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HIGHLIGHTS



Multicompartment carrier with different release kinetics of model compounds
Stealth properties of PEGylated multicompartment carrier upon protein exposure
1

Cellular uptake and PEGylation efficacy in cells regulated by shear stress
Different cellular uptake pathways activated upon shear stress exposure
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ABSTRACT: Advanced multicompartment drug delivery platforms ensure the co-localization of
several drugs within the same carrier, thus making it possible to achieve a more effective and

U

safe therapeutic outcome. Herein, we report a novel multicompartment architecture by

N

combining two intrinsically different systems, i.e., polymeric microgels and liposomes, with the

acid)

microgels

decorated

with

liposomes

which

are

M

isopropylacrylamide-co-acrylic

A

aim to achieve different release kinetics for model compounds. We assemble poly(N-

subsequently coated with a protective poly(dopamine) shell and a poly(ethylene glycol) (PEG)

D

layer. Since any intravenous administered drug delivery vehicle will get in contact with the

TE

dynamics of the blood flow, we evaluate the stealth properties of this novel multicompartment
carrier towards protein adsorption and cellular uptake by three relevant cell lines (macrophages,

EP

endothelial and cancer cells) under physiological shear stress conditions. Our results demonstrate

CC

less protein adsorption for the PEGylated carriers and differences in the extent of internalized
carriers depending on the presence of a PEG coating, the studied cell line and the intensity of the

A

applied shear stress. Additionally, we demonstrate that, for all three tested cell lines, shear stress
results in the activation of different cell entry pathways as compared to static conditions. All in
all, we report a thorough study about the effect of shear stress on the cell association/uptake with
a novel multicompartment carrier.

2

KEYWORDS: Drug release, cell uptake pathway, liposomes, microgels, multicompartment
carriers, shear stress
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INTRODUCTION
The construction of multicompartment architectures is an increasingly growing area, since,
multicompartment carriers will allow for the encapsulation and subsequent delivery of several
(incompatible) therapeutic molecules in a single vehicle.[1,2] Multicompartment carriers
guarantee co-localization of different drugs, which can be of utmost importance to achieve the

U

desired therapeutic outcome. If administered separately, attaining a homogeneous spatial and

N

temporal co-delivery at the target site is highly unlikely due to the potential different

A

pharmacokinetics and pharmacodynamics of the different therapeutic compounds.

thoroughly

studied

M

A number of multicompartment carriers have been reported to date,[1,3] being the most
liposomes-in-liposomes,[4]

polymersomes-in-polymersomes[5]

and

D

capsosomes,[6] which consist of liposomes entrapped within a polymeric carrier shell. However,

TE

all these systems have a common denominator: all the sub-compartments are made of the same

EP

nature, which makes the controlled tandem release of cargo challenging. Herein, to combine two
inherently different systems with intrinsically different release kinetics, we report a novel

CC

multicompartment carrier consisting of a poly(N-isopropyalacrylamide-co-acrylic acid)
(P(NIPAM-co-AAc)) microgel (MG) core decorated with liposomes and further coated with a

A

protective poly(dopamine) (PDA) shell (Fig. 1). P(NIPAM-co-AAc) MG have been the material
of choice due to their straight forward preparation, because they can be loaded with both
hydrophilic and hydrophobic compounds and they can also be designed to be biodegradable by
the right choice of the cross-linker.[7]

3

Since P(NIPAM-co-AAc) MG exhibit a fast release profile due to their large pore sizes,[8]
aiming to achieve a slower release profile, liposomes were chosen as the second type of
compartments. Liposomes have attracted considerable attention as drug carriers since they are
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biocompatible, well suited to encapsulate both hydrophilic and hydrophobic compounds and
their compositions can be easily tailored to modify surface and charge.[9] However, since
liposomes possess low in vivo stability, several surface coatings have been reported to enhance
their stability.[10] Amongst them, the self-polymerization of dopamine (DA) into PDA has been
used as a coating for liposomes rendering them with increased stability.[11] PDA also allows for

U

post-functionalization by means of its ability to react in a straight forward manner with thiols and

N

amines.[11]

A

To maximize drug delivery to tumours, carrier vehicles need to circulate with a long half-life

M

until they reach the target tumour. This effect is usually achieved by decorating the carriers
surface with poly(ethylene glycol) (PEG).[12] PEGylation of our multicompartment carrier is

D

easily achievable by reaction of the PDA coating with the amino groups of the copolymer poly-

A

CC

EP

TE

L-lysine-graft-PEG (PLL-g-PEG) (Fig. 1).

4
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U

Fig.1. A microgel core is decorated with a liposome layer (i), followed by the deposition of a

N

polydopamine (PDA) coating (ii). Finally, the surface of the carrier is functionalized with polyL-lysine-graft-PEG (PLL-g-PEG) (iii). Inset: Evaluation of the PEGylation effect by RAW 264.7

M

A

(macrophages), HUVEC (endothelial) and HeLa (cervix cancer) cells under shear stress.

