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Abstract

Silver nanoprisms (SNPs) have attracted significant attention due to their surface plasmon resonance
behaviour, which is strongly dependent on their size and shape. The enhanced light absorption and
scattering capacity of SNPs, make them a promising candidate system for non-invasive imaging and
drug delivery in nanoparticle-assisted diagnostics and therapy. However, systemic administration of
silver nanoparticles (AgNPs) at high concentrations may result in toxic side-effects, arising from non-
targeted bio-distribution. These drawbacks could be mitigated by employing liposomes as carriers for
AgNPs. However, there is a lack of systematic studies on production and subsequent physico-chemical
characterisation of liposomal systems encapsulating SNPs. The present study therefore investigated
the synthesis of liposomes encapsulating SNPs (Lipo/SNPs) using a continuous-flow millimetre-scale
reactor, whereby liposome formation was governed by a solvent exchange mechanism. An aqueous
phase and an ethanolic lipid phase were conveyed through two separate inlet channels, and
subsequently travelled through a serpentine-shaped channel where mixing between the two phases
took place. The synthesis process was optimised by varying both liposome formulation and the
operating fluidic parameters, including the ratio between inlet flow rates (or flow rate ratio) and the
total flow rate. The obtained Lipo/SNPs were characterised for their size and electrostatic charge,
using a dynamic light scattering apparatus. Liposome morphology and encapsulation efficiency of
SNPs within liposomes were determined by transmission electron microscopy (TEM) imaging. The
synthesised negatively charged Lipo/SNP samples were found to have an average size of ~150 nm (size
dispersity < 0.3). The AgNPs encapsulation efficiency was equal to 77.48%, with mostly single SNPs
encapsulated in liposomes. By using a multiangle TEM imaging approach, quasi-3D images were
obtained, further confirming the encapsulation of nanoparticles within liposomes. Overall, the
formulation and production technique developed in the present study has potential to contribute
towards mitigating challenges associated with AgNP-mediated drug delivery and diagnostics.

1. Introduction

Silver nanoparticles (AgNPs) are of significant interest in numerous fields of science because of their
antimicrobial, optical, and thermal properties [1]. These characteristics of AgNPs have paved the way for their
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usage in several areas of application, including electrochemistry, catalysis, food and pharmaceuticals, and
nanomedicine [2]. In biomedical applications, AgNPs have been widely used as imaging probes and plasmonic
antennas due to their unique optical properties [3-5].

There are different shapes of AgNPs such as spherical, rod-like, triangular, or hexagonal [6], which can be
tuned according to the method of particle synthesis. Particle shape and size play an important role on its surface
plasmon resonance (SPR) behavior, which can in turn dramatically influence its physical properties and overall
performance, e.g. including antimicrobial and optical characteristics [7]. For instance, the absorption
wavelength of AgNPs can be tuned across visible and near-infrared (NIR) light. Owing to these properties,
AgNPs with different shape and size have great potential in light-controlled drug delivery systems and for real-
time detection of cancerous tissue [8].

Among different shapes of AgNPs, silver nanoprisms (SNPs) exhibit remarkable optical features, largely due
to their SPR behavior arising from their sharp tip morphology and height/length /thickness ratio [9], resulting
in greater light absorption and scattering capacity when compared to spherical nanospheres (SNS) [10-12]. Asa
result, SNPs have been applied in a broad range of areas, including solar cells, catalysis, and biomedicine [13-16].
Moreover, SNPs hold great potential as tools to achieve simultaneous diagnostic and therapeutic functions,
often referred to as ‘theranostics’. However, bio-distribution of AgNPs at high concentrations may result in
systemic toxicity arising from non-targeted delivery [17].

