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Abstract

The interaction of the promising drug carriers poly(alkyl cyanoacrylate) nanoparticles (PACA
NPs) with lipid monolayers modeling the cell membrane and with RBE4 immortalized rat brain
endothelial cells was compared to assess the relevance of lipid monolayer-based cell membrane
models for PACA NP cellular uptake. NP properties such as size and charge of NPs and density
of poly(ethylene glycol) coating (PEG) were kept in a narrow range to assess whether the type of
PEG coating and the PACA monomer affected NP-monolayer and NP-cell interactions.

The interaction with lipid monolayers was evaluated using surface pressure measurements and
Brewster angle microscopy. NP association with and uptake by cells were assessed using flow
cytometry and confocal laser scanning microscopy.

The interaction between NPs and both lipid monolayers and the plasma membrane depended on
the type of PEG. PEG density affected cellular uptake but not interaction with lipid monolayers.
NP monomer, NPs size and charge had no effect on the interaction. This might be due to the fact
that the size and charge distribution was kept rather narrow to study the effect of PACA monomer
and PEG type.

In conclusion, while modeling solely the passive aspect of NP-cell interactions, lipid monolayers
nevertheless proved a valuable cell membrane model whose interaction with PACA NPs correlated
well with NP-cell interaction. In addition, both NP-monolayer and NP-cell interaction were
dependent on PEGylation type, which could be used in the design of NPs to either facilitate or

hinder cellular uptake, depending on the intended purpose.

Keywords: poly(alkyl cyanoacrylate) nanoparticles, lipid monolayers, nanoparticle-cell

interactions, cellular uptake, poly(ethylene glycol)
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1. Introduction

Nanoparticles (NPs) have emerged as promising drug carriers owing to their ability to
accumulate in tumor tissues due to the enhanced permeability and retention effect [1], potential
for functionalization with moieties that increase cellular uptake of NPs, and ensuring sustained
and controlled release of drugs [2, 3]. Uptake of NPs by living cells depends on various physico-
chemical properties of the NPs such as NP size [4-6], aspect ratio [4, 7], charge [5, 6],
hydrophobicity [8], and others.

One of the properties whose effect on NP-cell interactions is relatively poorly understood is the
amount and type of poly(ethylene glycol) (PEG) coating that is commonly employed to shield NPs
from the reticuloendothelial system (RES) in vivo [9]. PEGylation has been shown to extend the
circulation time of NPs in blood, although it may come at the expense of reduced cellular uptake
due to reduced interaction with proteins [10]. This is generally thought to be the very mechanism
that protects PEGylated NPs from opsonization and interception by macrophages in vivo [11].

Poly(alkyl cyanoacrylate) NPs (PACA NPs) have shown promise in drug delivery due to the
ease of their synthesis and functionalization [12], with one type of PACA NPs currently being in
Phase III clinical trial for the treatment of advanced hepatocellular carcinoma [13]. The
composition of PACA NPs varies depending, in particular, on the nature of the alkyl monomer and
the type of surfactant (e.g. PEG) coating. Various combinations of PACA NP properties allow
adjusting their degradability, circulation half-life and other parameters relevant for drug delivery
and biodistribution [5, 14].

While cellular uptake of NPs is normally dominated by active processes such as endocytosis

[15], passive association of NPs with the cellular membrane is the first step in the internalization
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of non-targeted NPs. That association can be studied using biomimetic membrane models such as
lipid monolayers comprising lipids found in the cell membrane [16]. Indeed, while lipid
monolayers have commonly been used to study interactions between small molecular drugs and
lipid-based cell membrane models [17], a few studies probed their interactions with NPs [18-22],
showing in some instances that they can be relevant models of NP-cell interactions correlating
well with NP uptake [19, 20]. NP properties that have been studied in those models include size
[23], charge [18], and the presence of targeting moieties [20]. To the best of our knowledge,
however, the relevance of biomimetic membrane models for NP cellular uptake has not been
studied with regard to PEG coating density or type, nor have those models been applied to studies
of PACA NPs. In addition, while the alkyl chain length in PACA NPs has been shown to affect
NP degradability [5, 24] and cytotoxicity [25], its effect on NP uptake has received less attention
and, as far as we are aware, has not been studied systematically.