D

From a different note, upon intravenous injection, drug delivery vehicles are exposed to the

TE

dynamics of the circulating blood flow but also of the interstitial fluids and vascular
microenvironment in tumours, when targeting cancer is the aim. Both the blood flow and the

EP

interstitial fluids in the tumour microenvironment generate mechanical forces such as shear
stress. Although it has been previously shown that shear stress can affect the carriers

CC

cytotoxicity,[13] PEGylation efficiency[11] or the carriers association/interaction with cells,[14]
including shear stress in in vitro set-ups is still rarely seen in literature. This fact could partially

A

explain the poor transition from in vitro to preclinical studies.[13] Microfluidic devices are great
tools to generate a relevant physiological dynamic environment to assess the performance of the
developed carrier.[15] They offer the possibility to closely studying the interactions between
drug delivery carriers and biological systems by accurately controlling the fluidic conditions

5

resulting in improved in vitro set-ups.[16] Their relevance has been demonstrated by the in vivo
validation of the findings previously observed using microfluidic devices.[17]
Herein,

aiming

to

address

these

challenges,

we

i)

assemble

P(NIPAM-co-
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AAc)/liposomes/PDA carriers; ii) functionalize them with PLL-g-PEG to obtain a low-fouling
effect; iii) assess the PEGylation efficiency in terms of protein adsorption; iv) evaluate the
release profiles of two model compounds encapsulated in independent compartments of the
carriers; v) assess the interaction of the multicompartment carriers with three different cell lines
(i.e., endothelial cells, macrophages and cancer cells) in the presence of shear stress; and, finally,

U

vi) evaluate the influence of shear stress in the cell internalization pathway of the

N

multicompartment carriers.

M

A

METHODS

Assembly and characterization of the multicompartment carriers
MG and liposomes (L) were assembled and characterized as

D

P(NIPAM-co-AAc)

TE

described in the Supplementary Material. For the preparation of non-PEGylated carriers

EP

(MG/L/PDA), a suspension of 958 µg MG in Tris 1 (10 mM Tris, pH 8.5) was incubated
with L (0.25 mg lipids) for 1.5 h. Next, the suspension was incubated for 16 h in a DA

CC

solution (1 mg mL-1 in Tris 1) followed by 2× washing cycles in Tris 2 (10 mM Tris and
150 mM NaCl, pH 7.4). For the PEGylated carriers (MG/L/PDA/PEG), the MG/L/PDA

A

assemblies were incubated with PLL-g-PEG (1 mg mL-1 in Tris 1) for 1 h and washed 2×
in Tris 2 to stop the DA self-polymerization.

6

Differential interference contrast (DIC) and fluorescence microscopy. The samples were
imaged with an Olympus Inverted IX83 microscope equipped with a 60× oil-immersion
objective.
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Size distribution. The diameters of the carriers were determined by measuring at least
200 particles in five independent DIC images using an imaging software (Image J).

Zeta (ζ)-potential. The ζ-potential of all the assemblies was measured in Milli-Q water using a
ZetaPALS ζ-potential analyzer (Brookhaven Instruments Corporation, Holtsville, NY, USA).

Quartz crystal microbalance with dissipation (QCM-D) monitoring. The deposition of the

U

different layers on a silica crystal (QSX300, Q-sense) was monitored using a Q-sense E1

N

instrument (Biolin Scientific, Sweden). For details see Supplementary Material. Briefly, first, a

A

poly-L-lysine (PLL) solution (1 mg mL-1 in Tris 1) was loaded in the flow module reaching

M

surface saturation. After washing the PLL excess, a suspension of 350 nm-sized MG (7.2 mg
mL-1 in Tris 1) was loaded reaching surface saturation and followed by a washing step. The L

D

were then loaded also reaching surface saturation. Upon washing, a DA solution (1 mg mL-1 in

TE

Tris 1) was loaded for 1 h. Finally, a PLL-g-PEG solution (1 mg mL-1 in Tris 1) was also loaded

EP

reaching surface saturation. Dissipation and normalized frequency values using the third
harmonic are reported.