Studies investigating the toxicity profile of AgNPs have revealed their cytotoxic effects, through the
generation of reactive oxygen species (ROS) or the alteration of gene expression, ultimately resulting in cell
death. Proposed cytotoxic mechanisms include the interaction of AgNPs with cell membranes, leading to ROS
generation and apoptosis [ 18]. It has also been suggested that the adhesion of AgNPs to cell membranes could
cause structural damage, leading to leakage of intracellular compounds and subsequent cell death [19].
Additionally, the release of Ag* ions from AgNPs can impact intracellular O, levels and also trigger ROS
generation [20]. Studies investigating the effect of AgNPs as anticancer agents, demonstrated their ability to
induce ROS generation and affect the regulation of cell division and expression of regulatory genes such as cyclin
B1[21]. AgNPs have also exhibited cytotoxic action against HeLa and B16 melanoma cells [22]. It is also worth
mentioning that the cytotoxic effects of AgNPs can vary depending on their size and shape. It has been previously
demonstrated that when the size of AgNPs is reduced from 45.5 nm to 22.4 nm, it could result in greater toxicity
in bovine retinal endothelial cells [23]. It has also been shown that silver wires (100 nm in diameter) have a
detrimental effect on alveolar epithelial cell viability, whilst the effect of silver nanospheres (SNSs) is insignificant
[24]. Although these earlier findings show the potential of AgNPs as anticancer agents, particle accumulation in
healthy tissues can lead to undesired systemic toxicity. This also poses a limit to the concentration of AgNPs that
can be safely administered for therapeutic purposes. The encapsulation of AgNPs within a carrier system may
provide an efficient route to potentially reduce their systemic toxicity. In efforts to achieve localized delivery of
AgNPs while minimizing toxic side-effects, previous in vitro studies have demonstrated that delivery of AgNPs
within liposomes was associated with greater therapeutically favourable effects at lower concentrations, when
compared to the delivery of unencapsulated AgNPs alone [25, 26]. These earlier findings thus suggest that
encapsulation of SNPs in liposomes offers a promising route for reducing off-target systemic effects, as well as
providing a potential platform for co-delivery of AgNPs together with active pharmaceutical ingredients to
achieve controlled and localized drug delivery.

Liposomes are vesicular systems composed of natural or synthetic lipids (mainly phosphatidylcholines) and
consist of a lipid bilayer shell encapsulating an aqueous compartment. It has been evidenced that liposomes have
characteristics of high biocompatibility and biodegradability, increased biologic half-life, as well as the ability to
be loaded with both hydrophilic and hydrophobic molecules [27-29]. Liposomal formulations have proven to
be effective in delivering a range of bioactive agents to specific sites within the body, while minimizing toxic side-
effects of these agents on healthy tissues [30—32]. These features thus make liposomes an attractive vehicle for the
delivery of anticancer and many other classes of compounds, including particulate systems like SNPs. Scalable
and controllable production of particle-encapsulating liposomes however remains a challenge, and only limited
work has been carried out in this area of research [33, 34]. Although methods relying on continuous-flow
reactors have been previously employed for producing either liposomes or AgNPs, their application to the
production of SNP-encapsulating liposomes is largely unexplored. To the best of the authors’ knowledge, no
previous study has specifically reported on a systematic physico-chemical characterization of SNPs
encapsulation within liposomes produced using a continuous-flow reactor.

The present study therefore aimed to develop a method to produce liposomes encapsulating SNPs based on a
millimetre-scale flow reactor (or ‘millireactor’), and to characterize the properties and encapsulation efficiency (EE
%) of the produced liposomes using dynamic light scattering (DLS) and transmission electron microscopy (TEM)
techniques (including a multi-angle quasi-3D TEM imaging approach). Results from the present study demonstrate
the applicability of continuous-flow reactors as a technology platform for producing SNP-encapsulating liposomes,
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Figure 1. Schematic illustration of the experimental system employed for the production of empty liposomes and Lipo/SNPs using
the millireactor. Lipo/SNPs: liposomal dispersions encapsulating SNPs; SNPs: silver nanoprisms.

and contribute towards our understanding of the physico-chemical properties of particle-encapsulating liposomal
systems for potential application in theranostics.

