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Nisin, a peptide used as a natural food preservative, is employed in this work for the development of a novel
nanocarrier system. Stable and uniform nisin-shelled nanoemulsions (NSNE) with a diameter of 100 + 20 nm
were successfully prepared using 20 kHz flow-through ultrasonication technique. The NSNE showed limited
toxicity, high bactericidal activity and high drug loading capacity (EE 65 % w/w). In addition, the nisin shell was
exploited for the site-specific attachment of a recombinantly produced cancer targeting ligand (@HER2; pr1g IgG).

Employing a unique two phases (bio-click) approach which involved both Sortase A mediated Azide Bio-
conjugation (SMAB) and Strain Promoted Azide Alkyne Cycloaddition (SPAAC) reactions, targeted NSNE
(NSNEpox-oHER2 IgG) were successfully assembled and loaded with the chemotherapeutic drug Doxorubicin
(DOX). Finally, NSNEpox-aHER2 IgG showed cancer-specific binding and augmented cytotoxicity to HER2

expressing tumour cells.

1. Introduction

Development of novel therapeutic strategies is of paramount
importance in translational biomedical research. Protein shelled nano-
emulsions (PSNE) can offer a versatile platform for targeted drug de-
livery. While the protein in the shell provides a non-toxic,
biocompatible, and biodegradable surface that is rich in functional
groups for the attachment of targeting ligands [1-3], the nanoemulsion
core acts as a drug carrier. PSNE as a targeted nano-delivery system, can
significantly enhance therapeutic efficacy, avoid toxicity and minimize
side effects [4], which is particularly important for drug delivery of
chemotherapeutics. Here, we introduce a facile protocol for the prepa-
ration of novel protein shelled nanoemulsions for potential targeted
cancer therapy.

Ultrasonic emulsification is a simple, fast, versatile, and green
pathway for preparing PSNE [5]. In previous studies Zhou et al have
shown that the active cavitation zone in the flow through horn is limited
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to the hole region [6]. Hence uniform nanoemulsions are typically ob-
tained due to the confinement of the active cavitation zone in the hole
region. This flow through ultrasonication technique is adopted in this
study to produce monodisperse oil in water nanoemulsions stabilized by
a protein coating.

Numerous proteins and peptides have been investigated as building
blocks for engineering nanodrug delivery. These include human serum
albumin, gelatin, gliadins, lipoproteins and ferritin [1]. Nisin is a
cationic peptide produced by Lactococcus lactis that is widely used in the
food industry as an antimicrobial preservative for inhibiting the growth
of gram-positive bacteria and other pathogen [7], and may provide a
natural, cheap, and readily available nanodrug delivery system that is
yet to be explored. Over the past two decades, studies have shown the
use of nisin for various biomedical applications beyond its bactericidal
activity. Joo et al. explored the cytotoxic and antitumour properties of
nisin A and discovered that it blocks head and neck squamous cell car-
cinoma tumourigenesis [8]. Moreover, Nakajima et. al discovered the
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excellent emulsifying power of this small amphiphilic cationic peptide
[9]. Surface activity studies performed in the presence of soybean oil
showed a significant emulsifying capacity of nisin at the concentration
of 10 mg nisin/mL, as compared to f-casein and Tween 80. Nisin is
therefore selected as the peptide of choice for the preparation of NSNE
based on its biological and physicochemical properties. Specific to this
work, the inherent anti-cancer activity of nisin can provide adjuvant
therapeutic value to a chemotherapeutic drug payload. Doxorubicin was
chosen as a model payload for this application.

The surface topography of NSNE is particularly important to create a
docking platform for targeting ligands on their surface as illustrated in
the schematic overview. Lysine, available in the structure of nisin, is one
of the most commonly modified residues for protein modification and
reacts spontaneously with N-hydroxysuccinimidyl (NHS) ester. When
the free amine groups in the nisin shell are incubated with a bifunctional
amine reactive linker (NHS-PEG-BCN), the nanocarrier surface becomes
tethered with bicyclononyne (BCN) click handles. Depending on the
surface modification, the resulting particles (NSNE-BCN) can sponta-
neously conjugate to a smart fluorescent click (SFC) probe, specially
engineered by Ji et al to emit fluorescence only after biorthogonal click
activation [10].