CC

Protein adsorption onto multicompartment carriers

A

A suspension of MG/L/PDA or MG/L/PDA/PEG (0.47 mg in 0.2 mL) was incubated at 37 °C

for 4 h in FITC-labelled immunoglobulin G (IgG-FITC) or bovine serum albumin (BSA-FITC)
solutions (0.5 mg mL-1 in PBS) and washed 3× in PBS. The fluorescence intensity readings of
the bound proteins onto the carriers were evaluated by flow cytometry (BD Biosciences, Sparks,
MD, USA). For protein adsorption under the presence of shear stress (τ), we employed the same

7

concentration of protein-to-carrier as in static conditions. In particular, syringes containing 17.6
mg of carriers suspended in a 0.5 mg mL-1 protein solution in PBS (7.5 mL) were connected to a
chamber (µ-slide VI0.4, tissue culture treated, Ibidi GmbH. Munich, Germany) applying two
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different shear stresses (τ0.5 = 0.5 dyn cm-2 and τ4 = 4 dyn cm-2) with an Ibidi Pump System
(Ibidi GmbH, Munich, Germany). At least 20 000 events were analyzed in two independent
experiments.
Release kinetics

Methylene blue (MB) release kinetics. MB was loaded into MG rendering MGMB. Next,

U

suspensions containing 56.2 mg mL-1 of MGMB/L/PDA or MGMB/L/PDA/PEG carriers in Tris 2

N

were incubated at 37 °C. At different time-points, the absorbance of the supernatants was

A

measured at 664 nm employing a Tecan Spark multimode plate reader. Carriers without MB

M

were employed as controls. The results were normalized to the absorbance (A) at the maximum

D

incubation time: Release of MB (%) = (At - A0/ A∞ - A0) × 100. Being At: A at different time

TE

points; A0: A at time zero; A∞: A at maximum incubation time. At least two independent
experiments were carried out.

EP

Calcein (Cal) release kinetics. Cal was loaded into L rendering LCal. Next, suspensions

CC

containing 28.1 mg mL-1 of MG/LCal/PDA or MG/LCal/PDA/PEG in Tris 2 were incubated at 37
°C. At different time points, the fluorescence intensities of the supernatants were measured at an

A

excitation and emission wavelengths of 485 nm and 535 nm, respectively, employing a
multimode plate reader (Victor3-1420 Multilabel Counter, PerkingElmer, Waltham, MA, USA).
The maximum release of Cal was achieved by adding 0.1% (v/v) Triton-X. Carriers with empty
L were employed as controls. The results were normalized to the fluorescence intensity (FI) after
Triton-X addition: Release of Cal (%) = (FIt - FI0/ FITX - FI0) × 100. Being FIt: FI at different

8

time points; FI0: FI at time zero; FITX: FI after Triton-X addition. At least two independent
experiments were performed.
Cell Experiments
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For details regarding cell culture procedures and the microfluidic set up see Supplementary
Material (Fig. S1).

Cell association/uptake experiments. Static and dynamic conditions: The cells were exposed
to a concentration of 3.7 ng of both non-PEGylated and PEGylated carriers entrapping
fluorescently labelled liposomes (LF) (MG/LF/PDA or MG/LF/PDA/PEG) per cell (4 h, 37 °C,

U

5% CO2). Upon incubation, the cells were washed and harvested from the wells for flow

N

cytometry analysis. For dynamic conditions the applied shear stress was accurately controlled by

A

the Ibidi Pump System.

M

The cellular uptake efficiency (CUE) was determined as the percentage of cells with mean

D

fluorescence intensity higher than the auto-fluorescent level of the cells.

TE

For fluorescence imaging, for both static and dynamic conditions: the cells were seeded either
in well plates equipped with a sterile cover glass (static conditions) or in the channels of the

EP

microfluidic chamber (dynamic conditions). Upon incubation with MG/LF/PDA or

CC

MG/LF/PDA/PEG, the cells were fixed with 4% PFA and the actin filaments were stained with
phalloidin-TRITC. The cells were imaged using a confocal laser scanning microscope (CLSM).

A

Cell viability. After carrier exposure (MG/L/PDA or MG/L/PDA/PEG), the cells were

incubated in a solution containing WST-8 reagent. The cell viability was assessed by monitoring
the reduced WST-8 product at 450 nm using a multimodal plate reader. Cells without exposition
to carriers and media only were used as controls.

9

Cellular uptake pathway. Static and dynamic conditions: The different cells were first preincubated with the different inhibitors.[18] Next, carriers loaded with LF (MG/LF/PDA or
MG/LF/PDA/PEG) were added in the presence of the inhibitors and incubated for 4 h at τ = 0 dyn
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cm-2 (τ0), τ = 0.5 dyn cm-2 (τ0.5), τ = 4 dyn cm-2 (τ4) or τ = 20 dyn cm-2 (τ20). Untreated cells and
cells exposed only to carriers where used as controls. Upon incubation, the cells were harvested
for flow cytometry analysis.
RESULTS AND DISCUSSION

TE

D

M

A

N

U

poly(N-isopropyalacrylamide-co-acrylic acid)
microgel
poly(dopamine)
dopamine
poly(ethylene glycol)
poly-L-lysine-graft-PEG
liposomes
Non PEGylated multicompartment carriers
PEGylated multicompartment carriers
poly-L-lysine
FITC-labelled immunoglobulin G
FITC-labelled bovine serum albumin
methylene blue
calcein
methylene blue-loaded microgels
calcein-loaded liposomes
fluorescently labelled liposomes

