg/ml DPPC (0.1 mg DPPC) liposome
solutions. A) Graph showing the variation in hydrodynamic diameter of the nanoparticles vs
the volume of alginate solution added. The inset indicates the smaller diameters at a different
scale for easier reading. Arrow shows the volume deduced from the curves to be the lowest
needed to make a stable saturated first layer coating (first volume after the peak where no
significant decreases in volume occurs and the zeta potential is above 30mV in magnitude). B)
Variation of the zeta potential of the same nanoparticles vs the volume of alginate solution
added. C) Variation of polydispersity of same nanoparticles as a function of added volume of
alginate solution.

Meanwhile, the zeta potential of the particles (Figure 5 B) became more negative as more
alginate was added. It reached a value of zero when the same volume of alginate that caused
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the highest peak in diameter to occur was mixed. From this point onwards, the addition of
alginate caused the zeta potential to keep increasing in negativity. The increase in negativity

finally slowed down.

The switching of the zeta potential sign and its increase in negativity occurred at the same
alginate volumes that caused the diameter of the particles to decrease from the peak. The PDI
of the particles shown in Figure 5 C, reached a maximum at around the same volumes of

alginate at which the peak in particle diameters, and the zero zeta potential value was attained.

The behaviour observed is consistent with the theory for coating colloids with oppositely
charged PEs.[21:52.5% The increase in diameter occurs because increasing amounts of negatively
charged alginate adhere to the positively charged liposomes decreasing their net charge. When
the particle is neutralized, or the isoelectric point is reached, the zeta potential reaches zero, and
there is zero repulsion between particles.?!! The particles are decorated with patches of
negatively charged alginate, causing their surface charge at different locations to be
heterogeneous. 551 This triggers the particles to attract together and cluster forming larger
particles representing the peak diameters that occur when the zeta potential reaches zero
(Figure 5 A). Figure 5 C shows that the PDI is highest at that point because aggregation causes

many non-uniform sized clusters.

The decrease in diameter witnessed at adding more alginate occurs due to a phenomenon called
overcharging, in which PEs arrange themselves onto the surface of the colloid and allow the
neutral liposome to paradoxically attract more negatively charged alginate until saturation is
reached.l!”: 53 561 At this point, extra alginate does not adhere and remain in solution.[®! The
increase in negative net charge causes more repulsions between particles allowing smaller
clusters to form. This explains the decrease in particle diameter observed after the zeta potential
reverses (Figure 5 A, B). When saturation occurs, diameter cannot decrease further since only

single liposomes covered with one layer of alginate are present. When a maximum threshold
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concentration, after the saturation point, is reached irreversible coagulation of PE and

nanoparticles occurs.[t7 2.5

This phenomenon allowed us to identify the minimum amount of alginate needed to reach the
saturation point when the diameter stops decreasing in the titration curves.?® When that amount
of alginate is added, no excess alginate remained in solution. At the saturation point the zeta
potential was always > 30 mV in magnitude, confirming the formation of a stable colloid." 581
The PDI also reduced back to less than 0.3 showing a uniform distribution of nanoparticles, and
confirming the disappearance of clusters.’® A schematic titration graph illustrating the different
zones and points discussed to coat a nanoparticle with an oppositely charged PE is presented in
Figure 6. Irreversible coagulation due to reaching maximum salt concentration threshold is not
shown since it is irrelevant to the current study.[!” 21 581 Eight sets of titration curves were
plotted for each layer added to find the optimal amounts of PE needed to coat the liposomes in
free solution with 8 layers. (Figures 4S-10S). These minimum amounts of PEs to form each

saturated layer, are summarized in Table 1 (columns 2-4) with the resulting particle diameters

and zeta potential.

Re-entrant
Condensation Saturation
r N A
g 1000 | 1
Over Chargin 1
= 1 gmne 1
o 1 1
& | 1 — +30 §
= ] 1 g
£ 1 1
k= [ I 5
=) 1 1 =
500 - 1 1
g 500 , , -0 2
£ 1 1 =3
= I I =
> ! 1 =
= | 1 S
E | 1 - _30
= 1
) 1 1
= 0 . .
T ) T
Isoclectric Point *QOptimal amount of PE

Volume of Titrant PE (ul)

Figure 6. Diagram showing zones of re-entrant condensation, overcharging and saturation along
with the isoelectric point and point taken as optimal amount of PE solution needed to create a
single saturated coating layer. All zones and points labelled on the graph show the hypothetical

-17 -



©CO~NOOOTA~AWNPE

variation of hydrodynamic diameter (red) and zeta potential (blue) of positively charged
nanoparticles coated by a negative PE.