Bioorthogonal click chemistry is a highly specific and powerful
chemical conjugation method inert to biological degradation [11]. Two
major types of bioorthogonal click reactions are prevalent, namely
copper (I)-catalysed azide-alkyne cycloaddition (CuAAC) and strain-
promoted azide-alkyne cycloaddition (SPAAC) [12-13]. SPAAC reac-
tion is the second component of a unique two-step ‘bio-click’ approach,
well established by Hagemeyer et al. for nanomedicine applications
[14-15], and employed hereby for site-specific modification and
conjugation of a target ligand to NSNE surface.

Initially, Sortase A (SrtA), a transpeptidase enzyme naturally pro-
duced by Staphylococcus aureus [16] was expressed and purified in E.
Coli. SrtA was then used to catalyze the bioconjugation of a click func-
tionality (specifically an azide) to a genetically encoded targeting anti-
body carrying SrtA recognition motif (LPETG). The strained-alkyne click
group (specifically BCN) is tethered to the nanoparticle surface. There-
fore, SPAAC reaction drives the site-specific covalent attachment of the
targeting ligand to NSNE surface. In contrast to traditional chemical
non-specific conjugation strategies, this ‘bio-click’ chemoenzymatic
conjugation avoids compromising the affinity of the antigen-binding site
for the target [14].

Targeted NSNE provides a nano-sized platform for numerous
biomedical applications. Specifically, for this study, an aHER2 IgG
monoclonal antibody was used as the targeting ligand to investigate the
anti-neoplastic activity of this novel nanosystem (NSNE). The human
epidermal growth factor receptor 2 (HER2) is a member of the quartet
human EGF receptors family which are essential mediators of cell pro-
liferation and differentiation. Overexpression of these receptors posi-
tively correlates with transphosphorylation and increased tumour
growth rates [17]. A recombinant DNA construct of «HER2 IgG was
specially engineered to contain LPETG sortase-tag at the C-termini of the
two heavy chains (®HER2;pg1 IgG) to enable site-specific SrtA medi-
ated azide bioconjugation (SMAB) and subsequent SPAAC driven
attachment to modified NSNE-BCN surface. Hereby we introduce a facile
protocol for the development of aHER2-functionalised doxorubicin-
loaded NSNE as an innovative nanosized cargosystem with the poten-
tial to be used as a universal cancer therapeutic.

2. Results and discussion

Flow through ultrasonication provided a simple, fast, versatile and
green pathway for synthesizing the novel protein-shelled nanocarrier
system; nisin-shelled nanoemulsion (NSNE). NSNE preparation started
by emulsifying soybean oil (10 w%) in an aqueous buffered solution
containing nisin (1 mg/mL) and non-ionic surfactants to reduce the
interfacial tension and improve the colloidal stability of the emulsion
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[18]. Next, flow through ultrasonication (20 kHz) horn shown in
Fig. 1A, was used to create high shear stress by acoustic cavitation and
rupture the o/w emulsion into a monodispersed nanoemulsion.

The obtained nanovesicles have a size distribution of 100 + 20 nm as
measured by dynamic light scattering and a zeta potential value of —50
mV. This negative surface charge can be explained by the organization
of nisin at NSNE interface; whereby the acidic amino acids (amino-
butyric acid) are twice exposed at the surface in relation to the basic
amino acids, located further down the peptide chain, and facing the
lipophilic core.

HPLC and Mass spectroscopy analyses were performed to prove nisin
is present at the o/w interface and formed a shell coating the oil nano-
droplets. HPLC chromatograms of the formulation before ultra-
sonication (Fig. 1B) show nisin peaks at retention time of 16.5 and 17.5
min. However, the analysis of the solution after sonication and separa-
tion of NSNE indicated the disappearance of the peak. This suggests that
all nisin molecules are deposited at the oil-water interface. Mass spec-
trometry analysis also confirmed the disappearance of the nisin peaks in
the solution after the ultrasonic emulsification and separation of NSNE.
Overall these results indicate that nisin is incorporated into the nano-
droplets (NSNE), most probably, in the form of a shell due to its high
surface activity. To further explore the antibacterial activity of nisin in
NSNE, a nisin killing assay using Staphylococcus aureus ATCC-29213 was
performed. The results of this dose-dependent study, shown in Fig. 1C,
demonstrated the enhanced bactericidal potency for the NSNE over pure
nisin. This result may be explained by the orientation of nisin at the
nanoemulsion interface; whereby the lanthione rings A and B in nisin
structure responsible for antibacterial recognition and binding [19] are
well maintained and exposed on the surface of prepared NSNE. This, in
addition to the possible synergistic bactericidal effect of other compo-
nents incorporated in NSNE including surfactants.