CC

EP

Abbreviation
P(NIPAM-co-AAc)
MG
PDA
DA
PEG
PLL-g-PEG
L
MG/L/PDA
MG/L/PDA/PEG
PLL
IgG-FITC
BSA-FITC
MB
Cal
MGMB
LCal
LF

A

Table 1. List of the abbreviations of the systems used.
Multicompartment carrier assembly and characterization
Liposome deposition. Aiming to engineer a dual drug delivery vehicle, we adsorbed LF onto
MG which bind by electrostatic interactions. LF and MG had a diameter of 102.8 ± 0.6 nm and
740.5 ± 17.9 nm, respectively, and a ζ-potential of 31.5 ± 5 mV and -45.8 ± 5.7 mV,
10

respectively. The optimization of the amount of LF per MG was conducted by monitoring the
normalized mean fluorescence intensity (nMFI) of the MG/LF assembly by flow cytometry upon
addition of increasing amounts of LF (expressed as mg of lipids) to a constant amount of MG.
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The results, which have been normalized to the highest amount of adsorbed LF without causing
aggregation of the sample, show a linear trend between the amount of LF added and the nMFI
(Fig. 2ai). DIC images demonstrate that the maximum LF deposition without causing aggregation
was achieved when the MG were exposed to LF composed of 0.125 mg of lipids (Fig. 2ai, inset 1
and 2). Fluorescence microscopy images which show a green fluorescent signal arising from LF,

EP

TE

D

M

A

N

U

also suggest the LF attachment onto the MG (Fig. 2aii and Fig. S2a).

CC

Fig.2. a) i) Normalized mean fluorescence intensity (nMFI) readings of the microgels (MG)
upon incubation with fluorescently labelled liposomes (LF) (expressed as mg of lipids). Inset 1:

A

Differential interference contrast (DIC) microscopy image of non-aggregated MG/LF. Inset 2:
DIC microscopy image of aggregated MG/LF. ii) Fluorescence microscopy image of nonaggregated MG/LF. b) i) Deposition of a poly(dopamine) (PDA) coating by dopamine (DA) selfpolymerization onto MG/LF. ii) DIC and fluorescence microscopy images of MG/LF/PDA. At
least two independent experiments were carried out (n = 2).

11

Prime-coating with PDA. Prior functionalization with PLL-g-PEG, the MG/LF assemblies
were incubated with DA in Tris 1 buffer. After 16 h of incubation, the MG/LF suspension turned
dark, indicating DA polymerization into PDA (Fig. 2bi). DIC and fluorescence microscopy
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images demonstrated that the MG/LF/PDA assemblies were non-aggregated and preserved the
spherical architecture (Fig. 2bii). The MG/LF/PDA carriers were also imaged by scanning
electron microscopy (SEM) and compared to the uncoated MG/LF assemblies and to the bare MG
(Fig. S2bi). No noticeable differences between the three samples were observed, indicating the
absence of PDA aggregates on the MG surface. The size of the assembly was determined by

U

measuring the diameter of the carriers employing DIC images. The results, which were plotted as

N

a size-distribution histogram, show an increase in diameter from ~750 nm, for bare MG, to ~950

A

nm for the MG/LF/PDA assemblies (Fig. S2bii). Overall, these results point towards the

M

successful deposition of a PDA layer onto LF–coated MG.
PEGylation. PDA can be functionalized in a straightforward manner due to the reactivity of

D

its quinone groups towards amines and thiols.[10] Thus, to create PEGylated multicompartment

TE

carriers (MG/L/PDA/PEG) we functionalized the PDA outer surface with PLL-g-PEG. The

EP

functionalization of the surface was first investigated by ζ-potential measurements confirming
the negative charge of bare MG (-45.8 ± 5.7 mV). The L adsorption was confirmed by an

CC

increase in the ζ-potential (-35.8 ± 6.1 mV) (Fig. 3ai). Upon DA polymerization into PDA,
another increase in ζ-potential measurement was observed (-27.8 ± 3.4 mV). Next, the

A

MG/L/PDA carriers were incubated at three different concentrations of PLL-g-PEG (i.e., 1, 5
and 7 mg mL-1) which, in agreement with previous reports,[11] resulted in a slight decrease in ζpotential. We speculate that these minimal changes in ζ-potential upon deposition of the
positively charged PLL-g-PEG, could be due to the fact that most of the amino groups of PLL-g-

12

PEG have reacted with the PDA quinones.[19] Since the three tested concentrations resulted in a
very similar ζ-potential, we selected the lowest concentration to conduct the next experiments.
DIC and fluorescence microscopy images of MG/LF/PDA/PEG assemblies demonstrate that the

CC

EP

TE

D

M

A

N

U
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PEGylated carriers are non-aggregated (Fig. 3aii).

