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Abstract

Inspired by the compartmentalized structure of eukaryotic cells (which isolate crucial
functions on separate compartments), carriers containing multiple compartments have
attracted a great deal of attention due to its potential in a wide range of fields (i.e.,
biomedicine, drug delivery or biomimicry). The two main applications of
multicompartment carriers to date are as traditional drug delivery vehicles or
microreactors to degrade waste/harmful products or to support the synthesis of
biomolecules. As drug delivery carriers, thanks to their compartmentalized structure they
offer the ability to encapsulate multiple (incompatible) therapeutic molecules within the
same carrier in distinct separated compartments while ensuring the co-localization of such
therapeutic molecules at the target site. As microreactors, the multicompartment
platforms allow the encapsulation and protection of enzymes in independent sub-
compartments offering the opportunity to perform cascade and/or parallel enzymatic

reactions at the intracellular or extracellular level.

Despite the great efforts invested in the development of these carriers, most of them are in
the micron range which limits their therapeutic potential. Aiming to move the field
forward, a new multicompartment carrier in the submicron range with potential as dual-
cargo drug delivery vehicle and extracellular microreactor is presented in this PhD thesis.
For this, two different building blocks, namely microgels (MGs) and liposomes where
chosen with the aim to achieve two different cargo release profiles (a promising approach
for tandem release). While the cargo encapsulated within the MGs will experience a fast
release due to the MGs large pores, the cargo encapsulated within the liposomes is
expected to be released in a slower rate. In particular, poly(N-isopropylacrylamide-co-
acrylic acid) MGs were chosen as a core and were subsequently decorated with liposomes
attached by electrostatic interactions. Since liposomes suffer from low structural stability
in physiological environments, the assembly was coated with a polydopamine (PDA)
layer. Next, the assembly was terminated by functionalising the PDA layer with poly(L-



lysine)-grafted-poly(ethylene glycol) (PLL-g-PEG) to endorse the multicompartment

carrier with low-fouling properties.

First, the assembly was thoroughly optimised by evaluating two different sizes of MGs
(i.e., MG and MGgssp) as the optimal core for the multicompartment carrier in terms of
colloidal stability, facile production and PEGylation effect upon incubation with relevant
cell lines (i.e., RAW 264.7, macrophages, HUVEC, endothelial cells and HelLa cancer
cells as an example of therapeutic target). Based on the findings, the MGzqo was selected
as the core for subsequent experiments. Next, the potential of the multicompartment
carrier as dual-cargo vehicle was investigated by loading model molecules (i.e.,
methylene blue and calcein) in the MG and liposome cores. The results showed a slower
release profile from the liposomes than MGs indicating a promising system for tandem
release. Importantly, the cell/carrier interaction was thoroughly investigated taking into
consideration the dynamics of the human physiology in terms of shear stress (produced by
blood flow and interstitial fluid in tumours). The findings regarding the impact of shear
stress on cell uptake/association, cellular uptake pathway and PEGylation effect highlight
the importance of including shear stress when developing a new carrier. Finally, the
potential of the multicompartment carrier as extracellular microreactor was evaluated in
test tubes. For this, catalase (CAT) was encapsulated within the liposome core in order to
perform the cascade reaction of reactive oxygen species detoxification as proof-of-
concept. The results showed a successful detoxification of superoxide radical due to the
antioxidant activity of PDA vyielding H;O, and a mix of products. This H,O, was also
successfully scavenged by the CAT loaded within the liposomes used to assemble the
microreactor, yielding H,O and O,. What is more, the microreactor was reused for at least
five enzymatic cycles demonstrating its potential to perform cascade reactions in a
continuous manner which is highly important in therapeutic applications.



Dansk resumé

Carriers indeholdende adskillige opdelte rum har tiltreekt en del opmarksomhed (f.eks
inden for biomedicin, drug delivery, biomimicry). Disse er inspireret af eukaryote celler,

som isolerer ngdvendige funktioner i separate rum.

De to hovedsagelige applikationer af de rumopdelte carriers er til dato som traditionelle
drug delivery verktgjer eller som mikroreaktorer til degradering af affald/skadelige
produkter eller som support til syntesen af biomolekyler. Som drug delivery veerktgj er
disse, takket veere deres rumopdelte strukturer, i stand til at indkapsle adskillige
(inkompatible) terapeutiske molekyler i samme carrier i distinkte opdelte rum, og
samtidigt sikre co-lokalisationen af disse terapeutiske molekyle til samme mal.

Som mikroreaktorer kan de rumopdelte carriers tillade indkapsling og beskyttelse af
enzymer i underopdelte rum, hvilket giver mulighed for at udfere kaskade- og/eller

parallelle enzymatiske reaktioner pa intra- eller ekstracellulaert niveau.

Pa trods af den store indsats investeret i udviklingen af disse carriers er de fleste af dem i
micrometer starrelse, hvilket begraenser deres terapeutiske potentiale. Med malsatningen
om at rykke dette forskningsfelt fremad, er der i denne PhD afhandling praesenteret nye
multi-opdelte carriers i stgrrelser mindre end en micrometer. To forskellige byggeblokke
er udvalgt for at kunne opna dette. Disse er henholdsvis mikrogeler (MGs) og liposomer,
som blev udvalgt for at kunne opna to forskellige profiler for frigivelsen af indholdet (en
lovende tilgang til at kunne opna tandem-release). Indholdet ladet i MGs vil opleve en
hurtigere frigivelse, grundet de store porer i MGs, mens inholdet i liposomer forventes at
blive frigivet over lengere tid. Neermere bestemt blev poly(N-isopropylacrylamide-co-
acrylic acid) MGs udvalgt som kerne, for efterfglgende at dekorere kernen med
liposomer, som er sammenholdt af elektrostatiske interaktioner. Eftersom liposomer har
lav strukturel stabilitet i fysiologisk miljg blev sammensatningen coated med et

polydopamine (PDA) lag yderst. Derefter blev sammensatningen termineret ved



funktionalisering af PDA laget med poly(L-lysine)-grafted-poly(ethylene glycol) (PLL-g-
PEG) for at ydstyre den multiopdelte carrier med low-fouling egenskaber.

Farst, blev monteringen af denne konstruktion optimeret ved evaluering af to forskellige
starrelser af MGs, henholdsvis MG7o0 0g MGas, for at fa den mest optimale kerne for en
mutli-opdelt carrier, med henblik pa colloidial stabilitet, let produktion, og PEGylerings
effekt ved inkubering med relevante cellelinjer (RAW 264.7, makrofager, HUVEC,
endotel celler og HeLa cancer celler, som et eksempel pa et terapeutisk mal). MGq blev
udvalgt baseret pa disse eksperimenter som kerne for efterfalgende forsgg. Derefter blev
potentialet af den multiopdelte carrier som et dual-cargo verktgj undersggt ved at loade
model molekylerne methylene blue og calcein i MGs og liposom kernerne. Resultaterne
herfra viste en langsommere frigivelse fra liposomerne end for MGs, hvilket tydede pa et

lovende system for tandem-release.

Vigtigt var, at celle/carrier interaktionerne blev grundigt undersggt med henblik pa
dynamikken af den menneskelige fysiologi i forhold til mekanisk tryk (skabt af
blodtrykket og ekstracelluleervaeske i tumorer). Resultaterne med hensyn til indflydelsen
fra det mekaniske tryk pa cellulert optag/association, cellulere optagelsesvej, og
PEGylerings effekt belyser vigtigheden af at inkludere det mekaniske tryk i udviklingen
af en ny carrier. Til slut, blev potentialet af den multiopdelte carrier som extracelluleaer
mikroreaktor evalueret i reagensglas. Til dette blev katalase (CAT) indkapsuleret i
liposomernes kerne for at kunne udfegre kaskade reaktioner til detoksificering af reaktive
oxygen arter, som proof-of-concept. Resultaterne heraf viste succesfuld detoksificering af
superoxid radikaler grundet den antioxidante aktivitet af PDA, hvilket resulterer i H,O, og
en blanding af produkter. Det producerede H,O, blev med succes opfanget af det
liposomalt indkapslede CAT fra sammensatningen af mikroreaktoren, som resulterede i
dannelse af H.O og O, Derudover blev mikroreaktoren genbrugt til mindst fem
enzymatiske cyklusser, som demonstrerer dennes potentiale til at udfere kaskade
reaktioner i en kontinuer facon, hvilket er vigtigt til terapeutiske applikationer.
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Figure 1.8 Major mechanical forces due to blood flow. Shear stress is the force resulting
from the friction of the parallel blood flow and the cellular surface, the blood pressure is
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the force applied perpendicular to the vessel wall and the circumferential wall stress
results from the stretching of the vessel wall as consequence of the pressure gradient
aCross the VeSSel Wall.[111]......coi it e e en 45
Figure 3.1 MGs characterisation. Differential interference contrast microscopy images of
larger microgel (MGy7q) and smaller microgel (MGsso). Inset scale bar: 2 um. Adapted
from reference [60] with permission. Copyright (2018) by Elsevier. ........cccccceviieeninennne. 62
Figure 3.2 Liposomes deposition. Normalised mean fluorescence intensity (nMFI) of a)
MG7o0 and b) MGsso upon incubation with increasing amount of lipids. a) Inset 1:
Differential interference contrast (DIC) microscopy images of non-aggregated MGroo
decorated with fluorescently labelled liposomes (L"). Inset 2: DIC images of aggregated
MGroo/ LF. b) Inset: DIC images of non-aggregated MGaso/ LF, scale bar: 2 pm. Adapted
from reference [60] with permission. Copyright (2018) by Elsevier. ..........ccccevieeninennne 63
Figure 3.3 Liposome deposition. Fluorescence microscopy image of non-aggregated
microgels (MG) decorated with fluorescently labelled liposomes (L") showing a green
signal arising from the L". Adapted from reference [60] with permission. Copyright
(2018) DY EISBVIET......eieiiiie ettt ettt ettt e e st e e et e e ebe e e e nnae e e e 64
Figure 3.4 Poly(dopamine) (PDA) deposition. a) Dopamine (DA) polymerisation into
PDA, for 16 h at room temperature, on MG/fluorescent liposomes (L") resulting in a
black suspension. b) Differential interference contrast microscopy image and fluorescence
microscopy images of MG/L"/PDA carriers. Inset scale bar: 2 um. Adapted from
reference [60] with permission. Copyright (2018) by EISeVIer.........ccccceiviiiiiiieniieeiien. 65
Figure 3.5 MG/L"/PDA characterisation. a) Scanning electron microscopy images of bare
MGs (top), MG/LF (middle) and MG/LF/PDA (bottom). b) Size-distribution histogram of
i) bare MG7g and MGoo/L7/PDA and of ii) bare MGsso and MGaso/L7/PDA. Adapted
from reference [60] with permission. Copyright (2018) by Elsevier. ........ccccccevieeninennne. 66
Figure 3.6 Poly(dopamine) (PDA) functionalisation with poly(L-lysine)- grafted
poly(ethylene glycol (PLL-g-PEG) (PLL-g-PEG). a) &- potential measurements of
microgels (MGs) i) MG and ii) MGssp after each deposition step: liposomes (L), PDA
and PLL-g-PEG. iii) Differential interference contrast image of the MG/L/PDA/PEG
carrier. Inset scale bar: 2 um. b) i) Frequency (Af) and ii) dissipation (AD) changes
measure by quartz crystal microbalance with dissipation monitoring after each incubation
step. Adapted from reference [60] with permission. Copyright (2018) by Elsevier.......... 67
Figure 3.7 Storage stability. Differential interference contrast microscopy images
MG700o/L/PD) functionalised with PLL-g-PEG (MG7o/L/PDA/PEG) stored at 4 °C in PBS
for up to 14 days. Adapted from reference [60] with permission. Copyright (2018) by
] RV RO PPPROUSPRPSPPRP 69
Figure 3.8 Biocompatibility. a) Cell viability of i) RAW 264.7 cells, ii) HUVEC cells and
iii) HeLa cells upon incubation with increasing amount of MG7q/L/PDA. b a) Cell
viability of i) RAW 264.7 cells, ii) HUVEC cells and iii) HeLa cells upon incubation with
increasing amount of MGg3s0/L/PDA. n=3; ns > 0.05 *p < 0.05; **p < 0.01; ***p <
0.001; ****p < 0.0001. Adapted from reference [60] with permission. Copyright (2018)
o)V = =N T PRSPPSO 71
Figure 3.9 Incubation time optimisation. a) Cellular uptake efficiency (CUE) of i) RAW
264.7 cells, ii) HUVEC cells and iii) HeLa cells upon incubation with 3.7 ng of
MG/ L7/PDA at different time points. b) CUE of i) RAW 264.7 cells, ii) HUVEC cells
and iii) HeLa cells upon incubation with 18.5 ng of MGaso/L7/PDA at different time
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points n=3; ns > 0.05. Adapted from reference [60] with permission. Copyright (2018) by
] RV =] RS PPUOPRPSPPRP 72
Figure 3.10 Stability upon cell culture media exposure. Differential interference contrast
microscopy images of MGyo/L/PDA or functionalised MG7oo/L/PDA/PEG incubate in
cell culture media at 37 °C for different time points. Adapted from reference [60] with
permission. Copyright (2018) DY EISEVIEI. ......ccueiiiiiiiiiie e 73
Figure 3.11 Cellular uptake/association of MG/ L" /PDA and functionalised
MG/L/PDA/PEG with RAW 264.7 cells. a) Cell mean fluorescence intensity (CMFI)
upon incubation with MG/L*/PDA and MG/LF/PDA/PEG. b) Cellular uptake efficiency
(CUE) upon incubation with MG/LF/PDA and MG/L/PDA/PEG. n=3; *p < 0.05; **p <
0.01. Adapted from reference [60] with permission. Copyright (2018) by Elsevier......... 74
Figure 3.12 Cellular uptake/association of MG/ L°~ /PDA and functionalised
MG/LF/PDA/PEG with HUVEC cells. a) Cell mean fluorescence intensity (CMFI) upon
incubation with MG/L7/PDA and MG/LF/PDA/PEG. b) Cellular uptake efficiency (CUE)
upon incubation with MG/L"/PDA and MG/LF/PDA/PEG. n=3; *p < 0.05. Adapted from
reference [60] with permission. Copyright (2018) by EISeVIer.........cccoceviiieiiiieniiieeiien. 75
Figure 3.13 Cellular uptake/association of MG/ L" /PDA and functionalised
MG/LF/PDA/PEG with HeLa cells. a) Cell mean fluorescence intensity (CMFI) upon
incubation with MG/L7/PDA and MG/LF/PDA/PEG. b) Cellular uptake efficiency (CUE)
upon incubation with MG/L7/PDA and MG/L"/PDA/PEG. n=3. Adapted from reference
[60] with permission. Copyright (2018) by EISEVIer. ......cocoiiiiiiiiieeee e 76
Figure 3.14 Cell viability of RAW 264.7, HUVEC and HeLa cells upon incubation with
MG/L/PDA or MG/L/PDA/PEG. n=3. The results were normalised to cells only. Adapted
from reference [60] with permission. Copyright (2018) by Elsevier. .........cccoccvviieiniinenns 76
Figure 4.1 Protein adsorption onto the multicompartment carriers surface. a) Normalised
mean fluorescence intensity (nMFI) non-PEGylated (MG/ L™ /PDA) and PEGylated
(MG/L/PDA/PEG) carriers upon incubation with fluorescently labelled immunoglobulin
G (IgG-FITC) (i) and bovine serum albumin (BSA-FITC) (ii) at T = 0 dyn cm™ (1o, light
grey bars), T = 0.5 dyn cm™ (105, dark grey bars) and t = 4.0 dyn cm’@ (t4, black bars). b)
Differential interference contrast and fluorescence microscopy images upon incubation
with 1gG-FITC (i) and BSA-FITC (ii). Adapted from reference [60] with permission.
Copyright (2018) DY EISEVIET........eii it 95
Figure 4.2 Dual-cargo release kinetics. a) Release of encapsulated methylene blue (MB)
inside the microgels (MGM®) core overtime from both non-PEGylated (MGV®/L/PDA)
and PEGylated (MGMB/L/PDA/PEG) multicompartment carriers. b) Release of
encapsulated Calcein (Cal) within the liposomes (L?') overtime from both MG/L“¥/PDA
and MG/L“¥/PDA/PEG. Adapted from reference [60] with permission. Copyright (2018)
o)V = =N T TP 97
Figure 4.3 Interaction of non-PEGylated (MG/L7/PDA) and PEGylated carriers
(MG/LF/PDA/PEG) with RAW 264.7 cells. a) i) Cell mean fluorescence intensity (CMFI)
of RAW 264.7 cells upon exposure to the carriers at T = 0 dyn cm™ (1o, light grey bars),
= 0.5 dyn cm (15, dark grey bars) and T = 4.0 dyn cm™ (4, black bars). n = 3, *p < 0.05;
**p < 0.01; ***p < 0.001; ****p < 0.0001. ii) Cell uptake efficiency (CUE) of the
MG/L7/PDA and MG/LF/PDA/PEG carriers by RAW 264.7 cells at 1o (light grey bars),
105 (dark grey bars) and 14 (black bars). b) Confocal laser scanning microscopy images
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showing the internalisation of MG/LF/PDA and MG/L"/PDA/PEG (green signal) by
RAW 264.7 cells at different shear stress CONAItIONS. ........cccooveieiiiiiiiiie e 99
Figure 4.4 Interaction of non-PEGylated (MG/LF/PDA) and PEGylated carriers
(MG/LF/PDA/PEG) with HUVEC cells. a) i) Cell mean fluorescence intensity (CMFI) of
HUVEC cells upon exposure to the carriers at T = 0 dyn cm™® (1o, light grey bars), T = 0.5
dyn cm (tos, dark grey bars) and T = 4.0 dyn cm™ (14, black bars). n = 3, *p < 0.05; **p
< 0.01; ***p < 0.001; ****p < 0.0001. ii) Cell uptake efficiency (CUE) of the
MG/LF/PDA and MG/LF/PDA/PEG carriers by HUVEC cells at 1o (light grey bars), tos
(dark grey bars) and t4 (black bars). b) Confocal laser scanning microscopy images
showing the internalisation of MG/LF/PDA and MG/L"/PDA/PEG (green signal) by
HUVEC cells at different shear stress conditions. The actin filaments of the cells have
been stained with phalloidin-TRITC (red signal). Adapted from reference [60] with
permission. Copyright (2018) by EISEVIEr. .....ccccvviiiiiiiee e 101
Figure 4.5 Interaction of non-PEGylated (MG/LF/PDA) and PEGylated carriers
(MG/LF/PDA/PEG) with HeLa cells. a) i) Cell mean fluorescence intensity (CMFI) of
HeLa cells upon exposure to the carriers at T = 0 dyn cm™ (1, light grey bars), T = 0.5 dyn
cm™? (105, dark grey bars) and t = 20.0 dyn cm™ (t20, black bars). n = 3, *p < 0.05; **p <
0.01; ***p < 0.001; ****p < 0.0001. ii) Cell uptake efficiency (CUE) of the MG/LF/PDA
and MG/L"/PDA/PEG carriers by HeLa cells at 1o (light grey bars), o5 (dark grey bars)
and 1y (black bars). b) Confocal laser scanning microscopy images showing the
internalisation of MG/L"/PDA and MG/L7/PDA/PEG (green signal) by HeLa cells at
different shear stress conditions. The actin filaments of the cells have been stained with
phalloidin-TRITC (red signal). Adapted from reference [60] with permission. Copyright
(2018) DY EISBVIEI......eiiiieie ettt ettt ettt e e en e et e e ebeeeennreaeas 104
Figure 4.6 Cell viability of RAW 264.7, HUVEC and HeLa cells upon exposure to non-
PEGylated (MG/L"/PDA) and PEGylated (MG/L"/PDA/PEG) carriers at t = 0 dyn cm™
(10), T = 4 dyn cm™? (14) and T = 20 dyn cm? (10). n = 3, **p < 0.01. Adapted from
reference [60] with permission. Copyright (2018) by EISeVier........ccccoceiviiiiiiieeniieenne 106
Figure 4.7 Cellular uptake pathways. a) Cell viability of RAW 264.7 cells upon exposure
to chemical inhibitors (i.e., filipin, amiloride or latrunculin A). b) Normalised cell mean
fluorescence intensity (nCMFI) of RAW 264.7 cells upon exposure to non-functionalised
(MG/LF/PDA) or functionalised (MG/L*/PDA/PEG) carriers in the presence of chemical
inhibitor at T = 0 dyn cm™ (t0) and © = 0.5 dyn cm™® (t05). N = 3, *p < 0.05; **p < 0.01;
**%p < 0.001; ****p < 0.0001. Adapted from reference [60] with permission. Copyright
(2018) DY EISBVIEI......eiiiiiii ettt ettt ettt e e sn e e enbeeeebaeeennreaens 108
Figure 4.8 Cellular uptake pathways. a) Cell viability HUVEC cells upon exposure to
chemical inhibitors (i.e., filipin, amiloride or latrunculin A). b) Normalised cell mean
fluorescence intensity (nCMFI) of HUVEC cells upon exposure to non-functionalised
(MG/LF/PDA) or functionalised (MG/L"/PDA/PEG) carriers in the presence of chemical
inhibitor at T = 0 dyn cm™ (10) and T = 0.5 dyn cm™ (Tp5). n = 3, **p < 0.01; ***¥p <
0.0001. Adapted from reference [60] with permission. Copyright (2018) by Elsevier... 110
Figure 4.9 Cellular uptake pathways. a) Cell viability HeLa cells upon exposure to
chemical inhibitors (i.e., filipin, amiloride or latrunculin A). b) Normalised cell mean
fluorescence intensity (nCMFI) of HeLa cells upon exposure to non-functionalised (MG/
L™ /PDA) or functionalised (MG/L7/PDA/PEG) carriers in the presence of chemical
inhibitor at T = 0 dyn cm™ (1) and T = 20 dyn cm™ (t2). n = 3, *p < 0.05; **p < 0.01;
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**%p < 0.001; ****p < 0.0001. Adapted from reference [60] with permission. Copyright
(2018) DY EISBVIET......eiiiiiie ettt ettt ettt sttt e e snb e e enbe e e eneeeennreaeas 111
Figure 5.1 Liposomes deposition and poly(dopamine) coating. a) Normalised mean
fluorescence intensity (nMFI) of MGs upon incubation in increasing amount of lipids, the
inset shows a Differential interference contrast (DIC) image of the aggregated sample. b)
DIC and fluorescent images showing good colloidal stability of MGs decorated with
fluorescent liposomes (L") (MG/LF) and further coated with a polydopamine layer (PDA)
(MG/ LF /PDA). The Eppendorf tube pictures show the change in colour of the solution
upon incubation of MG/L" with DA for 16 h at RT yielding MG/ LT /PDA................... 131
Figure 5.2 PEGylation effect towards protein adsorption. a) &-potential measurements of
each assembly step. Normalised mean fluorescence intensity (nMFI) of non-PEGylated
(MG/L/PDA) and PEGylated (MG/L/PDA/PEG) microreactors with different grafting
ratios (GR) upon incubation with two concentrations (0.075 mg mL™* and 0.5 mg mL™) of
a) BSA-FITC and b) IgG-FITC. n=3; ****p < 0.0001. ...c.ceceoorrrrerrrrrrrerercrerereeeeeereneeeeeas 133
Figure 5.3 PEGylation effect towards cell uptake/association. i) Normalised cell mean
fluorescence intensity (nCMFI) and ii) Cellular uptake efficiency (CUE) of a) RAW
264.7 and b) HUVEC cells upon incubation with MG/L"/PDA or MG/LF/PDA/PEG with
different grafting ratios (GR). n=3, *p < 0.05; **p < 0.01; ***p < 0.001; **** p < 0.0001.
.............................................................................................................................................. 136
Figure 5.4 Catalase (CAT) encapsulation. a) Liposome saturation upon incubation with
increasing CAT concentration measured by micro BCA assay yielding L“*T. b) Diameter
and polydispersity (PDI) of empty L and L“*". ¢) &-potential of empty L and L“*. ..... 139
Figure 5.5 Microreactor characterisation. a) &- potential measurements after each
deposition step: First bare MGs are decorated with catalase-loaded liposomes (L““T)
followed by the poly(dopamine) (PDA) coating and functionalised with poly(L-lysine)-
grafted-poly(ethylene glycol) (PLL-g-PEG). b) Differential interference contrast and
fluorescent image of MG/LETFTCPDA. ...ttt 140
Figure 5.6 Superoxide dismutase like-activity of poly(dopamine) (PDA). The detection
method is based on the production of O," by the xanthine/xanthine oxidase system which
reduces cytochrome C that can be detected measuring absorbance at 550 nm. When the
superoxide dismutase (SOD), MG/LT/PDA or MG/LT/PDA/PEG microreactors are
present they inhibit the reduction of cytochrome C by transforming O~ into H,O, and a
mix of products. a) Reaction kinetics. b) Recyclability of the microreactors. ................. 143
Figure 5.7 Cascade reaction using amplex red/horseradish peroxidase (HRP) assay. The
detection method is based on the production of O,” by KO, which in the presence of
MG/LF“AT/PDA or MG/LF““T/PDA/PEG is transformed into H,O,. The generated H,O
acts as substrate for the CAT contained in MG/L™“*T/PDA and MG/L"““T/PDA/PEG
being transformed into H,O and O,. The reaction is evaluated by the detection of the
fluorescent product named resorufin which is produced by the amplex red oxidation by
HRP and H,0,. a) Normalised fluorescence intensity (nFl) of buffer (blank), MG/L",
MG/LT/PDA, MGI/LF/PDA/PEG, MG/L"“*T/PDA and MG/L"“*"/PDA/PEG upon
incubation with KO, for 0.5 h at 37°C and detected with the amplex red/HRP assay. b)
Recyclability of the MICrOrEaACIOrS. ........uii i 146
Figure A.1 Elution profile of liposomes and catalase in size exclusion chromatography.
Fluorescence readings (FI) of the fractions containing fluorescent liposomes (L"®P) and

17



absorbance readings of fractions containing catalase (CAT). The fractions 5 to 15 are the
ones collected for further eXPeriments. ........c.oo i 170
Figure A.2 Superoxide dismutase (SOD)-like activity of MG/L/PDA/PEG
microreactors. a) Absorbance Peak Height of blank, MG/L" and microreactors
(MG/LF/PDA and MG/LF/PDA/PEG) upon incubation with xanthine, xanthine oxidase
and cytochrome C for 0.5 h at 37°C. Measured at 550 nm. B) Calibration curve of SOD
upon incubation with xanthine, xanthine oxidase and cytochrome C for 0.5 h at 37°C.
Measured at 550 NIML. ...t ebb e e srb e e ebeeeenee e e 170

Table 1.1 Advantages and disadvantages of building blocks used in the assembly of
multicompartment carriers. Reprinted from reference [2] with permission. Copyright
(2007) DY EISBVIET.....eeie ettt ettt et et e e ssb e e snbe e e ennee e s neeeenes 25
Table 1.2 Summary of poly(ethylene glycol) functionalised (PEGylated) drug delivery
carriers clinically approved or undergoing clinical trials by 2016. HIV: Human
immunodeficiency virus; HER2: Human epidermal growth factor receptor 2; PSMA:
Prostate-specific membrane antigen; PLGA: Poly(lactic-co-glycolic acid); KRAS: Kristen
Rat Sarcoma; NIR: Near infrared; cRGDY': Cyclic arginine-glycine-aspartic acid Adapted
from reference [99] with permission. Copyright (2016) by John Wiley and Sons............ 42
Table 3.1 MG characterisation. Size, zeta- potential (§- potential) and polydispersity
(PDI1) of the synthesised MGs. Mean values + Standard deviation. Adapted from
reference [60] with permission. Copyright (2018) by EISeVIer.........ccccveiiiieiiiieniiieeinen, 61
Table 5.1 Overview of the synthesised Poly(L-lysine)-graft-poly(ethylene glycol) (PLL-
g-PEG) varying the grafting ratios. ®*Grafting ratio calculated from nuclear magnetic
FESONANCE ANAIYSIS ...eveiiiiiie ettt et e e st e e sttt e e ssbe e e snbeeeenbeeeanneeaans 123

Scheme 3.1 Schematic of the assembly of the multicompartment carrier. First a poly(N-
isopropylacrylamide-co- acrylic acid) (P(NIPAM)-co-AAc) microgel (with a diameter of
700 nm or 350 nm) is decorated with a liposome layer (i) through electrostatic
interactions. Next, a poly(dopamine) (PDA) layer (ii) is deposited on the surface by self-
polymerisation of dopamine. Finally, the PDA surface is functionalised with poly(L-
lysine)-grafted poly(ethylene glycol (PLL-g-PEG) (iii) through covalent bonds between
the o-quinones of the PDA and the amine groups of PLL. The PEGylation effect of non-
functionalised and functionalised carrier is evaluated in terms of cellular association/
uptake, cellular uptake efficiency and cell viability upon incubation with macrophages
(RAW 264.7), endothelial cells (HUVEC) and cancer cells (HelLa). Adapted from
reference [60] with permission. Copyright (2018) by EISeVIer.........cccoveiiiieiiieiiieeeen, 52
Scheme 4.1 Overview of the topics covered by this chapter. PEGylation effect by means
of protection towards protein adsorption in the presence and absence of shear stress.
Evaluation of its functionality as a dual-cargo carrier. Study of the influence of shear
stress in the cell association/uptake by three different cell lines (i.e., RAW 264.7,
HUVEC and HeLa cells) and cellular uptake pathway using chemical inhibitors (i.e.,
latrunculin A, amiloride, filipin and chlorpromazine). Adapted from reference [60] with
permission. Copyright (2018) by EISEVIEr. .....cccvvviiiiiiee e 81
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Scheme 4.2 Schematic representation of the commercial microfluidic device used to
accurately control the shear stress. Adapted from reference [60] with permission.
Copyright (2018) DY EISEVIET........eiiiiieeie et 83
Scheme 5.1 Schematic representation of the multicompartment microreactor and ROS
detoxification cascade. The microreactor is assembled using a P(NIPAM)-co-AAc MGs
as core decorated with a catalase (CAT)-loaded liposome layer (i), next a
poly(dopamine) (PDA) layer coats the MG/L assembly (ii) which is easily functionalised
with poly(L-lysine)-grafted-poly(ethylene glycol) (PLL-g-PEG). The insets represent the
cascade reaction in which the superoxide radical anion (O2") is transformed into H,0;
(and a mixture of products) by the catechol groups present in the PDA layer, H,O, then
acts as substrate for the catalase (CAT) loaded within the liposome core to yield H>O and
PP URTR 119
Scheme 5.2 Reaction of aliphatic amines with 0-QUINONES ...........cocveeiiiieniieeiiiee e 144
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Disposition

This thesis comprises six chapters, one introductory chapter (Chapter 1), which includes
information from two review papers published in Colloids and Surfaces B: Biointerfaces
(2017) and Advanced Healthcare Materials (2018), and three experimental chapters
(Chapter 3, 4 and 5). Being Chapter 2 the aims of this PhD thesis. Chapter 3 describes the
assembly and characterisation of the multicompartment carrier. Chapter 4 describes the
functionality of the developed multicompartment carrier as a dual-cargo vehicle and its
interaction with relevant cell lines in the absence and presence of physiological shear
stress conditions. Chapter 3 and 4 include results from an experimental paper published in
Colloids and Surfaces B: Biointerfaces (2018). Chapter 5 describes the functionality of
the multicompartment carrier as a microreactor (envisioned to act extracellularly) able to
scavenge reactive oxygen species. Finally, Chapter 6 presents the main conclusions based
on the findings of this PhD thesis.
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1.1 Multicompartment carriers

Inspired by the natural compartmentalized structure of eukaryotic cells, the design of
multicompartment platforms has risen increasing interest over the last few years due to its
great potential in a wide range of fields such as biomedicine, drug delivery or
biomimicry.[1] This strategy allows the cells to isolate and protect essential cellular
activities required for living such as protein production in the ribosomes, digestion of
unwanted materials in the lysosomes or energy production and cellular respiration in the

mitochondria from external cytotoxic reactions.[2]

The most investigated and advanced multicompartment systems reported to date are
divided in two groups depending on the composition of the sub-compartments and the
carrier vessel (Figure 1.1): Single-component assemblies in which the nature of both the
sub-compartments and the carrier vessel is the same (i.e., liposomes-in-liposomes
(vesosomes),[3,4] polymersomes-in-polymersomes[5] and capsules-in-capsules[6]) and
dual-component assemblies in which the nature of the components differs (i.e.,
polymersomes-in-liposomes,[7] cubosomes-in-polymer capsules[8,9] and liposomes
embedded within a polymer capsule (so-called capsosomes)[10-14]).