To investigate the anticancer application of the developed nano-
vesicles, NSNE was post-loaded with the model chemotherapeutic drug,
Doxorubicin, which can easily be loaded into the oil core of NNE
through hydrophobic interactions [20]. Drug loading assessment
showed that more than 65 % (0.045 mg/mL) of Doxorubicin was loaded
into the NSNEppx formulation (Nisin 1 mg/mL, Soybean 10 %). After
loading, NSNEpox nanovesicles increased in size from 100 + 20 nm to
150 + 20 nm in addition to becoming red in color (Fig. 1D), and zeta
potential decreased from —50 mV to —3 mV (Fig. 1E). This physico-
chemical change can be attributed to the successful loading of the
positively charged red colored doxorubicin (pKa = 8.2), not only in the
oily core but also within the protein shell of the nanoemulsion compared
to the unloaded NSNE. [21-22] Physicochemical characterization also
highlighted the colloidal stability of NSNEpox formulation over a period
of 6 months and when spin-washed via centrifugation; manifested by
only the minor change to their physicochemical characteristics (Fig. 1E).

The empty NSNE or drug loaded NSNEpox provided a template for
decorating the nanoparticle surface with a cancer targeting ligand; using
a ‘bio-click’ approach. Initially, the amine groups available in the nisin
shell were incubated with an amine reactive bifunctional linker (NHS-
PEGx-BCN), to create structural motifs for SPAAC reaction on the
nanocarriers surface (NSNE-BCN). The washed SPAAC reactive nano-
emulsion was then mixed with a SFC probe at physiological conditions
to verify the surface modification (Fig. 2A). A strong blue fluorescence
was emitted after click activation of the SFC probe upon binding to the
NSNE-BCN shell as confirmed by the fluorescence imaging (Fig. 2A
insert). This suggests that NSNE surface was successfully tethered with
BCN click handles (NSNE-BCN) and made SPAAC reactive.

The SFC probe click reaction with NSNE-BCN at 37 °C was monitored
by time-dependent fluorescence for at least 2 h as shown in Fig. 2B.
Interestingly, the results showed a significant effect of the linker chain
length on this reaction whereby stronger blue fluorescence was emitted
(p < 0.0001) when the SFC probe was clicked to NSNE-PEGgBCN in
comparison to the PEGy, linker. This might be explained by possible
coiling of the longer linker chain (PEG;5) rendering the BCN group on
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Fig. 1. Nisin-shelled nanoemulsion formulation using Flow-through Ultrasonication and characterization. (A) Schematic illustration for the Flow-through ultra-
sonicator machine and SEM image of the produced nanovesicles; scale 1 um (B) HPLC chromatogram showing the presence and absence of nisin related peaks after
nanovesicle formation (C) Bactericidal assay for nisin and NSNE when used in concentrations (16, 32 ug/mL) (D) Microscopical image of NSNE (translucent) and
Doxorubicin loaded NSNEpox (red) nanovesicles (E) Column chart displaying the physico-chemical properties (size and zeta-potential) of prepared NSNE, after
Doxorubicin loading, after 6 month storage and after spin washing. Data represent means + standard error of the mean based on at least 3 independent biolog-
ical replicates.
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Fig. 2. Schematic illustration for creating a SPAAC-reactive surface on NSNE and validation using a click-activated smart florescent (SFC) probe. (I) Coupling of
bifunctional linker (NHS-PEGx-BCN) to the amino groups in the surfaced lysine residues on the nisin shell. (II) A smart probe which emits florescence only when click
activated (SFC), can bind to the attached BCN groups on NSNE surface and switch on the florescence as imaged using florescence microscopy (insert); Scale 10 um.
(IID) Strain promoted alkyne azide cycloaddition (SPAAC) of an azide-bearing targeting antibody with BCN-functionalized NSNE. (B) Flow cytometry analysis of SFC
probe click reaction to NSNE and NSNE-BCN (2 different chain lengths PEGg-BCN and PEG;,-BCN) after 60 and 120 min compared with a pre-blocking treatment of
nanovesicles. Data represent means + standard error of the mean based on 3 independent replicates (two-way ANOVA using Tukey’s multiple comparison test, ****p
< 0.0001).

the nanoparticle surface not accessible for the click reaction and SFC
attachment. As a control experiment, pre-treatment of NSNE-BCN with a
blocker (an equimolar concentration of NaN3) showed no detectable null
signal confirming the specific reactivity of SFC probe to the BCN moi-
eties on NSNE-BCN surface.