Fig.3. a) i) ζ-potential measurements of microgels (MG) after adsorbing: liposomes (L),

A

poly(dopamine) (PDA) and poly-L-lysine-graft-poly(ethylene glycol) (PLL-g-PEG). ii)
Differential interference contrast and fluorescence microscopy images of PEGylated carriers
entrapping fluorescently labelled L (LF) (MG/LF/PDA/PEG). b) Frequency (Δf) (i) and
dissipation (ΔD) (ii) changes measured after each deposition step. c) Normalized mean
fluorescence intensity (nMFI) readings of MG/L/PDA and MG/L/PDA/PEG carriers upon
incubation with IgG-FITC (i) and BSA-FITC (ii) at static (τ = 0 dyn cm-2 (τ0)) and shear stress
13

conditions (τ = 0.5 dyn cm-2 (τ0.5) and τ = 4 dyn cm-2 (τ4)). At least two independent
experiments were carried out (n = 2).

To confirm the structural integrity of the L layer and to be able to draw a stronger conclusion
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on the functionalization of the PDA coating, we monitored the assembly of the MG/L/PDA/PEG
carriers by QCM-D (Fig. 3bi and ii). First, we deposited a positively charged polymer layer
(PLL) onto a negatively charged silica sensor. The successful deposition of PLL was confirmed
by measuring a change of frequency (Δf) followed by the deposition of negatively charged MG.
We would like to note that the MG employed to conduct the QCM-D experiments are smaller

U

(~350 nm) than the MG employed to assemble the multicompartment carriers (~740 nm) due to

N

the inherent limitations of the technique, which sensitivity is compromised when loading larger

A

particles. The deposition of the L layer yielded both a large Δf and change in dissipation (ΔD),

M

suggesting the adsorption of intact liposomes rather than a lipid bilayer.[20] To confirm that the

D

deposition of L was due to the negative charge conferred by the MG, a control experiment

TE

without MG was conducted (data not shown). Upon PDA deposition, a further increase in Δf was
observed, indicating that the deposition of PDA did not displaced or ruptured the L. Finally,

EP

upon PLL-g-PEG deposition a change in Δf was also observed, suggesting successful

CC

PEGylation of the system.

The stability upon storage in PBS at 4 °C of both the PEGylated and non-PEGylated carriers in

A

terms of aggregation was also evaluated. DIC microscopy images taken at different time points
up to 14 days reveal good colloidal stability for both samples for the whole time-frame (Fig. S3).
Protein adsorption
The exposure of a drug delivery vehicle to blood leads to the accumulation of opsonins on the
surface of the carrier, thus increasing its recognition and clearance by the mononuclear
14

phagocyte system.[21] PEGylation of the carriers has been widely used in the drug delivery field
as a strategy to shield the surface from opsonization and increase their circulation time.
IgG is the most abundant immunoglobulin in blood and is believed to act as a potent opsonin,
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while albumin is the most abundant protein in plasma. Although albumin is thought to have a
dysopsonic effect, albumin can be easily replaced by other proteins with opsonic effect.[21]
Since intravenously administered drug delivery vehicles will be directly exposed to the dynamic
environment of the blood flow, we evaluated the PEGylation efficacy in terms of inhibition of
IgG and BSA adsorption in the presence of shear stress. MG/L/PDA and MG/L/PDA/PEG were

U

incubated with IgG-FITC and BSA-FITC at 37 °C for 4 h at τ0 and microvasculature shear stress

N

conditions (τ0.5 and τ4).[13] We evaluated the protein binding onto the carriers and the results,

A

which were normalized to the protein binding to MG/L/PDA at τ0, demonstrated that

M

PEGylation leads to a slight decrease in nMFI for both proteins at τ0 and τ4 (Fig. 3ci and ii).
Interestingly, a far more pronounced decrease in nMFI was observed at τ0.5 (~117% and ~64%

D

for IgG-FITC and BSA-FITC, respectively). These results indicate that, although the effect is

TE

quite limited in some of the tested conditions, PEGylation of the carrier has an effect in protein

EP

binding in all the tested settings. Fluorescence and DIC microscopy images revealed that the
presence of the proteins did not affect the colloidal stability of the carriers (Fig. S4).