Table 1.1 summarizes the advantages and disadvantages of each building block.
Liposomes, spherical vesicles consisting of single or multiple phospholipid bilayers
containing an aqueous core,[15] are the most studied drug delivery system to date, first
reported in 1961[16] with a dozen liposomal drugs approved for clinical use.[17] The
synthetic equivalent of liposomes are called polymersomes, in which the phospholipid
bilayer is substituted by amphiphilic polymers.[18] Lastly, cubosomes are honeycombed
structures formed by bicontinous lipid bilayers forming two internal aqueous
channels.[19] Although liposomes and polymer capsules have been extensively used in
the design of multicompartment systems, reports using polymersomes and cubosomes are
scarce. This is probably due to main disadvantages of these systems, such as the low
permeability of polymersomes which hinders the traffic of molecules required to perform
enzymatic reactions (one of the main applications of multicompartment carriers) while the

time-consuming and labour-intensive production of cubosomes limit their use.[2]
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Single-component assemblies
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liposomes
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polymer capsules

Liposomes-in-
polymer capsules

(capsosomes)

Figure 1.1 Schematic of the most studied multicompartment carriers to date. Reprinted from reference [2] with
permission. Copyright (2017) by Elsevier.
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Encapsulation of both hydrophilic
and hydrophobic cargo
Biocompatible
Biodegradable
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- Lack of control
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Polymersomes
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Encapsulation of both hydrophilic

- Lack of permeability for polar
molecules
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and hydrophobic cargo - Diminished ability

- High hydrophobic loading functionalisation with
capacity biological components (i.e.,
- High mechanical stability protein pores, receptors
- Chemical versatility of the antibodies)
polymer building blocks - Made of amphiphilic polymers
- Biodegradable (by the right only
choice of the polymer building - Low amounts of hydrophilic
blocks) cargo
- Triggered release cargo
Polymer - Large variety of polymers can be - Aggregation issues
capsules employed - Time-consuming, labour-
- Precise control over size, shape intensive assembly process
and wall thickness - Difficult to encapsulate small
- Triggered release of cargo hydrophilic cargo
Cubosomes - High mechanical stability - Time-consuming, labour
- Biodegradable intensive assembly process
- Larger loading capacity compared
to liposomes

Table 1.1 Advantages and disadvantages of building blocks used in the assembly of multicompartment carriers.
Reprinted from reference [2] with permission. Copyright (2017) by Elsevier.

1.2 Multicompartment carriers: applications

The compartmentalized structured of the multicompartment carriers offers the possibility
to independently load each sub-compartment with incompatible therapeutic molecules
and to perform enzymatic reactions in separated sub-compartments in a parallel and/or
cascade manner (similar to the organization of a eukaryotic cell).[2] Therefore, the main
applications of multicompartment systems to date are as drug delivery vehicles,[2] and
extracellular[20] or intracellular (the so-called artificial organelles)[11,12,21]

microreactors.
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1.2.1 Multicomparment carriers as drug delivery vehicles

Regarding their application as drug delivery vehicles, the multicompartment platforms
guarantee the co-localization of therapeutically relevant molecules, which could be
potentially incompatible in terms of solubility and or stability,[2] at the target site. The
principle is based on the loading of therapeutic molecules in independent sub-
compartments leading to their co-encapsulation within the same carrier. This approach is
particularly relevant in many diseases such as cancer,[22] immune-associated
diseases,[23] type 2 diabetes[24] or rheumatoid arthritis[25] in which a cocktail of drugs
is required. The achievement of a homogeneous spatial and temporal co-delivery of
therapeutic molecules at the target site is highly unlikely if administered separately, due
to the different pharmacodynamic and pharmacokinetic properties.[22] Multiple
compartment drug delivery carriers are envisioned to improve therapeutic efficacy while
reducing side effects.[2] However, depending on the specific application the different
building blocks that conform the multicompartment platform will vary. For applications
where the tandem release of multiple drugs is desired, building blocks with different
release profiles are needed. For this, hydrogels coated with liposomes (hydrogel-liposome
complexes) are particularly suitable due to the combination of two inherently different
systems with intrinsically different release kinetics (i.e., while hydrogels generally exhibit
a fast release profile due to their large pore size, the liposomes offer a slower release
profile).[26]

1.2.2 Multicompartment carries as microreactors

In addition to their application as drug delivery vehicles, great efforts have been reported
regarding the application of multicompartment systems as extra or intracellular (i.e.,
artificial organelles) microreactors. The principle is based on the encapsulation and
protection of enzymes in separated sub-compartments in order to perform cascade and/or
parallel enzymatic reactions. When these reactions are envisioned to be performed at an
intracellular level the microreactor acts as an artificial organelle, normally replacing

missing or lost natural metabolic activities.[11]
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In order to function as a reactor there are specific requirements that need to be satisfied:
(1) to possess a compartmentalized structure in order to encapsulate and protect the
enzymes, (ii) to retain enzymatic activity required for functionality, (iii) to control the
permeability of the carrier to ensure the entry of substrates and the escape of the products,
(iv) depending on the application in mind, cell internationalization is desired to be able to
enter (artificial organelles) target cells or not in the case of extracellular microreactors and
(V) to be biodegradable and biocompatible.[27]

1.2.2.1 Intracellular microreactors

The multicompartment platforms that fulfil the aforementioned requirements hold
promising potential in enzymatic replacement therapy of, for example, lysosomal storage
diseases (LSDs), in which the substitution of a missing or malfunctioning enzyme(s) is
needed acting as an artificial organelle.[28] More than 50 LSDs have been reported to
date and they are caused by genetic mutations that encode different lysosome enzymes
leading to accumulation of harmful molecules resulting in organ damage.[29] Another
example of enzymatic replacement therapy in which multicompartment carriers are useful
is acting as an artificial peroxisome. A peroxisome is a natural organelle with multiple
functions including the regulation of the intracellular levels of reactive oxygen species
(ROS) through enzymatic reactions.[30] The ROS overproduction has been linked to
several vascular diseases such as arthritis, cancer, hypercholesterolemia, etc.[31] Their
natural regulation is based on an enzymatic cascade reaction in which different enzymes
(i.e., superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase, etc.) keep the
ROS level constant.[32] Therefore, the intracellular implantation of a multicompartment
system acting as a reusable microreactor offers great advantages over the administration
of free enzymes such as protection from external environment (i.e., degradative enzymes,
pH, immunogenicity, etc.) and the possibility to perform cascade[11] and/or parallel[12]
enzymatic reactions at the target site. Numerous studies have addressed the application of
multicompartment carriers as microreactors in test tubes.[15] For example, vesosomes are
able to conduct parallel enzymatic reactions (i.e., encapsulating alkaline phosphatase and
two different substrates) by using temperature due to the different T, of the sub-
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compartments,[33] or cascade reactions (i.e., encapsulating lactase, glucose oxidase
(GOx) and horseradish peroxidase (HRP)) using transmembrane protein pores to allow

communication between the compartment.[34]

Polymersomes-in-polymersomes have also been employed as microreactors. Specifically,
they have being designed to encapsulate three different enzymes (i.e., phenyl acetone
monooxygenase, Candida antarctica lipase B and alcohol dehydrogenase) to convert a
non-fluorescent molecule into a fluorescent one,[35] or to encapsulate GOx and HRP in
order to transform B-D-glucose into a final fluorescent product using transmembrane

channel proteins to allow the communication between the compartments.[36]

Lastly, extensive efforts have been devoted to the development of capsosomes,[14,37-41]
being the only multicompartment system with a confirmed intracellular
functionality.[11,12,21] In particular, Thingholm et al.,[21] first reported the intracellular
conversion of B-D-glucose into cytotoxic H,O, , leading to cell death, by GOx-loaded
liposomes embed in poly(dopamine) (PDA) coated capsosomes-like platforms decorated
with RGD targeting moieties. PDA is a bioinspired polymer that has attracted great
attention over the years due to the possibility to coat virtually any surface as result of the
self-polymerisation of dopamine (DA) under slightly basic conditions , biocompatibility
and easy post-functionalisation due to its reactivity towards amines and thiols.[42] Later
on, Godoy et al.,[12] reported the ability of capsosomes to perform intracellular parallel
enzymatic reactions by encapsulating trypsin (TRP) and HRP in different compartments
in order to transform a non-fluorescent substrate into a green fluorescent product by TRP
while a red fluorescent product was generated by HRP at the same time. On a follow up
study,[11] the authors performed an intracellular cascade reaction using GOx and HRP as
tandem enzymes to transform p-D-glucose into a fluorescent molecule in an intracellular

two-step cascade reaction.

1.2.2.2 Extracellular microreactors

More relevant for this PhD thesis is the design of multicompartment systems that meet the

requirements to act as a microreactor (i.e., (i) compartmentalized structure (ii) to retain
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enzymatic activity, (iii) to control the permeability of the carrier, (iv) avoid internalisation
(V) to be biodegradable and biocompatible) but that are envisioned to act extracellularly.

Although the assembly of sub-compartmentalized systems has gain great interest over the
last few years, only few reports exploit this application. The first report, published by
Hosta-Rigau et al.,[20] is based on the construction of capsosomes containing non-
human phenylalanine ammonia lyase loaded liposomes in order to convert the amino acid
phenylalanine (Phe) into trans-cinnamic acid (t-ca) as a potential treatment for
phenylketonuria disease in which the enzyme responsible to transform Phe into tyrosine is
missing. The system is envisioned to deplete Phe from the gastrointestinal track which
would eventually lead to a decrease of Phe level in plasma. The extracellular functionality
was confirmed by the successful transformation of Phe into t-ca in the presence of human
intestinal epithelial cells in both culture plates and peristalsis-like motions mimicking the
intestinal movement. The cellular uptake is avoided probably due to the large size of the
microreactor, of approximately 5 pum. In a more recent report, Itel et al.,[43] developed a
50 um alginate microreactor equipped with alkaline phosphatase-loaded liposomes or
Sa0S-2 (bone-like osteoblast cells) derived matrix vesicles (which contains alkaline
phosphatase among other components) followed by co-assembly with SaOS-2 cells in
order to form a spheroid. The principle is based on the hydrolysis of inorganic
pyrophosphates into inorganic phosphate which generates calcium phosphate precipitates
leading to bio mineralization. The results demonstrated that only when the matrix vesicles
were present the bio mineralization was improved for at least 10 days. Zhang et al.,[44]
assembled 10 pm silica PDA coated particles containing bovine liver CAT-loaded
liposomes in order to remove ROS (i.e., H,O7) from the cell culture mimicking the liver
function. The extracellular functionality was successfully confirmed by the improved cell
viability upon exposure H,O, for at least 34 h while non-inherent cytotoxicity was found
for the microreactors for up to 10 days. In a different study, Zhang et al.,[45]
demonstrated improved cell viability of planar cultures and cell aggregated of hepatocytes
upon removal of H,O, by a 40 um alginate microreactor containing CAT-loaded

liposomes.
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1.2.2.3 Reactive oxygen species: Importance and antioxidant solutions

As illustrated by the studies reported by Zhang et al.,[44,45] the extracellular ROS
detoxification using compartmentalized systems has attracted attention recently. The
equilibrium of beneficial and detrimental effects of ROS is maintained in the body by
endogenous enzymes such as SODs, CAT, glutathione peroxidases, peroxiredoxins, etc.
(Figure 1.2).[32] ROS, including superoxide radical (O,"), hydrogen peroxide (H20,),
hydroxyl radical (OH) and peroxynitrite (NOQO") are naturally produced by several
enzymes such as nicotinamide adenine dinucleotide phosphate oxidase, xanthine oxidase,
mitochondrial electron transport chain, cytochrome p450 monoxygenases, etc. (Figure
1.2),[31] being essential for cellular function, signalling and as a line of defence.[46]
However, when the production of ROS exceeds the endogenous antioxidant capacity,
oxidative stress is generated leading to several diseases due to the high reactivity of these
species. This high reactivity lies on the unpaired electron in the outer orbital of O,", and
‘OH and the ability to exchange electron with other molecules exhibited by non-radical
species such as H,0,.[31]

A wide range of diseases have been associated to the overproduction of ROS in the
human physiology, such as hypercholesterolemia, hypertension, diabetes, aging and sickle
disease, among others.[31]

The most dangerous ROS is O, due to its ability to generate other ROS. It easily reacts with
nitric oxide generating NOO", leading to hypertension, or it is subjected to dismutation by SOD
yielding H,O; which is involved in cell damage (Figure 1.3). Nowadays several studies
have investigated the use of antioxidant molecules to scavenge ROS diminishing their
damaging effects and therefore reduce the oxidative stress. The most investigated
antioxidant molecules include vitamin C (ascorbic acid) which is obtained through the
diet, vitamin E (tocopherol), vitamin A (retinoids), coenzyme Q10 and lycopene and -
carotene (catoinoids). However, these antioxidant molecules exhibit a lower efficacy in
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Figure 1.2 Biological production and metabolism of reactive oxygen species. Superoxide (O") is naturally
produced by several pathways including nicotinamide adenine dinucleotide phosphate oxidase (NADPH)
and endothelial nitric oxide synthase (eNOS). O, is converted in hydrogen peroxide (H,O,) , by superoxide
dismutases (SODs), which is then either transformed into H,O by catalase (CAT) or by glutathione
peroxidases (GSH-Px) (oxidizing GSH into glutathione disulfide (GSSG)) and peroxiredoxins (oxidizing
thioredoxin (Trx)). O, can rapidly react with nitric oxide (NO) yielding peroxynitrite (NOO-) which can be
inhibited by SODs. Lastly, H,O, can spontaneously be transformed in hydroxyl radical (OH). Adapted
from reference [32] with permission. Copyright (2011) by Mary Ann Liebert, Inc.

ROS scavenging compared to the natural antioxidant enzymes (i.e., SOD and CAT)[47]
and what is more, the efficacy of vitamin E has been centre of debate since some studies
reported that vitamin E has harmful effects.[31]

The specificity and high efficacy of SOD and CAT make their use a promising approach
to reduce oxidative stress. SODs are metalloenzymes responsible for the conversion of
02" into H,0, having three different human isoforms, SOD containing cooper and zinc
found in the cytosol, SOD containing manganese found in the mitochondria and
extracellular copper-containing SOD.[48] On the other hand, CAT transforms H,0; into
H,0 and O being highly active in kidney, erythrocytes and mostly in the liver.[49]

However, the administration of bare SOD and CAT remains an unviable strategy due to
the short half-life of both enzymes in vivo, [50], immunogenicity,[51] and deactivation by
plasma proteases. Therefore, the encapsulation of the enzymes arises as a tool for their
use in ROS scavenging.
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Figure 1.3 Production and role of superoxide radical (O;") in pathological and physiological pathways.
SOD1: superoxide dismutase localized in the cytosol, SOD2: superoxide dismutase localized in
mitochondria matrix and SOD3: extracellular superoxide dismutase. Adapted from reference [32] with
permission. Copyright (2011) by Mary Ann Liebert, Inc.

Few reports have developed a platform that encapsulates both enzymes acting as a tandem
micro/nanoreactor rather than as an enzyme delivery vehicle to detoxify ROS (i.e., in the
micro/nanoreactor the enzymes are always confined and the substrate diffuses into the
reactor in order to performed their enzymatic activity while in a delivery vehicle they are
released for the enzymatic reaction to take place elsewhere).[30,52] However, all these
SOD-CAT-containing reactors act intracellularly (resulting in promising results by
improving cell viability upon ROS exposure), rather than extracellularly.

Some ROS (i.e., H,O,) are able to cross the cell membrane while others (i.e., O;") are
able to use the chloride channels to enter and exit the cells.[53] This means that, while the
ROS are originally generated intracellularly they can easily escape the cell and reach
distant organs (through the systemic circulation) leading to severe pathologies.[54]
Therefore, the removal of ROS from the blood stream (extracellularly) is of outmost

importance.
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Inspired by the promising results obtained with the tandem activity of SOD-CAT in
previous studies,[30,52] this PhD thesis presents a different approach for ROS
detoxification, as proof of concept, by assembling a PDA-coated microreactor containing
CAT-loaded liposomes. The principle relies on taking advantage of the SOD-like activity
of a bioinspired polymer named PDA (i.e., PDA possess several catechol groups which
react with O," to yield H,O, and a mix of products)[55] combined with the scavenging
activity of CAT envisioned to act as an extracellular microreactor. By doing so, the
delicate enzyme related work (i.e., encapsulation and purification) is simplified while
expanding the knowledge about PDA antioxidant activity towards the depletion of O;”
radical. Considering that PDA exhibits a structure similar to that of melanin, it shares
some of its properties such as the antioxidant activity.[56] Although it has been
previously shown that PDA particles are able to scavenge radicals (i.e., 1,1-Diphenyl-2-
picrylhydrazyl radical and 2,2-Azio-bis(3-ethylbenzthiazoline-6-sulfonic acid))[57,58]
their antioxidant activity has not been extensively evaluated by means of their ability to
scavenge the most dangerous ROS, named O~ radical. In a very interesting study, Huang
et al.,[59] coated selenium particles with PDA and demonstrated the antioxidant activity
of PDA towards O,” and 'OH and selenium particles towards H,O, in test tubes, in vitro

studies and in vivo studies using a lung inflammation model.

1.3 Developed multicompartment carrier: Building
blocks

In this PhD thesis, a hydrogel-liposome complex coated with PDA and further
functionalised with poly(L-lysine- grafted poly(ethylene glycol) (PLL-g-PEG) is
designed, characterised an tested in vitro as a multicompartment carrier for dual-cargo
drug delivery and extracellular microreactor (Figure 1.4). In the following sub-sections an
in depth explanation of each building block is provided.
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Figure 1.4 Schematic of the assembly of the multicompartment carrier. First a poly(N-isopropylacrylamide-
co- acrylic acid) (P(NIPAM)-co-AAc) microgel is decorated with a liposome layer (i) through electrostatic
interactions. Next, a poly(dopamine) (PDA) layer (ii) is deposited on the surface by self-polymerisation of
dopamine. Finally, the PDA surface is functionalised with poly(L-lysine)-grafted poly(ethylene glycol
(PLL-g-PEG) (iii) through covalent bonds between the o-quinones of the PDA and the amine groups of
PLL. Adapted from reference [60] with permission. Copyright (2018) by Elsevier.

1.3.1Poly(N-isopropylacrylamide) microgels

Poly(N-isopropylacrylamide) (P(NIPAM)) microgels (MGs) are the most investigated and well
known MGs which were first reported in 1986.[61] The extensive usage of P(NIPAM) MGs in
a wide range of fields such as drug delivery,[62] biosensors,[63] tissue engineering[64], and
photonics[65] has attracted great attention over the years due to their several advantages
such as simple synthesis,[62] ability to encapsulate hydrophobic and hydrophilic
cargo,[66] and the possibility of being biodegradable depending on the cross linker used
on their synthesis,[67] amongst others.

P(NIPAM)-co-AAc MGs are typically synthesised by precipitation polymerisation using
persulfates (i.e., potassium or ammonium persulfate (APS)) as initiators (Figure 1.5).[68]
The synthesis is based on the fact that NIPAM monomers polymerise to form P(NIPAM)
polymer chains upon reaction with the initiator (forming oligoradicals). Once the
polymer chains have grown long enough they precipitate forming nuclei that can be
stabilise by either the addition of stabilizing agents such as surfactants avoiding
aggregation within the nuclei (which will lead to a smaller MG) or by continuous growing
of the nuclei due to aggregation leading to larger MGs (this synthesis is known as
surfactant free precipitation polymerisation) (Figure 1.5). The size can also be modified
by controlling the decomposition rate of the initiators at different temperatures, meaning
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Figure 1.5 Schematic illustration of poly(N-isopropylacrylamide-co-acrylic acid) microgel
(MG) synthesis using surfactant free precipitation polymerisation or precipitation polymerisation. The
reaction starts with the generation of oligoradicals of monomers and cross linker upon reaction with the
initiator following by their precipitation forming nuclei. These nuclei can grow to form larger MGs or can
be stabilise to form smaller MGs.

that larger particles will result from lower temperatures as the initiator will decompose at
a lower rate.[68]

The polymeric network is hold in place using a cross linker. Depending on the election of the
cross linker the resulting MG can be biodegradable under the intracellular reducing environment
(i.e., using N,N"-bis(acryloyl)cystamine)[67] or not (i.e., using N,N’-methylenebiscarylamide
(BA)). Due to their straight forward synthesis, the possibility to fine-tune their size, their
properties and their general fast release profile due to the large pores exhibited by the MGs, they
are promising candidates for tandem release.[26]

1.3.2Liposomes
Liposomes are spherical vesicles consisting of single or multiple phospholipid bilayers

enclosing an aqueous core.[15] Due to their resemblance to cellular membranes the
liposomes have been the material of choice for several applications (i.e., drug delivery,
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cosmetics, etc.).[2] Their membrane is formed by single (according to their size could be
small, ~ 100 nm, large, ~200 nm — 800 nm[69] or giant, ~1-100 um,[70] unilamellar
vesicles) or multiple (multilamellar) phospholipid bilayer. Phospholipids are made of four
components: fatty acids, glycerol or sphingosine backbone, a phosphate group, and an
alcohol.[71] The fatty acids (tails) represent the hydrophobic part of the phospholipids
while the glycerol, the phosphate group and the alcohol represents the hydrophilic part
(head). This dual composition (hydrophobic and hydrophilic) confers amphiphilic
properties to the phospholipids which is responsible for the self-assembly of the lipids
into liposomes once they are exposed to aqueous media, orientating the head facing the
water and the tails facing each other to avoid water interaction (Figure 1.6).[72]

Each phospholipid exhibits a specific transition temperature (also known as melting
temperature or Tn,) at which the phospholipids transition from solid-gel phase to liquid
phase. In the solid-gel phase the lipid bilayer is tightly packed while in the liquid phase
the lipid bilayer is disorganized increasing the permeability of the membrane.[73]

This temperature is highly affected by the nature of the hydrophilic groups, length of
hydrocarbon chains (the longer the hydrocarbon chain the higher the T,) and the degree
of saturation of the hydrocarbon chains (saturated phospholipids have a higher T, than
unsaturated phospholipid with the same hydrocarbon chain length and hydrophilic

group).[71]

Several techniques have been reported to assemble liposomes such as thin-film hydration,
solvent injection, reverse-phase evaporation, sonication, etc. The thin-film hydration
method is the most widely used to prepare liposomes. It consists in dissolving the lipids in
an organic solvent (i.e., chloroform), evaporation of the organic solvent to generate a thin-
film of lipids followed by the hydration of the film with an aqueous solution containing
the drug to be encapsulated. This simple and robust method, yields multilamellar
liposomes that can be transformed into unilamellar liposomes by extrusion through a
fixed pore membrane (small or large unilamellar liposomes can be obtained depending on
the pore size) or by sonication (typically sonication yields small unilamellar liposomes).
The solvent injection technique consists in the injection of lipids dissolved in ethanol into
an aqueous phase leading to small unilamellar liposomes. Lastly, the addition of a detergent to
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Figure 1.6 Schematic of the structure of a liposome.

the lipid mixture could also be used, followed by detergent dialysis leading to large
unilamellar liposomes.[72] However, solvent injection and detergent are not suitable
when the molecule to be encapsulated is an enzyme since it could lead to enzyme

denaturation.

Due to the amphiphilic character of the phospholipids both hydrophobic and hydrophilic
drugs can be encapsulated inside of the liposomes, in the membrane and in the core,
respectively (Figure 1.6). The drug release from the liposomes can be controlled, by
easily tailoring their compositions. For example, by increasing the temperature above the
Tm (i.e., using local hyperthermia or high intensity focused ultrasound) the drug release of
a specific drug can be triggered at the target tissue since above T, the membrane is more
permeable.[74] The T, can be easily tailored depending on the phospholipids that
conform the liposome. The pH can also control the drug release since the pH sensitive
liposomes are designed to be stable at physiological pH 7.4 while the phospholipid
membrane is destabilised at acidic pH leading to the release of the encapsulated drug in
tumours, endosomes and lysosomes)[75]. The liposomes can also respond to redox
potential by including a disulfide bond in their composition that can be cleaved by
intracellular glutathione which concentration is much higher in the cytosol, mitochondria
and cell nucleus compared to blood, making possible to release the drug at specific
places).[76] Lastly, specific enzymes overexpressed in the tumour environment (i.e.,
secretory phospholipase A, and matrix metalloproteases, etc.) can also trigger the
instability of the liposomes leading to drug release.[77]
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All the versatile properties described above make the liposomes the most used platform in
drug delivery field with multiple liposomal based drug approved for clinical use and
several in clinical trials.[78] However, since liposomes possess some drawbacks such as
low stability or lack of control over degradability,[79] surface modification of liposomes
with polymers has emerged as the golden standard to enhance their stability.[80] While
incorporating PEGylated lipids is the typical way to increase their circulation time by
protecting the liposomes from the adhesion of plasma proteins and opsonins,[81] other
strategies include the adsorption of chitosan, polysaccharides[82] or the sequential
deposition of the interacting polymer pair consisting of PLL and poly(L-aspartic
acid).[83] One of the most recent strategies in order to improve their stability is based on the
liposome coating with PDA.[80]

1.3.3Poly(dopamine)

PDA is a bioinspired polymer that in the last decade has attracted considerable
interest.[84] Mussels are able to adhere to virtually any surface (inorganic and organic)
due to the mytilus foot proteins-3 and -5 which exhibit high concentration of 4-dihydroxy-
L-phenylalanine (DOPA), high catechol (3,4-dihydroxybenzene) amount and high content
of primary and secondary amines by means of lysine and histidine residues. Therefore,
the speculation that the combination of catechol and DOPA are essential for the mussel
attachment led the researches to develop PDA as a simple and powerful tool for surface
modification.[84]

The simplicity of the method relies on the self-oxidative polymerisation of DA into PDA
under slightly basic pH (higher than 7.5) using the dissolved oxygen as oxidation agent
and being able to attach onto virtually any type and shape of surface.[85] However, the
polymerisation mechanism and the structure of PDA have been the centre of debate for
years due to the different intermediates formed during the reaction.[42] Nevertheless,
three main structures have been proposed in the last years (Figure 1.7).[42] The first
theory suggests a covalent oxidative polymerisation of DA yielding PDA and a self-
assembly trimeric complex formed by two molecules of unreacted DA and one molecule
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Figure 1.7 Suggested poly(dopamine) (PDA) structures in the last years. i) Covalent and non-covalent
interactions between the trimeric complex and PDA. Reprinted with permission from reference [86],
Copyright (2018) by John Wiley and Sons ii) Covalently linked dihydroxyindole and indoledione with
different degrees of (un) saturation (i.e., Q+6, Q+4, Q+2,Q). Reprinted with permission from reference[87],
Copyright (2018) by American Chemical Society. iii) Aggregates of indole monomers held together by non-
covalent interactions. Reprinted with permission from reference[88], Copyright (2018) by American
Chemical Society.

of dihydroxyindole. Such complex is then incorporated within the PDA structure leading
to a mixture of covalent and non-covalent interactions (Figure 1.7i).[86] The second
theory proposes that the structure of PDA is based on a heteropolymer composed by
covalently linked (C-C bonds between the benzene rings) dihydroxyindole and
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indoledione units with different degrees of (un)saturation arranged in a parallel or anti-
parallel manner through quinone-hydroquinone interactions (Figure 1.7ii).[87] Lastly, it
has also been proposed that PDA is formed by aggregates of indole monomers (i.e.,
dihydroxyindoline, indolinedione) and DA held together by intra- and interchain non-
covalent forces such as II-stacking, hydrogen bonding and charge transfer (Figure
1.7iii).[88]

The wide range of PDA applications such as antimicrobial surfaces,[89] tissue
engineering,[90] bio imaging,[91] drug delivery,[92] biosensors,[93] among
others,[42,85] are a consequence of the great advantages displayed by this material. Such
advantages include biocompatibility,[42] biodegradation (PDA breaks down in acidic
environments)[94], simple and less time consuming method to cover any surface
compared to more labour-intensive methods such as the layer-by-layer technique (based
on the deposition of sequential interacting polymers) that has been commonly used to
assemble other multicompartment carriers,[11,12] and reactivity towards nucleophiles
such as amines and thiols. The reactivity of the o-quinone groups present in the PDA
structure renders this material with one of the most important properties which is the
straightforward functionalisation of any surface with amine or thiol containing molecules

through Michael and/or Schiff base reactions.[42]

This easy functionalisation has been exploited by attaching specific ligands on the surface
of particles pre coated with PDA in order to target nano/microparticles, for example, to
the folate receptor overexpressed in cancer cells,[95] integrin receptors overexpressed in
macrophages and endothelial cells[21,95] or to confer the particles with antifouling
properties by functionalisation with PLL-g-PEG.[21,96]

1.3.4Poly(ethylene glycol)

As stated in the previous sub-section PDA can be easily functionalised, to confer the
surface anti-fouling properties, using polymers such as PLL-g-PEG. First reported in
1977,[97] PEG is the most used polymer to confer stealth or antifouling properties highly
needed in drug delivery carriers. Its use has been approved by the Food and Drug
Administration (FDA) and the European Medicines Agency (EMA) in food, cosmetic and
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pharmaceutical industries (Table 1.2 summarizes a list of PEGylated drug delivery

carriers clinically approved or undergoing clinical trials).[98]

Name (Company)

Particle type

Application

Approval/Clinical
trial

Doxil/Caelyx (Janssen)  Liposomal doxorubicin Ovarian Approved by FDA
cancer, HIV-  in 1995 and EMA
associated in 1996
Kaposi’s
sarcoma,
multiple
myeloma
Onivyde MM-398 Liposomal irinotecan Metastatic Approved by FDA
(Merrimack) pancreatic in 2015
cancer

PROMITIL (Lipomedix

Pharmaceuticals)

Liposomal mitomycin-C

Solid tumours

Clinical trials
phase |

MM-302 (Merrimack

Pharmaceuticals)

HER2- targeted liposomal
doxorubicin

Brest cancer

Clinical trials
phase 1,11 and 11l

Nanocort (Enceladus in
collaboration with Sun

Pharma Global)

Liposomal Prednisolone

Rheumatoid
arthritis and
haemodialysis
fistula
maturation

Clinical trials
phase Il and 111

BIND-014 (BIND
Therapeutics)

PSMA targeted docetaxel PLGA
particle

Prostate,
metastatic
non-small cell
lung, cervical,
head and
neck, or
KRAS
positive lung
cancers

Clinical trials
phase I and 11

NC-6004 Nanoplatin

(Nanocarrier)

Polyamino acid, PEG, and
cisplatin derivative micellar
nanoparticle

Advanced
solid tumour
or
lymphomas

Clinical trials
phase |

NC-4016 DACH-PIlatin
micelle (Nanocarrier)

Polyamino acid, PEG, and
oxaliplatin micellar nanoparticle

Advanced
solid tumours
or
lymphomas

Clinical trials
phase |

RadProtect (Original

BioMedicals)

PEG, iron, and amifostine
micelle Transferrin-mediated

Dose
escalation and

Clinical trials
phase |
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chelation for amifostine release safety for

acute
radiation
syndrome
AuroLase (Nanospectra PEG-coated silica-gold Thermal Clinical trials
Biosciences) nanoshells for near infrared light  ablation of unknown phase
facilitated thermal ablation solid primary
and/or
metastatic
tumours
Cornell Dots Silica nanoparticles with a NIR Imaging of Clinical trials
fluorophore, PEG coating and a melanoma unknown phase
1241 radiolabelled cRGDY and malignant
targeting peptide tumours

Table 1.2 Summary of poly(ethylene glycol) functionalised (PEGylated) drug delivery
carriers clinically approved or undergoing clinical trials by 2016. HIV: Human immunodeficiency virus;
HER2: Human epidermal growth factor receptor 2; PSMA: Prostate-specific membrane antigen; PLGA:
Poly(lactic-co-glycolic acid); KRAS: Kristen Rat Sarcoma; NIR: Near infrared; cRGDY:: Cyclic arginine-
glycine-aspartic acid Adapted from reference [99] with permission. Copyright (2016) by John Wiley and

Sons.