We therefore investigated whether lipid monolayers could be used to model the interaction
between PACA NPs and living cells, and whether this interaction was dependent on the nature of
the monomer and PEG type on PACA NPs. Toward that end, we produced an array of PACA NPs
with properties such as particle size, charge and PEGylation density distributed in a relatively
limited range in order to identify the effects of PACA NP monomer and PEG type. The two
monomer types chosen in our study were (butyl cyanoacrylate) (BCA) and (isohexyl
cyanoacrylate) (IHCA), as these have been most relevant in preclinical studies and clinical trials.
The artificial cell membrane was composed of a mixture of 1.2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC) and 1.2-dipalmitoyl-sn-glycero-3-phosphoglycerol (DPPG) lipids
commonly used in cell membrane models [22]. Rat brain endothelial cell line RBE4 was chosen

for cellular association and uptake studies due to the high uptake of PACA NPs by RBE4 cells
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observed in our previous study [24]. Interactions between PACA NPs and the artificial membrane
were compared to PACA NP association with and uptake by RBE4 cells. We found that the lipid
monolayers could be a relevant model for the cellular association and uptake of PACA NPs, and
that PACA NP interactions with the artificial DMPC/DPPG membrane and RBE4 endothelial cells
were affected by the type of PEG coating, while the monomer type did not significantly affect

interactions in either model.

2. Experimental section

2.1. Nanoparticles

PACA NPs were synthesized using miniemulsion polymerization as previously described [26].
Briefly, the oil phase was prepared by mixing the monomer, BCA or IHCA (all from Henkel
Loctite), containing a co-stabilizer (Miglyol 810N, Cremer), a radical initiator (V65,
Azobisdimetyl valeronitril, Wako) and, in some NP, a fluorescent dye. The dyes used were either
NR668 [27] (a kind gift from Dr. Klymchenko, University of Strasbourg), p-HTAH [28] (a kind
gift from Peter Nilsson, Linkdping University), or DiR (Life Technologies). The particles were
PEGylated using four different non-ionic PEG-based surfactants: Brij L23 (23 ethylene glycol
units, MW~1225, Sigma Aldrich), Kolliphor HS 15 (15 ethylene glycol units, MW~960, Sigma
Aldrich), Pluronic F68 (triblock copolymer composed of a central hydrophobic chain of
poly(propylene oxide) flanked by two PEG chains of 78 ethylene glycol units each, MW~8400,
Sigma Aldrich), and Jeffamine®M-2070, 31 ethylene glycol units, MW~2000, Huntsman
Corporation). The oil-in-water emulsion was made by mixing the oil phase with a water phase

(0.1 M HCI) containing one non-reactive stabilizing (Brij L23 or Pluronic F68), and one reactive

6



10

11

12

13

14

15

16

17

18

19

20

21

22

23

initiating (Kolliphor HS 15 or Jeffamine® M-2070) PEG-based surfactant. The polymerization
reaction was initiated by the amino and hydroxyl group on the lipophilic chains of Jeffamine® M-
2070 and Kolliphor HS 15, respectively. Components in each batch of NPs are shown in Table 1.
Polymerization was carried out for 24 hours at room temperature, followed by 8 hours at 50°C (to
activate the radical initiator to ensure polymerization of any un-reacted monomer). After
polymerization, the NPs were dialyzed against 1.1 uM HCI with MWCO 12-14000 Da to remove

the excess of surfactants.

2.2. Nanoparticle characterization

The PEG-coated NPs were characterized for hydrodynamic size distribution, polydispersity
index (PDI) and surface charge ({-potential) using dynamic light scattering (DLS, Zetasizer Nano
ZS, Malvern Instruments) in 0.01 M phosphate buffer, pH 7. PEGylation of NPs was confirmed
by 1H-nuclear magnetic resonance (NMR) using a Bruker Avance DPX 400 MHz with
autosampler. Prior to NMR, the dialyzed NPs were washed with distilled water and centrifuged
three times before drying at 50°C overnight. The samples were dissolved in Acetone-D6 and
scanned for 32 scans. The spectra were processed in Mestrenova 9.0.1 (Mestrelab Research S.L.)
and the solvent residual peak at 2.05 ppm was used as reference. To calculate PEGylation, the
characteristic PEG-peaks at 3.6 ppm, the peak of a triplet from Miglyol 810N at 2.33 ppm and
methylene groups of poly (alkyl cyanoacrylate) at 1.75 ppm were integrated. From the integrals,
number of protons corresponding to each integral, the dry weight of the material and the size,
concentration and density (1.148 g/ml) of NP, it was possible to calculate the number of ethylene

units/nm?.
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2.3. Phospholipids and monolayer preparation