CC

Dual-cargo release kinetics

A

While both P(NIPAM-co-AAc) MG[7] and liposomes[22] have been extensively used in the

drug delivery field, little has been done regarding the combination of both systems towards the
creation of a more advanced platform. Previous studies of P(NIPAM-co-AAc) MG decorated
with liposomes have focused only on the control over the liposome release kinetics[23,24] while
a solitary study has exploited the potential of this system as a dual drug delivery vehicle.[8]

15

Since the main advantage of multicompartment systems is the possibility to co-encapsulate
(incompatible) drugs in separated compartments, we encapsulated two distinguishable
fluorophores, MB and Cal, within the MG and the L core. The release profiles at 37 °C for MB
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and Cal were assessed independently for both PEGylated (MGMB/L/PDA/PEG and
MG/LCal/PDA/PEG) and non-PEGylated (MGMB/L/PDA and MG/LCal/PDA) carriers. For nonPEGylated carriers and MB, the results, which have normalized to the maximum amount of MB
cumulative release, show a rapid release profile for the first 7-9 h (~80% MB release) followed
by a slow increase of the release rate (Fig. 4a). For Cal release, the results have been normalized

U

to the Cal cumulative release upon addition of Triton X, which was added after 24 h incubation

N

to rupture the L and release the remaining entrapped Cal. The Cal release profile started with a

A

burst release (~20% in 1 h) followed by a slower release rate, reaching ~70% release after 24 h

M

(Fig. 4b). Thus, as expected, the L showed a slower release profile as compared to the MG. Since
the release mechanism of molecules is dependent on both the nature of the molecule and the

D

compartment, a fast release of MB, which is a small hydrophilic compound, from the large pores

TE

of the MG was to be expected.[8] Since the MG are composed by a pH- and thermoresponsive

EP

polymer, the MB release could be potentially controlled by pH and temperature changes. For Cal
release, which is also a small hydrophilic compound, the results are different. The release from

CC

the liposomes could potentially be controlled by temperature changes since, the fluidity of the
liposome membrane, increases upon increasing the temperature.[25] It is also worth noting that,

A

for PEGylated carriers, a general increase in the release rate was observed for both MB and Cal,
suggesting that the PLL-g-PEG functionalization slightly increases either the PDA or the
underlying L permeability.

16
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M

Fig.4. a) Release of methylene blue (MB) from non-PEGylated MGMB/L/PDA and PEGylated
MGMB/L/PDA/PEG carriers. b) Release of calcein (Cal) from non-PEGylated MG/LCal/PDA and

D

PEGylated MG/LCal/PDA/PEG carriers. At least two independent experiments were carried

TE

out (n = 2).

Interaction of non-functionalized and PEGylated carriers with cells

EP

Next, we assessed the interaction of the carriers with three different cell lines, namely

CC

macrophages (RAW 264.7), which are the first line of defense of the human body against
intruding pathogens; endothelial cells (HUVEC), which are the cells lining our blood vessels;

A

and a model cancer cell line (HeLa). Since it is well known that blood flow generates shear stress
on the surface of endothelial cells as well as to the circulating macrophages, we evaluated the
cellular uptake of MG/LF/PDA and PEGylated MG/LF/PDA/PEG multicompartment carriers by
HUVEC and RAW 264.7 cells under microvasculature shear stress conditions (i.e., τ0.5 and
τ4)[13] by monitoring both the cell mean fluorescence intensity (CMFI) and the CUE.
17

We first determined the maximum amount of MG/L/PDA that could be administered to the
cells without causing a detrimental effect as well as the incubation time that promoted the
highest cellular uptake (for details see Supplementary Material, Fig. S5).
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RAW 264.7 cells. Fig. 5a shows an increase in CMFI and CUE for both MG/LF/PDA and
MG/LF/PDA/PEG carriers upon applying shear stress. This increase, which is most pronounced
at τ0.5 and it is almost negligible for MG/LF/PDA carriers at τ4, indicates a higher
uptake/association of the carriers with the RAW 264.7 cells in the presence of shear stress.
Additionally, a decrease in CMFI upon PEGylation can be observed at all the tested conditions.

U

While, at τ4, the decrease in CMFI is not statistically significant, a very pronounced CMFI

N

decrease is observed at both τ0 and τ0.5 (~2.5 and ~1.7 fold decrease, respectively). Those

A

results confirm the functionalization of the carriers surface while demonstrating that the

A

CC

EP

TE

D

M

physiological dynamics highly influence the cell/carrier interaction in this cell line.
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Fig.5. i) Cell mean fluorescence intensity (CMFI) and cell uptake efficiency (CUE) of RAW

A

264.7 (macrophages) (a) HUVEC (endothelial) (b) and HeLa (cervix cancer) (c) cells upon
exposure to either non-PEGylated (MG/LF/PDA) or PEGylated (MG/LF/PDA/PEG) carriers at τ
= 0 dyn cm-2 (τ0), τ = 0.5 dyn cm-2 (τ0.5) and τ = 4 dyn cm-2 (τ4). The carriers have been
assembled with fluorescently labelled liposomes (LF). At least three independent experiments
were carried out (n = 3), *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001. ii) Confocal
laser scanning microscopy images showing the internalization of the carriers by RAW 264.7 (a)
19

HUVEC (b) and HeLa (c) cells at different shear stress conditions. The actin filaments of the
cells have been stained with phalloidin-TRITC (red fluorescence signal) while the green
fluorescence signal is due to the fluorescently labelled liposomes (LF) embedded within both
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PT

non-PEGylated (MG/LF/PDA) and PEGylated (MG/LF/PDA/PEG) carriers.