Moreover, these findings provide a contribution towards the identification of suitable production techniques
that can potentially facilitate future translation of SNP-based formulations with reduced systemic toxicity and
potential for stimuli-mediated and controlled drug delivery.

2. Methods and materials

2.1. Materials

PHOSPHOLIPON®90 G (phosphatidylcholine, PC) was obtained from Phospholipid GmbH (Lipoid,
Germany). Ethanol (99%), cholesterol (Chol, 99%), silver nitrate (AgNOj3, 99%), tri-sodium citrate dihydrate
(TSCD), polyvinylpyrrolidone (PVP, average molecular weight AMw = 29,000 gmol '), hydrogen peroxide
(H,0,, 30% by weight (wt%)), and sodium borohydride (NaBH,, 99%) were obtained from Sigma Aldrich
(Gillingham, UK). All water employed in the study was Milli-Q.

For delivering reagents into the millifluidic reactor, the following materials and instruments were employed:
syringe pumps (AL-1010) from World Precision Instruments (Hertfordshire, UK); 20 ml BD-Plastipak syringes
with Luer lock connectors from Fisher Scientific (Loughborough, UK); polytetrafluoroethylene (PTFE) tubing,
male Luer lock rings, and a hot plate stirrer (UC152D) from Cole-Parmer (St. Neots, UK). The outlet port of the
millireactor was connected to a collection vial usinga 21.5 cm long PTFE tubing. The inner and outer diameter
of the tubing were 0.5 mm and 1.6 mm, respectively. The connection between syringes and inlets of the reactor
was made using PTFE tubing.

2.2. Millifluidic reactor for the synthesis of liposomal systems

PC and Chol were dissolved in ethanol at different concentrations to prepare stock solutions to be used in
liposome synthesis. In continuous-flow liposome production by solvent exchange mechanism using the
millireactor, the ethanolic lipid solution and aqueous phase (water) were injected through the two inlet channels
of the millireactor. The resultant dispersion was collected from the outlet into a vial. The architecture of the
millireactor includes a 60 mm long serpentine mixing channel (radius of curvature: 1.15 mm) having a square
cross-section (1 mm x 1 mm). The millireactor has two inlets (width: 0.40 mm, height: 1 mm) separated by a
0.2 mm wide septum, and one outlet. The fabrication of the device was performed using a previously published
protocol that combined micromilling with replica moulding techniques [35-37]. A schematic of the device,
including key dimensional characteristics, is shown in figure 1.

2.3. Synthesis of SNPs

For the batch synthesis of SNPs, 24 ml of a solution containing TSCD (0.1 M, 0.375 ml), AgNO5 (0.05 M,

0.05 ml), PVP (0.7 mM, 0.375 ml), and H,O, (30 wt%, 0.125 ml) was stirred vigorously at room temperature.
After 7 min, a freshly prepared solution of NaBH, (25 mM, 1 ml) was rapidly injected. After about 30 min, the
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Table 1. The fluidic operational parameters and chemical formulation of the produced

liposomal dispersions.
Lipid composition
(mM)"
Flow parameters e

Batch code® Sample TFR (ml/min)/FRR PC Chol
#1 Liposome 1/10 11.2 4.8

#2 Lipo/SNP 5/10 28 12

#3 Lipo/SNP 1/25 100 —
#4° Liposome and 1/10 16 —

Lipo/SNP

* The batch code given identifies a produced liposome or Lipo/SNP sample, with its
corresponding flow parameters and chemical formulation.

" Values indicate phospholipid (phosphatidylcholine soybean (P90G)) or stabilizer
(cholesterol (Chol)) content of liposome or Lipo/SNP samples; values are given in millimolar
(mM) concentration.

¢ In the sample production, HEPES was used (20 mM, pH 7.4) in the aqueous phase as the
buffer solution.

solution’s colour changed from yellow to orange-brown, then to green-blue through to blue after a further
5-10 min. Stirring was subsequently stopped, and the resultant SNP dispersion was stored in the dark at 4 °C.