Table 1. Optimal volumes of PE to produce each saturated coating layer for liposomes found
from titration curves along with hydrodynamic diameters of the nanoparticles and zeta potential
without (columns 2 to 4) and after the dilution (columns 5 to 6) to make layers 7 and 8
adjustments to reduce particle size. Odd numbered rows represent alginate layers while even
numbered rows represent chitosan layers.

Volume Hydrodyn Zeta
Hydrodyn amic Potential
Volume of . Zeta of PE .
Layer amic . Diameter [mV]
PE . Potential  after
No. Diameter A after
[uL] [mV] Dilution S
[nm] [LL] Dilution
" [nm]
0 0.0 174+ 1.7 495+34 - ) )
1 3.0 229+ 2.6 -288+1.0 - ) )
2 3.2 273+ 34 588+16 - ) )
3 2.0 241+1.8 -486+16 - ) )
4 28.0 182+24 40.3+34 - ) )
5 37.0 372 +8.6 -60.0+1.2 - ) )
6 23.0 294 +5.0 426+21 - ) )
7 57.0 570+ 17.1 -48.7x£0.7 47.7 361.8x7.4 -446+1.6
8 104.6 635+152 33.0+13 874 476 £ 17 34.94+1.0

3.4. Dilutions allow limiting the final size of 8 layer coated particles

Controlling the size of a nanoparticle delivery system is very important for its function. The
addition of more than 6 layers of coating increased the size of the nanoparticles to greater than
500 nm which is reported not in the optimum size range for many biomedical application. [ 61
The thickness of layers in LbL self-assembly of PEs on surfaces is known to be influenced
during deposition by a variety of factors, namely PE type, deposition time, temperature, pH,
ionic charge, and concentration.*”: 62 631 Among these parameters, we investigated the effect of
diluting ionic concentration during depositions as it was an easy process and a viable option for

scale up. We found that the effect of salt on adsorption of PEs is concentration dependent.
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Below a minimum threshold concentration, adsorption of PEs does not occur.[*: 421 Above that
threshold, increasing salt concentrations increases the screening of PE charges allowing them
to take a more coiled conformation.t®! An extended conformation occurs at low concentrations
due to repulsions between the similarly charged units of the PEs.!*? When PEs are deposited in
solutions with high ionic concentrations, they adhere to the nanoparticle in their coiled
conformation making the layer thick as schemed in Figure 7.17 %41 The coiled conformation
adheres to the nanoparticles at fewer points allowing space for more PEs to attach and resulting
in layers of increased thickness and mass.[62 641

Low Salt Concentration High Salt Concentration

- - -+ -

-

/.\Z.&’\_/,

Figure 7. Schematic representation of the effect of salt concentration on the PE conformation
and the corresponding effect on coat thickness when PE are used for coating. At low salt
concentration the PE present a stretched conformation (left column). At high salt concentrations
the PE present a coiled conformation (right column).

As the PE solutions added have large amounts of salts needed for keeping them buffered at
constant pH, the accumulation are expected to be maximum towards the last layers. The large
nanoparticle diameters obtained for layer 7 and 8 are due PE adsorbing in the globular
conformation forming thicker and higher mass coats. The nanoparticle suspension was
therefore diluted to half its ionic concentration after incubating the sixth PE layer. Using the
new titration curves (Figure 11S-12S) to find the lowest amount of PEs to make saturated

coating layers after dilution resulted in reducing the hydrodynamic diameter of the
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nanoparticles (Table 1, Columns 4 to 6). This is consistent with theory which predicts that

thinner and lower mass saturated coats will be produced.

Fluctuations in nanoparticle size occur within each group (undiluted and diluted). The addition
of an alginate layer almost always results in an increase in diameter, while the addition of
chitosan resulting in some shrinkage (Table 1). The fluctuations witnessed are due to a
commonly noted phenomena concerned with excess uncompensated positive or negative charge
in weak PE multilayer films called “the odd even effect” [65 €1 The nanoparticle coated here
appears to have uncompensated negative charges. When the last layer is negative (alginate),
positive ions are attracted near the nanoparticle. This causes more positive ions to move towards
the uncompensated charges in the PE multilayers [®°1. Water follows into the multilayers to
decrease the building osmotic pressure (due to increased salt ions). The entire multilayer coat
swells. The opposite occurs when the last layer is positive (chitosan) % 861, The swelling and
shrinkage is most pronounced with weak PE: their weak association increases the chance of

having uncompensated charges and the ability to uptake and expel large volumes of water (66

68].