To verify that the multicompartment carriers had been internalized by the cells, the
macrophages exposed to the carriers were fixed, their membranes stained and visualized by
CLSM. Fig. 5ai (and Fig. S6a) depict representative CLSM images confirming the
internalization of the carriers at all the studied conditions as shown by the green fluorescence

U

signal arising from the LF while the actin filaments of the cells have been stained with

N

phalloidin-TRITC (red fluorescence signal). The insets, which depict the projection of the slides

A

in the z-axis, further corroborate the internalization of the carriers.

M

HUVEC cells. Fig. 5bi shows how, upon applying shear stress, there is an overall increase in
CMFI for both MG/LF/PDA and MG/LF/PDA/PEG carriers. In contrast to RAW 264.7 cells

D

where the highest CMFI was observed at τ0.5, for HUVEC, the higher the shear stress, the

TE

higher the CMFI. Although far less pronounced, an increase in CUE is also observed upon

EP

applying shear stress for all the tested conditions. As with the RAW 264.7 cells, PEGylation of
the carrier also results in a decrease of CMFI and CUE for all the tested conditions. However, a

CC

significant decrease in CMFI was only observed at τ0.5, and this decrease was far less
pronounced than for RAW 264.7 cells. It is also worth noticing that, for HUVEC cells, the CUE

A

values are relatively low as compared to the CUE values for macrophages, reaching a maximum
of only ~65% for the non-PEGylated carriers at τ4. Internalization of the carriers by HUVEC
cells was also confirmed by CLSM (Fig. 5bii and Fig. S6b).

20

HeLa cells. While the effect of shear stress on endothelial cells and macrophages has been
extensively investigated,[13] studies on the effect of shear stress on tumor cells remain scarce.
However, cancer cells experience shear stress produced by both the blood flow in the vascular

2
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microenvironment (0.5-30.0 dyn cm-2) and the interstitial flow (with values as low as 0.1 dyn cm).[26,27] Hence, we studied the cellular uptake of MG/LF/PDA and MG/LF/PDA/PEG by HeLa

cells at τ0 and at two physiologically relevant shear stresses (τ0.5 and τ20). The results, depicted
in Fig. 5ci, show how the exposure of HeLa cells to the carriers at both τ0.5 and τ20 leads to a
dramatic increase in CMFI. In contrast, no significant increase in CUE was observed upon
While no

U

applying shear stress, indicating saturation of the cells by the carriers at τ0.

N

PEGylation effect was observed at τ0 and τ0.5, a pronounced decrease in CMFI was observed at

A

τ20. CLSM images also show the successful internalization of the carriers by the HeLa cells (Fig.

M

5cii and Fig. S6c). It is worth noticing that the CMFI of HeLa at all the studied conditions was
much higher as compared to the CMFI of RAW 264.7 and HUVEC cells, suggesting that the

D

reported multicompartment carrier is preferentially internalized by HeLa cells.

TE

To the best of our knowledge, these results represent one of the first reports on the influence of

EP

shear stress on the PEGylation efficiency in a cancer cell line and, although more in depth
studies are required to understand the underlying mechanism, they reveal the important role that

CC

shear stress plays on the cellular uptake of different carriers, in particular for cancer cells.

A

Cell viability

We next assessed the cell viability of the three cell lines exposed to MG/L/PDA and

MG/L/PDA/PEG carriers at the highest applied shear stress. Fig. 6 shows a significant decrease
in cell viability only for RAW 264.7 cells exposed to both type of carriers at τ4. These results can

21

be explained by the semi-adherent nature of RAW264.7, which can lead to cell-detachment upon

N

U
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exposure to shear stress.

A

Fig.6. Normalized cell viability readings of RAW 264.7 (macrophages), HUVEC (endothelial)

M

and HeLa (cervix cancer) cells upon exposure to either non-PEGylated (MG/L/PDA) or
PEGylated (MG/L/PDA/PEG) carriers in static (τ = 0 dyn cm-2, τ0) and two different shear stress

D

conditions (τ = 4 dyn cm-2, τ4 and τ = 20 dyn cm-2, τ20). At least three independent

TE

experiments were carried out (n = 3), **p ≤ 0.01.