Using recombinant DNA technology, a unique pentapeptide LPETG
motif was recombinantly engineered onto the targeting antibody
(«HER2pg16 18G), to be recognized by SrtA, and was placed at the C-
terminus of both heavy chains to preserve its receptor binding affinity.

Accordingly, SrtA and aHER2ppprg IgG were cloned, expressed, and
purified as per methods described then quantified and identified using
SDS PAGE gel as displayed in Fig. 3B. Biologically, SrtA normally cat-
alyzes the attachment of a nucleophilic polyglycine moiety by cleaving
between the threonine and glycine residues. In this research work SrtA
mediated the bioconjugation of a G-PEGs-Azide linker to both the C-
termini of the targeting antibody (aHER2a,i¢. IgG) as schematically
illustrated in Fig. 3A. A commercial «HER2 IgG (bearing no LPETG
sequence) was used as a negative control to exclude unspecific reaction.
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Fig. 3. SMAB and verification using SDS-PAGE gel electrophoresis. (A) Schematic illustration for the steps involved in the SrtA mediated bioconjugation of an azide
group (SMAB) to the targeting antibody at genetically encoded LPETG tag. I) SrtA recognizes LPETG motif and cleaves between threonine and glycine to produce a
thio-acyl intermediate. II)The exposed thioacyl group is then attacked by a nucleophilic poly-glycine component such as G-PEG3-Azide used in this study. III) The
final product thus yields a click reactive azide-bearing antibody (0HER2,iqe IgG) and free SrTA. (B) Comassie stained SDS PAGE gel of successful cloned, expressed
and purified SrtA enzyme (lane 2) and aHER2pprg IgG (lane 3). (C) The success of SMAB on aHER2prrg IgG was verified when 20 ug protein samples were
incubated with BCN-Dylight 800 (a click reactive fluorophore) then run on 12 % SDS -PAGE gel and Comassie stained. Using Odyssey CLx® -imaging system the gel
was scanned at 700/800 nm NIR wavelength showing: molecular weight protein standard markers (lane 1), lanes 2 and 3 for tHER2 prr IgG before and after SMAB,
respectively, while lanes 4 and 5 corresponding to commercial «HER2 IgG before and after SMAB. (D) Binding of aHER2;pgrg in comparison to the aHER24,ige ON
HER' and HER' cell lines which shown no difference in the affinity to the target after sortase A modification and also no uptake on the non-antigen expressing cell
line. Data represent means =+ standard error o the mean based on 3 independent biological replicates (two-way ANOVA using Tukey’s multiple comparison test, **p

< 0.01).

Successful production of a click reactive antibody («HER24,ide IgG)
via SMAB approach, was verified using a click reactive near-infrared/
green fluorescent dye (BCN-DL800) then run on SDS-PAGE gel and
visualized using NIR-fluorescence imaging in the 800 nm channel
wavelength. A strong green fluorescent band was detected for
oaHER2,ide IgG heavy chain (lane3 Fig. 3C) in comparison to the com-
mercial tHER2-IgG sample which showed no green fluorescence (lane
5). This observation confirmed the site-specific SMAB reaction at the C-
terminus of both heavy chains of dHER24,iqe IgG (greater than50 kDa)
and the availability of its azide functionalization for SPAAC reactions.

The receptor binding efficiency of (0HER24,iqe IgG) after SMAB was
evaluated using flow cytometry. The results displayed in Fig. 3D
demonstrate the comparable tumour cell binding efficiency of targeting
ligand before and after SMAB («HER2pgrg IgG, aHER24,i4e IgG) at all
three concentrations. Furthermore, statistically significant binding to
HER2 expressing in comparison to HER2 non-expressing cells (p <
0.0001) was observed and demonstrated the specificity of a-HER2 IgG as
a tumour targeting ligand. In the meantime, 2.5 ug/mL concentration
was chosen for upcoming experiments due to the highest binding
capacity.

SPAAC click reaction drove the final step for targeted particle as-
sembly. A spontaneous bioorthogonal and site-specific covalent bonding
between SPAAC-reactive azide-bearing «HER2 IgG with complementary
SPAAC-reactive BCN-functionalized NSNEpox led to the generation of
novel cancer targeting nanovesicles of doxorubicin-loaded nisin shelled
nanoemulsion surface-decorated with aHER2 IgG (NSNEpox-oaHER2
IgG). To investigate the final amount of conjugated antibody to the
nanovesicles, the flow through post spin filter wash was analysed.
Furthermore, specificity of the click conjugation vs unspecific adsorp-
tion was investigated by three hours pre-incubation of NSNE-BCN with a
complimentary click reactive compound before incubation with
aHER2,,ide IgG. The analysis of the flow through post spin filter wash

indicated that the majority of the antibody (up to 85 + 2 %) was site-
specifically clicked to the NSNE-BCN while only 15 + 2 % of the anti-
body was found to be physically adsorbed.