Once exposed to the human physiology, drug delivery carriers encounter multitude of
proteins (i.e., albumin, lipoproteins, apolipoproteins, proteins of complement,
immunoglobulins, etc.) that can easily interact and bind to their surfaces influencing their
circulation time in the body. The non-specific protein deposition can increase (opsonins)
or decrease (dysopsonins) the removal of the particles by the mononuclear phagocyte
system (MPS).[100] The MPS is a crucial line of defence that protects the body against foreign
agents by rapidly eliminating them from the blood stream. It consists of dendritic cells,
granulocytes, monocytes and tissue-resident macrophages in the liver, spleen and lymph
nodes.[101]

Although albumin exhibits an initial dysopsonic effect, it can be easily replaced by other
opsonins, such as apolipoproteins, leading to higher chances of being phagocytosed by
the MPS cells. What is more, lipoproteins and apolipoproteins can displace phospholipids
in the liposomal membrane leading to its destabilisation and therefore releasing the cargo
prematurely. The proteins of the complement system can also increase the macrophage
recognition particularly on charged, highly hydrophobic and irregular surfaces.[100]
Therefore, the coating of the surface with biocompatible, inert, neutral, hydrophilic

42



polymers such as PEG would sterically hinder, depending on its length and density, the
protein/surface interaction leading to an increase in circulation time (stealth

properties).[101]

1.3.5Hydrogel-liposome complexes

The hydrogel-liposome complexes represent a promising approach for controlled tandem
release of the therapeutic cargo by combining two inherently different systems. Regarding
the combination of P(NIPAM)-co-AAc MGs and intact liposomes to conceive a drug
delivery platform that combines different kinetic release profiles, little has been reported.
To date, the efforts have been focused on controlling the release kinetics of the liposomes
by combining them with P(NIPAM)-co-AAc MGs rather than studying the system as a
dual-cargo carrier. MacKinnon et al.,[102] assembled a hydrogel-liposome complex by
binding liposomes, composed by 1-palmitoyl-2-oleoyl-phosphatidylcholine (POPC) and
biotin- derived phosphatidylethanolamine, to biotinylated P(NIPAM)-co-AAc MGs
through avidin-biotin conjugation. The authors showed that the liposomes remained intact
upon binding with the MGs exhibiting a slow release of the fluorescent cargo over time at room
temperature while, at high temperatures (~ 50 °C), the release was found to be slightly faster.
However, such increase in release rate is expected to be due to thermal destabilisation of
the liposomes rather than changes in size of MGs as response to the temperature since the
volume phase transition temperature (VPTT, temperature above which the MGs shrink) is
predicted to be quite high due to the high AAc content. In a follow up study, the authors
modified the composition of P(NIPAM)-co-AAc MGs in order to decrease their VPTT
and, thus, be able to evaluate the effect of MG changes, above VPTT, on the lipid bilayer
integrity. However, the control over the release kinetics of the liposomes was not
investigated.[103] A more recent study reports the immobilization of liposomes,
consisting of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), inside a poly (2-
methacryloyloxyethyl phosphorylcholine) particle’s matrix. This approach allows
controlling the release kinetics of a drug from the liposomes by controlling the matrix
viscosity leading a slow and sustained release.[104] On the other hand, a solitary study
investigates the suitability of hydrogel-liposomes complexes composed by P(NIPAM)-co-
AAc MGs and liposomes (made of POPC and functionalised with 3-O (2-
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aminoethoxyethyloxyethyl)-carbamoyl cholesterol) as dual-drug carriers.[26] The authors
demonstrated that the liposomes structure is not compromised upon binding to the MGs
and that the liposomes exhibited a slower release of the fluorescent cargo compared to the
MGs release kinetics regardless of the temperature.

1.4 Influence of shear stress on carrier-cell interaction

So far, this introductory chapter has covered the different multicompartment carriers,
applications and building blocks of the multicompartment carrier presented in this PhD
thesis. Nevertheless, a crucial aspect to be considered when designing a drug delivery
vehicle and/or a microreactor is the dynamics of the human physiology. Once entering into
the body the carrier and/or microreactor is exposed to the fluids of the body. Therefore, it
is not only important to investigate its interaction with the fluid components (i.e.,
proteins) and cell populations (i.e., endothelial cells lining the blood vessels, circulating
macrophages or target cells) but also how this interaction and its efficacy is affected by
the dynamics of the blood flow and/or the interstitial fluid flow in case it is designed to

reach tumour tissue.

Among the mechanical forces exerted as consequence of the dynamic environment
(Figure 1.8), the impact of shear stress (force experienced by the cells due to friction of
fluid across their surface)[105] has been extensively investigated in endothelial cells[106]
and with less extent in cancer cells.[107]

So far, most of the studies have been focused on morphology changes, receptor
expression, cell function, vasculature remodelling, vascular diseases (i.e., atherosclerosis),
cell migration, metastasis, etc.[106,107] However, the study of cell-carrier interaction

under the presence of shear stress is not commonly considered in the in vitro set-ups.

In the last few years, it has been shown that shear stress has great influence on the cell-
carrier interaction in terms of therapeutic efficacy,[108] carrier cytotoxicity,[109]
PEGylation effect,[96] targeting efficiency,[21,110] cellular uptake[109] and cellular
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Figure 1.8 Major mechanical forces due to blood flow. Shear stress is the force resulting from the friction
of the parallel blood flow and the cellular surface, the blood pressure is the force applied perpendicular to
the vessel wall and the circumferential wall stress results from the stretching of the vessel wall as
consequence of the pressure gradient across the vessel wall.[111]

uptake pathway [112,113] This influence is a consequence of cellular morphology
changes in cells cultured under shear stress, changes in the diffusion of the carrier towards
the cells and different dispersion of the carrier compared to the gravitational settling of
the static cultures.[109] Unfortunately, these effects vary depending on the size, particle
type, charge, magnitude of shear stress, functionalisation and cell type, meaning that the
effect of shear stress must be carefully evaluated for each specific carrier and cell line.[109,114]

Considering that the field of drug delivery has been extensively investigated for decades
but only few formulations have been able to reach the market, the translation of in vitro to
preclinical studies could potentially benefit from in vitro set-ups that better mimic in vivo
conditions such as the inclusion of shear stress.
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Chapter 11 Aims of the thesis
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The focus of this PhD thesis is the assembly and characterisation of a multicompartment

carrier in the submicron range able to act as a dual-cargo vehicle and as an extracellular

microreactor in order to scavenge ROS which are associated with severe vascular

diseases. The results presented in this PhD thesis aim to represent a step forward in the

multicompartment carriers field and help to expand the knowledge of hydrogel-liposome

complexes.

The three main objectives of the present PhD thesis are:

i)

iii)

The development of a multicompartment carrier in the submicron range
(Chapter 3)

To prove its potential as a dual-cargo carrier with different release profiles
which could be beneficial for diseases where a cocktail of drugs is necessary
(i.e., cancer, immune-associated diseases, type 2 diabetes or rheumatoid
arthritis). And, to demonstrate the importance of including shear stress on in
vitro set ups by evaluating its influence on protein deposition and PEGylation
effect upon incubation with relevant cell lines macrophages (RAW 264.7),
endothelial cells (HUVEC) and cancer cells (HeLa) and cellular uptake
pathway (Chapter 4)

To prove its functionality as a microreactor able to scavenge the most
dangerous ROS named O, by combining the SOD-like activity of PDA and
the scavenging activity of CAT-loaded liposomes (Chapter 5)

To achieve the aforementioned objectives a number of aims have been set:

i)

To identify a suitable MG size (with a diameter of 700 nm or 350 nm) in terms
of colloidal stability, PEGylation effect and facile assembly.

To characterise and optimise the multicompartment carriers assembly regarding
the amount of lipids per MG core, PDA deposition, liposomal integrity and
PEG coating to confer stealth properties (i.e., PEGylation effect) and storage

stability.
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iii)

vi)

vii)

viii)

To evaluate the application of the chosen multicompartment carrier as a dual-
cargo vehicle by encapsulation of model molecules in the core of the MGs and
liposomes followed by the study of the release profile of each molecule

To study the influence of physiologically relevant shear stress conditions on the
PEGylation effect by means of protection against relevant protein deposition
(i.e., immunoglobulin G and albumin)

To evaluate the influence of shear stress on the PEGylation effect upon
incubation with three relevant cell lines: macrophages (RAW 264.7),
endothelial cells (HUVEC) and cancer cells (HeLa).

To elucidate the influence of shear stress on the cellular uptake pathway
followed by non-functionalised and functionalised multicompartment carrier
upon incubation with RAW 264.7, HUVEC and HeLa cells using chemical
inhibitors.

To encapsulate active CAT inside liposomes, followed by purification and
quantification of the encapsulated protein

To prove the CAT reactivity upon microreactor assembly together with the
SOD-like activity of PDA (in both, non-PEGylated an PEGylated assemblies)
To evaluate the recyclability of both CAT and PDA (in both, non-PEGylated an
PEGylated assemblies)
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Chapter 111 Assembly and
Characterisation of
Multicompartment carriers
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Summary

This chapter involves the development of a multicompartment carrier consisting of
P(NIPAM)-co-AAc MGs as a core decorated with unilamellar liposomes. The whole
assembly is then protected by a PDA layer that can be further functionalised with PLL-g-
PEG to confer anti-fouling properties to the system. For this, two different diameter-sized
MGs (i.e.,, small and large) will be tested for its suitability as the core of the
multicompartment carrier in terms of colloidal stability upon optimisation of the amount
of liposomes per MG, PDA coating and surface functionalisation. For this different
techniques were used, including flow cytometry, dynamic light scattering (DLS), &-
potential measurements, scanning electron microscopy (SEM) images, differential
interference contrast (DIC) microscopy images and quartz crystal microbalance with
dissipation monitoring (QCM-D) measurements. Importantly, the in vitro performance,
by means of PEGylation effect, is evaluated upon incubation with three relevant cell lines
namely RAW 264.7 (macrophages), HUVEC (endothelial) and HeLa (model cancer)
cells.

The results concerning the larger MG have been adapted from the following publication:

York-Duran, M. J; Ek, P. K.; Godoy-Gallardo M.; Hosta-Rigau L. Shear stress regulated
uptake of liposome-decorated microgels coated with a poly(dopamine) shell. Colloids
Surf., B 2018, 171, 427-436.
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3.1 Introduction

The development of carriers containing multiple compartments has gained great attention
over the years due to their large potential as biomedical tools. Aiming to expand the
applications of the classical architectures (i.e., liposomes, polymersomes, capsules), the
combination of building blocks, of the same or different nature, opens the possibility to

approach some diseases in a more efficient way.

Although the most investigated multicompartment systems to date are composed of building
blocks of the same nature (i.e., liposomes-in-liposomes, polymersomes-in-polymersomes and
capsules-in-capsules) a more interesting alternative has emerged by combining building blocks
of different nature (i.e., polymersomes-in-liposomes, polymersomes-in polymer capsules,
cubosomes-in-polymer capsules and capsosomes) since the latter strategy allows to join
advantages while minimizing the drawbacks.[2]

The majority of the multicompartment systems developed so far are in the micron
range[9,115-124] which limits their in vivo application and therefore, their therapeutic
potential. For example, upon intravenous injection the particles are first subjected to the
lung capillaries selection filter. With a diameter between 2-15 um, only particles smaller
than 3 pm are able to circulate through the lung capillaries and therefore circumvent
pulmonary retention, reaching the systemic circulation.[100]

Therefore, aiming to develop a multicompartment system with a final diameter below the
micron range, two different MGs with different diameters (i.e., ~700 nm, MG7q and ~
350 nm, MGgs0) are evaluated as the core.

For this, the carrier is assembled by the deposition of positively charged unilamellar
liposomes onto the negatively charged surface of P(NIPAM)-co-AAc MGs (Scheme 3.1).
Next, the liposomes are protected from rupture and displacement by the polymerisation of
DA creating a layer of PDA onto the MG/L surface. Depending on the desired
application, the functionalisation of the carrier’s surface is crucial (i.e., targeting or long
circulating properties). In this PhD thesis, the PDA layer is easily functionalised with
PLL-g-PEG conferring the carrier antifouling properties.
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Scheme 3.1 Schematic of the assembly of the multicompartment carrier. First a poly(N-
isopropylacrylamide-co- acrylic acid) (P(NIPAM)-co-AAc) microgel (with a diameter of 700 nm or 350
nm) is decorated with a liposome layer (i) through electrostatic interactions. Next, a poly(dopamine) (PDA)
layer (ii) is deposited on the surface by self-polymerisation of dopamine. Finally, the PDA surface is
functionalised with poly(L-lysine)-grafted poly(ethylene glycol (PLL-g-PEG) (iii) through covalent bonds
between the o-quinones of the PDA and the amine groups of PLL. The PEGylation effect of non-
functionalised and functionalised carrier is evaluated in terms of cellular association/ uptake, cellular uptake
efficiency and cell viability upon incubation with macrophages (RAW 264.7), endothelial cells (HUVEC)
and cancer cells (HeLa). Adapted from reference [60] with permission. Copyright (2018) by Elsevier.

It is worth to note that each selected building block offers different advantages to the
overall system. The P(NIPAM)-co-AAc MGs are a well-known hydrogel with a simple
preparation method,[62] that offer the possibility to encapsulate hydrophilic and
hydrophobic cargo[66] while being biodegradable by choosing the appropriate cross
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linker.[67] The liposomes have been the other material of choice due to its extensive use in
different fields such as drug delivery and cosmetics due to their biocompatibility [2] and ability
to encapsulate both hydrophobic and hydrophilic cargo. What is more, their composition
is easily tailored, and they offer protection to the fragile cargo (i.e., model molecules and
enzymes) while allowing small molecules (i.e., substrates and products) to diffuse across
their membrane (if they are exposed to a temperature higher than their Ty) which is
particularly important when they are use as reactors.[125] The PDA offers both, protection
to the compartments and straightforward functionalisation with amine and thiols due to the
presence of o-quinones in its structure. PDA is also biodegradable and offers an effortless
assembly of the carrier compared to other techniques such as LbL due to its ability to self-
polymerise under slightly basic pH and cover virtually any surface.[42,85] Finally, the steric
hindrance towards blood and plasma protein deposition on the carrier surface offered by PEG,
together with its biocompatibility make this polymer an ideal tool to increase the circulation time
in vivo.[101]

Herein, a thoroughly characterisation and optimisation of the assembly is presented
followed by the evaluation of the PEGylation effect of both MGs (i.e., MG7q and MGassp)
with relevant cell lines, macrophages (RAW 264.7) which are the first line of defence of
the human body against pathogens, endothelial cells (HUVEC) which cover the interior
surface of the blood vessel and a model cancer cell line as a therapeutic target (HeLa).

3.2 Materials and Methods

3.2.1 Materials

NIPAM, AAc, BA, APS, sodium dodecyl sulfate (SDS),
tris(hydroxymehtyl)aminomethane (Tris), sodium chloride (NaCl), 4-(2-hydroxyethyl)
piperazine-1l-ethane-sulfonic acid (HEPES), dopamine hydrochloride, chloroform
anhydrous (> 99%), phosphate buffered saline (PBS), Dulbecco’s Modified Eagle’s
Medium-high glucose (DMEM D5796), sodium pyruvate, penicillin/streptomycin, fetal
bovine serum  (FBS), [2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-  5-(2,4-
disulfophenyl)-2H-tetrazolium  monosodium salt] (WST-8) counting cell Kkit,
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adenocarcinoma cell line HeLa and endothelial cell line HUVEC were purchased from
Sigma-Aldrich (Saint Louis, MO, USA). POPC, 1-palmitoyl-2-oleoyl-sn-glycero-3-
ethylphosphocholine  (chloride salt) (POEPC), 1-myristoyl-2-[12-[(7-nitro-2-1,3-
benzoxadiazol-4-yl)amino]dodecanoyl]-sn-glycero-3-phosphocholine  (NBD-PC) were
obtained from Avanti Polar Lipids (Alabaster, AL, USA). Poly(L-lysine (20 kDa))- graft
[3.5]-poly(ethylene glycol (2 kDa)) (PLL-g-PEG) was obtained from SuSoS AG
(Dibendorf, Switzerland). Endothelial Growth Medium-2 Bullet kit (EGM-2) was
purchased from Lonza (Basel, Switzerland). The EGM-2 is composed of Endothelial
Basal Medium (EBM), human epidermal growth factor (hEGF), vascular endothelial
growth factor (VEGF), R3-insulin-like growth factor-1 (R3-1GF-1), ascorbic acid,
hydrocortisone, FBS, human fibroblast growth factor-beta (hFGF-B), heparin and
gentamicin/amphotericin-B (GA). The macrophage cell line RAW 264.7 was obtained
from European Collection of Authenticated-Culture Collections (ECACC, Wiltshire,
UK). Tris 1 buffer is composed of 10 mM Tris (pH 8.5); Tris 2 is composed of 10 mM
Tris and 150 mM NaCl (pH 7.4); HEPES is composed of 10 mM HEPES and 150 mM
NaCl (pH 7.4). All buffers were made with ultrapure water (Milli-Q, gradient A 10
system, TOC < 4 ppb, resistance 18 MV cm, EMD Millipore, USA).

3.2.2Methods

3.2.2.1 MGs synthesis and characterisation

The MG7o were synthesised by surfactant free precipitation polymerisation (Figure 1.5,
Chapter 1).[68] First, the monomers were purified in order to remove any potential
impurities that could affect the polymerisation. NIPAM was recrystallised in n-hexane
while AAc was purified by filtration through an aluminium oxide column. Upon
purification, the monomers and cross-linker (3.97 mmol NIPAM, 0.69 mmol AAc and
0.097 mmol BA) were dissolved in 30 mL Milli-Q and filtered through 0.22 um cellulose
acetate filters into a 100 mL three-neck round-bottom flask equipped with an argon inlet
and outlet. Upon purging the reaction mixture with an argon flow for 1 h at 80 °C and

1000 rpm stirring speed, the polymerisation was initiated by addition of 0.024 mmol APS
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and allowed to proceed overnight under argon atmosphere at 80 °C. For purification, the
turbid product was first filtered through glass wool and purified by five centrifugation
cyclesat 6 °C (17 100 g, 45 min) using a Thermo Scientific SL16R high speed centrifuge.

The MGssp were synthesised using the precipitation polymerisation technique employing
surfactants to stabilise the nuclei and therefore promote the formation of small MG (Figure 1.5,
Chapter 1).[126] Specifically, 3.97 mmol of recrystallised NIPAM, 0.69 mmol AAc,
0.097 mmol BA and 0.069 mmol SDS were dissolved in 74 mL Milli-Q water followed
by filtration into a 250 mL three-neck round-bottom flask equipped with an argon inlet
and outlet. Next, the reaction mixture was purged with argon for 1 h at 70 °C and at
stirring rate of 450 rpm. The reaction was initiated by the addition of APS (0.105 mmol
dissolved in 1.5 mL Milli-Q) and allowed to proceed overnight under argon atmosphere at
70 °C. Finally, the product was purified for seven days by dialysis against Milli-Q water

in order to remove monomers, oligomers and surfactant.

The size, polydispersity (PDI) and z-potential of the MGsso and MGyqo were determined
by dynamic light scattering (DLS), using a ZetaPALS z-potential analyser (Brookhaven
Instruments Corporation, Holtsville, NY, USA), adding 100 pg of MGz or MGg3sp to Tris
1 buffer (2 mL) or to Milli-Q water (1.5 mL).

The concentration of the MG suspension was determined by weighting out several freeze-
dried aliquots.

3.2.2.2 Liposomes assembly and characterisation

The liposomes were assembled by the lipid film hydration method.[72] Specifically, 1.75
mg POPC and 0.75 mg POEPC were dissolved in chloroform followed by the formation
of the lipid film using a nitrogen flow. Next, the lipid film was exposed to vacuum for at
least 1 h in order to completely evaporate the organic solvent. Upon rehydration in Tris 1
buffer (1 mL), the 3.2 mM liposomes solution was extruded through 50 nm nucleopore
polycarbonate filters (drain disc 10 mm PE, Whatman, Maidstone, UK) 11 times at room
temperature in order to yield unilamellar empty liposomes (L). To prepare fluorescently
labelled liposomes (L"), 2 wt% of NBD-PC was added to the lipid mixture prior to the lipid
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film formation. The size and PDI of the liposomes (L, L") was determined by DLS and
their charge by z-potential measurements. Only L and L", with a PDI below 0.14 were
used for the experiments.

3.2.2.3 Optimisation of the amount of liposomes per MG

In order to optimise the amount of liposomes per MG (MGy7qo and MGssp), a suspension of 479
pg of MGgo or MGasp was washed 2x in HEPES buffer for 15 min at 13 500 rpm, using a bench
top centrifuge (MiniSpin, Eppendorff, AG, Germany). Due to the small size and low density of
MGgso, the washing steps were performed in an amicon Ultra centrifugal filter (100 kDa). Next,
the MGs were incubated with increasing amounts of L keeping the total volume constant for 1.5
h at room temperature in a tube rotator. Upon incubation, the MGzq, suspension was washed 2x
in HEPES buffer for 6 min at 10 000 rpm while the MGsso suspension was diluted 20 times in
order to minimize further interaction between MGgso and LF. Finally, the saturation of the MGs
surface by L™ deposition was monitored by flow cytometry using a BD Accuri C6 flow
cytometer (BD Biosciences, Sparks, MD, USA) equipped with a 488 nm laser and an emission
detection of 530 nm. At least 20 000 events were recorded and two independent experiments

were carried out.

3.2.2.4 Assembly of multicompartment carriers

The non-PEGylated carriers (MG/L/PDA) were prepared by washing a suspension
containing 958 pug MGygo or 1916 pg MGsso in Tris 1 buffer for 14 min at 8500 rpm
followed by incubation with liposomes (L, L) (0.25 mg or 0.35 mg lipids, respectively)
for 1.5 h at room temperature in a tube rotator. Next, in order to coat the MG/L surface
with PDA the suspension was concentrated to a volume of 100 pL followed by exposure
to a DA solution in Tris 1 buffer (1 mg mL™ or 2 mg mL™ for MGzgo or MGgso, respectively) for
16 h at room temperature in a tube rotator. Finally, the unreacted DA and PDA were washed
away by 2x washing cycles in Tris 2 for 7 min at 10 000 rpm for the MGq, assemblies or 12 min
at 13 000 rpm for the MG3so assemblies. In order to decrease the material loss all the steps before
PDA deposition were performed in an amicon ultra centrifugal filter (100 kDa).
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3.2.2.5 DIC and fluorescence microscopy

The DIC images and fluorescent images of the carrier were taken with an Olympus
Inverted 1X83 microscope equipped with a 60x oil-immersion objective. The diameter of
the MG and MG/L/PDA particles was determined measuring at least 200 particles making
use of an imaging software (Image J) using at least five independent images per sample.

3.2.2.6 SEM images

The samples were first coated with gold (0.9 nm thickness) using a Q150T ES Turbo-
Pumped Sputter Coater (Quorum Technologies, UK) for MG7oo and a Cressington 208HR
High Resolution Sputter Coater (Cressington Scientific Instruments Ltd., UK) for MGasso.
The samples were imaged using a FEI Quanta 200 ESEM FEG Scanning Electron
Microscope (FEI-Company, USA) at an accelerating voltage of 5 kV and working
distance of 22.9 mm for MG7q and 20 kV and 9.6 mm for MGg3sp (at least six images
were acquired per sample).

3.2.2.7 Surface functionalisation

For the PEGylated carriers (MG/L/PDA/PEG), the MG/L/PDA suspensions (4.8 mg mL™*
MGg0 or MG3so) were incubated with PLL-g-PEG 1 mg mL™, 5 mg mLor 7 mg mL™in
Tris 1 for 1 h at room temperature in a tube rotator, followed by washing the PLL-g-PEG
excess by 2x washing cycles in Tris 2 in the case of MG7go (7 min, 10 000 rpm) or by 3 h
dialysis against Tris 2 in the case of MGa3sp.

3.2.2.8 QCM-D measurements

QCM-D is a highly sensitive technique that measures changes in mass down to the
nanogram scale in real-time. Briefly, its principle is based on the oscillation of a
piezoelectric quartz-crystal, situated between two electrodes, at its resonance frequency
by applying an AC voltage.[127] The changes in the frequency (Af) of oscillation are
related to the changes of mass on the crystal surface, meaning that a decrease in Af
translates into mass being adsorbed onto the crystal’s surface. This Af/mass relationship is
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described as linear by the Sauerbrey equation (Equation 3.1) only when the deposited
mass is a rigid layer, meaning that the equation is violated by the layers containing high
amount of water due to the damping of the crystal oscillation.[128] In order to describe
highly hydrated systems (i.e., considering the viscosity) an extra parameter is necessary,
this parameter is known as dissipation change (AD). AD is determined by measuring the
energy dissipation from the crystal by means of the decay rate of the oscillation after the
AC voltage is turned off.[127] Therefore, rigid films will exhibit a low AD while soft
films (i.e., liposomes) will exhibit a high AD.[127] It is worth mentioning that in this PhD
thesis both Af and AD are used to qualitatively asses the assembly of the carrier (i.e., to
confirm the binding of each layer and the integrity of the liposomes). Mass quantification
is out of the scope of this PhD thesis.

Af
Am =-C—
n

Equation 3.1 Sauerbrey equation. Am: mass adsorbed; C: mass sensitivity constant = ~17.7 nm cm?Hz*
for a 5 MHz quartz crystal. n: number of overtones = 1,3,5, etc.[128]

The assembly of the carrier on a planar set up was assessed by monitoring the deposition
of the layers on a silica crystal (QSX300, Q-sense) using a Q-sense E1 instrument (Biolin
Scientific, Sweden). The crystals were first cleaned by rinsing with ethanol and blow-
drying with compressed air followed by plasma treatment. Except when indicated
otherwise, the layer deposition was performed at 0.2 mL min™ flow rate.

Due to the negatively charged surface of the MGgss a positively charged layer was first deposited
onto the silica crystals. For this, upon Tris 1 buffer baseline stabilisation, a PLL solution (1 mg
mL™ in Tris 1) was injected into the flow module and allowed to reach saturation. Next, the
unbound PLL was washed away with Tris 1 buffer until baseline stabilisation. A suspension of
MGsso (7.2 mg mL™* in Tris 1) was then injected to the flow module for 35 min until
surface saturation. Similar to PLL, the excess of MGsso was washed away with Tris 1
buffer until the baseline stabilisation was achieved. The negatively charged MGsso layer
was exposed to a positively charged liposome solution (2.5 mg mL™) for 40 min, reaching
saturation and followed by a washing step. For the PDA coating, the flow rate was
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decreased to 0.05 mL min™ and a DA solution was loaded in the flow module for 1 h. The
short DA polymerisation time was chosen to avoid potential clogging of the chambers. In
order to ensure the availability of enough DA monomers on the surface, a freshly
prepared DA solution was loaded after 30 min of incubation.[14] The surface was
functionalised with a PLL-g-PEG solution (1 mg mL™ in Tris 1) reaching surface
saturation. The experiments were carried out at 23 + 0.02 °C. Normalised Af and AD
values using the third harmonic are reported. At least two independent experiments were

carried out.

3.2.2.9 Cell experiments

The adenocarcinoma HelLa and mouse macrophage RAW 264.7 cells lines were cultured
in DMEM supplemented with 2% (v/v) HEPES, 1% sodium pyruvate, 10% (v/v) FBS and
1% (v/v) penicillin/streptomycin (10 000 U/mL and 10 pg/mL, respectively) at 37°C in a
humidified incubator with 5% CO; level. The endothelial HUVEC cell line was cultured
in EBM-2 supplemented with 0.1% (v/v) hEGF, 0.1% (v/v) VEGF, 0.1% (v/v) R3-1GF-1,
0.1% (v/v) ascorbic acid, 0.04% (v/v) hydrocortisone, 0.4% (v/v) hFGF-B, 0.1% (v/v)
heparin, 2% (v/v) FBS and 0.1% (v/v) GA. The cell media was renewed every 2-3 days
and only passages between 14-20, 3-9 and 1-4 of HelLa cells, RAW 264.7 cells and
HUVEC cells were used in all the experiments. The cells were allowed to proliferate up
to ~80% confluency before being detached from the culture flask using trypsin (3 mL, 0.5
mg mL™) in the case of HeLa and HUVEC cells and a cell scraper for RAW 264.7 cells.
Next, the trypsin was removed by centrifugation (1000 rpm, 5 min) and the cells were
resuspended in new cell culture media.

In order to ensure that the cells are exposed to the same amount of carrier, the
concentration of the carrier solution was determined by fluorescence measurements of
MG/LF/PDA or MG/LT/PDA/PEG followed by serial dilutions to achieve the desired
concentration. At least three independent experiments were carried out and the data was
analysed using one-way ANOVA with a confidence level of 95% (a = 0.05) followed by
Tukey’s multiple comparison posthoc test (*p < 0.05; **p < 0.01; ***p < 0.001; ****p <
0.0001) in a GraphPad Prism 7 software.
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3.2.2.10Cell viability

The maximum amount of carriers that can be administered to the cells without generating
cytotoxicity was determined by seeding 30 000 cells (RAW 264.7) or 15 000 cells (HeLa
or HUVEC) in 96-well plate in 200 pL of cell culture media and allowed to attach to the
surface of the wells for 24 h at 37°C, 5% CO,. Next, the cells were incubated with
increasing amounts of carrier per cell (MG7oo/L/PDA or MGss0/L/PDA) in 200 uL cell
culture media for 4 h at 37°C, 5% CO, followed by washing 2x in 200 yuL pre-warmed
PBS and 1x in a solution containing cell culture media: WST-8 kit reagent (1:10) in order
to remove the non-associated/internalised carriers. Upon washing, the cells were
incubated with 100 pL cell culture media and 10 puL WST-8 kit reagents for 70 min at 37
°C, 5% CO.. Finally, 100 pL were transferred to a new 96-well plate and the formazan
salt generated by the reduction of WST-8 by dehydrogenases in cells was detected at 450
nm (Victor 3-1420 Multilabel Counter plate reader, PerkingElmer, Waltham, MA, USA).
Cell culture media without cells or carriers was used to determine the background signal
while untreated cells (cells without carriers exposure) were used to determine the
maximum formation of formazan. The following equation was utilised to calculate the

percentage of cell viability:

o treated or untreated cells-cell culture media
Cell viability (%)= - x 100
untreated cells-cell culture media

Once the maximum amount of carrier per cell had been determined, the following
experiments were performed using 3.7 ng MG7oo/L/PDA or MG/ L/PDA/PEG per cell
and 18.5 ng MG350/L/PDA or MG350/L/PDA/PEG.

3.2.2.11 Cell association/uptake experiments

In order to ensure the maximum cellular uptake efficiency (CUE, defined as the
percentage of cells with a mean fluorescence intensity higher than the auto fluorescent
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level of the cells due to the association/internalisation of the fluorescent carrier), 30 000
cells (RAW 264.7) or 15 000 cells (HeLa or HUVEC) were seeded in 96-well plate in 200
ML cell culture media and allowed to attach to the surface for 24 h at 37°C, 5% COa..
Next, the cells were incubated with 3.7 ng MG7oo/L7/PDA or 18.5 ng MGaso/L7/PDA per
cell for 3, 4 and 5 h at 37°C, 5% CO,, followed by washing 2x in 200 yuL pre-warmed
PBS in order to remove non-internalised/associated carriers. Finally, the cells were
harvested from the wells (using 60 pL trypsin for HeLa and HUVEC cells or a scrapper
for RAW 264.7 cells) and analysed by flow cytometry (at least 2000 events were
analysed). As controls, carriers without exposure to the multicompartment carriers were

employed.