2.4. Synthesis of Lipo/SNPs

Continuous-flow synthesis of liposomes encapsulating SNPs (herein referred to as Lipo/SNPs) was performed
using a similar protocol to the one employed for liposome production. Briefly, the ethanolic phase (including
lipids) and the aqueous phase (SNP dispersion) were injected through the two inlets of the millireactor, and the
resultant dispersion was collected from the outlet in a vial as illustrated in figure 1.

The experiments were conducted under different fluidic conditions, corresponding to variations in both
flow rate ratio (FRR) and total flow rate (TFR). FRR is herein defined as the ratio between the volumetric inlet
flow rate of the aqueous phase over the flow rate of the ethanolic lipid solution, while TFR is the total volumetric
flow rate (i.e., the sum of flow rates imposed at the device inlets). The experimental conditions, including flow
parameters and formulation characteristics, for each liposomal dispersion are summarised in table 1.

2.5. Characterization of liposomal dispersions

2.5.1. Size, size dispersity and zeta potential measurements

The geometrical properties and electrostatic charge (i.e., measured as zeta potential) of the liposomal dispersions
were characterized by DLS technique, using a Zetasizer Nano ZS (Malvern Instruments Ltd, Malvern, UK). The
measurements were performed at 25 °C, using folded capillary cell (DTS1070, Malvern Instruments Ltd,
Malvern, UK) type cuvettes. Zetasizer Software 7.12 was used to determine the liquid viscosity of the samples
analysed, by considering the effects of the different FRR values employed in the experiments [38].

Evaluations of liposome size and size distribution were carried out by considering the intensity-based
distributions from DLS, as recommended in ISO 13321 and ISO 22412 [39, 40]. However, number- and/or
volume-based distributions were given as additional plots when needed, to obtain further insights on the
dimensional properties of the dispersions.

The refractive index (RI) of the material is not taken into consideration in the calculation of intensity-based
distributions, while it is used to determine the volume and number-based distributions. This is important for
dispersions including more than one type of nanomaterial (i.e., for Lipo/SNP samples), as the conversion of
intensity-based distributions to number or volume-based distributions maylead to inaccurate results. Here, the
lipid RI value was chosen for the characterization of Lipo/SNPs due to difficulties in the estimation of the actual
RI for the mixture of liposomes and SNPs. Also, in this technique, the conversion from intensity to volume- or
number-based distributions assumes that the dispersion is homogenous and that all of the nanoparticles are
spherical. In this study, the Lipo/SNPs were not fully spherical likely due to the anisotropic shape of SNPs and
the dispersion was not homogeneous due to possible inter-particle aggregation. Based on these reasons, the use
of intensity-based distributions rather than number and volume-based distributions was found more
reliable [39].

Itis also important to note that the data used in the size distribution plots were obtained by selecting the
‘multiple narrow modes (high resolution)’ option in the Zetasizer software. This mode is recommended for
samples that can contain discrete particle size populations [39, 41]. Notably, the selection of this measurement
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mode resulted in multiple peaks in the size distribution plots, indicating the presence of multiple populations in
the sample, while the ‘general purpose (normal resolution)’ mode generally showed only one peak in the size
distribution plots.

2.5.2. Image analysis of Lipo-SNPs

TEM was used to image the liposomal dispersions. The experimental procedure was performed by placinga 5 ul
sample volume (of liposomes or Lipo/SNPs) on a carbon-coated grid and left for adsorption for 30 s. A filter
paper (Whatman) was used to remove any excess liquid. Then, the negative stain technique was employed on the
grid by adding 5 pul of 5% ammonium molybdate containing 1% trehalose (for 30 s). By using a filter paper, any
further sample excess was removed. A Tecnai T12 microscope (FEL, Hillsboro, OR, USA) was employed to
capture TEM images. SNP samples were characterized following the same protocol but without performing the
negative staining step. The EE% of SNPs in liposomes was also calculated from TEM images by manual particle
counting, using equation (1) below.