In addition, the nanosystem characteristics as particles size and
Polydispersity index after conjugation was characterized using dynamic
light scattering (DLS). The results as displayed in Fig. 4 A, showed no
significant changes in nanosystem (NSNEpox-aHER2) particle size and
homogeneity before and after antibody conjugation.

Importantly, in vitro plasma stability assay provides helpful insight
into how blood components affect the size and aggregation behaviour of
drug delivery vehicles once injected into blood plasma [23]. The in-
teractions between NSNE particles and blood plasma did not lead to
multicomponent aggregation of particles or plasma components as
assessed by DLS. There was also no indication of particle degradation.
However, a slight increase in particle size over time was observed,
without reaching significant differences (Fig. 4B) [24]. These results
provide an indication that the particles are stable in plasma and that the
nisin protein coating plays an important role by decreasing multicom-
ponent aggregation in plasma.

Finally, the anti-cancer activity of tumour-targeted NSNEpox-oHER2
IgG were explored. The cancer targeting efficiency of assembled
NSNEpox-oaHER2 IgG to HER2-expressing cancer cells was validated
using flow cytometry. As shown in Fig. 4C, we observed significant in-
crease of NSNEpox-oHER2-IgG association to HER2™ cells in comparison
to HER2" cells (p < 0.01). These results indicate that tHER2 IgG, model
targeting ligand, was able to attach site- specifically to the surface of
NSNEpox-BCN nanovesicles and retain its tumour targeting efficiency.
Such cancer specific targeting of NSNEpox-oaHER2 IgG was further
confirmed by pre-blocking the antigen binding site on the cancer cells
with commercially available HER2 mAb before adding NSNEpox-oHER2
IgG; a significant reduction in receptor binding was observed (p < 0.01).

Additionally, a WST-1 assay, a technique for colorimetric evaluation
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Fig. 4. Targeted nanovesicles characterization: (A) Particle size (ps) and polydispersity (pdi) analysis of the nanosystem before (NSNE) and after antibody conju-
gation (NSNE-oHER2) using dynamic light scattering. (B) In vitro plasma stability by incubation of targeted NSNE-aHER2 IgG in plasma for 0, 30 and 120 min. (C)
Tumour cell association efficiency of targeted NSNEpox-aHER2 IgG to HER2"and HER2 cancer cell lines compared to a receptor pre-blocking with commercially
available HER2 mADb to determine specificity (D) Variability assay by incubating HER2" cancer cells 3hr with the targeted NSNEpox-0HER2 IgG in comparison to
Doxorubicin, NSNE, NSNEpox. Data represent means + standard error of the mean based on 3 independent biological replicates (two-way ANOVA using Tukey’s
multiple comparison test with *p < 0.05 or greater as significant; t-test within two sample groups, ns = not significant).

of cell proliferation assay, was used to quantitatively assess the degree of
HER2" cancer cell death after application of NSNEpox-oHER2 IgG and
controls such as Doxorubicin, NSNE and nontargeted NSNEpox. The
parameters of this assay were as followed 1 pg of Doxorubicin and
incubated 3 h period. The results indicated a significant decrease in
cancer cell viability upon treatment with targeted NSNEpox-aHER2 IgG
(1 ug Doxorubicin) in comparison to the free drug (Doxorubicin)
(Fig. 4D). This enhanced cytotoxic effect indicates a faster and higher
potency of NSNEpox-aHER2 IgG compared to its controls and shown in
literature [24-25]. Future studies will be beneficial to observe the
cellular uptake of this novel nanosystem and its biodistribution and
tumour accumulation in vivo.