3.3 Results and Discussion

3.3.1 MGs synthesis and characterisation

In order to evaluate the best candidate as core for the multicompartment carrier in terms
of facile production, colloidal stability and PEGylation effect two different MGs sizes

were synthesised.

MGyroo was synthesised by surfactant free precipitation polymerisation,[68] while MGsso was
synthesised by precipitation polymerisation[126] using SDS as surfactant in order to favour

the production of the small MG size.

First, both MGs were characterised in terms of size, &- potential and PDI (Table 3.1).

MG Size (nm) - potential (mV) PDI
MGoo 740.5+17.9 -45.8 £ 5.7 0.116 £ 0.08
MGsso 375.2+19.8 -348+1.2 0.068 + 0.001

Table 3.1 MG characterisation. Size, zeta- potential (- potential) and polydispersity (PDI) of the
synthesised MGs. Mean values + Standard deviation. Adapted from reference [60] with permission.
Copyright (2018) by Elsevier.
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The size and PDI values obtained by DLS were confirmed by DIC images by means of
particle homogeneity and non- present aggregates (Figure 3.1).

MG

700

Figure 3.1 MGs characterisation. Differential interference contrast microscopy images of larger microgel
(MGyqo) and smaller microgel (MGssp). Inset scale bar: 2 um. Adapted from reference [60] with permission.
Copyright (2018) by Elsevier.

3.3.2 Multicompartment carrier assembly and
characterisation

3.3.2.1 Liposome deposition

The first step in the assembly of the multicompartment carrier is the liposome deposition.
For this, the maximum amount of LF that could be adsorbed onto the MGs without
causing aggregation was determined by incubating the MGs with increasing amounts of
L" followed by monitoring the normalised mean fluorescence intensity (nMFI) of the
MG/LF assemblies. The negatively charged MGs (see Table 3.1) are expected to interact
with the positively charged L (31.5 + 5 mV with a diameter of 102.8 + 0.6 nm) through

electrostatic interactions.
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As shown in Figure 3.2, the results were normalised to the highest amount of lipids that
did not cause aggregation of any of the MGs. Both MGs showed an approximately linear
trend between the amount of lipids added and the nMFI. However, according to DIC
images, while MG7qo aggregated at 0.175 mg of lipids (Figure 3.2a, inset 2), MGsso
exhibited better colloidal stability since none of the tested amount of lipids caused
aggregation for this MG (Figure 3.2b, inset).
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Figure 3.2 Liposomes deposition. Normalised mean fluorescence intensity (nMFI) of a) MG-q, and b)
MGg3so upon incubation with increasing amount of lipids. a) Inset 1: Differential interference contrast (DIC)
microscopy images of non-aggregated MGy decorated with fluorescently labelled liposomes (LF). Inset 2:
DIC images of aggregated MG/ L". b) Inset: DIC images of non-aggregated MGgso/ LF, scale bar: 2 pm.

Adapted from reference [60] with permission. Copyright (2018) by Elsevier.

The deposition of L™ onto the MG was further corroborated by the strong green signal in
fluorescence microscopy images (Figure 3.3) upon incubation with the highest amount of
lipids that did not promote aggregation of the system, namely 0.125 mg and 0.175 mg of
lipids for MG7go and MGgso, respectively.
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Figure 3.3 Liposome deposition. Fluorescence microscopy image of non-aggregated microgels (MG)
decorated with fluorescently labelled liposomes (L) showing a green signal arising from the L". Adapted
from reference [60] with permission. Copyright (2018) by Elsevier.

3.3.2.2  Prime-coating with PDA

Once the liposome deposition had been optimised, the DA polymerisation onto the
MG/LF surface was next characterised in terms of colour change of the solution upon DA
polymerisation, colloidal stability and diameter increase.

In order to create the PDA coating, the MG/L" assemblies were incubated with a DA solution in
Tris 1 buffer for approximately 16 h at room temperature, followed by extensive washing in
order to remove the unreacted DA and unbound PDA. The PDA coating processed resulted in a
black suspension indicating the successful deposition of PDA on the MG/L" surface (Figure
3.4a).[129] Next, the good colloidal stability (absence of aggregation) of the MGoo/L"
assemblies upon PDA deposition was confirmed by DIC and fluorescence microscopy
images (Figure 3.4b). For the MGaso/L" assemblies, aggregates were observed upon PDA
deposition.
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Figure 3.4 Poly(dopamine) (PDA) deposition. a) Dopamine (DA) polymerisation into PDA, for 16 h at
room temperature, on MG/fluorescent liposomes (LF) resulting in a black suspension. b) Differential
interference contrast microscopy image and fluorescence microscopy images of MG/L"/PDA carriers. Inset
scale bar: 2 um. Adapted from reference [60] with permission. Copyright (2018) by Elsevier.

The MG/LF/PDA assemblies were further characterised by SEM and compared to bare
MG and MG/L" (Figure 3.5a). The images did not show any noticeable differences
between the samples for MGz or MGasp (i.e., MG, MG/L" or MG/LF/PDA) which
indicates the absence of PDA aggregates on the surface of the carriers.

Finally, the size of the MG/L"/PDA was determined by DIC images. The size distribution
histograms (Figure 3.5b), show an increase of the diameter from ~750 nm for bare MGz
to ~950 nm for the MG7oo/L7/PDA assemblies (Figure 3.5bi) and ~390 nm for bare MGaso
to ~ 580 nm for the MGaso/L"/PDA assemblies. All in all, these results suggest the
successful deposition of PDA onto MG/L".

3.3.2.3 PEGylation

Although the PDA structure is still highly debated,[42] PDA coatings can be
functionalised in a straightforward manner due to the reactivity of the o-quinone groups

65



(] MG, O MG,
= MG, /L/PDA [ MG, /L/PDA
504 50,

404 40

304 30+

201 20

N ,J-”

0 AL LS 0= L]

600 700 800 900 1000 1100 1200 300 400 500 600 700
Diameter (nm) Diameter (nm)

Number of particles
Number of particles

104

Figure 3.5 MG/LF/PDA characterisation. a) Scanning electron microscopy images of bare MGs (top),
MG/LF (middle) and MG/L"/PDA (bottom). b) Size-distribution histogram of i) bare MG, and
MG;q,/L7/PDA and of ii) bare MG3sq and MG3so/LT/PDA. Adapted from reference [60] with permission.
Copyright (2018) by Elsevier.

(present in the PDA structure) towards amines and thiols via Schiff base and/or Michael
addition reactions.[130] Therefore, taking advantage of the PDA reactivity towards
amines the surface of MG,L"/PDA was functionalised with PLL-g-PEG in order to confer

anti-fouling properties (i.e., diminished cellular uptake) to the multicompartment carrier.

For this, MG,L/PDA assemblies were incubated with a PLL-g-PEG solution in Tris 1
buffer for 1 h at room temperature followed by extensive washing. The PDA
functionalisation was first assessed by &-potential measurements (Figure 3.6) resulting in
an increase from -45.8 + 5.7 mV for bare MG to -35.8 + 6.1 mV upon incubation with
a positively charged L solution, thus confirming the L deposition onto the MGyzqo (Figure
3.6ai). Upon DA polymerisation into PDA, another increase in the z-potential was
observed (-27.8 = 3.4 mV). Although unaltered[95,96] 3z-potential or slightly
decreased[21,131,132] z-potential upon PDA deposition onto PLGA particles,[95]
positively charged liposomes,[96] mesoporous silica particles [131,132] and PLL-coated
silica particles [21] have been previously reported, the increase in z-potential observed in
the developed carrier could be due to a larger deposition of PDA (of 16 h) since the
reported incubation times varied from 15 min to 6 h for DA concentrations from 0.5 to 1

mg mL™.
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Figure 3.6 Poly(dopamine) (PDA) functionalisation with poly(L-lysine)- grafted poly(ethylene glycol
(PLL-g-PEG) (PLL-g-PEG). a) &- potential measurements of microgels (MGSs) i) MGy and ii) MGgs, after
each deposition step: liposomes (L), PDA and PLL-g-PEG. iii) Differential interference contrast image of
the MG/L/PDA/PEG carrier. Inset scale bar: 2 um. b) i) Frequency (Af) and ii) dissipation (AD) changes
measure by quartz crystal microbalance with dissipation monitoring after each incubation step. Adapted
from reference [60] with permission. Copyright (2018) by Elsevier.

In order to optimise the PLL-g-PEG coating conditions, the PDA-coated
multicompartment carrier (MGroo/L/PDA) was incubated at three different concentrations
(i.e., 1, 5 and 7 mg mL™) of PLL-g-PEG. All three tested concentrations resulted in a
slight changes in z-potential, which is in agreement with previous reports of PDA
functionalisation with PLL-g-PEG[96] or with amino PEG.[95] This slight change in 3-

potential upon incubation with the positively charge PLL-g-PEG is speculated to be due
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to the reaction of most of the amino groups present in PLL-g-PEG with the PDA
quinones.[133] The three tested concentrations resulted in a very similar change in 3z-
potential, suggesting already a saturation of the surface when employing 1 mg mL™ of
PLL-g-PEG, therefore this concentration was selected for further experiments.

The L deposition onto MGsso (Figure 3.6aii) also resulted in an increase in 3-potential
from -34.8 + 1.2 mV for bare MGs3sp to -30.79 = 4.2 mV upon incubation with the
positively charged L solution. Interestingly, the PDA deposition resulted in a slight drop
in z-potential (to -34.1 = 4.3 mV), in agreement with literature[21,95,96,131,132] but
contrary to MGygo. Considering that the MG mg/ DA mg was kept constant for both MG
the larger surface to volume ratio of MGssp, compared to MGyqo, could lead to a different
PDA deposition resulting in different z-potential results. However, upon DA incubation
the MGssp suspension also turned black, indicating the deposition of the PDA on the
surface of the MGsso/L assemblies. Similar to MGy, all tested PLL-g-PEG
concentrations resulted in slight z-potential changes. Therefore, 1 mg mL™ of PLL-g-PEG

was selected for further experiments.

The colloidal stability of MG/L/PDA/PEG was confirmed by DIC images showing the
absence of aggregates upon incubation of MG/L/PDA with PLL-g-PEG (Figure 3.6aiii).

In order to draw stronger conclusions on the PDA functionalisation and to evaluate the
physical integrity of the L wupon the PDA deposition, the assembly of the
MG3s0/L/PDA/PEG was characterised by QCM-D (Figure 3.6b). As previously explained,
QCM-D measures Af (related to mass changes, it decreases when mass is being loaded on
the crystal) and AD in real-time (related to structural changes, layers with low water
content such as a lipid bilayer will have a low AD, while highly hydrated layers such as

intact liposomes will have a large AD).

Due to the negative charge exhibited by the MGs, the silica sensors were first coated with
a positively charged polymer (i.e., PLL) resulting in a Af of -1.48 = 0.74 Hz (Figure
3.6bi). This new positively charged surface allowed for the deposition of negatively
charged MGgss, via electrostatic interactions, as indicated by a Af of -3.13 + 1.20 Hz. The
QCM-D experiments were carried out only with MGsso in order to avoid potential
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compromise of the sensitivity due to the loading of larger particles. Next, the deposition
of the L layer yielded a Af of -100.60 + 16.69 Hz and a AD of 18.44 x 10° + 5.07 x 10°®
(Figure 3.6bii), thus suggesting the adsorption of intact L rather than a lipid bilayer.[134]
In order to confirm that the deposition of L was due interaction with the negatively
charged MGsso, a control experiment without MGsso was conducted and the results
demonstrated that, when adsorbing L onto a PLL-coated silica sensor, negligible Af and
AD were detected (Af of -0.23 + 0.55 Hz and AD of 0.09 x 10° + 0.04 x 10°). Upon
PDA deposition, a further increase in Af of -259.94 + 6.52 Hz together with a AD of
27.90 x 10 + 1.37 x 10® was observed, which indicates that the deposition of PDA did
not displaced or ruptured the L from the surface. Finally, an increase in Af of -46.41 +
1.57 Hz upon PLL-g-PEG deposition, suggests a successful functionalisation of the PDA
coating. Therefore, the results confirmed the deposition of L onto the MG surface without
rupture, as well as the successful functionalisation of the PDA surface with PLL-g-PEG,
thus ensuring an intact bilayer membrane for the protection of fragile cargo.

3.3.2.4  Storage stability

The stability of MG7qo/L/PDA and MGyqo/L/PDA/PEG, in terms of aggregations, was evaluated
upon storage at 4 °C in PBS for up to 14 days (Figure 3.7).

MG, /L/PDA - 4°C PBS

0 days 5 days
i".“ o B
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MG, /L/PDA/PEG - 4°C PBS
0 days 3 days 5 days 7 days 14 days
" ; : i
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Figure 3.7 Storage stability. Differential interference contrast microscopy images MGzqo/L/PD)
functionalised with PLL-g-PEG (MG+o/L/PDA/PEG) stored at 4 °C in PBS for up to 14 days. Adapted
from reference [60] with permission. Copyright (2018) by Elsevier.
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The DIC images revealed the absence of aggregates during the whole time-frame. Only MGy
was studied due to the difficulties in imaging small MGs such as MGss.

3.3.3 Interaction of non-functionalised (MG/L/PDA) and
PEGylated (MG/L/PDA/PEG) carriers with cells

Drug delivery carriers designed to be administered intravenously are directly exposed to
the cell populations in the circulatory system. Therefore, the assessment of the interaction
of the as-prepared multicompartment carrier (in terms of cell association/uptake and cell
viability) with relevant cell lines is of outmost importance. For this, its performance is
evaluated in the presence of macrophages (RAW 264.7) which are the first line of defence
of the human body against pathogens and are part of the MPS,[100] and endothelial cells
(HUVEC) which are the cells lining the interior surface of blood vessels. In order to
evaluate the therapeutic potential of the novel carrier its interaction with a model cancer
cell (HeLa) is also evaluated.

3.3.3.1 Biocompatibility

A crucial requirement of every drug delivery system is to avoid inherent toxicity.
Therefore, the maximum amount that could be administered to the different cell lines was
first determined by incubating the cells with increasing amount of MG/L/PDA per cell for
4 hat 37°C, 5% CO, [12] followed by extensive washing and cell viability measurements
(by means of formazan formation due to the activity of cellular dehydrogenases) (Figure
3.8). As shown in Figure 3.8a, the maximum amount of MGq/L/PDA assemblies that
can be administered without significantly decreasing the cell viability is 11.1 ng per cell
for RAW 264.7 cells (Figure 3.8ai) while 3.7 ng per cell is the maximum amount that can
be administered to HUVEC (Figure 3.8aii) and 6.1 ng for HelLa cells (Figure 3.8aiii).
Therefore, 3.7 ng per cell was selected to conduct the subsequent experiments.
Interestingly, the three cell lines showed an overall higher tolerability towards
MG3s0/L/PDA as compared to MGqo/L/PDA (Figure 3.8b). In particular, only the cell
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Figure 3.8 Biocompatibility. a) Cell viability of i) RAW 264.7 cells, ii) HUVEC cells and iii) HeLa cells
upon incubation with increasing amount of MGgq/L/PDA. b a) Cell viability of i) RAW 264.7 cells, ii)
HUVEC cells and iii) HeLa cells upon incubation with increasing amount of MGgzso/L/PDA. n=3; ns >

0.05 *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Adapted from reference [60] with permission.

Copyright (2018) by Elsevier.

viability of HUVEC (Figure 3.8bii) and HelLa (Figure 3.8biii) was significantly reduced
upon exposure to the highest amount of MGss0/L/PDA tested (i.e., 30.7 ng). Therefore,
the maximum amount that can be administered to the three cell lines without significantly
decrease the cell viability is 18.5 ng of MG3s0/L/PDA, being the selected amount for

subsequent experiments.

In order to ensure maximum CUE the different cell lines were incubated with 3.7 ng
MGoo/L/PDA per cell for 0.5, 1, 2, 3, 4, 5 or 24 h at 37°C, 5% CO, followed by
extensive washing and flow cytometry analysis. The results (Figure 3.9a) demonstrated
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Figure 3.9 Incubation time optimisation. a) Cellular uptake efficiency (CUE) of i) RAW 264.7 cells, ii)
HUVEC cells and iii) HeLa cells upon incubation with 3.7 ng of MG;q/LF/PDA at different time points. b)
CUE of i) RAW 264.7 cells, ii) HUVEC cells and iii) HeLa cells upon incubation with 18.5 ng of
MG3s0/L /PDA at different time points n=3; ns > 0.05. Adapted from reference [60] with permission.
Copyright (2018) by Elsevier.

that the maximum cell uptake is reached after 3 h for RAW 264.7 (Figure 3.9ai) and
HelLa (Figure 3.9aiii) cells and 5 h for HUVEC (Figure 3.9aii) cells. Importantly, non-
significant differences were found for any of the cell lines after 3, 4 or 5 h incubation.
Therefore, 4 h incubation time was selected for following experiments.

Similar to MG7/L7/PDA, the different cell lines were incubated with 18.5 ng
MG3so/LT/PDA per cell for 0.5, 1, 2, 3, 4, 5 or 24 h at 37°C, 5% CO, followed by
extensive washing and flow cytometry analysis. The maximum CUE (Figure 3.9b) was
achieved after 4, 3 h and 0.5 h incubation with RAW 264.7 (Figure 3.9bi), HUVEC
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(Figure 3.9bii) and HeLa (Figure 3.9biii) cells, respectively. Importantly, non-significant
differences were found for any of the tested cell lines after 5 h. Therefore, 4 h was chosen

as the incubation times for the next experiments.

Importantly, the formation of aggregates did not take place upon incubation of
MG7o/L/PDA and MGrqo/L/PDA/PEG at 37 °C for up to 5 h in cell culture media (Figure
3.10).

MG, /L/PDA - 37°C Cell culture media
oh 1h 2h 3h 4h 5h
MG, /L/PDA/PEG - 37°C Cell culture media
oh Th 2h 3h 4h 5h
Figure 3.10 Stability upon cell culture media exposure. Differential interference contrast microscopy

images of MGzq0/L/PDA or functionalised MG+q,/L/PDA/PEG incubate in cell culture media at 37 °C for
different time points. Adapted from reference [60] with permission. Copyright (2018) by Elsevier.

3.3.3.2  Cellular uptake/association of MG/L/PDA and MG/L/PDA/PEG assemblies

Once the optimal conditions for both MGs and each cell line were determined, the
PEGylation effect in terms of cellular uptake/association was evaluated.

A comparison of the PEGylation effect was assessed employing the maximum amount of MGs
tolerated per cell (3.7 ng/cell for MGyo/L/PDA and 18.5 ng/cell for MGsso/L/PDA) upon
incubation for 4 h at 37 °C, 5% CO..
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RAW 264.7 cells: As shown in Figure 3.11a, the exposure of macrophages to the
PEGylated assemblies of both MGs resulted in a significant decrease in cell mean
fluorescence intensity (CMFI) (by ~2.5 fold for MG7oo/L"/PDA/PEG, black bar, and ~1.5
fold for MGaso/LT/PDA/PEG, grey bar) compared to the non-functionalised carriers.
Although only MGoo/LF/PDA/PEG resulted in a significant decrease in CUE (by ~2.4
fold) compared to MGzo/L/PDA (Figure 3.11b, black bar). Therefore, for this cell line
the most efficient system by means of PEGylation effect is MG7oo/L/PDA/PEG.
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Figure 3.11 Cellular uptake/association of MG/ LF /PDA and functionalised MG/LF/PDA/PEG with RAW
264.7 cells. a) Cell mean fluorescence intensity (CMFI) upon incubation with MG/LF/PDA and
MG/LF/PDA/PEG. b) Cellular uptake efficiency (CUE) upon incubation with MG/L"/PDA and

MG/LF/PDA/PEG. n=3; *p < 0.05; **p < 0.01. Adapted from reference [60] with permission. Copyright
(2018) by Elsevier.

HUVEC cells: Different from the RAW 264.7 cells, the PEGylation effect is only seen
upon exposure to MGaso/L/PDA/PEG respect to the MGaso/L/PDA, resulting in a
significant decrease in CMFI by ~1.3 fold (Figure 3.12a, grey bar). Such reduction is
comparable with the one observed in RAW 264.7 cells for the same system. However, the
CUE (Figure 3.12b) remained unaltered regardless of the surface functionalisation or the
MGs core being the CUE of the MGsso/L7/PDA and MGoo/L/PDA slightly lower than
the CUE observed for macrophages (~ 10% lower for both MG).
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Figure 3.12 Cellular uptake/association of MG/ L /PDA and functionalised MG/LF/PDA/PEG with
HUVEC cells. a) Cell mean fluorescence intensity (CMFI) upon incubation with MG/LF/PDA and
MG/LF/PDA/PEG. b) Cellular uptake efficiency (CUE) upon incubation with MG/L"/PDA and
MG/LF/PDA/PEG. n=3; *p < 0.05. Adapted from reference [60] with permission. Copyright (2018) by
Elsevier.

HelLa cells: For this cell line, the PEGylation effect was not observed for any of the MGs
(Figure 3.13a). The higher CUE (Figure 3.13b), for both MGs, as compared to RAW
264.7 and HUVEC cells demonstrates a preferential association/internalisation of the
carriers by this cell line compared to RAW 264.7 and HUVEC cells which makes the

multicompartment carrier an interesting candidate for cancer therapy.

Although the results suggest that the PEGylation effect of the MGsso/L/PDA/PEG was
better than MGoo/L/PDA/PEG (i.e., significantly decrease either CMFI or CUE in two
out of three cell lines), aiming to keep the CUE with macrophages and endothelial cells to
the minimum possible while still being high in cancer cells and the difficulty in producing
the MGaso/L7/PDA or MGaso/LT/PDA/PEG at high quantities , the MGro Was selected as
a core for the chapter 4 and 5 of this PhD thesis.

Importantly, the PEGylation of the surface did not resulted in any inherent cytotoxicity
for any of the tested cell lines (Figure 3.14).
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Figure 3.13 Cellular uptake/association of MG/ L7 /PDA and functionalised MG/LF/PDA/PEG with HelLa
cells. a) Cell mean fluorescence intensity (CMFI) upon incubation with MG/L"/PDA and
MG/LF/PDA/PEG. b) Cellular uptake efficiency (CUE) upon incubation with MG/L"/PDA and
MG/LF/PDA/PEG. n=3. Adapted from reference [60] with permission. Copyright (2018) by Elsevier.
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Figure 3.14 Cell viability of RAW 264.7, HUVEC and HeLa cells upon incubation with MG/L/PDA or
MG/L/PDA/PEG. n=3. The results were normalised to cells only. Adapted from reference [60] with
permission. Copyright (2018) by Elsevier.
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3.4 Conclusions

In this chapter, an in depth characterisation of the assembly of a multicompartment carrier
in the submicron range is described and discussed using to different MGs (i.e., MGz and
MGg3so) as the core.

Based on the results presented above, both MGs exhibited a good colloidal stability along
the assembly process, including incubation with the liposomes, DA polymerisation into
PDA (being better the MG7oo compared to MGsso) and PDA functionalisation with

PLL-g-PEG, without being compromised upon storage conditions for up to 14 days (only
assessed for MGrqp).

The integrity of the liposomes was confirmed upon PDA and PLL-g-PEG deposition,
ensuring protection for the potential cargo encapsulated within the liposomes (i.e.,

therapeutic molecules, enzymes, etc.).

Importantly, a PEGylation effect was observed, by significant decrease in CMFI and/or
CUE upon cellular incubation with the PEGylated carrier compared to the non-
functionalised counterpart, in macrophages (i.e., MGoo/L/PEG and MGaso/L/PEG) and
endothelial cells (i.e., MGsso/LT/PEG) but not in the model cancer cell line. Although
MG3s0 showed a slightly better performance in terms of PEGylation effect, compared to
MG-qo, the difficulties in producing large amounts of carrier necessary for more advanced
experiments (i.e., shear stress conditions) and the high CUE compared to MGqo (for both
macrophages and endothelial cells), make MGy a better candidate for further

experiments.

Therefore, although it is worth to invest efforts in optimizing the large production of the
MG3so due to their small size making them good candidates for intracellular delivery, size
and cellular performance the following experimental chapters of this PhD thesis will

include only multicompartment carriers assembled making use of MG+ as the core.
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Chapter IV Shear stress requlated
uptake of liposome-decorated
microgels with a poly(dopamine)
shell
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Summary

Since, in this chapter all the multicompartment carriers are assembled with MGzgp, MG7go

will be referred, from now on, as MG.

This chapter involves the evaluation of the PEGylation effect by means of protection
towards protein adsorption on the carrier’s surface upon exposure to albumin and
immunoglobulin G in the absence or presence of shear stress, using flow cytometry, DIC
and fluorescence imaging. Next, the potential functionality as a dual-cargo carrier is
evaluated by studying the different kinetic release profiles of model molecules offered by
the two components of the system (i.e., P(NIPAM)-co-AAc MGs and liposomes).
Importantly, the effect of the physiological dynamics, by exposure to relevant shear stress
conditions (i.e., due to blood flow and interstitial fluid in the tumour environment), on the
cellular  association/uptake and PEGylation effect (i.e.,, diminished cell
uptake/association) are extensively investigated. For this, three relevant cell lines (i.e.,
RAW 264.7, HUVEC and HelLa cells) are studied using flow cytometry and confocal
laser microscopy (CLSM). Finally, the influence of shear stress is further investigated
regarding the cellular uptake pathway followed by the multicompartment carrier to enter
the different cell lines using chemical inhibitors and flow cytometry (Scheme 4.1).

The results presented in this chapter have been adapted from the following publication:

York-Duran, M. J; Ek, P. K.; Godoy-Gallardo M.; Hosta-Rigau L. Shear stress regulated
uptake of liposome-decorated microgels coated with a poly(dopamine) shell. Colloids
Surf., B 2018, 171, 427-436.
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Scheme 4.1 Overview of the topics covered by this chapter. PEGylation effect by means of protection
towards protein adsorption in the presence and absence of shear stress. Evaluation of its functionality as a
dual-cargo carrier. Study of the influence of shear stress in the cell association/uptake by three different cell
lines (i.e., RAW 264.7, HUVEC and HeLa cells) and cellular uptake pathway using chemical inhibitors
(i.e., latrunculin A, amiloride, filipin and chlorpromazine). Adapted from reference [60] with permission.
Copyright (2018) by Elsevier.
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4.1 Introduction

One of the numerous advantages offered by carriers containing multiple compartments is
the possibility to co-encapsulate several (incompatible) molecules within the same carrier
ensuring their co-localization at the target site, improving the safety and the efficacy of
the therapeutic outcome.[2]

An interesting approach to achieve a control release of the encapsulated cargo is creating
a carrier using building blocks with different properties and therefore different Kkinetic
profiles such as P(NIPAM)-co-AAc MGs and liposomes.

Although both building blocks have been extensively investigated separately, only one
report investigates their combination as a dual-cargo carrier, showing that the MGs
exhibit a faster release profile compared to liposomes due to their large pore size.[26]
Herein, the concept is taken to the next level by creating a multicompartment carrier that
can be easily functionalised (due to PDA protective layer which exhibits reactivity
towards amines and thiols) with relevant molecules (such as PLL-g-PEG) while
maintaining the different kinetic of the building blocks. It is worth to note that the
assembly of the multicompartment carrier is the same as the one explained in Chapter 3 of
this PhD thesis.

From a different perspective, the carriers administered intravenously are directly exposed
to not only proteins and different cell populations present in the blood and vasculature but
also to the dynamic nature of the physiological environment. This means, that the
carrier/cell interaction will be subjected to different mechanical forces such as shear stress
that can vary from 0.5 to 30.0 dyn cm™ in the vasculature and be as low as 0.1 dyn cm™ in
the tumour microenvironment due to the interstitial flow.[135,136]

Although it has been previously reported that physiological shear stress conditions can
influence the therapeutic efficacy,[108] carrier cytotoxicity,[109] PEGylation effect,[96]
targeting efficiency,[21,110] cellular uptake,[109] and cellular uptake pathway,[112,113]
it is still rarely seen in in vitro set-ups when a carrier is being investigated, especially

when it comes to cancer cell lines. Therefore, in vitro studies in which a more in vivo-like
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environment is not contemplated could translate into a poor transition of the developed
carrier from in vitro to preclinical studies. This difficult transition could potentially
reduce its chances to reach clinical studies.

An easy way to include shear stress in in vitro set-ups is making use of microfluidic
devices. They offer the possibility to study the interactions between carriers and
biological systems in depth by accurately controlling the fluidic conditions.[137] Their
relevance has been demonstrated by the in vivo validation of the findings previously
observed using microfluidic devices.[138] Therefore, the integration of microfluidics in in
vitro set-ups is envisioned to assist the design of carriers, to better understand the
interaction with its biological target and to improve the screening of potential drug
delivery vehicles before moving to in vivo models. Although the microfluidic devices can
be home-built the use of validated commercial microfluidic devices (Scheme 4.2) makes
possible the investigation of the influence of shear stress conditions on carrier/cell

interaction for everyone.

Air tubing ( Incubator )

L

Drying bottle

Electrical
connection

Computer

Scheme 4.2 Schematic representation of the commercial microfluidic device used to accurately control the
shear stress. Adapted from reference [60] with permission. Copyright (2018) by Elsevier.

Herein, an in depth comparison between non-functionalised (MG/L/PDA) and
functionalised carrier (MG/L/PDA/PEG), by means of (i) protection towards protein
adsorption in the absence and presence of shear stress, (ii) suitability as dual-cargo
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carriers and (iii) evaluation of the influence of physiological shear stress on the cellular
uptake/association, cellular uptake efficiency and cellular uptake pathway, compared to

conventional well plate in vitro experiments, is presented.

4.2 Materials and Methods

421 Materials

Tris, NacCl, calcein (Cal), methylene blue (MB), fluorescein isothiocyanate (FITC), FITC-
labelled immunoglobulin G (IgG-FITC), bovine serum albumin (BSA), PBS, DMEM
D5796, sodium pyruvate, penicillin/streptomycin, FBS, trypsin, paraformaldehyde (PFA),
tetramethylrhodamine B isothiocyanate (TRITC)-labelled phalloidin (phalloidin-TRITC),
WST-8 counting cell kit, adenocarcinoma cell line HeLa, endothelial cell line HUVEC,
dimethyl sulfoxide (DMSO), sodium bicarbonate (NaHCOs3), chlorpromazine
hydrochloride, amiloride hydrochloride hydrate, filipin complex from Streptomyces
filipinensis, latrunculin A and PLL (Mw 15 000-30 000 Da) were purchased from Sigma-
Aldrich (Saint Louis, MO, USA). POPC, POEPC and NBD-PC were obtained from
Avanti Polar Lipids (Alabaster, AL, USA). PLL-g-PEG was obtained from SuSoS AG
(Dubendorf, Switzerland). EGM-2 was purchased from Lonza (Basel, Switzerland). The
EGM-2 is composed of EBM, hEGF, VEGF, R3-IGF-1, ascorbic acid, hydrocortisone,
FBS, human hFGF-B, heparin and GA. The macrophage cell line RAW 264.7 was
obtained from ECACC, Wiltshire, UK. a-Methoxy-w-carboxylic acid succinimidyl ester
poly(ethylene glycol) (Me-PEG-NHS, Mwpegcz = 2000 Da) was purchased from lIris
Biotech GmbH (Marktredwitz, Germany). Tris 1 buffer is composed of 10 mM Tris (pH
8.5); Tris 2 is composed of 10 mM Tris and 150 mM NaCl (pH 7.4); HEPES is composed
of 10 mM HEPES and 150 mM NaCl (pH 7.4). All buffers were made with ultrapure
water (Milli-Q, gradient A 10 system, TOC < 4 ppb, resistance 18 MV cm, EMD
Millipore, USA).
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4.2.2 Methods

4.2.2.1 MB-loaded MGs (MGMB) assembly

In order to encapsulate MB within the MGs core, a suspension containing 958 pug MG
was incubated with 0.055 pumols of MB dissolved in Tris 1 buffer (100 pL) and incubated
overnight at room temperature in a tube rotator. After the incubation time, the sample was
washed 3x in Tris 1 in order to remove non-encapsulated MB using a bench top
centrifuge (MiniSpin, Eppendorf, AG, Germany).