Total number of SNPs in the image — number of free SNPs in the image

. . 100 (1)
Total number of SNPs in the image

2.5.3. Image analysis of resin-embedded Lipo/SNP samples

The Lipo/SNP samples were also characterized with an additional TEM-based process, in order to gain
additional evidence of SNPs encapsulation. This process involved embedding Lipo/SNP samples into a resin,
which was subsequently sliced into thin sections.

Briefly, 1 ml of Lipo/SNP sample was mixed with the fixative glutaraldehyde (2.5% concentration) and
incubated for 1 h. Subsequently, the sample was embedded in alginate for 20 min and rinsed twice with water for
10 min. Then, the sample was mixed with osmium tetroxide (1% concentration) as a post-fixative, and
incubated for 1 h. The sample was rinsed again, and uranyl acetate (2.5% concentration) was added. After
20 min, the sample was rinsed five times with ethanol for 10 min, at increasing ethanol concentration (at 30%,
50%, 70%, 95%, and 100%) each time. Then, a 50:50 acetonitrile:resin mixture was added to the sample and
incubated overnight. Finally, the sample was embedded in fresh resin, which was polymerized at 60 °C for 24 h.
The obtained embedded sample of liposomes was sliced using an ultramicrotome to obtain very thin slices with a
thickness of approximately 800-900 A. Slices were then placed on a carbon-coated grid and imaged using the
TEM microscope.

TEM images of the same section were taken at different angles (+30° to —30°) to obtain a quasi-3D image so
that the location of nanoparticles could be assessed and characterized more effectively.

3. Results and discussion

3.1. Continuous-flow synthesis of liposomes encapsulating SNPs

In the continuous-flow synthesis of liposomes by solvent exchange mechanism, the formation of lipid vesicles is
typically driven by the increase in polarity at the interface between an aqueous phase and an organic phase (such
as ethanol) in which lipids are solubilised. Due to their amphipathic nature, lipid molecules spontaneously self-
assemble into vesicular structures (typically in milliseconds) upon increase in the polarity of the surrounding
medium [42]. The ratio of the aqueous and ethanolic volumetric flows, the concentration of lipids, and the
mixing regime are key factors in affecting this process [35]. Depending on the architecture of a flow reactor, the
formation of vesicles can be dominated by diffusion-based mixing (e.g., in devices with cross-flow geometry)
[43] or advection-based mixing (e.g., in devices with serpentine or spiral shaped microchannels) [44]. As for the
production of loaded liposomes, the payload can be injected within either the aqueous or the organic phase
depending on its solubility in these media, and the encapsulation process typically takes place during the vesicle
self-assembly. The payload may therefore localise within the aqueous core of the vesicle or in the lipid bilayer
depending on its affinity for hydrophilic or lipophilic environments.

In the millifluidic-based production of Lipo/SNPs described in this study, SNPs and lipids were injected
within the aqueous and ethanolic phases respectively. The serpentine-shaped mixing channel of the reactor
(figure 1) was designed to enhance the mixing process between ethanol and water. This mixing enhancement
was attributed to the increase in the residence time of substances within the device, compared to a straight
channel counterpart, and to the onset of advection-dominated mass transport due to the formation of secondary
flows across the channel’s cross-section (also referred to as Dean flows) [35]. The encapsulation of SNPs was
expected to occur simultaneously with the formation of lipid vesicles, and SNPs were anticipated to mainly
localise within the aqueous core of the liposome given their affinity to polar solvents.
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Figure 2. TEM images of (A) empty liposomes, and (B) and (C) SNPs. Scale bars: 200 nm, 200 nm, and 50 nm, respectively. Liposomes
comprised of PC:Chol (11.2:4.8 mM) and were produced using the millifluidic reactor, at total flow rate (TFR) of 1 ml min~ ' and flow
rate ratio (FRR, flow of aqueous phase/ethanolic lipid solution) of 10.