3. Conclusion

The outstanding benefits of nisin, as a polypeptide, were the basis for
developing a novel nanovesicle, Nisin-shelled nanoemulsion (NSNE),
which when loaded with a special payload and decorated with a tar-
geting ligand become a universal nanosized-platform for therapeutic/
diagnostic applications. The results in this research work revealed that
flow-through ultrasonication proved to be the method of choice to
produce spherical and uniformly dispersed nanovesicles of NSNE with
long term stability, low toxicity and, even more, able to accommodate a
high concentration of anticancer drugs and augment their cytotoxic ef-
fect. All components of the NSNE are biodegradable and biocompatible.
A unique two phase (bio-click) approach, involving both SMAB/SPAAC
reactions, was efficient in the site-specific attachment of cancer target-
ing ligand («HER2ppgrg IgG) on nisin shelled nanovesicles. Finally,
biological assays proved that nisin was assembled at the water—oil

interface in a way where the antibacterial binding region (AB ring
fragment) in nisin structure and the lysine residue 12 are directed out-
wards in the aqueous phase and are exposed for surface reactions.
Therefore, as more interest is currently drawn for bacterial infections in
cancer patients, the combined bactericidal/ cytotoxic effect of NSNE
when loaded with a cytotoxic drug paves the way for a dual therapy
platform for bacterial infections in cancer patients.

4. Experimental Methods

4.1. Flow through ultrasonication method for the preparation of Nisin-
shelled nanoemulsion

The general scheme for preparing NSNE involves a two-step emul-
sification method at room temperature. Initially, coarse o/w emulsion
was prepared by magnetically stirring 10 % soybean oil (dispersed
phase) in 10 mM sodium phosphate buffer containing 1 mg/mL nisin
(continuous aqueous phase) and 5 w% of non-ionic surfactant (50 %
Tween 80 and 50 % Span 80). The whole mixture was left to stir for 15
min. and final pH of the solution was adjusted to 7.5. Secondly, the
coarse emulsion was subjected to a 20 kHz flow through ultrasonication
horn (1 cm tip with 3 mm hole size) for 4-6 min, operated at an ultra-
sonic power about 240 W and flow rate optimized to 175 mL/min.
Samples were taken every 2 min. for physicochemical characterization;
using optical microscopy, dynamic light scattering and HPLC. Prepared
nanoemulsion (NSNE) was dialyzed overnight and stored in fridge for
upcoming experiments. Stability of the nanoemulsion was evaluated
after 6 months storage in the fridge and when subjected to spin washing
in Amicon® Ultra 0.5 mL 100 K Centrifugal Filters at 14,000 rpm for 5
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min.
4.2. Physicochemical characterization

The presence of nisin in nanoemulsion was tracked by measuring the
change in the nisin concentration using a RP-HPLC (SHIMADZU
controller SCL-10AVP, oven CTO-10ASVP, pump LC-10ATVP, auto
injector SIL-10ADVP, diode array detector APDM10AVP) with eluents A
(Water: Acetonitrile: Trifluoro acetic acid 900:100:1) and B (Water:
Acetonitrile: Tri fluoro acetic acid 100:900:1). Before analysis, samples
were filtered using 0.45 pm syringe filters. A C18 column (Jupiter 5 pym,
300 A0, 250 x 4.6 mm) was used and the flow rate was 0.8 mL/min at
room temperature. Malvern Zetasizer (Nano ZS) was used for particle
size and surface charge analysis before and after antibody conjugation.
Freshly prepared samples of nanoemulsions were diluted 10 times with
deionized water and analysed under the ‘protein size analysis’ option
(particle refractive index: 1.45, particle absorption 0.001, viscosity of
water 0.8872 cP, refractive index of water 1.33, measurement angle:
173° backscatter). The morphologies of the samples were observed using
a high- resolution field emission scanning electron microscope (Quanta
200 FEI) without sputter coating pre-treatment.

4.3. Nisin killing assay

Staphylococcus aureus strain ATCC 29213 was grown on Heart
Infusion agar (Oxoid) at 37 °C for 16 h. Plate grown bacteria were
harvested into Cation-Adjusted Mueller (CAMH) broth (Thermo Scien-
tific), equalized to an optical density at 600 nm (OD600) = 1.0, and
diluted to 1x106 CFU/mL. 50 pL of each suspension was added to wells
of a 96 well plate in triplicate. The killing assay was started by addition
of 50 uL free nisin or nisin nanoparticles in CAMH broth to a final
concentration of either 16 or 32 ug/mL. 96 well plates were incubated at
37 °C and samples were taken at 30, 60, 90, 120 and 150 min. 10-fold
serial dilutions were performed in CAMH broth, 5 pL of each dilution
was plated onto the agar and plates were incubated at 37 °C for 16 h.
Bactericidal activity was assessed.