4.2.2.2 Cal-loaded liposomes (L) assembly

The liposomes were assembled by the lipid film hydration method. Specifically, 1.75 mg
POPC and 0.75 mg POEPC were dissolved in chloroform followed by the formation of
the lipid film using a nitrogen flow. Next, the lipid film was exposed to vacuum for at
least 1 h in order to completely evaporate the organic solvent. In order to encapsulate Cal
within the liposome core, the lipid film was rehydrated with 1 mL of Cal 20 mM in Tris 1
yielding a final lipid concentration of 32 mM. Upon rehydration, the solution was
extensively vortexed every 15 min for 1 h to ensure the maximum Cal encapsulation
followed by extrusion and dilution to a final concentration of 3.2 mM. The L% were
purified from non-encapsulated Cal by Size Exclusion Chromatography (SEC) using an
Illustra Nap-10 column (GE Healthcare Life Science, Brondby, Denmark). The size and
PDI of the L was determined by DLS. Only L with a PDI below 0.14 were used for
the experiments. For empty fluorescent liposomes (L") 2 wt% of NBD-PC was added to
the lipid mixture prior to the lipid film formation.

4.2.2.3 Assembly of multicompartment carriers

The MGME/L/PDA, MG/L®/PDA or MG/LF/PDA carriers were prepared by washing a
suspension containing 958 pg MGs or MGM® in Tris 1 1x buffer for 14 min at 8500 rpm
followed by incubation with liposomes (LT or L) (0.25 mg lipids) for 1.5 h at room
temperature in a tube rotator. Next, in order to coat the surface with PDA the suspension
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was concentrated to a volume of 100 pL followed by exposure to a DA 1 mg mL™ for 16
h at room temperature in a tube rotator. Finally, the unreacted DA and PDA were washed
away by 2x washing cycles in Tris 2 for 7 min at 10 000 rpm. In order to decrease the
material loss all the steps before PDA deposition were performed in an amicon ultra
centrifugal filter (100 kDa). The MGM®/L/PDA, MG/L“®/PDA or MG/L"/PDA carriers
were PEGylated (MGMB/L/PDA/PEG, MG/L“/PDA/PEG or MG/LT/PDA/PEG) by
incubating MGMB/L/PDA, MG/L®/PDA or MG/L"/PDA suspensions with PLL-g-PEG 1
mg mL™in Tris 1 for 1 h at room temperature in a tube rotator, followed by washing the
PLL-g-PEG excess by 2x washing cycles in Tris 2 (7 min, 10 000 rpm).

4.2.2.4 Protein adsorption

Synthesis of BSA-FITC: BSA was fluorescently labelled (BSA-FITC) following a
previously published protocol.[139] A FITC solution (3.7 mg of FITC in 300 uL DMSO)
was added dropwise to a BSA solution containing 30 mg of protein in 6 mL of NaHCOs3
0.05 M pH 10) under vigorous shaking followed by overnight incubation at room
temperature in a tube rotator. Upon incubation, the excess of FITC was removed by two
days dialysis against Milli-Q water using a cellulose dialysis membrane with a cut-off of
12.4 kDa. Finally, the fluorescently labelled protein was freeze-dried.

A suspension containing 0.47 mg MG/L/PDA or MG/L/PDA/PEG in 0.2 mL was
incubated at 37 °C for 4 h with 0.5 mg mL™ IgG-FITC or BSA-FITC solutions in PBS
followed by extensive washing in PBS in order to remove unbound proteins. Next, in
order to assess the extent of protein adsorption on the carrier’s surface the fluorescence
intensity of the carriers containing the fluorescent proteins was measured by flow
cytometry (BD Biosciences, Sparks, MD, USA). For protein adsorption under the
presence of shear stress (1), syringes containing 17.6 mg of carriers and 0.5 mg mL™ 1gG-
FITC or BSA-FITC solutions in PBS (7.5 mL) were connected to a chamber (u-slide
VI%4 tissue culture treated, Ibidi GmbH. Munich, Germany) in order to apply two
different shear stresses (tos = 0.5 dyn cm™? and 14 = 4 dyn cm™®) with an Ibidi Pump
System (lbidi GmbH, Munich, Germany). After 4 h of incubation at 37 °C, the samples
were washed 2x in PBS (5 min, 8500 rpm) and analysed by flow cytometry. At least 20
000 events were analysed in two independent experiments. In all the experiments, the
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ratio between MG/L/PDA or MG/L/PDA/PEG and IgG-FITC or BSA-FITC (in mg) was
kept constant.

4.2.2.5 Release Kinetics

MB release kinetics: MGM®/L/PDA or MGME/L/PDA/PEG multicompartment carriers
(56.2 mg mL™ in Tris 2 buffer) were incubated at 37 °C under constant shaking using a
PMHT thermoshaker (Grant Bio, Cambridge, United Kingdom). At different time-points,
the samples were centrifuged for 5 min at 8500 rpm and the absorbance (A) of the
supernatants was analysed at 664 nm employing a Tecan Spark multimode plate reader.
Carriers without MB (MG/L/PDA or MG/L/PDA/PEG) were used as controls. The results

were normalised to the A at the maximum incubation time:

Ai-Ao

A Ay x 100

Release of MB (%)=

Being A¢: A at different time points; Ap: A at time zero; A,: A at maximum incubation

time. At least two independent experiments were carried out.

Cal release kinetics: MG/L“¥/PDA or MG/L“*/PDA/PEG carriers (28.1 mg mL ™ in Tris
2 buffer) were incubated at 37 °C under constant shaking using a thermoshaker. Similar
to MB release experiments, at specific time-points the samples were centrifuge for 5 min
at 8500 rpm and the supernatants were analysed using black 96-well plates and an
excitation and emission wavelengths of 485 nm and 535 nm, respectively in a multimode
plate reader (Victor3-1420 Multilabel Counter, PerkingElmer, Waltham, MA, USA). In
order to achieve the maximum Cal release, 0.1% (v/v) Triton-X was added to the
suspensions. As controls, multicompartment carriers with empty liposomes (MG/L/PDA
or MG/L/PDA/PEG) were employed. The results were normalised to the fluorescence
intensity (FI) after Triton-X addition:

Fl-FI
Release of Cal (%)= 9 v 100

Flrx-Flg
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Being Fli: FI at different time points; Flo: Fl at time zero; Flrx: Fl after Triton-X addition.
At least two independent experiments were performed.

4.2.2.6 Cell experiments

The adenocarcinoma HelLa and mouse macrophage RAW 264.7 cell lines were cultured
in DMEM supplemented with 2% (v/v) HEPES, 1% sodium pyruvate, 10% (v/v) FBS and
1% (v/v) penicillin/streptomycin (10 000 U/mL and 10 pg/mL, respectively) at 37°C in a
humidified incubator with 5% CO, level. The endothelial HUVEC cell line was cultured
in EBM-2 supplemented with 0.1% (v/v) hEGF, 0.1% (v/v) VEGF, 0.1% (v/v) R3-1GF-1,
0.1% (v/v) ascorbic acid, 0.04% (v/v) hydrocortisone, 0.4% (v/v) hFGF-B, 0.1% (v/v)
heparin, 2% (v/v) FBS and 0.1% (v/v) GA. The cell media was renewed every 2-3 days
and only passages between 14-20, 3-9 and 1-4 of HelLa cells, RAW 264.7 cells and
HUVEC cells were used in all the experiments. The cells were allowed to grow up to
~80% confluency before being detached from the culture flask using trypsin (3 mL, 0.5
mg mL™) in the case of HeLa and HUVEC cells and a cell scraper for RAW 264.7 cells.
Next, the trypsin was removed by centrifugation (1000 rpm, 5 min) and the cells were

resuspended in new cell culture media.

In order to ensure that the cells are exposed to the same amount of carrier, the
concentration of the carrier solution was determined by fluorescence measurements of
MG/LF/PDA or MG/LT/PDA/PEG followed by serial dilutions to achieve the desired
concentration. At least three independent experiments were carried out and the data was
analysed using one-way ANOVA with a confidence level of 95% (a = 0.05) followed by
Tukey’s multiple comparison posthoc test (*p < 0.05; **p < 0.01; ***p < 0.001; ****p <
0.0001) in a GraphPad Prism 7 software.

4.2.2.7 Cell viability

Static conditions (96 well-plates): 30 000 cells (RAW 264.7) or 15 000 cells (HeLa or
HUVEC) were seeded in 96-well plate in 200 pL cell culture media and allowed to attach
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to the surface for 24 h at 37°C, 5% CO.,. Next, the cells were incubated with 3.7 ng carrier
per cell (MG/L/PDA or MG/L/PDA/PEG) in 200 pL cell culture media for 4 h at 37°C,
5% CO, followed by washing 2x in 200 pL pre-warmed PBS and 1x in a solution
containing cell culture media: WST-8 kit reagent (1:10) in order to remove the non-
associated/internalised carriers. Upon washing, the cells were incubated with 100 uL cell
culture media and 10 pL WST-8 kit reagents for 70 min at 37°C, 5% CO,. Finally, 100
ML were transferred to a new 96- well plate and the formazan generated by the reduction
of WST-8 by dehydrogenases in cells was detected at 450 nm.

Dynamic conditions (shear stress): 54 000 cells (RAW 264.7) or 27 000 cells (HeLa or
HUVEC) were seeded into closed perfusion chambers (p-slide V1°%) in 150 pL cell
culture media and allowed to attach to the surface for 24 h at 37°C, 5% CO,. Next, the
cells were exposed to 3.7 ng MG/LF/PDA or MG/LF/PDA/PEG per cell in syringes
containing 7.5 mL media (for HUVEC and RAW 264.7) or 9 mL media (for HeLa cells)
for 4 h at 37 °C and 5% CO at specific shear stress conditions (t4 or 120 = 20 dyn cm™).
Upon incubation, the channel was washed 2x in 200 pL pre-warmed PBS and 1x in a
solution containing cell culture media: WST-8 kit reagent (1:10) followed by incubation
for 70 min at 37°C, 5% CO; with 100 pL cell culture media and 10 pL WST-8 kit
reagents. Finally, 100 pL were transferred to a new 96- well plate and the formazan
generated by the reduction of WST-8 by dehydrogenases in cells was detected at 450 nm.

In all the experiments cells without exposure to carriers and cell culture media were used

as controls. The cell viability was calculated using the following equation:

o treated or untreated cells-cell culture media
Cell viability (%)= - x 100
untreated cells-cell culture media

4.2.2.8 Cell association/uptake experiments

Static conditions (96 well-plates): 30 000 cells (RAW 264.7) or 15 000 cells (HeLa or
HUVEC) were seeded in 96-well plate in 200 pL cell culture media and allowed to attach

to the surface for 24 h at 37°C, 5% CO,. Next, the cells were incubated with 3.7 ng carrier
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per cell (MG/L/PDA or MG/L/PDA/PEG) in 200 pL cell culture media for 4 h at 37°C,
5% CO; followed by washing 2x in 200 uL pre-warmed PBS in order to remove non-
internalised/non-associated carriers. Then, the cells were detached from the wells by
scrapping (RAW 264.7 cells) or by trypsinization with 60 pL trypsin (0.5 mg mL™)
(HeLa or HUVEQC). Finally, the cell association/uptake of the carriers was evaluated by

measuring the CMFI and CUE of at least 2000 cells by flow cytometry.

Dynamic conditions (shear stress): 54 000 cells (RAW 264.7) or 27 000 cells (HeLa or
HUVEC) were seeded into closed perfusion chambers (p-slide V1°%) in 150 pL cell
culture media and allowed to attach to the surface for 24 h at 37°C, 5% CO,. Next, the
cells were exposed to 3.7 ng MG/L"/PDA or MG/LF/PDA/PEG per cell in syringes
containing 7.5 mL media (for HUVEC and RAW 264.7) or 9 mL media (for HeLa cells)
for 4 h at 37 °C and 5% CO, at specific shear stress conditions (tos, T4 or T20). Upon
incubation, the channel was washed 2x in 200 pL pre-warmed PBS and all cell lines were
harvested (using trypsinization) for flow cytometry analysis (CMFI and CUE) of at least
2000 cells.

In all the experiments cells without exposure to carriers were used as control.

4.2.2.9 Cell imaging

Synthesis of PFA: In order to synthesise 8% (wt/v) PFA 16 mg PFA were dissolved in
80 mL Milli-Q water under constant stirring and nitrogen atmosphere at 60-70°C for 1 h.
Then, two drops of 5 M NaOH were added in order to fully dissolve the PFA. Next, the
pH was adjusted to 7.0 and the reaction mixture was allowed to cool down to room
temperature followed by the addition of 20 mL Milli-Q water (final volume 100 mL).
Finally, the solution was filtered through 0.45 pum cellulose acetate filters and mixed with
100 mL of PBS.

In order to confirm the successful internalisation of the carriers (MG/LT/PDA or
MG/L"/PDA/PEG) rather than being associated with the cellular surface the cells were
fixed and stained.
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Static conditions (48 well-plate): 40 000 cells (RAW 264.7) and 25 000 cells (HUVEC
or HelLa) were seeded in a 48-well plate containing a previously sterilized cover glass in
each well in 500 pL media. Upon cell attachment, for 24 h at 37 °C and 5% CO., the cells
were incubated with 3.7 ng MG/LF/PDA or MG/L"/PDA/PEG per cell for 4 h at 37 °C
and 5% CO,. Next, the non-internalised/non-associated carriers were removed by
washing 2x in PBS followed by fixation with 4% PFA solution for 30 min at room
temperature and extensively washed in PBS to remove the PFA. The actin filaments of
the cellular membrane were stained with phalloidin-TRITC (0.003 mg mL™) for 1 h at
room temperature followed by extensive washing in PBS in order to remove the excess of
phalloidin-TRITC. Finally, the cells were imaged using CLSM (Leica Microsystems
GmbH, Wetzlar, Germany) equipped with a 63x water-immersion objective. The
macrophage cell line (RAW 264.7) was imaged using a Zeiss LSM700 CLSM (Carl Zeiss
AG, Oberkochen, Germany) equipped with a 20x objective.

Dynamic conditions (shear stress): 54 000 cells (RAW 264.7) or 27 000 cells (HeLa or
HUVEC) were seeded into closed perfusion chambers (p-slide V1°%) in 150 pL cell
culture media and allowed to attach to the surface for 24 h at 37°C, 5% CO,. Next, the
cells were exposed to 3.7 ng MG/LF/PDA or MG/LF/PDA/PEG per cell in syringes
containing 7.5 mL media (for HUVEC and RAW 264.7) or 9 mL media (for HeLa cells)
for 4 h at 37 °C and 5% CO, at specific shear stress conditions (tos, T4 or T20). Upon
incubation, the channel was washed 2x in 200 pL pre-warmed PBS and fixated with 4%
PFA solution for 30 min at room temperature. Upon washing, the actin filaments of the
cellular membrane were stained with phalloidin-TRITC (0.003 mg mL™) for 1 h at room
temperature and washed in PBS. The cells were imaged inside of the channels using a
CLSM and 63x water-immersion objective. The macrophage cell line (RAW 264.7) was
imaged using a Zeiss LSM700 CLSM equipped with a 20x objective.

In all the experiments cells without exposure to multicompartment carriers were used as

control.
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4.2.2.10Cell uptake pathway

Synthesis of PLL-g-PEG: For the cellular uptake pathway experiments, PLL-g-PEG was
synthesised as previously reported.[140] Specifically, 0.038 mmol Me-PEG-NHS were
dissolved in cold HEPES buffer and added to a solution composed by 0.143 mmol PLL in
cold HEPES buffer followed by 4 h incubation at 4 °C under constant shaking. Next, the
reaction mixture was purified by two days dialysis using a cellulose dialysis membrane
with a cut-off of 14 kDa. Nuclear magnetic resonance analysis was used in order to
confirm the grafting ratio (GR) of 2.9. GR is defined as the ratio of the number of lysine
monomers to the number of PEG side chains

Static conditions (96 well-plate): 30 000 cells (RAW 264.7) or 15 000 cells (HeLa or
HUVEC) were seeded in 96-well plate in 200 uL cell culture media and allowed to attach
to the surface for 24 h at 37°C, 5% CO,. Next, the RAW 264.7 cells were pre-incubated
with either 1 pg mL™ filipin, 50 uM amiloride or 1 pM lantrunculin A as previously
reported.[11] While HeLa and HUVEC cells were pre-incubated with 20 pM
chlorpromazine, 2 pug mL™ filipin or 100 pM amiloride for 30 min at 37°C and 5% CO;
in cell culture media without antibiotics in order to avoid deactivation of the inhibitor.
Then, 3.7 ng of MG/L7/PDA or MG/LF/PDA/PEG per cell were added in the presence of
the inhibitors, in order to avoid the restoration of the pathway during the exposure to the
multicompartment carriers,[141] and incubated for 4 h at 37°C and 5% CO.. Finally, the
cells were washed in PBS, harvested by trypsinization or scrapping and analysed by flow
cytometry (at least 2000 cells were analysed).

Dynamic conditions (shear stress): 54 000 cells (RAW 264.7) or 27 000 cells (HeLa or
HUVEC) were seeded into closed perfusion chambers (p-slide V1°%) in 150 pL cell
culture media and allowed to attach to the surface for 24 h at 37°C, 5% CO.,. Next, the
RAW 264.7 cells were pre-incubated with either 1 pg mL™ filipin, 50 uM amiloride or 1
KM lantrunculin A as previously reported.[11] While HeLa and HUVEC cells were pre-
incubated with 20 pM chlorpromazine, 2 pug mL™ filipin or 100 uM amiloride for 30 min
at 37°C and 5% CO; in cell culture media without antibiotics. Then, the cells were
exposed to 3.7 ng MG/LT/PDA or MG/L"/PDA/PEG per cell in syringes containing 7.5
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mL media (for HUVEC and RAW 264.7) or 9 mL media (for HeLa cells) and the
inhibitors for 4 h at 37 °C and 5% CO. at specific shear stress conditions (tos, T4 Or T20).
Finally the cells were washed in PBS, trypsinized from the channels and analysed by flow

cytometry.

In all the experiments, cells without MG/L/PDA, MG/L7/PDA/PEG and inhibitor
exposure and cells exposed to either MG/L/PDA or MG/LF/PDA/PEG without inhibitor

exposure where used as controls.

4.3 Results and Discussion

4.3.1 Protein adsorption

Once a drug delivery carrier is intravenously administered it is exposed to the human
physiology including blood components (i.e.., albumin, lipoproteins, apolipoproteins,
proteins of complement, immunoglobulins, etc.) that can interact with the surface of the
carrier leading to the accumulation of opsonins which translates into higher recognition
and clearance by MPS.[100] Therefore, PEGylation of the carriers has been widely used
in the drug delivery field as a strategy to protect the surface from opsonins binding and
therefore, to improve their circulation time in the body.[101]

Albumin and 1gG are the most abundant protein in plasma (30-45 g L) and the most
abundant immunoglobulin in blood (7-16 g L™) respectively. Therefore, the assessment of
the PEGylation effect of the multicompartment system in the presence of these proteins is

of outmost importance.

Another crucial aspect regarding the effect of human physiology on drug delivery carriers
administered intravenously is the shear stress generated due to blood flow or interstitial
fluid in tumour tissue (when targeting to tumour tissue is the aim). Therefore, it is not

only important to evaluate the performance of the multicompartment carrier in the
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presence of relevant proteins but also under conditions closer to the physiological

dynamic environment.

For this, non-PEGylated (MG/L/PDA) and PEGylated (MG/L/PDA/PEG) carriers were
incubated with either 1gG-FITC or BSA-FITC in the absence (t = 0 dyn cm™ (1)) or
presence of shear stress found in vasculature (to5 and 14) for 4 h at 37 °C followed by

extensive washing and analysed by flow cytometry.

As shown in Figure 4.1 the results have been normalised to MFI of MG/L/PDA carriers
incubated with either IgG-FITC or BSA-FITC at to. An overall slight decrease in nMFI
can be observed due to PEGylation of the carrier. However, this decrease in nMFI differs
depending on both the studied protein as well as the shear stress conditions. For 1gG-
FITC binding, when exposing the carriers to both 1o and 14, there was only a 37 = 5% and
26 £ 3% decrease, respectively, in nMFI as a result of PEGylation (Figure 4.lai).
Interestingly, a dramatic decrease in nMFI can be observed for MG/L/PDA/PEG carriers
at the lowest shear stress condition (tos 117 + 63%). For BSA-FITC incubation, in
agreement with the IgG-FITC results, the largest reduction in nMFI (64 £ 12%) is also
observed for the lowest shear stress conditions of tos (Figure 4.1aii). It is also worth
mentioning that the presence of shear stress seems to promote protein deposition (tgs in
the case of 1IgG-FITC and to5 and 14 in the case of BSA-FITC), an observation that has
also been reported by Palchetti et al. In particular, PEGylated liposomes under shear
stress conditions displayed a larger variety of proteins in the corona than when incubated
in the absence of shear stress.[142]

All in all, these results indicate that although the PEGylation effect of the

multicompartment carrier is rather limited, it is observed in all tested conditions.

The diminished binding of both IgG-FITC and BSA-FITC onto MG/L/PDA/PEG at 105
was also verified by fluorescence microscopy images. The results show a lower
fluorescence intensity signal for MG/L/PDA/PEG incubated with either IgG-FITC or
BSA-FITC as compared to MG/L/PDA at all shear stress conditions, being more obvious
for 1o5 (Figure 4.1bi,ii). The fluorescence and DIC images revealed that the presence of
both BSA and 1gG, did not affect the colloidal stability in terms of aggregation for all
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Figure 4.1 Protein adsorption onto the multicompartment carriers surface. a) Normalised mean
fluorescence intensity (NMFI) non-PEGylated (MG/ L /PDA) and PEGylated (MG/L/PDA/PEG) carriers
upon incubation with fluorescently labelled immunoglobulin G (IgG-FITC) (i) and bovine serum albumin

(BSA-FITC) (ii) at t = 0 dyn cm (1o, light grey bars), T = 0.5 dyn cm™ (1q, dark grey bars) and t = 4.0 dyn
cm? (14, black bars). b) Differential interference contrast and fluorescence microscopy images upon
incubation with IgG-FITC (i) and BSA-FITC (ii). Adapted from reference [60] with permission. Copyright
(2018) by Elsevier.

tested conditions.
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4.3.2 Dual-cargo release kinetics

Although the building blocks of hydrogel-liposomes complexes, P(NIPAM-co-AAcC)
MGs[62-65] and liposomes,[2] have been largely investigated, the combination of both
systems has been rarely reported in literature. Previous studies have been mainly focused
on the control of the kinetic release of the liposomes by linking them to MGs through
avidin-biotin conjugation[103] or by physically trapping them inside of a MG particle’s
network.[104] However, the potential use of hydrogel-liposomes complexes as dual-drug
delivery carriers has been only reported in one study.[26]

The main advantage of multicompartment systems is the possibility to co-encapsulate
(incompatible) drugs in separated compartments, which can result in a potential
synergistic effect.[2] The developed MG/L/PDA/PEG carrier consists of compartments of
two different materials, liposomes and MGs, each of them capable of carrying different
molecules in separated compartments. To demonstrate such compartmentalization, two
distinguishable fluorophores were encapsulated. In particular, MB and Cal were
entrapped in the MGs and the L core and their release profiles at 37 °C were assessed
independently. Figure 4.2a and Figure 4.2b show the release of MB and Cal from the
MGs and from the L, respectively, into the aqueous environment for both MGM®/L/PDA,
MG/L®/PDA, MGMB/L/PDA/PEG and MG/L“/PDA/PEG multicompartment carriers.
For MB, the results are normalised to the maximum amount of MB cumulative release in
the tested time framework while, for Cal, the results are normalised to the Cal cumulative
release upon addition of Triton X, which was added after 24 h incubation to rupture the
liposomes and release the remaining entrapped Cal.

Regarding the MGM®/L/PDA, for MB the kinetic curve shows a rapid release profile for
the first 7-9 h where approximately 75-81% of the encapsulated MB gets released,
followed by a slow increase of the release rate (Figure 4.2a, empty squares). The large
pores of the MGs may be responsible for the fast release rate of the loaded cargo observed
for the MGs.[26] In contrast, the Cal release profile reveals an initial burst release of
approximately 20% after 1 h incubation, followed by a slower release rate, reaching 70%
release after 24 h of incubation (Figure 4.2b, empty squares). For PEGylated carriers,
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Figure 4.2 Dual-cargo release kinetics. a) Release of encapsulated methylene blue (MB) inside the
microgels (MG™®) core overtime from both non-PEGylated (MG™®/L/PDA) and PEGylated
(MGMB/L/PDA/PEG) multicompartment carriers. b) Release of encapsulated Calcein (Cal) within the
liposomes (L") overtime from both MG/L“®/PDA and MG/L */PDA/PEG. Adapted from reference [60]
with permission. Copyright (2018) by Elsevier.

although the release profiles were similar to the non-PEGylated ones, a general increase
in the release rate was observed for both cases (Figure 4.2a and 4.2b, black squares).
Those results indicate that the PLL-g-PEG functionalisation slightly increases either the

PDA or the underlying liposomes permeability.

In conclusion, Figure 4.2 demonstrates that for both non-functionalised and PEGylated
carriers, in agreement with a previously reported study,[26] the release rate of MB

encapsulated within MGs core is faster than the release rate of Cal encapsulated within
the L.
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4.3.3 Interaction of non-functionalised and PEGylated carriers
with cells

The evaluation of the interaction of the multicompartment system with relevant cell lines
(i.e., HUVEC, RAW 264.7 and HelLa cells) is of outmost importance. In this chapter, the
studies are brought to the next level by incorporating the dynamic human physiology
factor.

It is well known that blood flow generates hemodynamic forces such as shear stress on
the surface of endothelial cells, as well as to the circulating macrophages.[105] Several
studies have reported the impact of physiological shear stress on the cell/carrier
association,[109] illustrating the importance of considering shear stress in the in vitro
characterisation in order to better mimic the physiological dynamics and improving the
transition from in vitro to preclinical studies.[109] Despite the increasing evidence of its
impact on the cell/carrier interaction, shear stress is often omitted in cell uptake studies.
Hence, the impact of microvasculature physiological shear stress conditions (i.e., 105 and
74)[143] on the cellular uptake of MG/L7/PDA and MG/LF/PDA/PEG carrier was
evaluated under by monitoring CMFI and CUE in the absence and presence of shear
stress.

RAW 264.7 cells: As depicted in (Figure 4.3ai, light grey bars), at 1o there is a significant
decrease of ~2.5 fold in CMFI and ~2 fold in CUE when RAW 264.7 cells are exposed to
MG/L/PDA/PEG as compared to MG/L/PDA, which confirms the successful
functionalisation of the carriers surface, in agreement with the z-potential and QCM-D
results (Chapter 3, section 3.3.2.3). When exposed to 195 (Figure 4.3ai, dark grey bars),
there is an overall increase in both CMFI and CUE for both MG/L/PDA/PEG and
MG/LF/PDA carriers as compared to 1o, indicating a higher uptake or cell association of
the carriers with the cells. In particular, there is a ~1.9 and a ~2.7 fold higher CMFI for
MG/LT/PDA and MG/LT/PDA/PEG carriers, respectively, as compared to To.
Additionally, there is also a ~31% and ~54% higher CUE upon applying 195 as compared
to 1o for MG/L"/PDA and MG/L"/PDA/PEG carriers, respectively (Figure 4.3ai-ii, light
grey and dark grey bars). At 105, the PEGylation effect is still preserved
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Figure 4.3 Interaction of non-PEGylated (MG/L"/PDA) and PEGylated carriers (MG/L"/PDA/PEG) with
RAW 264.7 cells. a) i) Cell mean fluorescence intensity (CMFI) of RAW 264.7 cells upon exposure to the
carriers at T = 0 dyn cm™ (1o, light grey bars), T = 0.5 dyn cm™ (1o, dark grey bars) and t = 4.0 dyn cm™ (1,
black bars). n = 3, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. ii) Cell uptake efficiency (CUE) of
the MG/L"/PDA and MG/LF/PDA/PEG carriers by RAW 264.7 cells at 1, (light grey bars), 105 (dark grey
bars) and 14 (black bars). b) Confocal laser scanning microscopy images showing the internalisation of
MG/LF/PDA and MG/L/PDA/PEG (green signal) by RAW 264.7 cells at different shear stress conditions.
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with a significant decrease of ~1.7 fold in CMFI upon exposing MG/L"/PDA/PEG
carriers to RAW 264.7 as compared to their MG/L/PDA counterparts. In contrast, at T4
only the MG/LF/PDA/PEG carriers generate a significant increase in the CMFI (~2 fold)
as compared to 1o (Figure 4.3ai, light grey and black bars). However, at 14, an increase in
CUE is observed for both MG/LT/PDA and MG/L7/PDA/PEG carriers (Figure 4.3aii,
light grey and black bars). Unfortunately, at t4, the PEGylation effect was lost and there
no significant differences in the CMFI or CUE when employing MG/LF/PDA/PEG or
MG/LF/PDA carriers were observed (Figure 4.3ai and 4.3aii, black bars). Although these
results show that the PEGylation effect of the system is quite limited, they are not
surprising since similar results were obtained by Thingholm et al.,[21] when employing
also a multicompartment carrier decorated with PLL-g-PEG.

To confirm that the multicompartment carriers had been internalised by the cells and were
not only associated with them, the macrophages exposed to the multicompartment carriers
were fixed, their membranes stained and visualised by CLSM. As controls, macrophages

without the presence of multicompartment carriers were also fixed, stained and imaged.

Figure 4.3b shows representative images confirming the internalisation of the
microreactors after 4 h of incubation in static conditions (to, top images) and in the
presence of the lowest (195, middle images) and highest shear stress (t4, bottom images).
The insets depict the projection of the slides in the z-axis, which further corroborate the

internalisation of the multicompartment carriers.

HUVEC cells: As shown in Figure 4.4ai and 4.4aii, applying shear stress results in an
increase of both the CMFI and the CUE for both 195 and t4. However, in contrast to RAW
264.7 cells where o5 resulted in the higher CMFI, for HUVEC the higher the shear stress
the higher the CMFI (Figure 4.4ai). An overall increase of CUE was also observed in the
presence of shear stress although far less pronounced than for the RAW 264.7 cell line.

Additionally, there were no significant differences for the CUE independent on the shear
stress applied and the presence or absence of a PEG coating (Figure 4.4aii). In the
absence of shear stress (Figure 4.4, light grey bars), although the differences are not
significant, there is a ~1.3 fold decrease in CMFI and a ~11% decrease in CUE when
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Figure 4.4 Interaction of non-PEGylated (MG/L"/PDA) and PEGylated carriers (MG/L"/PDA/PEG) with
HUVEC cells. a) i) Cell mean fluorescence intensity (CMFI) of HUVEC cells upon exposure to the carriers
atT=0 dyn cm™ (1o, light grey bars), T = 0.5 dyn cm™ (195, dark grey bars) and T = 4.0 dyn cm™ (4, black
bars). n =3, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. ii) Cell uptake efficiency (CUE) of the
MG/L"/PDA and MG/LF/PDA/PEG carriers by HUVEC cells at 1, (light grey bars), o5 (dark grey bars) and
1, (black bars). b) Confocal laser scanning microscopy images showing the internalisation of MG/L"/PDA
and MG/L"/PDA/PEG (green signal) by HUVEC cells at different shear stress conditions. The actin
filaments of the cells have been stained with phalloidin-TRITC (red signal). Adapted from reference [60]
with permission. Copyright (2018) by Elsevier.
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the HUVEC cells are exposed to MG/L"/PDA/PEG as compared to MG/L*/PDA. When
exposing HUVEC cells to shear stress conditions, an increase of ~1.8 fold and ~1.9 fold
in the CMFI was observed for MG/LT/PDA when applying both 105 and 14 (Figure 4.4ai,
dark grey and black bars, respectively) as compared to 1o (Figure 4.4ai, light grey bars)
and ~1.8 (105) and ~2.2 (t4) times higher for MG/LF/PDA/PEG. However, although a
decrease in CMFI was observed due to PEGylation at both 195 and 14, this ~1.3 fold
decrease in CMFI was only significant when applying 105, and was far less pronounced
than for the RAW 264.7 cell line.