The flow settings and formulations employed in continuous-flow liposome production in this study were
comparable to those often used in other studies reporting on liposome production by solvent-exchange
mechanism. However, modifications to the production conditions had to be applied in some cases, to meet
specific requirements of the techniques used for particle characterisation in the present study. For example, for
the evaluation of SNP encapsulation using TEM analysis, the volumetric flow rates and concentration of lipids
and SNPs were increased to allow observation of a greater number of vesicles encapsulating SNPs. Concerning
the analysis of the sample’s zeta potential, the formulation conditions were modified considering the effect of
pH, final particle size, and compatibility between different lipid types [35].

3.2.Image-based determination of SNPs encapsulation

Figure 2 shows representative TEM images of empty liposomes and SNPs, providing a characterization of their
geometry and morphology. The synthesis of empty liposomes was performed using a formulation of PC:Chol
(14.2:11.8 mM) at TFR of 1 ml min " and FRR of 10 (Batch code #1 in table 1).

As can be seen in figure 2(A), liposomes were largely spherical in shape and were effectively dispersed overall,
having an average size between about 70 nm and 130 nm as calculated by MATLAB R2020 (using the
‘imfindcircle’ function). Some level of liposome overlapping can be appreciated from the image, and could likely
be attributed to the sample preparation process and the high liposome concentration. Concerning the sample of
SNPs, typical triangular-shaped nanoplates were observed. In some cases, SNPs presented rounded corners
when the size decreased (figure 2(B)); an individual SNP with an edge length of ~55 nm can be seen in figure
2(C). The size of SNPs, determined as the edge length of nanoplates, was measured manually using Image]J to be
between 20-50 nm.

Figure 3 illustrates some representative TEM images of Lipo/SNP samples, comprising PC:Chol
(28:12 mM) and synthesized at TFR of 5 ml min ' and FRR of 10 (Batch code #2 in table 1).

The TEM images in figure 3(A) clearly show liposomes as circular structures as well as triangular-shaped
SNPs in the Lipo/SNP samples that were characterized just after production, without performing any particle
separation or filtration process. Some of the observed liposomes had a single SNP associated, likely encapsulated
inside the liposome core. Some SNPs instead appeared to be located outside the liposome circular structure, and
were believed to be attached to the liposome outer membrane surface rather than being encapsulated within the
aqueous core. However, the images provided insufficient spatial information about the SNPs location, i.e.
whether they are positioned on the surface, within the bilayer, or inside the liposome core. Nonetheless, images
confirmed that SNPs were interacting with the liposomes in many cases. The EE% was estimated by manually
counting free SNPs and encapsulated/associated SNPs, and a value of 77.48% was determined based on the
image shown in figure 3(B) on a representative selected region of the grid (see figure S1 in supplementary section
for alarger section of the grid). It is important to note that the Lipo/SNP sample was negatively stained for the
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Figure 3. TEM images of Lipo/SNP samples comprising PC:Chol (28:12 mM), produced using the millifluidic reactor at total flow
rate (TER) of 5 ml min ™' and flow rate ratio (ERR) of 10. Images were selected from the same sample. (A) Bright circular structures
and dark structures (mainly triangular-shaped) represent liposomes and SNPs, respectively. The yellow arrows point toward some of
the SNPs that were encapsulated within, or attached to, liposomes. (B) Raw TEM image of Lipo/SNP sample, corresponding to the
selected area used for the calculation of encapsulation efficiency. Scale bars: 200 nm, applied to all images in (A) and 2000 nm in (B),
respectively.

imaging procedure, which may have led to underestimating the number of free/unencapsulated SNPs, especially
in areas where the concentration of stain was greater and may have masked some of the SNPs. Overall, the TEM
technique was found to be an acceptable method to visualise and quantify the encapsulation of SNPs in
liposomes. However, the associated staining procedure and its two-dimensional nature were found to be the
main limitations associated with this imaging method.