4.4. Doxorubicin loading

Nisin o/w nanoemulsion was loaded with a model chemotherapeutic
drug; Doxorubicin. Initially, ultracentrifugation (at 100,000g at 4 °C for
30 min) separated NSNE in the top layer which was collected and diluted
to 1 mg/mL of nanoemulsion in aqueous solution. Afterwards, Doxo-
rubicin (0.07 mg/mL) was incubated with NSNE overnight with gentle
shaking then dialyzed overnight to get rid of unloaded doxorubicin.
Doxorubicin, with inherent florescence at 600 nm, when loaded in NSNE
was visualized using florescence microscopy, measured quantitively
using florescence spectroscopy and characterized using Dynamic light
scattering. Entrapment efficiency percentage of NSNEpox was calculated
according to equation: [DOX total (g)- DOX free (g)/ DOX total (g1 x 100.

4.5. SPAAC reactive

An amine-reactive bifunctional linker (NHS-PEGx-BCN) was incu-
bated with NSNE (1 mg/mL) in excess for 3 h at 4 °C on gentle rotation.
The cross-linker chain lengths studied herein were two (PEGg and
PEGj3). Surface modified nanovesicles NSNE-BCN were spin-washed 3
times in PBS, to remove any unreacted NHS-PEG4-BCN using Amicon®
Ultra Centrifugal Filter at 14000xg for 5 min. Note only unloaded NSNE
was used for assessment of this surface modification as the nisin shell
was considered identical in both NSNE and NSNEpox.

4.6. Verification of NSNE-BCN surface modification

As per method described by Ji et al. [10] nanoemulsion samples were
incubated with SFC in a 1:10 M ratio of probe: BCN-NSNE, then spin-
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washed using centrifugal filters. The parameters of this experiment
were optimized; including reaction time (1 h and 2 h) and linker chain
length (PEG8 and PEG 12). A control experiment was performed where a
pre-treatment of NSNE-BCN with a blocker (an equimolar conc. of
NaN3) before incubation with SFC probe. The intensity of florescence
emitted was detected using BD FACS Canto II Flow Cytometer and
analysed using FlowJo software. Fluorescence microscope imaged the
fluorescent nanodroplets in the DAPI channel.

4.7. Recombinant DNA constructs of SrtA and aHER2]pgr¢-IgG cloning,
expression and purification

Recombinant DNA technology was essential in the production of the
transpeptidase enzyme (SrtA) and the cancer targeting ligand
(«HER2;prrG-IgG) whereby their DNA sequences were cloned into E.coli
expression plasmids then separated using Plasmid Maxiprep System
(Promega). Afterwards, expression plasmids of «HER2;pr7G-IgG were
transfected into mammalian HEK293 cells while SrtA was transfected
into bacterial E. coli. Expressed proteins were purified using FPLC
chromatography based on nickel affinity and size exclusion using Ni-
NTA Superflow columns. BCA assays were performed for colorimetric
quantification of protein sample concentrations while SDS-PAGE was
completed to evaluate the purity of protein samples, and gels were
produced fresh.

4.8. SortaseA-mediated azide bioconjugation (SMAB) to aHER2 pgr¢-
IgG

An LPETG recognition motif was genetically encoded in the construct
of the targeting ligand (aHER2ppgrg-IgG) for SrtA to site-specifically
cleave and conjugate a click reactive azide moiety (SMAB). The
expressed and purified aHER2; pgrg-IgG was mixed with SrtA and the
bifunctional G-PEG4-Azide linker in a 1:6:3 M ratio, respectively. The
reaction proceeded for 5 h at 37 °C in the presence of sortase reaction
buffer (50 mM Tris, 150 mM NacCl, 0.5 mM CaCl, pH 8.0). Finally, pu-
rification of aHER2,i4e-1gG was completed using a Nuvia™ IMAC Resin
(Biorad Itd) as described by manufacturer. The flow-through containing
oHER24,ide-IgG only was collected and dialyzed against PBS overnight
at 4 °C, as SrtA would be removed from the reaction product due to the
his-tag, in its construct, affinity to the resin. BCA assays were performed
for colorimetric quantification of SMAB-modified ligand (¢HER24zide-
IgG) concentrations.

4.9. Verification of successful SMAB-modification to ®HER2 z5iq.-1gG

Samples of aHER2;pprg-IgG and commercial aHER2-IgG (not
bearing LPETG sequence) before and after SMAB were incubated with a
near infrared fluorescent click reactive dye (BCN-Dylight 800) then run
on freshly prepared SDS-PAGE gel, Coomassie stained and scanned 700/
800 nm NIR wavelength using Odyssey CLx® -imaging system.