Additionally, for HUVEC cells, the CUE values are relatively low as compared to the
CUE values for macrophages, reaching a maximum of only ~65% for MG/LF/PDA in the
presence of t4. Similar to RAW 264.7 cells, although these results indicate a poor
PEGylation effect of the PEG coating, they are in agreement with previously reported
literature.[21] In particular, studies performed in HUVEC cells, reported a lack of
PEGylation effect when applying a 14 shear stress and employing the copolymer PLL-g-
PEG as a low-fouling coating.

With the aim of confirming internalisation by HUVEC cells, the cells were fixed after the
4 h incubation time, stained their membranes and visualised them by CLSM. The
visualization confirmed the carrier’s internalisation by the cells as shown by the green
signal, due to the L™ of the multicompartment carriers, in the projection of the slides in
the z-axis (Figure 4.4b).

Hel a cells: Great efforts have been invested on the study of the impact of shear stress on
endothelial[144] and macrophages,[21] however when it comes to shear stress on tumour
tissue the number of studies drops drastically.[145] Cancer cells are not only exposed to
the vasculature shear stress (with values that range from 0.5 to 30.0 dyn cm™) but also to
the shear stress produced by the interstitial flow with values as low as 0.1 dyn cm™.[145]
Therefore, the interaction of the multicompartment carrier (MG/LT/PDA/PEG and
MG/LF/PDA) with the model cancer cell line is evaluated under the effect of two

physiologically relevant shear stresses (to5 and 120).
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The relevance of applying shear stress in the association/uptake of the microcarriers with
tumour cells is highlighted in Figure 4.5. The results show that the exposure of HelLa cells
to both MG/L7/PDA and MG/L"/PDA/PEG lead to a dramatic increase in CMFI upon
applying shear stress (for both 195 and 120) (Figure 4.5ai). In particular, an increase of ~3.2
fold and ~2.9 fold in CMFI for MG/L7/PDA and MG/LF/PDA/PEG was observed for 15,
while there was a ~4.6 fold and ~3.9 fold increase in CMFI for MG/L"/PDA and
MG/LF/PDA/PEG carriers at t,0. In contrast, no significant increase in CUE was observed

upon applying shear stress (Figure 4.5aii).

The results also show that while no PEGylation effect was observed at 1o, a slight
decrease in CMFI was detected for MG/L"/PDA/PEG at 105. However, this decrease in
CMFI was non-significant. Only 1 resulted in a significant decrease in CMFI, and a
reduction ~1.5 fold in CMFI upon incubation with MG/L"/PDA/PEG as compared to the
MG/LF/PDA counter parts was measured, thus indicating a PEGylation effect. As
depicted in Figure 4.5aii, no significant differences in the CUE of HelLa cells upon
incubation of the multicompartment carriers at o, To.5 Or T20 Were observed, with values of
~90% for 19, ~94% for 195 and ~95% for T20.

It is worth noticing that the CMFI of HelLa incubated with MG/LT/PDA and
MG/LF/PDA/PEG, both at static and in the presence of shear stress, was much higher
when compared to the CMFI of RAW 264.7 and HUVEC cells. In particular, for
MG/LF/PDA, at 1o, the CMFI was ~1.6 and ~2.6 fold higher as compared to RAW 264.7
and HUVEC cells. For MG/LF/PDA/PEG at 1o, the CMFI was even higher, resulting in a
~3.2 and ~3 fold increase when compared to RAW 264.7 and HUVEC cells. In the
presence of 195 the CMFI increase resulted in ~2.7 and ~4.8 fold for HelLa cells upon
exposure to MG/L7/PDA as compared to RAW 264.7 and HUVEC cells. Incubation with
MG/LF/PDA/PEG at 105 resulted in a ~3.5 and ~4.7 fold higher increase in CMFI as
compared to RAW 264.7 and HUVEC cells. Those results suggest that HeLa cells
preferentially internalised or associated with the carrier in comparison to RAW 264.7 or
HUVEC cells independently of the intensity of shear stress and functionalisation of the

carrier.

To confirm that the multicompartment carriers had been internalised by the cells, their
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Figure 4.5 Interaction of non-PEGylated (MG/L"/PDA) and PEGylated carriers (MG/L"/PDA/PEG) with
HeLa cells. a) i) Cell mean fluorescence intensity (CMFI) of HeLa cells upon exposure to the carriers at t =
0 dyn cm (1o, light grey bars), T = 0.5 dyn cm™ (1q5, dark grey bars) and t = 20.0 dyn cm™ (14, black bars).

n =3, *p <0.05; **p <0.01; ***p <0.001; ****p < 0.0001. ii) Cell uptake efficiency (CUE) of the

MG/L"/PDA and MG/LF/PDA/PEG carriers by Hela cells at 1, (light grey bars), o5 (dark grey bars) and
Ty (black bars). b) Confocal laser scanning microscopy images showing the internalisation of MG/L"/PDA
and MG/LF/PDA/PEG (green signal) by HeLa cells at different shear stress conditions. The actin filaments

of the cells have been stained with phalloidin-TRITC (red signal). Adapted from reference [60] with

permission. Copyright (2018) by Elsevier.
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membranes were stained and imaged by CLSM (Figure 4.5b). The x-z and y-z projection

panels confirmed the successful internalisation of the carrier.

After an extensive literature research, these results represent one of the first reports on the
influence of shear stress on the PEGylation effect in a cancer cell line. Kang et al.,[112]
also evaluated the cell uptake of a carrier by cancer cell lines in the presence of shear
stress. In agreement with these findings, they demonstrated that the cellular uptake of
polystyrene particles by three different cancer cell lines (i.e., PANC-1, A540 and HT29)
significantly increased in the presence of shear stress as compared to static
conditions.[112] Although more in depth studies are required to understand the
underlying mechanism, those results reveal the important role that shear stress plays on
the cellular uptake of different carriers, in particular for cancer cell lines.

4.3.4 Cell viability

The lack of inherent cytotoxicity of MG/L/PDA and MG/L/PDA/PEG under the absence
(t0) and presence of the highest shear stress tested (i.e., T4 for RAW 264.7 and HUVEC,
and 1, for HelLa) was assessed in order to rule out any potential detrimental effect due to
the experimental conditions. As shown in Figure 4.6, non-significant decrease in cell
viability was observed for HUVEC and HeLa cells in any of the experimental conditions.
However, a significant decrease of cell viability was observed for RAW 264.7 cells
exposed to shear stress regardless of the carrier’s functionalisation. Those results can be
explained by the semi-adherent nature of RAW 264.7 cell which, upon exposure to high
levels of shear stress, can lead to the detachment of the cells, as previously reported by
various studies.[146,147]

435 Cellular uptake pathway

Having established the impact of shear stress on the carrier’s interaction with different
cell lines, the cell entry pathways employed by MG/L"/PDA and MG/L"/PDA/PEG for
each cell line together with the effect of shear stress in such cell internalisation pathways

were investigated.
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Figure 4.6 Cell viability of RAW 264.7, HUVEC and Hela cells upon exposure to non-PEGylated
(MG/LF/PDA) and PEGylated (MG/L"/PDA/PEG) carriers at T = 0 dyn cm™ (1), T = 4 dyn cm™ (t4) and T =
20 dyn cm™ (t50). n = 3, **p < 0.01. Adapted from reference [60] with permission. Copyright (2018) by
Elsevier.

Establishing the cell internalisation pathway is crucial for carriers, since it will determine
the intracellular fate of the system[148] which could be varied depending on the desired
target (i.e., to avoid endosomal or lysosomal degradation, etc.). Therefore, the
multicompartment carriers being uptake by the different cell lines in the presence of
pathway inhibitors were studied.

Specifically, the cellular uptake of the carrier by RAW 264.7 macrophage cell line was
evaluated in the presence of filipin, which inhibits caveolae-mediated endocytosis
(CvME)[149] by binding to the cholesterol-rich membrane domains of the caveolae
which leads to their distortion and subsequent loss of functionality;[150] amiloride, which
inhibits macropinocytosis[151] by blocking the Na*/H" exchange;[150] and latrunculin A,
which inhibits phagocytosis[149] by binding to the monomeric actin and preventing the
actin polymerisation which is required for phagocytosis to take place.[150]

In the case of HUVEC and Hel a cells the cellular uptake pathway was investigated in the
presence of chlorpromazine, which is known to inhibit the clathrin-mediated endocytosis
(CME)[151] by translocating both the clathrin and the adaptor complex 2, a major
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component of clathrin pits, to intracellular endosomes;[150] filipin, since it is well
known that caveolae is highly abundant at the surface of endothelial cells;[152] and
amiloride. The internalisation pathway in HUVEC and HelLa was not evaluated in the
presence of latrunculin A, due to the non-professional phagocytic nature of both cell lines.
The shear stress condition with the largest effect on both the CMFI and the PEGylation
effect on each cell line was the one chosen to elucidate the multicompartment carrier’s
cell uptake pathway. In particular, 195 was selected to study the cell internalisation
mechanism for RAW 264.7 and HUVEC cells, while 120 was selected to study the cell

internalisation mechanism in HelLa cells.

It is worth noting that previous studies regarding the influence of shear stress on the target
sites of the different inhibitors involved in the different cell uptake pathways (i.e.,
CVvME,[153] macropinocytosis[154] and phagocytosis)[155] have been conducted. In
particular, latest reports indicate that the function of caveolae in endothelial cells is to act
as mechanotransductor which sense or transduce hemodynamic changes of the blood flow
into biochemical signals that regulate vascular function. As such, due to that intrinsic
biological function of caveolae, they remain intact and functional in the presence of
physiological shear stress.[153,156] Regarding the amiloride performance under shear
stress, a previous study has reported that the amiloride binding Kinetics to the ion
channels of epithelial cells were not altered by the shear stress forces.[154] Finally, super-
resolution optical microscopy studies have shown the complete disassembly of the actin
filaments upon administering latrunculin A under physiological shear stress conditions,
thus demonstrating the preservation of the inhibitor’s functionality under dynamic
conditions.[155]

Therefore, the results obtained in previous studies suggest that the functionality of the
chemical inhibitors should not be affected by the shear stress. An exception is CME,
where studies regarding the impact of shear stress on clathrin pit formation are lacking,
thus making it difficult to elucidate the functionality of chlorpromazine under shear stress
conditions. Nonetheless, previous reports have employed chlorpromazine to inhibit CME
under the effect of shear stress.[112]
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RAW 264.7 cells: The lack of inherent cytotoxicity of the inhibitor’s concentrations[11]
was first confirmed (Figure 4.7a). Next, the cellular uptake pathway was evaluated in
terms of CMFI normalised to the CMFI of MG/LF/PDA or MG/LF/PDA/PEG incubated
with cells in the absence of inhibitors (Figure 4.7b, white bars). As shown in (Figure 4.7b,
light grey bar), the internalisation of MG/L/PDA and MG/L7/PDA/PEG
multicompartment carriers was most efficiently inhibited by latrunculin A both in static as
well as at 195, being the only inhibitor that led to a significant decrease of the nCMFI
regardless of the presence or absence of the shear stress. For MG/LF/PDA, latrunculin A
led to a significant decrease of the nCMFI (by 47 = 11%) at to, while neither filipin
(Figure 4.7b, dark grey bar) and amiloride (Figure 4.7b, black bar) resulted in a non-
significant effect on the nCMFI. Thus, suggesting that MG/LT/PDA at 1, are
preferentially internalised by a phagocytic pathway, as expected for a macrophage cell
line.[11]

Interestingly, at tos, the nCMFI of cells exposed to MG/LT/PDA was significantly
reduced by all tested inhibitors. While filipin inhibited cell internalisation by 19 + 7%
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Figure 4.7 Cellular uptake pathways. a) Cell viability of RAW 264.7 cells upon exposure to chemical
inhibitors (i.e., filipin, amiloride or latrunculin A). b) Normalised cell mean fluorescence intensity (nCMFI)
of RAW 264.7 cells upon exposure to non-functionalised (MG/LF/PDA) or functionalised
(MG/LF/PDA/PEG) carriers in the presence of chemical inhibitor at = 0 dyn cm™ (1) and t = 0.5 dyn cm™
(to5). n =3, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < (0.0001. Adapted from reference [60] with
permission. Copyright (2018) by Elsevier.
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(Figure 4.7b, dark grey bar), amiloride caused an inhibition of 23 = 4% (Figure 4.7b,
black bar) and latrunculin A originated the largest inhibition by a decrease of 39 + 4% in
NCMFI (Figure 4.7b, light grey bar). Thus, although phagocytosis remains to be the main
pathway of internalisation, the presence of shear stress seems to prompt both CvME and
macropinocytosis in this cell line. Those results are not surprising since both pathways
have been previously reported to be the selected pathway by RAW 264.7 cells to
internalize several drug delivery vehicles.[157,158]

When PEGylated, at 1o, the multicompartment carrier is also mainly internalised by a
phagocytic route. However, for the MG/LT/PDA/PEG, latrunculin A treatment (Figure
4.7b, light grey bar) resulted in a significantly less effective inhibition of the phagocytic
route as compared to MG/L"/PDA. These results suggest that multiple pathways could be
responsible for the internalisation of the MG/L"/PDA/PEG carriers. Finally, when the
cells are exposed MG/LT/PDA/PEG at 1g;5, only the treatment with latrunculin A resulted
in significant reduction of nCMFI (by 30 = 11%, Figure 4.7b, light grey bar). Such
reduction in cellular uptake was non-significantly different from the MG/L"/PDA carrier
at both 19 and to5. All in all, these results demonstrate that phagocytosis is the main route
of internalisation regardless the presence or absence of shear stress and the
functionalisation of the carrier with PLL-g-PEG. However, the presence of shear stress
seems to activate other routes of internalisation for MG/LF/PDA/PEG carrier, although
their role seems to be minor. After extensive literature research, these results represent the
first study of an in depth characterisation of the influence of shear stress on the cellular
uptake pathway in RAW 264.7 cells.

HUVEC cells: For this cell line, the maximum concentration of each inhibitor (i.e.,
chlorpromazine, filipin and amiloride) that could be administered to the cells without
causing a detrimental effect was first determined (Figure 4.8a).

Next, the effect of the different inhibitors on the cell uptake pathway was assessed for
both MG/L/PDA and MG/L"/PDA/PEG in the presence and absence of shear stress. As
depicted in Figure 4.8b, the uptake of MG/L7/PDA at 1o was highly inhibited by both
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Figure 4.8 Cellular uptake pathways. a) Cell viability HUVEC cells upon exposure to chemical inhibitors
(i.e., filipin, amiloride or latrunculin A). b) Normalised cell mean fluorescence intensity (nCMFI) of
HUVEC cells upon exposure to non-functionalised (MG/LF/PDA) or functionalised (MG/L"/PDA/PEG)
carriers in the presence of chemical inhibitor at T = 0 dyn cm™ (1) and t = 0.5 dyn cm™ (195). n = 3, **¥p <
0.01; ****p < 0.0001. Adapted from reference [60] with permission. Copyright (2018) by Elsevier.

filipin (Figure 4.8b, dark grey bar) and amiloride (Figure 4.8b , black bar) leading to a
reduction of nNCMFI of 30 £ 8% and 37 = 1%, respectively. Therefore, the results suggest
that MG/LF/PDA are preferentially internalised trough CvME and macropinocytosis,
which is in line with previous reports in which nanoparticles composed of silica[159] or
gold[160] are internalised by endothelial cells through multiple endocytic pathways
including CvME and macropinocytosis. In contrast, no decrease in the nCMFI was
observed for any of the tested inhibitors when the cells were exposed to MG/L"/PDA
carriers at 7o50r the MG/LT/PDA/PEG carriers at 1o and to5. Similar results were reported
in a previous study, in which in the presence of shear stress HUVEC cells use alternative
uptake mechanisms such as CvME clathrin- and caveolae- independent endocytosis or a
non- energy-dependent pathway.[113]

Interestingly, exposure of HUVEC cells to MG/L/PDA/PEG in the presence of
chlorpromazine at 1o resulted in a significant increase of 43 £ 16% in nCMFI (Figure
4.8b, light grey bar). This result can be explained to the fact that the inhibition of a
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specific route can lead to the activation of other uptake mechanisms. In summary, shear
stress and surface functionalisation have a high impact on the cell entry mechanism in this
cell line and, therefore, in the intracellular fate of the multicompartment carriers.

HelLa cells: Similar to HUVEC, the maximum working concentration for each inhibitor
(i.e., chlorpromazine, filipin and amiloride) without significant impact on cell viability
was first determined (Figure 4.9a). Then, the cells were pre-exposed to each inhibitor
followed by incubation with MG/L"/PDA or MG/L7/PDA/PEG at 1o and t20. As shown in
Figure 4.9b, upon incubation with MG/L"/PDA at 1, the treatment with chlorpromazine
(Figure 4.9b, light grey bar) and amiloride (Figure 4.9b, black bar) resulted in a
significant reduction by 42 + 14% and 22 + 2% of nCMFI, respectively. These results, in
agreement with a previously reported study,[148] indicate that MG/LF/PDA enter the cell
preferentially trough CME while macropinocytosis plays a minor role. At T2, Similarly to
the previously studied cell lines (i.e., RAW 264.7 and HUVEC), an effect of the shear
stress in the cell internalisation pathway is observed. In particular, chlorpromazine
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Figure 4.9 Cellular uptake pathways. a) Cell viability HeLa cells upon exposure to chemical inhibitors (i.e.,
filipin, amiloride or latrunculin A). b) Normalised cell mean fluorescence intensity (nCMFI) of HelLa cells
upon exposure to non-functionalised (MG/ L™ /PDA) or functionalised (MG/LF/PDA/PEG) carriers in the
presence of chemical inhibitor at T =0 dyn cm™ (to) and © =20 dyn cm™ (150). n = 3, *p < 0.05; **p < 0.01;

*Hkp < 0.001; ****p <0.0001. Adapted from reference [60] with permission. Copyright (2018) by Elsevier.
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(Figure 4.9b, light grey bar) has a negligible effect on nCMFI, while filipin (Figure 4.9b,
dark grey bar) and amiloride (Figure 4.9b, black bar) decrease the nCMFI in a lesser
extent as compared to To. Interestingly, when employing MG/LF/PDA/PEG
multicompartment carrier at to, the three tested inhibitors resulted in a significant
reduction of nCMFI. In particular, chlorpromazine (Figure 4.9b, light grey bar) caused a
reduction of nCMFI by 28 + 5%, filipin (Figure 4.9b, dark grey bar) by 13 + 3% and
amiloride (Figure 4.9b, black bar) by 11 + 2%. Thus, similarly MG/L"/PDA to at 1o, the
internalisation of MG/LT/PDA/PEG seems to be mediated by multiple endocytic
pathways including mainly CME and followed by macropinocytosis and CvME. In
contrast, upon applying 20 to MG/LT/PDA/PEG carriers, none of the tested inhibitors had
a significant effect on nCMFI, suggesting that the cell entry of MG/L"/PDA and
MG/L/PDA/PEG at 15 is mediated by different mechanisms. Similar to these findings,
Kang et al.,[114] demonstrated that shear stress activate alternative pathways on cancer
cells.

In summary, similar to RAW 264.7 and HUVEC cells, the presence of shear stress has an
influence on the cellular uptake pathway of both MG/L"/PDA and MG/LF/PDA/PEG in a

model cancer cell line.

4.4 Conclusions

In this chapter, an in depth comparison between non-functionalised and functionalised
carrier in terms of Kkinetic release profiles of the model cargo, protein adsorption, cellular
uptake/association and cellular uptake pathway has been presented together with the
influence of the shear stress on the cellular/carrier interaction and protein adsorption
studies.

Based on the findings described and discussed above, although quite limited, the
PEGylation of the surface provides protection against protein adsorption regardless of the
presence of shear stress what is of outmost importance for a carrier administered

intravenously.
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What is more, the control over the release of model cargo is achievable by the
combination of two inherently different building blocks (i.e., P(NIPAM)-co-AAc MGs
and liposomes), being the release profile of the MGs faster than the liposomes regardless
of the functionalisation of the carrier. On the other hand, the influence of the shear stress
was clearly demonstrated in various aspects: i) Cellular uptake, ii) cellular uptake
efficiency, iii) PEGylation effect and iv) cellular uptake pathway. It was demonstrated
that the multicompartment carrier is mainly internalised by the cancer cell line regardless
of the PEGylation of the surface and the absence or presence of shear stress compared to
the macrophages or endothelial cells. In all three tested cell lines the exposure to shear
stress resulted in higher uptake of the carrier. However, the PEGylation effect seems to be
shear stress and cell line dependent. Lastly, the cellular uptake pathway was also
influenced by the presence of shear stress by activating alternative routes upon exposure

to a dynamic environment.

All in all, the findings presented in this chapter evidence the importance of the careful
consideration of relevant shear stress conditions on the evaluation of cell/carrier

interactions in in vitro studies before moving forward to in vivo models.
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Chapter V Multicompartment
microreactor for ROS
detoxification: the tandem
antioxidant activity of
poly(dopamine) and catalase-
loaded liposomes
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Summary

This chapter presents preliminary results regarding the evaluation of the non-PEGylated
and PEGylated multicompartment carrier as microreactors. For this, the detoxification
reaction of ROS (i.e., O, and H,0;) was used as a proof-of-concept.

First, in a similar manner as in Chapter 3, the assembly of a multicompartment carrier
entrapping positively charged liposomes within a PDA shell is presented (however,
saturated liposomes are used for this application). Characterisation of the
multicompartment carrier is performed by means of flow cytometry, DIC, fluorescence
imaging, DLS and &-potential measurements.

Next, to achieve long-circulation time, the surface is coated with a low-fouling polymer
(i.e., PLL-g-PEG with different GRs). The low-fouling effect of PLL-g-PEG-coated
multicompartment carriers depending on the GR was assessed by evaluating both the
protein deposition (i.e., upon incubation with BSA-FITC and IgG-FITC) and cellular
uptake/association (i.e., upon incubation with HUVEC and RAW 264.7 cells).

The potential of the multicompartment carrier as a microreactor is evaluated by
entrapping the negatively charged CAT enzyme within the positively charged liposomes

(L°AT). The amount of entrapped CAT within LT

and the multicompartment carriers
was quantified by micro-BCA assay. The functionality of the multicompartment working
as a microreactor to remove ROS is evaluated in terms of CAT and SOD activity. While
SOD catalyses the dismutation of the superoxide radical (O2") into molecular oxygen (O)
and hydrogen peroxide (H,0;), CAT catalyses the decomposition of the later into O, and
H20. As such, first the ability of PDA to act as a SOD mimic is assessed by monitoring
the conversion of O," into H,O, by means of the cytochrome C assay. This was followed
by evaluating the potential of the CAT-loaded microreactors to deplete H,O,. To do that

the amplex red/HRP assays was used.

It is worth mentioning that upon further optimisation and in vitro validation of the

multicompartment carrier as extracellular ROS scavenger (i.e., in the presence of
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endothelial cells and macrophages), the results presented in this chapter will be adapted
for a scientific publication.
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5.1 Introduction

ROS (i.e., 027, H,0,, 'OH and NOOQO") are highly reactive species that rapidly react with
other molecules to stabilise their structure.[161] For radical species, this high reactivity is
due to the unpaired electron in the outer orbital of O,", and "'OH while, for compounds
that do not contain an unpaired electron such as H,O; it is due to their ability to exchange
electrons with other molecules.[31] Within living organisms, physiological ROS levels
are carefully maintained by their natural production by different biological pathways (i.e.,
mitochondrial electron transport chain) and their removal by natural antioxidant
mechanisms including SODs, CAT , glutathione peroxidases or peroxiredoxins.[32]
However, when this balance is perturbed and the ROS production exceeds the antioxidant
capacity of the body, oxidative stress is generated. At the intracellular level the ROS
overproduction has been linked to an increased endothelial dysfunction (by increasing the
vasoconstriction due to reaction with nitric oxide, which acts as a natural vasodilator),
mitochondrial dysfunction, interferences in cell signalling, cell damage and DNA
damage.[32] What is more, this oxidative stress is closely related to severe vascular
diseases such as hypercholesterolemia, hypertension, diabetes, aging and sickle disease,
among others.[31] Since some ROS (such as H,0,) are able to cross the membrane while
others (such as O;") are able to enter and exit the cell through chloride channels,[53] ROS
originally generated at the intracellular level are capable of reaching the systemic
circulation affecting other tissues.

At the extracellular level, it has been shown that once the ROS reach the systemic
circulation distant organs can be affected, leading to severe pathologies. For example,
patients with obstructive jaundice (which leads to the failure of the intestinal barrier
resulting in increased levels of toxins in blood, known as endotoxemia) exhibit high
levels of ROS in multiple organs such as liver, intestine, kidney, heard brain and
blood.[54] Another example is the fulminant hepatic failure. It has been reported that this
disease is partially produced by the release of ROS in the vicinity of Kupffer cells and
endothelial cells leading to exacerbation of tissue damage by neutrophils.[162] Finally,
patients with no proliferative diabetic retinopathy (leading cause of blindness) also exhibit
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high levels of ROS in blood (leading to the breakdown of blood-retinal barrier altering the
retinal blood flow and causing leakage of fluids that accumulate in the Muller cells, major
type of glial cells in the retina).[163]

Therefore, the scavenging of ROS from the blood is of outmost importance. A solitary
study presents a long circulating scavenger focused on the ROS detoxification at the
systemic level.[162] The authors, designed a macromolecular reduced thiol (by
employing PEG-conjugated BSA with multiple reduced thiols) in order to treat fulminant
hepatic failure in mice. The idea lies on the neutralization of ROS by the reduced thiols
present in the PEG-conjugated BSA. The authors demonstrated that upon intravenous
administration, the PEG-conjugated BSA containing reduced thiols circulated for long
time while reducing the levels of fulminant hepatic failure markers in plasma in contrast

to three traditional reduced thiols (i.e., L-cysteine, glutathione and dithiothreitol).

Although, a great number of reports focus on the ROS scavenging at an intracellular
level,[27,164] few studies report the successful application of extracellular microreactors
for ROS detoxification purposes at the extracellular level.[44,45,165] In particular,
Armada-Moreira et al.,[165] assembled microreactors containing platinum nanoparticles
(Pt-NP) using polystyrene microparticles (19.3 um in diameter) as core. The authors
showed the ability of the Pt-NP to successfully scavenge H;O, and ammonia in the
presence of human neuroblastoma cells resulting in improved proliferation of the cells.
Regarding the usage of multicompartment systems, Stadler’s group have expanded their
application as extracellular microreactors.[44,45] In particular Stadler’s group combined
tissue engineering with ROS scavenging functionality. Zhang et al.,[44] demonstrated the
H,0O, antioxidant capacity of a 10 um microreactor (core-shell particles and capsosomes),
made of a silica core containing LT and further coated with a PDA layer, in the
presence of hepatocytes in order to mimic liver functions. Finally, in a different
study,[45] the authors used 40 pm alginate based-microreactors loaded with LT to
detoxify planar cultures and cell aggregates of hepatocytes resulting in improved cell
viability.

Herein, a different approach towards ROS scavenging in the circulatory system is
presented. For this, a multicompartment microreactor using P(NIPAM)-co-AAc MGs as
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core coated with L““T and further covered with a PDA layer, which is easily
functionalised with PLL-g-PEG (to avoid cellular internalisation), is assembled (Scheme
5.1). The proof of concept is based on the transformation of O, (the most dangerous
ROS) into H,0,, and a mixture of products, by PDA followed by the transformation of
H,0, into H,O and O, by CAT. Although the cascade reaction described above is used as

iii) PLL-g-PEG ‘
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Scheme 5.1 Schematic representation of the multicompartment microreactor and ROS detoxification
cascade. The microreactor is assembled using a P(NIPAM)-co-AAc MGs as core decorated with a catalase
(CAT)-loaded liposome layer (i), next a poly(dopamine) (PDA) layer coats the MG/L assembly (ii) which is
easily functionalised with poly(L-lysine)-grafted-poly(ethylene glycol) (PLL-g-PEG). The insets represent
the cascade reaction in which the superoxide radical anion (O;") is transformed into H,O, (and a mixture of

products) by the catechol groups present in the PDA layer, H,O, then acts as substrate for the catalase

(CAT) loaded within the liposome core to yield H,O and O,.
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a simple proof-of-concept for this PhD thesis, the compartmentalized structure of the
reactor offers the possibility to co-encapsulate other antioxidant molecules. For example,
the co-encapsulation of resveratrol (which neutralizes ‘OH)[166] in a separate liposome
compartment could expand the antioxidant capacity of the microreactor.

Although the antioxidant properties of PDA are well known, the information regarding
the SOD-like activity of PDA (reaction with O," to yield H,O;) remains scarce. It has
been reported that despite the exact mechanism being unknown, the reaction of catechol
groups with O>" yields H,0, and catechol radical anion.[55] Considering that PDA is rich
in catechol groups, a SOD-like activity could be expected. In a very recent study, Huang
et al.,[59] demonstrated the synergistic effect of selenium particles coated with PDA in
the detoxification of O,°, 'OH and H,O,. In particular, the authors demonstrated the
antioxidant activity of PDA towards O, and "OH and selenium particles towards H>O; in

test tubes, in vitro and in vivo studies using a lung inflammation model.

In this chapter, preliminary results regarding the performance of the multicompartment
carrier as microreactor (i.e., to perform the cascade reaction towards ROS detoxification)
in test tubes is presented.

5.2 Materials and Methods

5.2.1 Materials

Tris, NaCl, DA, CAT from bovine liver (EC1.11.1.6, 10000 U mg™) , FITC, IgG-FITC,
BSA, PBS, DMEM D5796, sodium pyruvate, penicillin/streptomycin, FBS, trypsin,
endothelial cell line HUVEC, DMSO, NaHCO3, PLL (Mw 15 000-30 000 Da), HRP
(EC1.11.1., 250 U mg™), cytochrome C from equine heart, ethylenediaminetetraacetic
acid solution (EDTA), xanthine, xanthine oxidase from bovine milk, SOD from bovine
erythrocytes (EC1.15.1.1, 3000 U mg™) and Triton-X 100 were purchased from Sigma-
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Aldrich (Saint Louis, MO, USA). 1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC),
DPPC, 1,2-stearoyl-3-trimethylammonium-propane (chloride salt) (DSTAP) and NBD-
PC were obtained from Avanti Polar Lipids (Alabaster, AL, USA). EGM-2 was
purchased from Lonza (Basel, Switzerland). The EGM-2 is composed of EBM, hEGF,
VEGF, R3-IGF-1, ascorbic acid, hydrocortisone, FBS, human hFGF-§, heparin and GA.
The macrophage cell line RAW 264.7 was obtained from ECACC, Wiltshire, UK. Me-
PEG-NHS (Mwpgg = 2000 Da) was purchased from Iris Biotech GmbH (Marktredwitz,
Germany). Micro BCA assay kit and amplex red were purchased from Thermo Fisher
Scientific (Waltham, MA, USA). Tris 1 buffer is composed of 10 mM Tris (pH 8.5); Tris
2 is composed of 10 mM Tris and 150 mM NaCl (pH 7.4). All buffers were made with
ultrapure water (Milli-Q, gradient A 10 system, TOC < 4 ppb, resistance 18 MV cm,
EMD Millipore, USA).

5.2.2 Methods

5.2.2.1 Liposomes assembly

The liposomes were assembled by the lipid film hydration method.[72] Specifically, 1.63
mg DMPC, 0.63 mg DPPC and 0.25 mg DSTAP were dissolved in chloroform followed
by the formation of a lipid film using a nitrogen flow. Next, the lipid film was exposed to
vacuum for at least 1 h in order to completely evaporate the organic solvent. Upon
rehydration in Tris 2 buffer (1 mL), the 3.2 mM liposome solution was extruded through
100 nm nucleopore polycarbonate filters (drain disc 10 mm PE, Whatman, Maidstone,
UK) 11 times at 45 °C in order to yield unilamellar empty liposomes. In order to prepare
fluorescently labelled liposomes (LF), 2 wt% of NBD-PC was added to the lipid mixture
prior to the lipid film formation. Only L, L™ with a PDI below 0.14 were used for the

following experiments.
5.2.2.2 Assembly and characterisation of empty microreactor

CAT
L

The assembly of the empty microreactor (which does not contain ) follows the same

procedure explained for the multicompartment carrier in previous chapters. However,
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since in this chapter its application as microreactor is studied the multicompartment

carrier will be called microreactor from now on.