To address these limitations, an additional experiment was performed in order to further assess the
encapsulation of SNPs in liposomes. Lipo/SNP samples were prepared and embedded in resin, which was then
sliced into thin sections (thickness of 800-900 A) for imaging (figure 4). The Lipo/SNP sample formulation
comprised PC (100 mM) and was produced at TFR of 1 ml min ' and FRR of 25 (Batch code #3 in table 1).

As shown in figure 4(A), vesicular structures were observed along with darker material located mostly inside
the liposomes or in their proximity. The darker particles were thought to be mostly AgNPs, and a few residual
particulate material resulting from the sample preparation process. For confirmation, a selected region was
specifically analysed by processing the images acquired at different angles (varying between +30° and —30°), as
shown in figure 4(B) (see section S.2 in the supplementary material section for the animated image). It was
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Figure 4. (A) TEM image of Lipo/SNP sample embedded in resin. (B) Images show a zoomed in view of the TEM image of a Lipo/SNP
sample. The images (from top to bottom in B) were collected by tilting the holder of the TEM machine (changing the angle of the
holder from +30° to —30°). (C) The illustration shows how the triangular nanoparticles (SNPs) encapsulated in liposomes are viewed
when the angle of the imaging plane is tilted. Lipo/SNP sample comprised of PC (100 mM) and was produced using the millifluidic
reactor, at total flow rate (TFR) of 1 ml min ™" and flow rate ratio (FRR) of 25.

evidently demonstrated in these images that an SNP was encapsulated within the liposome. In particular, in the
bottom image of figure 4(B), (a) top view of the triangular structure becomes apparent, which is consistent with
the schematics shown in figure 4(C).

Although it could be argued that not all of the dark material in the image corresponded to AgNPs, the
encapsulation of SNPs in liposomes appeared to be highly efficient. Also, it is important to note that the exact
location of SNPs (i.e., either within the aqueous core or within /associated with the liposome shell) could not be
verified from these images. The technique was however found to be effective in demonstrating the association of
SNPs with liposomes. Future research may include detailed characterization of Lipo/SNPs prepared with
various concentrations of SNPs or liposomes, which could potentially lead to further our understanding of the
encapsulation process.

3.3. Analysis of encapsulation by dimensional and zeta potential measurements

The encapsulation of SNPs in liposomes was also characterized in terms of particle size distribution and zeta
potential (i.e. particle surface charge), using a DLS apparatus. The liposome sample formulation was PC:Chol
(11.2:4.8 mM) and was produced at TFR of 1 ml min~ ' and FRR of 10 (Batch code #1 in table 1).

Figure 5 shows the size distribution plots of empty liposomes and SNPs (measured by DLS), including
intensity-, volume- and number-based distributions. The interpretation of the size distributions was primarily
made by considering the intensity-based distributions (as detailed in section 2.5.1), which were generally
understood to be more reliable than the number- and volume-based distributions [39, 40]. For all populations,
the number and intensity-based distributions showed the lowest and highest peak values, respectively, which is
consistent with the literature [39, 40]. Based on intensity-based distributions, the average size of the neutral
liposomes was approximately 120 nm (figure 5(A)). In addition, the bell-shaped single peak indicated that the
dispersions were relatively homogeneous, without significant interparticle aggregation. Furthermore, the
dispersity index of liposomes was reasonably low, being 0.146 =+ 0.022 for neutral liposomes, indicating a low
dispersity of the particle hydrodynamic radius [43].