3.5. FTIR analysis confirms the adsorption of the used amounts of PE during the LbL assembly

Figure 8 A shows the characteristic spectra for chitosan, alginate and liposomes. In the
spectrum of chitosan, the broad band at 3265 cm™ and 3180 cm™ corresponded to the hydroxyl
and amine groups respectively; the peak at 3000 cm™ correspond to -OH stretching; the
characteristic peaks of C=0 and NH of the amide-1l group at 1600 cm™ and 1572 cm™
respectively. It also indicate a strong band at 1410cm™ that correspond to the CHp-OH
groups.t® 70 As for alginate, the broad band between 3630-3230 cm™* corresponds to the —~OH
stretching; the peak at 1610 cm™ and 1410 cm™ are characteristics of symmetric and asymmetric
stretching of the COO- group, respectively. Additionally, the peak at 1033 cm™ is associated

with the C-O-C stretching mode attributed to its saccharide structure.’* 7! For liposomes, the
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Figure 8. ATR-FTIR spectra of A) chitosan, alginate and liposomes, B) coated liposomal
solutions and C) supernatant (SN) obtained after ultracentrifugation of the coated liposomal
solutions.

spectrum contains the peaks at 2917, 2850 and 1468 cm™ corresponding to the symmetric,
antisymmetric stretching and scissoring mode of CH, and a C=0 stretching peak at 1737 cm ™,
all characteristics of the hydrophobic tail regions of the lipids. Finally, the peaks at 1240 and
1092 cmt come from the antisymmetric and symmetric stretching modes from PO2— groups in

the hydrophilic head of the lipids.[*"

Figure 8 B shows the spectra of the LbL coated liposomes with the titration process described
in the materials and methods section. The control is the clean glass substrate with a broad band
at 1000 cm™ characteristic of silica glass. On the coated samples, the broad band at 3330 cm'*
arise from OH groups in chitosan and alginate signal; the peaks at 2920 and 2850 cm™ arise
from the initial liposomes; the peak at 1560 cm is the contribution of the NH amide 1l signal
of chitosan overlapped with the COO- stretching of alginate; similarly, the peak at 1410 cm™ is
also the contribution of the CH>-OH and COO- bands of chitosan and alginate, respectively.

The small peak that appears at 1020 cm™ corresponds to the C-O-C group of the saccharides.
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As the coating process occurs, the characteristic peaks from the liposomes disappear while the

characteristic peaks of alginate and chitosan appear, confirming the success of the coating.

Conversely, the FTIR analysis of the supernatant after formation of each PE layer confirmed
the presence of none or insignificant amounts of excess unbound PE (Figure 8 C). The small
signal of PE along with characteristic peaks of liposomes of layer 1 arise from very small
liposomes unable to pellet during the ultracentrifugation step and not due to unadsorbed PE.
Although as the coating process advances, the characteristic signals from chitosan and alginate
at 1020 cm ! rise in the supernatants, they remain negligible as compared to the signal from the

PE layered glass substrate made of the same concentration of PE used during the LbL build up.

4. Conclusions

An aggregation susceptible nanoparticulate drug delivery system, consisting of a soft liposomal
core and two weak coating PEs, was successfully prepared using the washless method. The
feasibility of adsorption of the weak PEs, alginate and chitosan was first confirmed using QCM,
AFM, SEM and EDS studies. The method was later used to assemble 8 saturated layers of
coating on the nanoparticle’s core. Careful titration curves were produced to ensure the need of
no separation steps to remove excess PEs after each layer deposition, as these steps cause
irreversible aggregation to this particularly challenging system. The nanoparticles (un-
aggregated) were made with almost 100% higher yields and reproducibility as compared to
previous attempts to coat the same system using the frequently used method of excesses (5%
yield for 6 layer nanoparticles, reproduced twice only).[#6:471 The system’s highly biocompatible
components together with the ease of controlling its drug release rate and size by tuning the
number of layers or performing dilutions, make it a highly desirable candidate for many drug
delivery applications. The use of careful titrations can be applied to any aggregation prone

nanoparticulate drug delivery system opening doors for experimentation with many more
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combinations of coated nanoparticles that have often been avoided because of their weak

colloidal stability.
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