Optimisation of liposome deposition: In order to optimise the amount of liposomes per
MG, a suspension of 479 pug of MGs was washed 2 x in Tris 1 buffer for 15 min at 13 500
rpm, using a bench top centrifuge (MiniSpin, Eppendorff, AG, Germany). Next, the MGs
were incubated with increasing amounts of L™ keeping the total volume constant for 1.5 h
at room temperature in a tube rotator. After the incubation time, the MGs suspension was
washed 2 x in Tris 1 buffer for 6 min at 10 000 rpm. Finally, the amount of L needed to
saturate the MGs surface was assessed by monitoring the fluorescence intensity of L*-
coated MGs by flow cytometry. A BD Accuri C6 flow cytometer (BD Biosciences,
Sparks, MD, USA) equipped with a 488 nm laser and an emission detection of 530 nm.
At least 20 000 events were recorded and two independent experiments were carried out.

Assembly of the empty microreactor: Once the maximum amount of LF that could be
adsorbed onto the MGs without causing aggregation of the assembly was assessed, the
empty microreactors were assembled. Microreactors containing empty L (MG/L/PDA)
and fluorescently labelled LT (MG/LF/PDA), were prepared. First, a suspension
containing 958 ug MGs was washed in Tris 1 buffer for 14 min at 8500 rpm followed by
incubation with liposomes (L and L") (0.25 mg lipids) for 1.5 h at room temperature in a
tube rotator. Next, in order to assemble a PDA-coating shell, the suspension was
concentrated to a volume of 100 pL followed by exposure to a DA solution (1 mg mL in
Tris 1 buffer) for 16 h at room temperature in a tube rotator. Finally, the unreacted DA
and PDA were washed away by conducting 2 x washing cycles in Tris 2 for 7 min at 10
000 rpm. In order to minimize the loss of sample during the assembly process, all the
steps prior PDA deposition were performed employing amicon ultra centrifugal filters
(100 kDa).

DIC and fluorescence imaging: The DIC and fluorescence images of the
multicompartment carriers were taken with an Olympus Inverted 1X83 microscope

equipped with a 60x oil-immersion objective.
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5.2.2.3 PEGylation effect on protein adsorption

Synthesis of PLL-g-PEG: PLL-g-PEG polymers at three different PEG-grafting ratios
(number of lysine monomer units per grafted PEG chain) were synthetized according to a
previously published protocol.[140] Me-PEG-NHS (different amounts, namely 144 mg,
76 mg and 58 mg for theoretical GR of 2, 3.5 and 5, respectively) was dissolved in cold
HEPES buffer and added to a solution of PLL (30 mg in 0.5 mL) in cold HEPES buffer
(see Table 5.1) followed by 4 h incubation at 4 °C under constant shaking. Next, the
reaction mixture was purified by two days dialysis using a cellulose dialysis membrane
with a cut-off of 14 kDa. Nuclear magnetic resonance (*H NMR) analysis was used in
order to assess the GR. *"H NMR (D,0O, ppm) spectrum: 1.41, 1.65, 1.72 (-CH,-); 2.95 (-
CH3-N-); 3.34 (PEG); 4.28 (-N-CHR-COO-). In order to estimate the GR, the areas of the
lysine side-chain peaks were compared with the area of the PEG peak.[140]

Theoretical Experimental PLL (mmol) Me-PEG-NHS
grafting ratio grafting ratio ® (mmol)

2 1.6 0.143 0.072

3.5 3.2 0.143 0.038

5 2.5 0.143 0.029

Table 5.1 Overview of the synthesised Poly(L-lysine)-graft-poly(ethylene glycol) (PLL-g-PEG) varying the
grafting ratios. *Grafting ratio calculated from nuclear magnetic resonance analysis

Functionalisation of the empty microreactors with PLL-g-PEG: The MG/L/PDA
microreactors were PEGylated (MG/L/PDA/PEG) by incubating 958 ug of suspensions
with PLL-g-PEG 1 mg mL™ (at different GR, namely 1.6, 2.5 and 3.5) in Tris 1 for 1 h at
room temperature in a tube rotator, followed by washing the PLL-g-PEG excess by

conducting 2 x washing cycles in Tris 2 (7 min, 10 000 rpm).

E-potential measurements: The assembly of the microreactor was monitored by
measuring the &-potential after each deposition step using a Zetasizer nanoseries nano-ZS
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(Malvern Panalytical, UK) . To do that, 100 puL of sample was added to 700 pL of Milli-
Q water. At least two independent experiments were carried out.

Protein labelling: BSA and IgG were fluorescently labelled to render BSA-FITC and
IgG-FITC following a previously published protocol.[139] In particular, a FITC solution
(3.7 mg of FITC in 300 pL DMSO) was added dropwise to a BSA or IgG solution
containing 30 mg of protein in 6 mL of NaHCO3 0.05 M at pH 10. The reaction mixture
was allowed to proceed overnight at room temperature under vigorous shaking in a tube
rotator. Upon incubation, the excess of FITC was removed by two days dialysis against
Milli-Q water (with a cellulose dialysis membrane with a cut-off of 12.4 kDa).

Protein adsorption: A suspension containing 0.47 mg MG/L/PDA or MG/L/PDA/PEG
in 0.2 mL PBS was incubated with BSA-FITC or IgG-FITC at two different
concentrations (i.e., 0.075 mg mL™ or 0.5 mg mL™ final concentration) at 37°C for 4 h.
After the incubation time unbound proteins were removed by extensive washing in PBS.
Next, in order to assess the extent of protein adsorption on the multicompartment
microreactors surface the fluorescence intensity of the microreactors due to the adsorbed
fluorescent proteins was measured by flow cytometry. At least three independent
experiments were carried out (analysing at least 20 000 events) and the data was analysed
using one-way ANOVA with a confidence level of 95% (a = 0.05) followed by Tukey’s
multiple comparison posthoc test (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001)
in a GraphPad Prism 7 software.

5.2.2.4 PEGylation effect on cell uptake/association

Functionalisation of the empty microreactor with PLL-g-PEG: The MG/L"/PDA
microreactors were PEGylated (MG/L"/PDA/PEG) by incubating 958 pg of suspensions
with PLL-g-PEG 1 mg mL™ (at different GRs, namely 1.6, 2.5 and 3.2) in Tris 1 for 1 h at
room temperature in a tube rotator, followed by washing the PLL-g-PEG excess by
conducting 2 x washing cycles in Tris 2 (7 min, 10 000 rpm).

Cell culture conditions: The mouse macrophage RAW 264.7 cell line was cultured in
DMEM supplemented with 2% (v/v) HEPES, 1% sodium pyruvate, 10% (v/v) FBS and
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1% (v/v) penicillin/streptomycin (10 000 U/mL and 10 pg/mL, respectively) at 37°C in a
humidified incubator with 5% CO, level. The endothelial HUVEC cell line was cultured
in EBM-2 supplemented with 0.1% (v/v) hEGF, 0.1% (v/v) VEGF, 0.1% (v/v) R3-1GF-1,
0.1% (v/v) ascorbic acid, 0.04% (v/v) hydrocortisone, 0.4% (v/v) hFGF-B, 0.1% (v/v)
heparin, 2% (v/v) FBS and 0.1% (v/v) GA. The cell media was renewed every 2-3 days
and only passages between 3-9 and 1-4 of RAW 264.7 cells and HUVEC cells,
respectively, were used in all the experiments. The cells were allowed to grow up to
~80% confluence before being detached from the culture flask using trypsin (3 mL, 0.5
mg mL™) in the case of HUVEC and a cell scraper for RAW 264.7 cells. Next, the trypsin
was removed by centrifugation (1000 rpm, 5 min) and the cells were re-suspended in new

cell culture media.

Cellular uptake/association experiments: 30 000 cells (RAW 264.7) or 15 000 cells
(HUVEC) per well were seeded into 96-well plates in 200 pL cell culture media and
allowed to attach to the surface for 24 h at 37°C and 5% CO,. Next, the cells were
incubated with 3.7 ng microreactor per cell (MG/LT/PDA or MG/LF/PDA/PEG) in 200
KL cell culture media for 4 h at 37°C, 5% CO, followed by washing 2 x in 200 uL of pre-
warmed PBS in order to remove non-internalised/non-associated microreactors. Then, the
cells were detached from the wells by scrapping (RAW 264.7 cells) or by trypsinization
with 60 pL trypsin (0.5 mg mL™) (HUVEC). Finally, the cell association/uptake of the
microreactors was evaluated by measuring the CMFI and CUE of at least 2000 cells by
flow cytometry. The concentration of the microreactor solution was determined by
fluorescence measurements of MG/L"/PDA or MG/LT/PDA/PEG followed by serial
dilutions to achieve the desired concentration. At least three independent experiments
were carried out and the data was analysed using one-way ANOVA with a confidence
level of 95% (o= 0.05) followed by Tukey’'s multiple comparison posthoc test (*p < 0.05;
**p < 0.01; ***p < 0.001; ****p < 0.0001) in a GraphPad Prism 7 software.
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5.2.2.5 Assembly and characterisation of CAT loaded microreactor

CAT labelling: CAT was fluorescently labelled to render CAT-FITC following the same
procedure as for BSA-FITC and IgG-FITC (Chapter 5, section 5.2.2.3). However, the
excess of FITC was removed by SEC using an Illustra Nap-10 column (GE Healthcare
Life Science, Brondby, Denmark).

CAT encapsulation and quantification within liposomes: The lipid film was created as
described before (Chapter 5, section 5.2.2.1). In order to optimise the maximum amount
of CAT that can be encapsulated within the liposomes, the lipid film was rehydrated with
different amounts of CAT in Tris 2 followed by vortexing and incubation at 45 °C for 20
min. Next, the solution was extruded through 800, 400, 200 and 100 nm filters 11 times at
45°C. To remove the non-encapsulated enzyme, the liposome solution was purified by
SEC using a Sepharose CL-4B column (collecting the fractions from 5 to 15, appendix A
Figure Al). Finally, the liposome solution was up-concentrated by centrifugation at 2500
g for 30 min (Thermo Scientific SL16R high speed centrifuge) using amicon ultra-15 100
kDa filters. The amount of CAT encapsulated within the liposomes was quantified by
breaking the liposomes with 0.1% Triton X-100 for 30 min followed by micro BCA
analysis (as instructed by the supplier’s protocol) using empty liposomes as control. The

CAT
L

size and PDI of the liposomes (L, L, ) was determined by DLS and z-potential

measurements. At least two independent experiments were carried out.

Assembly of CAT loaded microreactor: Once the maximum amount of CAT that can be
encapsulated within the liposomes was determined, the CAT loaded microreactors were
assembly. For this, the lipid film was rehydrate with 500 pg mL™* of CAT or CAT-FITC

(LFCAT LAT LSATFTSY in Tris 2 followed by extrusion, purification and up-

concentration. Next, the CAT loaded microreactor was assembled following the same
procedure as for the empty microreactor (Chapter 5, section 5.2.2.1), but using LF“AT,
LT or L“ATF'TC followed by PDA coating yielding MG/L™“*T/PDA, MG/L“*T/PDA or
MG/ L*TFTCPDA. Finally, the MG/LT“*T/PDA and MG/L“"T/PDA were PEGylated
using PLL-g-PEG GR = 3.2.
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E-potential measurements: The assembly of the microreactor was monitored by
measuring the &-potential after each deposition step (being the PLL-g-PEG layer GR =
3.2). To do that, 100 puL of sample was added to 700 pL of Milli-Q water. At least two

independent experiments were carried out.

Quantification of CAT loaded within microreactors: The quantification of the CAT in
the microreactors was performed by incubating 9600 pg of MG/L and MG/L“AT with
0.1% Triton-X 100 for 30 min at room temperature. Next, the samples were centrifuge for
30 min at 20 000 x g in order to separate the particles from the free CAT. Finally 150 pL
of the supernatant of MG/L and MG/L“T was analysed by micro BCA following the
supplier protocol. At least two independent experiments were carried out.

5.2.2.6 SOD-like activity of PDA

Functionalisation of the empty microreactor with PLL-g-PEG: The MG/L"/PDA
microreactors were PEGylated (MG/L/PDA/PEG) by incubating 958 pg of suspensions
with PLL-g-PEG 1 mg mL™ (GR = 3.2) in Tris 1 for 1 h at room temperature in a tube
rotator, followed by washing the PLL-g-PEG excess by conducting 2 x washing cycles in
Tris 2 (7 min, 10 000 rpm).

SOD-like activity of PDA-coated empty microreactors: The SOD-like activity of both
MG/LF/PDA and MG/LF/PDA/PEG was evaluated and compared to different
concentrations of the natural SOD enzyme (expressed in units) (Figure A.2, appendix A).
For this the cytochrome C assay was used (Figure 5.6) following a previously published
protocol.[52] In particular, different amounts of SOD (in units) or 800 pg of MG/L/PDA
or MG/L7/PDA/PEG were added to a reaction mixture consisting of 10* M EDTA, 107
M cytochrome C and 5x10° M xanthine in Tris 2 buffer (500 pL). The reaction was
initiated by the addition of 10 pL of xanthine oxidase (0.58 U mL™ in Tris 2 buffer) and
allowed to proceed for 30 min at 37°C. As a control, the reaction between reaction
mixture containing Tris 2, instead of SOD or microreactors, and xanthine oxidase was
considered. Finally, the absorbance of the reduced cytochrome C was measured at 550

nm. At least two independent experiments were carried out.
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Reaction kinetics: The kinetics of the SOD-like activity of the microreactors due to the
PDA coating, was investigated using the cytochrome C assay based on a previously
published protocol.[52] In particular, 800 pg of MG/LT/PDA, MG/L7/PDA/PEG or 2.8 U
of SOD were added to the reaction mixture (500 pL: 10% M EDTA, 10 M cytochrome C
and 5x10™° M xanthine in Tris 2). The reaction was initiated by the addition of 10 pL of
xanthine oxidase (0.58 U mL™ in Tris 2 buffer) and allowed to proceed for up to 72 h at
37°C under constant shaking. Next, at different time points, the microreactors were spun
down for 7 min at 8500 rpm and 200 pL of the supernatant were transferred to a 96-well
plate. The absorbance of the reduced cytochrome C was measured at 550 nm using
reaction mixture with Tris 2 buffer (without microreactors) and xanthine oxidase as
control (blank). The results were normalised to the absorbance peak height at 550 nm of
the blank solution at the different time points. At least two independent experiments were

carried out.

Empty microreactor recyclability: Next, the recyclability of the microreactors (whether
they could sustain multiple rounds of catalysis) as an SOD-mimic was evaluated using the
cytochrome C assay. Thus, 800 pg of MG/L", MG/LF/PDA or MG/LF/PDA/PEG were
suspended in a reaction mixture (500 pL: 10* M EDTA, 10° M cytochrome C and 5x10°°
M xanthine in Tris 2) and incubated for 30 min at 37°C with 10 pL of xanthine oxidase
(0.58 U mL in Tris 2 buffer). After the incubation time, the samples were spin down and
the supernatants collected and the absorbance peak measured at 550 nm. Next, the
microreactors were washed 1 x in Tris 2 buffer to remove the reduced cytochrome C and
new reaction mixture (500 pL: 10* M EDTA, 10° M cytochrome C and 5x10° M
xanthine in Tris 2) and xanthine oxidase was feed to the microreactors followed by
incubation at 37°C for 30 min. This procedure was repeated 5 times. As a control,
reaction mixture (500 pL: 10* M EDTA, 10 M cytochrome C and 5x10° M xanthine in
Tris 2) containing Tris 2 buffer, instead of multicompartment carriers, was incubated with
xanthine oxidase (blank). The data was analysed by normalizing the height of the peak at
550 nm of the sample to the height of the peak at 550 nm of the blank At least two

independent experiments were carried out.
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5.2.2.6 Cascade enzymatic reaction: CAT loaded microreactors

Cascade enzymatic reaction: Then, potential of the microreactors to conduct an
enzymatic reaction where Oy is first converted into H»O, by the PDA-coated
microreactors (due to the SOD-like activity) was evaluated. Next, H,O, is converted into
H,0 and O; by the CAT enzyme loaded within the microreactors (MG/L“*"/PDA). The
tandem reaction was monitored by following the conversion of H,O, which, in the
presence of HRP, is able to convert the substrate amplex red into the resorufin fluorescent
probe. For this, a previously published protocol was followed,[52] and, specifically, a
solution containing 800 pg of MG/L", MG/LF/PDA, MG/LF/PDA/PEG, MG/LF“*T/PDA
or MG/LF“T/PDA/PEG in Tris 2 buffer (500 pL) was incubated with 10 pL of KO, (
which spontaneously generates O,”, 10 pg mL™ in Tris 2 buffer) for 30 min at 37°C under
constant shaking. Next, the samples were centrifuged for 7 min at 8500 rpm and 200 pL
of the supernatant were incubated for 5 min at 37 °C with 100 uL HRP (2 U mL in Tris
2 buffer) and 10 pL amplex red (0.1 mM in Tris 2 buffer). Finally, the resorufin signal
was measured at Aex= 530 nm and Aem= 586 nm by transferring 200 pL to a black 96-well
plate. As control, Tris 2 buffer without microreactors was incubated with KO,. At least

two independent experiments were carried out.

Microreactor recyclability: To assess whether the microreactors were able to conduct
several rounds of enzymatic reaction in tandem, a solution containing 800 ug MG/LF,
MG/L"/PDA, MG/LF/PDA/PEG, MG/L"“*T/IPDA or MG/L"“*T/IPDA/PEG in Tris 2
buffer (500 pL) was incubated with 10 pL of KO, ( which spontaneously generates O;",
10 ug mL™* in Tris 2 buffer) for 30 min at 37°C under constant shaking. Next, the samples
were centrifuged and 200 pL of the supernatant was incubated for 5 min at 37°C with 100
UL HRP (2 U mL™ in Tris 2 buffer) and 10 pL amplex red (0.1 mM in Tris 2 buffer). The
resorufin signal was measured at Aexy= 530 nm and Aem= 586 nm by transferring 200 pL to
a black 96-well plate. Next, the microreactors were washed 1x in Tris 2 buffer in order to
remove the resorufin followed by resuspension in Tris 2 buffer and incubation with fresh
KO,. This procedure was repeated 5 times. As control, Tris 2 buffer without
microreactors was incubated with KO,. At least two independent experiments were

carried out.
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5.3 Results and discussion

5.3.1Microreactor assembly and characterisation

5.3.1.1 Liposome deposition and PDA coating

In order to assemble multicompartment carriers entrapping the highest amount of
liposomes, the maximum amount of L™ (expressed as mg of lipid) that could be adsorbed
onto the MGs surface avoiding particle aggregation was evaluated. For this, a suspension
of negatively charged MGs was incubated with increasing amounts of positively charged
and LF for 1.5 h. The fluorescence intensity of the MG/L" particles depending on the
amount of added L" was monitored by flow cytometry.

The saturated DMPC: DPPC: DSTAP formulation was chosen based on the T, of each
lipid (~24°C,[12] -~41°C,[12] and ~50-60°C,[167] respectively). Taking into
consideration the ratio (6.5:2.5:1.0, DMPC: DPPC: DSTAP) used to assemble the
liposomes, a T, close to 32°C is expected for this formulation. This means that at 37°C
the lipid bilayer will be permeable enough to allow the diffusion of substrates and
products. However, proper differential scanning calorimetry studies are need to accurately
measure the T, of the formulation.[168]

As depicted in Figure 5.1a, the results, which have been normalised to the mean MFI
readings upon adsorption of 0.5 mg of lipids onto the MGs, show saturation of the MGs
surface upon incubation with 0.225 mg of lipids. Nonetheless since particle aggregation
was observed when the MGs were incubated with 0.175 mg L™ (according to the DIC
images, Figure 5.1a, inset), to ensure the assembly of a non-aggregated the
multicompartment carriers, the assembly was conducted employing 0.125 mg L" for 0.48
mg MGs.

Figure 5.1b shows good colloidal stability for 0.48 mg MGs incubated with 0.125 mg of
lipids as evidenced by the DIC imaging (Figure 5.1b). Importantly, such stability was not
compromised once the PDA layer was deposited on the surface of the MG/LF/PDA
according to the DIC images (Figure 5.1b). Finally, the first evidence of PDA deposition
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Figure 5.1 Liposomes deposition and poly(dopamine) coating. a) Normalised mean fluorescence intensity
(nMFI) of MGs upon incubation in increasing amount of lipids, the inset shows a Differential interference
contrast (DIC) image of the aggregated sample. b) DIC and fluorescent images showing good colloidal
stability of MGs decorated with fluorescent liposomes (L) (MG/LF) and further coated with a
polydopamine layer (PDA) (MG/ LF /PDA). The Eppendorf tube pictures show the change in colour of the
solution upon incubation of MG/L" with DA for 16 h at RT yielding MG/ L" /PDA.

was confirmed by the change of colour (from pale yellow, due to L™, in MG/LF to black in
MG/LF/PDA, Figure 5.1b) upon incubation of MG/L" with a DA solution for 16 h at

room temperature.

5.3.1.2 PEGylation effect on protein deposition

For the envisioned application, which is acting as a microreactor to remove ROS in the

bloodstream, assembling a long-circulating carrier is essential. It is well known that the
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adsorption of proteins with an opsonic effect on the surface of the particles will increase
its chances to be cleared from the body by the MPS.[100] As such, to diminish the protein
deposition, PEGylation of the particle surface has been emerged as a golden
strategy.[101]

Next, in order to investigate the low-fouling properties of a PEG coating on the
microreactors surface, MG/L/PDA was coated with three different PLL-g-PEG exhibiting
different GRs (i.e., 1.6, 2.5 and 3.2. Having GR =1.6 the highest PEG content and GR =
3.2 the least) (Figure 5.2). Different GRs, which is defined as the ratio of the number of
lysine monomers to the number of PEG side chains, were evaluated since is the density of
the PEG chains on the particle surface greatly influences the PEGylation effect. It has
been shown that the more the PEG chains overlap the less protein deposition is
observed.[169] This effect is explained by the lower chances of small proteins to diffuse
through the PEG chains, and therefore reach the particle surface, when the PEG chains
are overlapping.[169] The GRs studied in this PhD thesis are close to 3.5 since it has been
previously reported that this GR is the optimal in terms of protein deposition in planar
surfaces[170] and adhesion to macrophages and dendritic cells to glass.[171] However, it
Is worth mentioning that GR = 3.5 did not outperform as compared to others GR when
micro particles coated with PLL-g-PEG were exposed to phagocytosis (using GR = 2.2,
3.5 and 5.7) or protein deposition.[171]

The coating of the microreactors surface by PLL-g-PEG was first assessed by &- potential
measurements (Figure 5.2a). The bare MGs, as expected, displayed an overall negative
charge (-32.1 £ 1.5 mV). Next, the liposomes deposition was confirmed by an increase in
&-potential (from -32.1 £ 1.5 mV to -24.1 + 1.9 mV) due to the positive charge of the
liposomes. A further increase in &-potential (up to -17.9 = 0.6 mV) was observed upon
PDA deposition. This increase could be explained by the large polymerisation time since
non alterations or slightly decrease in &-potential values upon PDA deposition has been
previously reported for shorter polymerisation times.[21,95,96,131,132] The results are in
agreement with the ones reported in Chapter 3, section 3.3.2.3. Finally, the PDA-coated
assemblies were further functionalised with PLL-g-PEG of three different GRs. Only a
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Figure 5.2 PEGylation effect towards protein adsorption. a) &-potential measurements of each assembly
step. Normalised mean fluorescence intensity (nMFI) of non-PEGylated (MG/L/PDA) and PEGylated
(MG/L/PDA/PEG) microreactors with different grafting ratios (GR) upon incubation with two
concentrations (0.075 mg mL™ and 0.5 mg mL™) of a) BSA-FITC and b) IgG-FITC. n=3; ****p < 0.0001.

slight variation on the &-potential values respect to the PDA layer could be observed and
no differences depending on the GR are noted (-20.5 = 3.3 mV for GR = 1.6; -16.6 £ 0.8
mV for GR = 2.5 and -17.5 £ 1 mV for GR =3.2). It is worth mentioning that to draw a
stronger conclusion about the successful coating of the assembly with PLL-g-PEG further
characterisation needs to be conducted (i.e., by QCM-D).

As an indirect way to assess the PEGylation of the assembly, the PEG effect on protein
deposition was evaluated. Specifically, MG/L/PDA and three different MG/L/PDA/PEG
differing in the GR of the PLL-PEG coating (namely, GR= 1.6, 2.5 and 3.2) were
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incubated at 37°C for 4 h with two different protein concentrations of BSA-FITC and
IgG-FITC commonly used in literature (i.e., 0.075 mg mL™*[169] and 0.5 mg mL™*[170]).
The results were normalised to the MFI readings of MG/L/PDA exposed to either 0.075
mg mL™*or 0.5 mg mL™ protein (Figure 5.2b and Figure 5.2c).

As shown Figure 5.2b, the exposure of MG/L/PEG to BSA-FITC resulted in a significant
decrease in nMFI as compared to MG/L/PDA independent of the GRs and protein
concentration. In particular, the functionalisation of the microreactors with a PLL-g-PEG
of a GR =1.6, 2.5 and 3.2 resulted in a reduction in nMFI by 90 + 1%, 91 + 4% and 80 +
2%, respectively, as compared to MG/L/PDA upon incubation with 0.075 mg mL™ of
protein (Figure 5.2b, black bars). Interestingly, upon exposure to 0.5 mg mL™, the
reduction in nMFI obtained for the PEGylated carriers (by ~83% for GR= 1.6, 2.5 and 3.2
as compared to MG/L/PDA) is smaller than the reduction observed for lower protein
concentration (0.075 mg mL™). Looking more closely, non-significant differences were
found between the different GRs for any of the concentrations.

Regarding the PEGylation effect on IgG-FITC deposition (Figure 5.2c), the PEGylation
of the surface resulted in a significant decrease in nMFI as compared to MG/L/PDA
independent of the GR and the protein concentration. In particular, the incubation of the
functionalised microreactor with a PLL-g-PEG of a GR = 1.6, 2.5 and 3.2 resulted in a
similar reduction in nMFI (by ~85%, Figure 5.2c, black and grey bars) as compared to
MG/L/PDA regardless of the protein concentration as compared to MG/L/PDA. Similar
to BSA-FITC, non-significant differences between the different GRs were found for any
of the concentrations. The results obtained for GR = 1.6, 2.5 and 3.2 upon incubation with

IgG-FITC are in agreement with literature.[171]

It is worth mentioning that these results indicate a more optimal PEGylation effect
towards protein deposition as compared to GR = 3.5 which is the one used in chapter 4,
section 4.3.1 (resulting in a decrease in nMFI by 44 + 2% upon incubation with BSA-
FITC and by 37 = 5% upon incubation with IgG-FITC as compared to MG/L/PDA).
Interestingly, this less optimal PEGylation effect observed for GR = 3.5 compared to the
other GRs is not in agreement with literature.[171] It is important to note that different

liposome formulations were used to assemble both systems (unsaturated lipids in chapter
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4 for GR =3.5 and saturated lipids in chapter 5 for GR = 1.6, 2.5 and 3.2). This difference
in liposome formulation could potentially affect the PDA layer, which is deposited onto
the liposomes, and therefore the subsequent PLL-g-PEG layer. It is therefore difficult to
speculate about the improved PEGylation effect, since both systems cannot be compared
directly.

5.3.1.3 PEGylation effect on cell uptake/association

The PEGylation effect of the microreactors coated with PLL-g-PEG at the three different
GRs was further investigated in vitro, using relevant cell populations such as
macrophages (RAW 264.7) and endothelial cells (HUVEC). The results have been
normalised to the CMFI readings of the cells exposed to MG/LF/PDA (Figure 5.3)

RAW 264.7 cells: Upon incubation of the cells with the three PEGylated microreactors, a
significant decrease as compared to the uncoated counterparts was observed for the three
microreactors independent of the GR. As such, a decrease of 29 + 12% in nCMFI was
observed for a GR = 1.6 while a decrease of 46 = 13% and 43 =+ 10% in nCMFI was
observed for a GR = 2.5 and 3.2, respectively, as compared to cells incubated with
MG/LT/PDA (Figure 5.3ai). In agreement with the protein adsorption results, non-
significant differences were found amongst the different GR. Figure 5.3aii shows the
CUE, which corresponds to the percentage of cells with a CMFI higher than the auto
fluorescence level of untreated cells. Although no significant, Figure 5.3aii shows a
reduction of CUE by 18 + 12% for cells incubated with PEGylated microreactors
functionalised with a PLL-g-PEG of a GR = 1.6 as compared to MG/L"/PDA. However, a
significant reduction in CUE is observed when the cells are exposed to PEGylated
microreactors functionalised with a PLL-g-PEG of a GR = 2.5 and 3.2 (by 26 = 9% for
2.5 and 26 + 11%) as compared to MG/L /PDA.

HUVEC cells: A similar trend as observed for the protein adsorption was found when
HUVEC cells were exposed to either MG/LT/PDA or MG/L7/PDA/PEG with the different
GR. All the GRs resulted in a significant reduction in CMFI (by 51 + 9% for 1.6, 57 = 5%
for 2.5 and 56 + 5% for 3.2) as compared to the cells exposed to MG/L"/PDA (Figure
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Figure 5.3 PEGylation effect towards cell uptake/association. i) Normalised cell mean fluorescence
intensity (n\CMFI) and ii) Cellular uptake efficiency (CUE) of a) RAW 264.7 and b) HUVEC cells upon
incubation with MG/LF/PDA or MG/L"/PDA/PEG with different grafting ratios (GR). n=3, *p < 0.05; **p
<0.01; ***p < 0.001; **** p < 0.0001.

5.3bi). In the case of CUE (Figure 5.3bii), all the GRs resulted in a similar significant
reduction of the CUE (~39%) as compared to the cells incubated with MG/L/PDA. All in
all, although there are slight differences between the two proteins and the two cell lines
studied, there is an overall successful PEGylation effect for the carriers functionalised
with GR = 1.6, 2.5 and 3.2. Therefore, the GR = 3.2 is the one selected for the further

experiments of the thesis.
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5.3.1.4 CAT encapsulation

Once the assembly of the empty microreactor (without CAT) had been optimised, its
potential as a microreactor for ROS depletion was evaluated. As a first step the
encapsulation of the CAT enzyme within liposomes was optimised in order to incorporate

them into the microreactor.

To assess the maximum amount of CAT that could be incorporated into the liposomes,
the lipid film was rehydrated with increasing amounts of CAT followed by vortexing and
incubation at 45°C for 20 min which were subsequently extruded in order to yield
unilamellar liposomes. Upon purification by SEC (Appendix A, Figure A.1l) and up-
concentration, the CAT-loaded liposomes were characterised in terms of CAT
entrapment, size and &-potential (Figure 5.4).

The amount of CAT entrapped within the different liposomes was evaluated by
disassembling the liposomes (employing 0.1% Triton X-100) and making use of a micro
BCA assay to establish the enzyme concentration. Figure 5.4a, shows the CAT
concentration as obtained by means of the micro BCA assay (y axis, Experimental CAT
concentration) compared to the concentration of CAT employed for the lipid film
hydration (x axis, Theoretical CAT concentration). The results shows that when
employing CAT concentrations higher than 500 pg mL™ to rehydrate the lipid film no
increase in the experimental CAT concentration is observed, thus indicating saturation of
the system (rehydration with 500 pg mL™ CAT yields liposomes entrapping/associated
with 17.1 + 2.9 pg mL™ CAT). It is worth noticing that this experiment only provides
information regarding the association of the CAT enzyme with the liposomes that is it
cannot be claimed whether the CAT enzyme is encapsulated within the liposomes or just
associated with their membrane. The encapsulation efficiency (EE) was determined to be
3.0 £ 0.8%. While this EE is low, it is in agreement with literature.[39,172] In particular,
Zhu et al.,[172] obtained a 3 + 1% EE (as determined by BCA assay) upon rehydration
and purification of 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) liposomes with a
1 mg mL* CAT solution. In another study, Armada-Moreira et al.,[39] reported a total
11.3 = 0.6% EE (CAT + GOx, determined by BCA assay) upon rehydration and

137



purification of DOPC liposomes with a 724.4 ug mL™ CAT + GOx solution (1:1 enzyme
ratio). This low EE observed for CAT-loaded liposomes could be explained due to the
large size of the protein which is ~ 250 KDa.