However, the size distribution profile of AgNPs exhibited two distinct peaks at approximately 2 nm and
35 nm, respectively (figure 5(B)). Based on previously reported TEM images of SNPs (figure 2(B) and (C)), these
were expected to have an average size between 15 and 50 nm. Therefore, the peak at around 35 nm likely
corresponded to SNPs, while the peak at ~2 nm was possibly related to the smaller spherical AgNPs.
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Liposomal samples comprised of PC (16 mM) and were produced using the millifluidic reactor, at total flow rate (TFR) of I ml min "'
and flow rate ratio (FRR) of 10.

It should be noted that the reported size of nanoparticles obtained from DLS was slightly different from the
size measured by TEM. This was likely due to the assumptions made by the DLS algorithm when determining
the hydrodynamic radius of the nanoparticles [39]. Also, it was observed during measurements that SNPs
presented slightly different size peaks over multiple runs (where each measurement consisted of 11 runs); this
could be related to possible nanoparticle aggregation, which could have caused an overestimate of nanoparticle
size. Nevertheless, the combination of these techniques provided complementary information on nanoparticle
geometry, in particular, for characterizing groups of particles with different shape and size.

Figure 6 illustrates the size distributions and zeta potential values of empty liposomes, SNPs, and Lipo/
SNPs. For liposomal dispersions, the zeta potential is an indicator of the surface charge of the nanoparticle, and
can provide information about the association of different types of nanoparticles with each other in colloidal
dispersions [45]. The liposomal dispersions evaluated consisted of PC (16 mM) and were produced at TFR of
1 ml min~ " and FRR of 10 (Batch code #4 in table 1).

The size distribution profiles showed that SNPs and liposomes had peak sizes of 40 nm and 130 nm,
respectively, corresponding to approximately their average size (figure 6(A)). Lipo/SNPs showed an increased
peak size of ~150 nm, which is likely indicative of the encapsulation of SNPs in liposomes.
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Figure 6(B) shows that the average zeta potential values of liposomes and SNPs were —2 mV and —38.4 mV,
respectively. The model lipid (i.e., PC) employed for the production of liposomes is neutral, resulting in the
formation of liposomes having substantially no net surface charge [45]. However, when the lipids were mixed
with SNPs in the flow reactor, the resulting Lipo/SNPs dispersion had a zeta potential value of —21.3 mV,
suggesting that the SNPs charge (—38.4 mV) was partially ‘masked’ by the liposomes as a result of encapsulation.
Additionally, the zeta potential profile showed only a single peak indicating that there was only one type of
nanoparticle in the dispersion (data not shown). Based on these findings, it can be further confirmed that SNP
encapsulation was achieved to some extent. Interestingly, these findings further demonstrate the use of zeta
potential as an indicator of the interaction between different colloidal systems, consistently with previous
research [46, 47].

4, Conclusion

Liposomes encapsulating SNPs (Lipo/SNPs) were synthesised using a continuous-flow millimetre-scale reactor
(or millireactor), having a serpentine-like architecture in the flow channel to enhance mixing. The synthesis
process was optimised by varying liposome composition and also the operating fluidic parameters, including
flow rate ratio and total flow rate, to achieve formation of liposomes with low size dispersity and high EE%. The
obtained Lipo/SNPs were characterised with different techniques including DLS, zeta potential measurements,
and TEM imaging. Lipo/SNPs were found to have an average size of ~150 nm (size dispersity < 0.3), which is
compatible with medicinal liposomal formulations. TEM image analysis revealed the average EE% to be 77.48%,
with mostly single SNPs encapsulated in liposome envelopes. By using a multiangle (+30° to —30°) TEM
imaging approach, quasi-3D images were obtained and further confirmed the encapsulation of nanoparticles
within liposomes, providing a simple and effective method for locating nanoparticles within encapsulating
structures. For a more definite quantification of EE% and precise spatial characterisation of SNPs encapsulation,
further studies are required employing different characterisation techniques or procedures that can provide
separation of unentrapped material or allow 3D imaging (such as Cryo-TEM). Furthermore, the photothermal
performance of SNPs encapsulated in liposomes remains to be characterised for application in stimuli-mediated
drug delivery.
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