4.10. SPAAC-mediated targeted particle assembly (NSNEpox-aHER2
IgG)

SPAAC was the driving force for targeted nanovesicle assembly.
SPAAC reactive Doxorubicinloaded nanoemulsion (NSNEpox-BCN) was
mixed with SPAAC reactive azide- bearing aHER2y,ige-IgG and incu-
bated for 3 h under gentle rotation at room temperature. The reaction
mixture was spin-washed and stored at 4 °C for further experimentation.

For site specific antibody conjugation quantification, the through
flow after wash spin was analysed using BCA assay as Wtantibody uncon-
jugated)- Percentage of antibody conjugation was calculated according to
following equation:
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Wtantibody unconjugated

Percentage of antibody conjugated : 100 % — .( Wit total antibod
y

x 100)

Specificity was determined by pre-blocking of the binding site via
azide-click groups in a threefold molar access for 3 h. The blocked
nanoparticles were spin washed then incubated with the azide- labelled
aHER2,,i4.-1gG and left for another 3 h at room temperature. The system
was then spin washed and analysed for remaining unconjugated anti-
body using BCA assay. Percentage of unspecific and specific antibody
conjugation was calculated according to following equation:

Percentage of unspecific antibody conjugation

. 100% — (Wt antibody unconjugated % 10 0)

Wt total antibody

Particle diameter, size distribution and morphology were monitored
after antibody conjugation using dynamic light scattering and Scanning
Electron Microscopy.

4.11. Tumour cell receptor binding efficiency

Tumour cell lines expressing and non-expressing HER2 receptors
were seeded overnight. 1.5 x 10* cells/well were collected and incu-
bated with various treatment including targeting ligand oHER2-IgG
before and after SMAB in 3 different dilutions (1, 2.5 and 5 pg/mL) or
the targeted nanovesicles NSNEpox-oaHER2-1gG aliquots containing 1ug
Doxorubicin. A blocking treatment of the two cell lines with commercial
analog of aHER2-IgG was investigated as a pretreatment before incu-
bating with NSNEpox-aHER2-IgG. Receptor binding efficiency was
detected using antiHuman IgG-488 florescent mAb via flow cytometry.

4.12. WST-1 cytotoxic assay

HER2 expressing cancer cells were seeded in DMEM ™ media at 1.5 x
10* cells/well in a flat-bottom Corning® Costar® 96-well microplate,
and grown for 24 h until an 80 % confluent cell layer was formed.
Original DMEM*' media was removed, and the various treatments in
fresh media were added to cells up to 100 pL/well, 3 h time points,
incubated the microplate at 37 °C then 10 pL/well of the reaction so-
lution Cell Proliferation Reagent WST-1 (Merck) was then added and
again incubated at 37 °C for a further 90 min. The spectrophotometrical
absorbance values of samples were then measured at 450 nm using the
FLUOstar OPTIMA Microplate Spectrophotometer. All values were then
calculated as percentages relative to wells of DMEM + media while
viable and untreated cells at each time point was used to normalize the
maximum cell viability to 100 % and hence measure the in vitro cyto-
toxicity of treatments.

4.13. In vitro plasma stability

The in vitro plasma stability of the nanosystem was studied in human
plasma. Initially, blood was withdrawn from healthy volunteers (0.5 %
volume of 3.2 % w/v sodium citrate added as an anticoagulant) ac-
cording to ethics approval number CF07,/0141-2007,/0025). The whole
blood was then centrifuged at 1000 rpm for 10 min and the blood plasma
was separated from the blood cells. Plasma stability testing was initiated
by the addition of 100 ulL of particle solution (NSNE, NSNEpox-oaHER2-
IgG) to 1 mL of preheated plasma solution. The particles were incubated
in the blood plasma continuously for 120 min in a shaking water bath at
37 °C. Samples were taken at 0, 30 and 120 min, diluted twofold using
preheated PBS for ideal DLS analysis using Malvern Zetasizer (Nano ZS).
Dynamic light scattering (DLS) was used to monitor the change in par-
ticle characteristics (size and PDI). The values represent the mean of
three independent experiments.
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4.14. Statistical analysis:

One-way analysis of variance was used to determine statistical sig-
nificance. The results are expressed as means =+ the standard error of the
mean. P-values < 0.05 were considered statistically significant. All sta-
tistical analyses were performed using Graphpad prism V9.4.1.
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