The different liposomes fabricated with various CAT concentrations were further
characterised by DLS to assess their size and PDI. As shown in Figure 5.4b, the diameters
of the different CAT-loaded liposomes were ~100-120 nm in diameter independent of the
theoretical CAT concentration. Also, similar low values in PDI (~0.07-0.12) were
obtained for the different theoretical CAT concentrations. An exception are obviously the
empty liposomes (a theoretical CAT concentration of 0 pg mL™) which displayed a PDI
of 0.05 £ 0.02.

Finally, the &-potential of the different liposomes was also evaluated (Figure 5.4c). While
empty liposomes showed a positively &-potential of 46.1 = 3.2 mV, a decrease in &-
potential was observed for liposomes loaded with CAT. The higher the theoretical CAT
concentration the lower the &-potential measurements. As such, a &-potential of 44 + 4
mV was observed for liposomes assembled with a 100 pg mL™* theoretical CAT
concentration as opposed to liposomes fabricated with a 500 pg mL™ theoretical CAT
concentration which displayed a decreased &-potential of 42 =+ 7 mV. Such decrease in &-
potential could be explained by the partial deposition of the negatively charged CAT on
the liposomes surface. This result is not surprising since it has been previously reported
that enzyme encapsulation renders liposomes with enzyme entrapped within the
liposomes core as well as enzyme associated with the liposomes surface.[11]
Additionally, no decrease in &-potential was observed for theoretical CAT concentrations

above 500 pg mL™, thus indicating saturation of the system.

Therefore, 500 pg mL™* CAT solution was chosen to assemble the CAT-containing

CAT
L

liposomes ( ) employed for the microreactors fabrication.

5.3.1.5 CAT-loaded microreactor characterisation

Next, the microreactor assembly was characterised by monitoring the &-potential of each

building step followed by the quantification of pg of CAT per pg of MG by micro BCA
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Figure 5.4 Catalase (CAT) encapsulation. a) Liposome saturation upon incubation with increasing CAT
concentration measured by micro BCA assay yielding L°*". b) Diameter and polydispersity (PDI) of empty
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assay (Figure 5.5).
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Figure 5.5 Microreactor characterisation. a) & potential measurements after each deposition step: First bare
MGs are decorated with catalase-loaded liposomes (L") followed by the poly(dopamine) (PDA) coating
and functionalised with poly(L-lysine)-grafted-poly(ethylene glycol) (PLL-g-PEG). b) Differential
interference contrast and fluorescent image of MG/L“*"F'"“/PDA.

The LT deposition was confirmed by an increase in &-potential from 32 + 2 mV for bare
MGs to -24.2 + 0.7 mV for MG/L“*T upon incubation of bare MGs with the positively
charged LT (Figure 5.5a). Finally, upon deposition of PDA a further increase in &-
potential up to -18.0 £ 1.7 mV was observed in agreement with the results obtained in
Chapter 3, section 3.3.2.3. Since non-significant differences were found for the different
GRs and GR = 3.2 requires less material to conduct its synthesis, it was decided to
assemble the microreactor with PLL-g-PEG of a GR = 3.2. The functionalisation of the
PDA surface with PLL-g-PEG (GR = 3.2) resulted in similar &-potential (-19.8 £ 0.9 mV)
as obtained in Figure 5.2a. The assembly of monodisperse and non-aggregated
microreactors was confirmed by DIC and fluorescence microscopy. To do so, the
microreactors were assembled with liposomes loaded with fluorescently labelled CAT
(CAT-FITC). Figure 5.5b shows DIC images confirming the good colloidal stability of
the microreactors in terms of aggregation. Fluorescence microscopy images show a

homogeneous distribution of L“™'7 as shown by the regular fluorescence signal.

Finally, the ug of CAT per pg of MG was quantified by micro BCA. For this, the
MG/L“T and MG/L were first exposed to 0.1% Triton X-100 for 30 min at room
temperature followed by centrifugation, then the supernatant was analysed by micro BCA
assay. The micro BCA assay resulted in 0.83 £ 0.12 pg of CAT per ug of MG for
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MG/L"T and 0.01 + 0.00 pg of CAT per pg of MG for the control (MG/L). It is worth to
note that the ug of CAT per ug of MG was measured without the PDA coating to avoid
interferences with the quantification method.

5.3.1.6 SOD-like activity of MG/L"/PDA/PEG

In order to evaluate the performance of the multicompartment system as a microreactor,
to demonstrate the proof-of-concept, a common bi-enzymatic reaction used to deplete
ROS was chosen. In this reaction, the SOD enzyme catalyses the dismutation of O,". into
Oz and H»0,. H,0, then acts as a substrate for the CAT enzyme which catalyses the

decomposition of H,O, into H,O and Os.

ROS removal from blood was chosen due to their severe detrimental effects on the
body.[31] Being able to enter and exit the cells,[53] ROS are able to reach distant organs
leading to important pathologies.[54]

As a first step, the SOD-like activity of PDA is employed to perform the first step of the
bi-enzymatic cascade reaction. It is well-known that melanin has antioxidant properties,
in particular it exhibits SOD-like activity towards O, due to the catechol groups present
in its structure.[173] Considering that PDA has a structure similar to that of melanin it is
reasonable to expect a SOD-like activity of PDA.[56] This SOD-like activity was recently
reported by Huang et al.[59] For this, coated selenium particles with PDA in order to
scavenge O;7, 'OH and H,;O, in a synergistic way. The authors demonstrated the
scavenging activity of PDA towards O, and ‘OH and the antioxidant activity of selenium
particles towards H2O in test tubes, in vitro (resulting in the inhibition of the detrimental
effects caused by ROS such as DNA damage and lipid peroxidation upon treatment with
the PDA-coated selenium particles), and in vivo using a pneumonia model (resulting in
the alleviation of the inflammation reaction due to ROS scavenging upon treatment with
the PDA-coated selenium particles).

Next, H,O, is enzymatically transformed into H,O and O, by the CAT encapsulated
within the LT used to assemble the microreactor (Scheme 5.1).
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Although the following assays require further optimisation, the preliminary results
presented in this section are useful to have an initial idea of the performance of the

microreactor.

First, the SOD-like activity, that is, the ability to catalyse the dismutation of O, of both
PEGylated and non-PEGylated MG/L"/PDA and MG/L"/PDA/PEG microreactors was
assessed by the cytochrome C method (Figure 5.6). This method relies on the ability of
xanthine and xanthine oxidase to generate O~ from O,. Next, the cytochrome® C
substrate is reduced by O, to cytochrome?* C which can be detected by its characteristic
absorbance peak at 550 nm. As such, upon incubation of MG/LF/PDA and
MG/LF/PDA/PEG microreactors with xanthine, xanthine oxidase and cytochrome®" C, a
decrease on the absorbance peak height is expected due to the catalysed dismutation of
O, by the microreactors.

First, the amount of SOD units that MG/L/PDA and MG/L/PDA/PEG activity is
equivalent to was determined by incubating the microreactors or increasing amount of
SOD units with xanthine, xanthine oxidase and cytochrome®* C for 0.5 h at 37°C. MG/LF
was used as control (Appendix A, Figure A.2a). According to the calibration curve
(Appendix A, Figure A.2b), the MG/LF/PDA and MG/L"/PDA/PEG activity is equivalent
to 2.8 £ 0.3 and 1.3 £ 0.1 SOD units, respectively.

Next, the reaction kinetics was evaluated over time as shown in Figure 5.6a. The results
were normalised to the absorbance peak height at 550 nm of the blank solution at the
different time points. The results show already a 55 + 2% decrease in the normalised peak
height as compared to the blank for samples incubated in the presence of the non-
PEGylated (MG/L/PDA) microreactors after 0.5 h of reaction. A further decrease (74 +
21% decrease as compared to the blank) is observed after 4 h of reaction. This decrease in
normalised peak height is maintained through the whole time-frame (up to 72 h).
However, the results for the PEGylated (MG/LF/PDA/PEG) microreactors were different.
While a 27 £ 7% decrease in normalised peak height as compared to the blank, is
observed after 0.5 h of reaction, only a decrease of 10 = 4% is observed after 2 h of
reaction and no decrease in normalised peak height was observed after 4 h of incubation.
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Figure 5.6 Superoxide dismutase like-activity of poly(dopamine) (PDA). The detection method is based on
the production of O, by the xanthine/xanthine oxidase system which reduces cytochrome C that can be
detected measuring absorbance at 550 nm. When the superoxide dismutase (SOD), MG/L"/PDA or
MG/LF/PDA/PEG microreactors are present they inhibit the reduction of cytochrome C by transforming O,”
into H,O, and a mix of products. a) Reaction kinetics. b) Recyclability of the microreactors.

A decrease in normalised peak height is again observed after 6 h of incubation (7 £ 5%)
being it more pronounced after 8 and 24 h (of 21 + 23% and 54 = 3% after 8 and 24 h of
incubation, respectively). While the differences in the reaction kinetics profile of non-
PEGylated and PEGylated microreactors cannot be fully explained, it is worth mentioning
that both systems showed a pronounced SOD-like activity reaching stability after 48 h of
reaction, probably due to full consumption of the O,".

It is hypothesised that the differences in catalytic activity of the two microreactors, that is
non-PEGylated (MG/L7/PDA) and PEGylated (MG/L"/PDA/PEG), may be due to the
modification of the PDA by PLL-g-PEG. Although the exact structure of PDA is still
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being highly debated, it has been reported that PDA structure possess a mixture of
catechols and o-quinones (Figure 1.7, Chapter 1).[42] Aliphatic amines (such as the side
chains of the lysine moieties of PLL-g-PEG) react with o-quinones trough Schiff base
reaction yielding the corresponding imine (Scheme 5.2).[133] Therefore affecting the
number of o-quinones available to react with O,". The dismutation of the O, radical by

R R
N, 7/ \
_)...
0 0 0 \N
0-quinone ?j

Scheme 5.2 Reaction of aliphatic amines with o-quinones

the PDA coating is due to the reaction of O>" with both the catechols and o-quinones of
the PDA. When O," reacts with the catechol moieties, it yields H,O, and a catechol anion
radical which is rapidly transformed into the starting catechol and the equivalent o-
quinone.[133] In contrast, when Oy  reacts with the o-quinones it yields radical
semiquinones (radical form of a quinone) that dismutates into the starting o-quinone.[174]
As such, the fact that PLL-g-PEG reacts with the o-quinones of the PDA coating, thus
diminishing the number of available o-quinones to react with Oy, could partially explain
the differences in the reaction kinetics between the two types of microreactors. An in
depth discussion of the reaction mechanism is beyond the scope of this study.

Next, it was investigated whether the microreactors could sustain multiple rounds of
catalytic activity. Several multicompartment microreactors have been reported to
successfully perform the enzymatic reaction for at least four cycles.[11,12,20,37] For the
envisioned application, is desirable that the microreactors are able to conduct the ROS
depletion in a sustained manner for an extended period of time. This will allow to reduce
the dosage frequency and therefore improve the patient compliance.[20]
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The recyclability of MG/L/PDA and MG/LF/PDA/PEG was evaluated by conducting the
reaction cycles for 0.5 h at 37 °C followed by absorbance measurement of the reduced
cytochrome?* C at 550 nm. After each reaction cycle, the microreactors were washed and
the absorbance of the supernatants after the wash was measured at 550 nm to confirm
complete removal of the of the cytochrome* C product. Following addition of fresh
xanthine/xanthine oxidase and cytochrome®* C, the reaction was allowed to proceed for
another cycle. The results, which have been normalised to the absorbance peak height of
the blank at any given cycle, show a reduction of the normalised absorbance peak height
of 32 + 2% and 55 = 2% as compared to the control for PEGylated and non-PEGylated
microreactors respectively (Figure 5.6b). Importantly, the catalytic activity for the
PEGylated microreactor was not affected after the 5 cycles since a reduction of 41 £ 12%
(empty triangles) as compared to the control was observed for the fifth cycle. The results
for the non-PEGylated microreactor were different and the reduction after the fifth cycle
(black triangles, 47 = 5%) was lower as compared to the first one (black triangles, 55 +
2%). All in all, the results indicate that the microreactors can be successfully reused for
at least five cycles regardless of the PEGylation. As controls, carriers without the PDA-
coating (MG/LF) were also considered and, as expected, no decrease in the absorbance
peak height as compared to the blank was observed for the different cycles.

5.3.1.7 Enzymatic cascade reaction

On a next step, the ability of MG/LF/PDA, MG/LF/PDA/PEG, MG/L"“*T/PDA and
MG/LF““T/PDA/PEG to deplete ROS through a cascade reaction was investigated. KO
spontaneously dissociates into O,” which will be transformed by MG/L™“*T/PDA or
MG/LF“AT/PDA/PEG into H,0- (and a mix of products) due to the SOD-like activity of
the carriers. Next, H,O, product acts as a substrate for the CAT enzyme entrapped within
the liposomal compartments of the microreactor yielding H,O and O, (Figure 5.7). The
depletion of H,O, was monitored by making use of the amplex red/HRP assay. H,O, acts
as a co substrate for the oxidation of amplex red by HRP, generating a fluorescent product

named resorufin.
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Figure 5.7 Cascade reaction using amplex red/horseradish peroxidase (HRP) assay. The detection method
is based on the production of O, by KO, which in the presence of MG/L"“AT/PDA or
MG/LFCAT/PDA/PEG is transformed into H,0,. The generated H,O, acts as substrate for the CAT
contained in MG/L"“AT/PDA and MG/L “AT/PDA/PEG being transformed into H,O and O,. The reaction is
evaluated by the detection of the fluorescent product named resorufin which is produced by the amplex red
oxidation by HRP and H,0,. a) Normalised fluorescence intensity (nFl) of buffer (blank), MG/L",
MGI/LF/PDA, MG/LF/PDA/PEG, MG/LF“AT/PDA and MG/L"“AT/PDA/PEG upon incubation with KO, for
0.5 h at 37°C and detected with the amplex red/HRP assay. b) Recyclability of the microreactors.

To assess the potential of the microreactors (MG/LF“*T/PDA and MG/L "“*T/PDA/PEG)
to conduct a bi-enzymatic cascade reaction towards ROS depletion, the production of
resorufin was monitored by its characteristic FI peak after 0.5 h of incubation (Figure
5.7a). As controls, MG/L"/PDA, MG/LT/PDA/PEG, MG/L" and buffer only (blank) were
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considered.

The results (Figure 5.7a), which have been normalised to the FI readings after incubating
MG/LF/PDA microreactors (SOD-like activity only) with KO, for 0.5 h, show an increase
of 75 + 1% and 48 + 12% in nFl for MG/L"/PDA and MG/L"/PDA/PEG, respectively as
compared to the blank. These results again show the SOD-like activity of the PDA-based
carriers but with a different detection method. The ability of the CAT-loaded
microreactors in depleting H,O, is also demonstrated by the 99 £ 0% and 94 £ 7%
decrease in nFl, for MG/LF“*T/PDA and MG/L"“*T/PDA/PEG, respectively as compared
to the MG/LF/PDA and MG/LF/PDA/PEG. It is also worth pointing out that upon
incubation of KO in the absence (blank) or presence of MG/LF a nFl signal of 25 + 1%
and 21 + 1%, respectively, is observed. This fact is attributed to the spontaneously
dismutation of O, spontaneously into H,O,.[52] The finding that the nFI signal measured
after incubating both MG/LT“*T/PDA and MG/LF“*T/PDA/PEG is lower than the nFI
signal of both controls (blank and MG/LF) indicates that both CAT-loaded microreactors
are not only able to scavenge the H,O, produced by MG/LF/PDA and MG/LF/PDA/PEG
but also the H,O, obtained by the spontaneous dismutation of O,".

For a successful microreactor able to deplete ROS for an extended period of time, it is
desirable that the microreactors are able to conduct repeated enzymatic conversions.
Thus, the ability of MG/LT“*T/PDA and MG/L"““T/PDA/PEG to conduct multiple
rounds of enzymatic reactions was evaluated. First, the microreactors were incubated with
KO for 0.5 h at 37°C and the H,O, reaction product was detected by the amplex red/HRP
assay. A blank and MG/L" were considered as controls. The results were normalised to
the FI signal measured after incubating MG/L"/PDA for 0.5 h. The complete removal of
the fluorescent resorufin product after washing was assessed by measuring the FI signal
of the supernatant of the wash. Next, the microreactors were again incubated with KO
for 30 min and the FI signal of the resorufin product was measured after 0.5 h. This
procedure was repeated for five cycles.

The results show that, similar to the results obtained for the cytochrome®* ¢ assay, the
catalytic activity of the non-PEGylated MG/L"/PDA microreactors (Figure 5.7b ,black
triangles) is higher after the first cycle as compared to the fifth cycle (with a nFl increase
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of 75 £ 1% after the first cycle versus 22 + 6% after the fifth cycle, compared to the
black). However, a successful increase in nFl of 22 £ 6% is still observed after the last
catalytic cycle. A similar trend was obtained for the catalytic activity of the PEGylated
microreactor MG/LT/PDA/PEG (Figure 5.7b, empty triangles) with a successful increase
of nFI of 13 + 2% after the fifth cycle as compared to the blank.

Finally, both MG/L™“*T/PDA (Figure 5.7b, black circles) and MG/L™“*T/PDA/PEG
(Figure 5.7b, empty circles) microreactors also showed their ability to be recycled for at
least five cycles with a successful reduction in nFl of 11 £ 2% and 14 £ 0% after the fifth
cycle upon incubation of KO, with MG/L"“*T/PDA and MG/L"“*T/PDA/PEG
respectively, as compared to MG/L7/PDA and MG/L" /PDA/PEG . Although a decrease
of enzymatic activity for both MG/LF“*T/PDA and MG/L™“*"/PDA/PEG was observed
over the subsequent cycles this has been previously reported in other multicompartment
microreactors,[11,12,20] and for CAT using a different system.[175] In particular, Cui et
al.,[175] reported that the CAT encapsulated within a metal-organic framework contained
in large mesoporous silica structure, could be recycle up to ten cycles maintaining ~50%
of the initial activity.

5.4 Conclusions

In this chapter, results regarding the evaluation of the multicompartment carrier
performance as a microreactor towards ROS detoxification in test tubes is described and

discussed. However, in vitro validation of the results is necessary.

The empty and the CAT-loaded microreactor was successfully assembled and
characterised by various techniques. The different GRs of PLL-g-PEG were evaluated in
terms of PEGylation effect towards protein deposition and cellular uptake/association.
Based on the results presented above, all GRs exhibited a large PEGylation effect when
incubated with proteins and cells.
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Regarding the SOD-like activity of PDA, it was confirmed through two different assays
(i.e., cytochrome®* C and amplex red/HRP assay) for both the non-PEGylated and the
PEGylated microreactor, demonstrating that the designed microreactor is able to scavenge
the most dangerous ROS (O>"). What is more, such antioxidant activity was proved to be

reusable for at least to five enzymatic rounds.

Finally, the CAT contained in the L“*T remained highly active in both the non-PEGylated
and the PEGylated microreactor and it was also demonstrated that it could be reused for at

least five enzymatic rounds.

All in all, the results presented in this chapter represent a different approach towards ROS
detoxification which has been proved to be successful in test tubes. Further in vitro
experiments, in the presence of relevant cell populations (i.e., RAW 264.7 and HUVEC
cells), are needed in order to confirm the promising results presented and discussed here.
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Chapter VI Concluding remarks
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The development of multicompartment carriers has attracted great attention in the
biomedical field. To date, the research has been focused on their application as drug
delivery carriers and as extra and intracellular microreactors. However, despite all the
great efforts invested in their design most of the reported systems are in the micron range
limiting their therapeutic potential. In an attempt to move the field a step forwards, a
multicompartment carrier in the submicron range with potential as drug delivery carrier
and extracellular microreactor has been assembled, characterised, described and discussed
in this PhD thesis.

For this, four different building blocks (i.e., P(NIPAM)-co-AAc MGs, liposomes, PDA
and PLL-g-PEG), which have been proved to be highly useful in both the assembly of
drug delivery and microreactors, were combined to create a new multicompartment

carrier.

In particular, the combination of P(NIPAM)-co-AAc MGs and liposomes (creating the
so-called hydrogel-liposome complex) offers the possibility to co-encapsulate different
hydrophilic and/or hydrophobic cargos in the different compartments (i.e., MG and
liposome). This co-encapsulation guarantees their co-localization at their target site while
being release in a tandem manner due to the different release profile from the P(NIPAM)-
co-AAc MGs and liposomes. Next, the usage of PDA reduces the efforts in the building
of the multicompartment carrier compared to other techniques such as LbL technique due
to its self-assembly behaviour. Likewise, PDA not only offers structural protection to the
system but it also provides an easy functionalisation strategy due to its reactivity towards
amines and thiols. What is more, the O-quinones and catechol groups present in the PDA
structure provides the multicompartment carrier with antioxidant properties. Finally, the
PEGylation of the carrier’s surface is envisioned to protect the surface from protein
adsorption and unwanted cellular uptake/association resulting in a prolonged circulation
time in the body.

Two different diameter-sized MGs (i.e., MGzo and MGss0) were evaluated as the best
candidate for the carrier’s core in terms of facile production, colloidal stability and
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PEGylation effect. The assembly of the multicompartment carrier was thoroughly
investigated by different techniques (i.e., flow cytometry, &-potential, DIC and
fluorescence imaging, QCM-D) as well as the cellular interaction with three relevant cell
lines: RAW 264.7 (macrophages, first line of defence in the body), HUVEC (endothelial
cells lining the blood vessels) and HelLa (cancer cells, as an example of a therapeutic
target). Both MGs exhibit a similar behaviour with small differences. The MGy
demonstrated an overall better colloidal stability along the assembly process while MGs3sg
demonstrated a better PEGylation effect towards cellular uptake/association. Importantly,
a promising finding is the preferential internalisation of the multicompartment carrier by
the cancer cell line regardless of the PEGylation of the surface over RAW 264.7 and
HUVEC cells. It is worth mentioning that although MG3so was not chosen as the carrier’s
core (due to the difficulty in producing larger scales) its small size and high cellular
uptake/association with all the three tested cell lines make it an interesting tool for

intracellular delivery.

Once MGy was selected as the carrier’s core the research was focused on the study of
the multicompartment carrier as a drug delivery platform by co-encapsulating two model
molecules leading to a faster release of the MB encapsulated in the MGs core than the Cal
encapsulated in the liposome core. Next, the impact of shear stress was valuated in terms
of protein adsorption. The results regarding this topic corroborated the importance of
shear stress when evaluating a carrier designed for intravenous administration, as
evidenced by the favoured protein adsorption upon shear stress exposure. Finally, a
thorough study regarding the interaction of the non-PEGylated and the PEGylated carrier
with relevant cell lines (i.e., RAW 264.7, HUVEC and HelLa cells) in the absence and
presence of shear stress (which is normally neglected in in vitro studies) was also
presented. The results indicate an important impact of shear stress on the cell/carrier
interaction in terms of cell internalisation/association, CUE and cellular pathway,
emphasizing the importance of including this physiological parameter in in vitro set ups.
It was also demonstrated that although the applied shear stress promoted cell
association/internalisation by the three studied cell lines, the developed multicompartment
carrier has always been internalised preferentially by the target cell line (HeLa cells).
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Lastly, aiming to improve the PEGylation effect, PLL-g-PEG of different GRs was
synthesised and evaluated by means of protection towards protein adsorption and cellular
uptake/association. Next, preliminary results regarding the potential of the
multicompartment carrier as a detoxifying microreactor towards ROS were presented and
discussed. While the mechanisms underlying the reaction mechanism between O, are
complex and not completely understood, it was demonstrated that both the PEGylated and
non-PEGylated carriers were able to successfully scavenge O, for up to five independent
reaction cycles. What is more, the combination of the antioxidant activity of PDA with
the scavenging activity of CAT towards H,O, resulted in a great tandem towards a
successful ROS detoxification.

On a final note, the future in vitro confirmation of the cascade reaction presented in this
PhD thesis by means of resorufin formation and improved cell viability will represent an
interesting new approach for ROS detoxification at an extracellular level. Although this
project is still at its infancy, this microreactor combines the appropriate size, efficient
PEGylation coating and high antioxidant activity to potentially remove ROS from blood

upon a more extensive optimisation.
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Appendix A
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Figure A.1 Elution profile of liposomes and catalase in size exclusion chromatography. Fluorescence
readings (F1) of the fractions containing fluorescent liposomes (L"EP) and absorbance readings of fractions
containing catalase (CAT). The fractions 5 to 15 are the ones collected for further experiments.
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Figure A.2 Superoxide dismutase (SOD)-like activity of MG/LF/PDA/PEG microreactors. a) Absorbance
Peak Height of blank, MG/L" and microreactors (MG/L"/PDA and MG/L"/PDA/PEG) upon incubation with
xanthine, xanthine oxidase and cytochrome C for 0.5 h at 37°C. Measured at 550 nm. B) Calibration curve
of SOD upon incubation with xanthine, xanthine oxidase and cytochrome C for 0.5 h at 37°C. Measured at
550 nm.

170



Appendix B

York-Duran, M. J.; Godoy-Gallardo, M.; Labay, C.; Urquhart, A. J.; Andresen, T. L.; Hosta-
Rigau, L. Recent Advances in Compartmentalized Synthetic Architectures as Drug Carriers,
Cell Mimics and Artificial Organelles. Colloids Surf., B 2017, 152, 199-213.
https://www.sciencedirect.com/science/article/pii/S092777651730022X

171



Appendix C

Godoy-Gallardo, M.; York-Duran, M. J.; Hosta-Rigau, L. Recent Progress in

Micro/Nanoreactors toward the Creation of Artificial Organelles. Adv. Healthc. Mater. 2018, 7
(5), 1-35.
*First co-authorship
https://www.ncbi.nlm.nih.gov/pubmed/29205928

188



	A. Acknowledgements
	B. Abstract
	C. Table of Contents
	D. Abbreviations
	E. List of schemes, figures and tables
	F. Disposition
	1. Chapter I Introduction
	1.1 Multicompartment carriers
	1.2 Multicompartment carriers: applications
	1.2.1 Multicomparment carriers as drug delivery vehicles
	1.2.2 Multicompartment carries as microreactors
	1.2.2.1 Intracellular microreactors
	1.2.2.2 Extracellular microreactors
	1.2.2.3 Reactive oxygen species: Importance and antioxidant solutions


	1.3 Developed multicompartment carrier: Building blocks
	1.3.1 Poly(N-isopropylacrylamide) microgels
	1.3.2 Liposomes
	1.3.3 Poly(dopamine)
	1.3.4 Poly(ethylene glycol)
	1.3.5 Hydrogel-liposome complexes

	1.4 Influence of shear stress on carrier-cell interaction

	2 Chapter II Aims of the thesis
	3 Chapter III Assembly and Characterisation of Multicompartment carriers
	3.1 Introduction
	3.2 Materials and Methods
	3.2.1 Materials
	3.2.2 Methods
	3.2.2.1 MGs synthesis and characterisation
	3.2.2.2 Liposomes assembly and characterisation
	3.2.2.3 Optimisation of the amount of liposomes per MG
	3.2.2.4 Assembly of multicompartment carriers
	3.2.2.5 DIC and fluorescence microscopy
	3.2.2.6 SEM images
	3.2.2.7 Surface functionalisation
	3.2.2.8 QCM-D measurements
	3.2.2.9 Cell experiments
	3.2.2.10 Cell viability
	3.2.2.11 Cell association/uptake experiments


	3.3 Results and Discussion
	3.3.1 MGs synthesis and characterisation
	3.3.2 Multicompartment carrier assembly and characterisation
	3.3.2.1 Liposome deposition
	3.3.2.2 Prime-coating with PDA
	3.3.2.3 PEGylation
	3.3.2.4 Storage stability

	3.3.3 Interaction of non-functionalised (MG/L/PDA) and PEGylated (MG/L/PDA/PEG) carriers with cells
	3.3.3.1 Biocompatibility
	3.3.3.2 Cellular uptake/association of MG/L/PDA and MG/L/PDA/PEG assemblies


	3.4 Conclusions

	4  Chapter IV Shear stress regulated uptake of liposome-decorated microgels with a poly(dopamine) shell
	4.1 Introduction
	4.2 Materials and Methods
	4.2.1 Materials
	4.2.2 Methods
	4.2.2.1 MB-loaded MGs (MGMB) assembly
	4.2.2.2 Cal-loaded liposomes (LCal) assembly
	4.2.2.3 Assembly of multicompartment carriers
	4.2.2.4  Protein adsorption
	Synthesis of BSA-FITC: BSA was fluorescently labelled (BSA-FITC) following a previously published protocol.[139] A FITC solution (3.7 mg of FITC in 300 µL DMSO) was added dropwise to a BSA solution containing 30 mg of protein in 6 mL of NaHCO3 0.05 M ...
	4.2.2.5 Release Kinetics
	4.2.2.6 Cell experiments
	4.2.2.7 Cell viability
	4.2.2.8 Cell association/uptake experiments
	4.2.2.9 Cell imaging
	4.2.2.10 Cell uptake pathway


	4.3 Results and Discussion
	4.3.1 Protein adsorption
	4.3.2 Dual-cargo release kinetics
	4.3.3 Interaction of non-functionalised and PEGylated carriers with cells
	4.3.4 Cell viability
	4.3.5 Cellular uptake pathway

	4.4 Conclusions

	G.
	H. Chapter V Multicompartment microreactor for ROS detoxification: the tandem antioxidant activity of poly(dopamine) and catalase-loaded liposomes
	5
	5.1 Introduction
	5.2 Materials and Methods
	5.2.1 Materials
	5.2.2 Methods
	5.2.2.1 Liposomes assembly
	5.2.2.2 Assembly and characterisation of empty microreactor
	5.2.2.3 PEGylation effect on protein adsorption
	5.2.2.4 PEGylation effect on cell uptake/association
	5.2.2.5 Assembly and characterisation of CAT loaded microreactor
	5.2.2.6 SOD-like activity of PDA
	5
	5.1
	5.2
	5.2.1
	5.2.2
	5.2.2.1
	5.2.2.2
	5.2.2.3
	5.2.2.4
	5.2.2.5
	5.2.2.6 Cascade enzymatic reaction: CAT loaded microreactors


	5.3 Results and discussion
	5.3.1 Microreactor assembly and characterisation
	5.3.1.1 Liposome deposition and PDA coating
	5.3.1.2 PEGylation effect on protein deposition
	5.3.1.3 PEGylation effect on cell uptake/association
	5.3.1.4 CAT encapsulation
	5.3.1.5 CAT-loaded microreactor characterisation
	5.3.1.6 SOD-like activity of MG/LF/PDA/PEG
	5.3.1.7 Enzymatic cascade reaction


	5.4 Conclusions

	I. References
	J. Appendix A
	K. Appendix B
	L. Appendix C
	Blank Page
	appendix b.pdf
	Recent advances in compartmentalized synthetic architectures as drug carriers, cell mimics and artificial organelles
	1 Introduction
	2 Building blocks for compartment architectures
	3 Single-component assemblies
	3.1 Liposomes-in-liposomes (vesosomes)
	3.2 Polymersomes-in-polymersomes
	3.3 Capsules-in-capsules

	4 Dual-component assemblies
	4.1 Polymersomes-in-liposomes
	4.2 Polymersomes-in-polymer capsules
	4.3 Cubosomes-in-polymer capsules
	4.4 Liposomes-in-polymer capsules (capsosomes)

	5 Functionality
	5.1 Cell mimicry
	5.2 Artificial organelles
	5.3 Drug delivery

	6 Conclusions and future perspectives
	Funding sources
	Acknowledgment
	References


	Appendix C cover page.pdf
	Appendix C