EP

Cellular uptake pathway

CC

Since the cell internalization pathway will determine the intracellular fate of the carriers, we
elucidated the cell entry pathways for both MG/LF/PDA and MG/LF/PDA/PEG for each cell line

A

at static and shear stress conditions.
The carriers uptake by RAW 264.7 cells was assessed in the presence of filipin, amiloride and

lantruculin A which inhibit caveolae-mediated endocytosis (CvME), macropinocytosis and
phagocytosis, respectively. The carriers uptake by HUVEC and HeLa cells was investigated in
the presence of filipin, amiloride and chlorpromazine which is known to inhibit the clathrin22

mediated endocytosis (CME).[28] The internalization pathway in HUVEC and HeLa cells was
not evaluated in the presence of latrunculin A due to the non-phagocytic nature of both cell lines.
The shear stress condition with the largest effect on both the CMFI and the PEGylation effect on
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each cell line was the one selected to resolve the carriers cell internalization pathway.
Preservation of cell viability for the different cell lines in the presence of the inhibitors is shown
in Fig. S6. Fig. 7 shows the CMFI readings for the three different cell lines, which have been
normalized to the CMFI of MG/LF/PDA or MG/LF/PDA/PEG incubated with cells in the absence
of inhibitors. As expected for a macrophage cell line, the internalization of both carriers was

U

most efficiently inhibited by latrunculin A at both τ0 and τ0.5 (Fig. 7a). Interestingly, at τ0.5, the

N

nCMFI of cells exposed to MG/LF/PDA was also significantly reduced by both filipin and

A

amiloride, suggesting that shear stress activates CvME and macropinocytosis. For HUVEC cells,

M

as shown in Fig. 7b, at τ0 the uptake of non-PEGylated carriers was inhibited by both filipin and
amiloride at τ0, suggesting that the carriers are preferentially internalized trough CvME and

D

macropinocytosis. However, the results were different for non-PEGylated carriers at τ0.5 or

TE

PEGylated carriers at τ0 and τ0.5 and no significant decrease in nCMFI was observed for any of

EP

the tested inhibitors. Interestingly, when exposing HUVEC cells to the PEGylated carriers at τ0
in the presence of chlorpromazine, a ~40% increase in nCMFI was observed, suggesting that the

A

CC

inhibition of a specific route can lead to the activation of other uptake mechanisms.
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Fig.7. Normalized cell mean fluorescence intensity (nCMFI) readings of a) RAW 264.7
(macrophages), b) HUVEC (endothelial) and c) HeLa (cervix cancer) cells upon exposure to

CC

either non-PEGylated (MG/LF/PDA) or PEGylated (MG/LF/PDA/PEG) carriers in the presence
of chemical inhibitors in static (τ = 0 dyn cm-2, τ0) and two different shear stress conditions (τ =

A

0.5 dyn cm-2, τ0.5 and τ = 20 dyn cm-2, τ20). The carriers have been assembled with fluorescently
labelled liposomes (LF). At least three independent experiments were carried out (n = 3), *p
≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001.
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For HeLa cells, Fig. 7c shows how, at τ0, incubation with chlorpromazine with both nonPEGylated and PEGylated carriers resulted in a pronounced decrease in nCMFI. Filipin and
amiloride, to a lesser extent, also reduced the nCMFI suggesting that both carriers are
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preferentially internalized by CME followed by CvME and macropinocytosis. However, this
effect is lost at τ20. While no decrease in nCMFI was observed for PEGylated carriers, only a
significant slight decrease in nCMFI was observed for non-PEGylated carriers incubated with
filipin and amiloride. These results highlight that, for HeLa cells, while PEGylation has barely
any effect on the cell internalization pathway, the presence of shear stress has a dramatic effect

U

by inhibiting the main internalization route at τ0 (i.e., CME). All in all, these results highlight

A

inhibit (several) cell internalization mechanisms.

N

how both the presence of shear stress as well as the surface coating of the carrier can activate or

M

CONCLUSIONS

D

We have reported the development of a novel multicompartment carrier that takes advantage

TE

of the different nature of its constituting components, namely liposomes and polymeric

EP

microgels. With this novel multicompartment carrier, different release profiles for different
model compounds are achieved while ensuring their co-localization at the target site. We have

CC

shown that PEGylation of the carriers surface resulted in protection against protein adsorption
regardless of the presence of or absence of shear stress. Additionally, diminished cellular uptake

A

was observed for the three studied cell lines (RAW 264.7, HUVEC and HeLa cells). The
designed carrier is preferentially internalized by HeLa cells both in the presence and absence of
shear stress making it promising for antitumor delivery. Importantly, absence of inherent toxicity
of the multicompartment carrier was found in all the tested conditions, thus evidencing good
biocompatibility. Lastly, the influence of shear stress was clearly demonstrated in terms of cell
25

mean fluorescence intensity, cellular uptake efficiency and internalization pathways. For the
three investigated cell lines, the internalization of the carrier was successfully confirmed.
Taken together, our results clearly demonstrate that shear stress should be considered when
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characterizing novel drug delivery platforms in in vitro set-ups prior moving to in vivo studies.
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