DMPC and DPPG lipids were purchased from Avanti Polar Lipids Inc. Their mixture with a
DMPC/DPPG molar ratio of 10:1 was prepared in chloroform (Slavus) and stored at 4°C until
further use. The mixture of DMPC/DPPG lipids had a negative charge (-25.6+1.58) typical for cell
membranes [29, 30]. DMPC/DPPG monolayers were prepared by homogenous deposition of
DMPC/DPPG mixture droplets onto 10 ml of subphase (phosphate-buffered saline, Sigma) (PBS)
pre-added to an in-house Teflon container of circular shape (volume 10 ml). The container with a
pressure sensor was placed into the laminary box in order to avoid possible contamination by dust
microparticles. The temperature inside the box was controlled using a thermometer. The lipid
mixture was deposited using a Hamilton syringe (Hamilton Company), and surface pressure of the
monolayer was monitored using a PS4 surface pressure sensor (NIMA Technology) until a
required initial surface pressure value was reached. We analyzed interaction of NPs with
monolayers at surface pressures 10, 20 and 30 mN/m, corresponding to the liquid-condensed (10
mN/m) and solid states (20-30 mN/m) of the monolayer. Monolayers were allowed to equilibrate
under stirring at ambient temperature (T=23+1 °C). The temperature was controlled by air
conditioning in the room.

After the formation of DMPC/DPPG monolayers on the subphase, NPs were injected to the
subphase at an initial concentration of 20 pg/ml using a Hamilton syringe, still under stirring and
while monitoring the surface pressure using a surface pressure sensor. The initial concentration of
20 png/ml was chosen because it was used in our previous studies on the cellular uptake of PACA
NPs without any cytotoxic effect [24]. NPs were further added to the subphase to reach total

concentrations of 40, 60 and 80 ug/ml once the effect on the surface pressure following the
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previous NP injection had reached a plateau. Changes in the surface pressure values were

calculated based on the values in such graphs.

2.4. Brewster angle microscopy

DMPG/DPPG monolayers were formed on the subphase and NPs were injected at gradually
increasing concentrations as described in Section 2.3, except that a black glass plate was placed
on the bottom of the in-house Teflon container to allow visualization of the interactions between
NPs and the lipid monolayers with Brewster angle microscopy (BAM) (BAM 3, NIMA
Technology). The BAM was equipped with a HeNe laser emitting p-polarized light with a
wavelength of 659 nm that was reflected off at the air/buffer interface at the Brewster angle (53.1°).
The reflected light passed through a focal lens into an analyzer and, finally, to a CCD camera. The
collection of this reflected radiation with a video camera allowed in situ, real time visualization of
the lipid monolayer at the air/buffer interface in the presence and absence of NPs. The lateral
resolution of the microscope was 10 um. All experiments were performed at ambient temperature

(T=23%1 °C).

2.5. Cell culture

RBE4 cells (a generous gift from Dr. Aschner, Vanderbilt University) were cultured on rat tail
collagen type I (Millipore) at 37 °C and 5 % CO2 in 1:1 mixture of Minimum Essential Medium
and Ham’s F-10 medium supplemented with 10 % fetal bovine serum, 300 pg/ml geneticin and 1

ng/ml basic fibroblast growth factor (all from Thermo Scientific).

2.6. Flow cytometry
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RBE4 cells were seeded on collagen type I in 12-well plates (Costar) at a density of 100,000
cells per well. When reaching the log phase, the cells were incubated with the NPs at 20 pg/ml in
I ml of medium for 3 hours. After the cells were trypsinized and washed twice with phosphate-
buffered saline (Sigma), they were analyzed by flow cytometry (Gallios, Beckman Coulter).
NR668-loaded NPs were excited at 561 nm and fluorescence was detected at 620 nm using a 30
nm bandpass filter. p-HTAH-loaded NPs were excited at 405 nm and fluorescence was detected
at 450 nm using a 50 nm bandpass filter. 10,000 cells were use in the analysis; cell debris, dead
cells and aggregates were excluded by gating the cell population on a dot plot of forward light
scatter signal versus side scatter signal. The cellular association and uptake of NPs was measured
as the percentage of positive cells in flow cytometry histograms, and the amount of NPs per cell
was estimated using median fluorescence intensity. To compare the cellular association and uptake
of NPs which had different amount of encapsulated dye and, therefore, different fluorescence
intensities, a normalization factor was used. This factor was found by measuring the fluorescence
intensity of NPs in PBS using a spectrophotometer (Infinite 200Pro, Tecan) and was in the range

of 1.0-2.9 depending on the NP.

2.7. Confocal laser scanning microscopy

The cells were seeded on collagen type I in 8-well Ibidi plates (Ibidi) at a density of 20,000 cells
per well and grown to reach the log-phase. Following that, the cells were incubated with the NPs
at 20 pg/ml in 250 pl of medium for 3 hours, then fixed in 4% paraformaldehyde and counter-
stained with Hoechst 33258 (Life Technologies) to visualize the nuclei and Alexa Fluor 488-
labeled phalloidin (Life Technologies) to visualize the actin cytoskeleton. After staining, the cells

were prepared for imaging by mounting using SlowFade Gold Antifade Mountant (Life

10



Technologies). Confocal images were obtained using a Leica SP8 CLSM with a 63 x 1.2 water
objective. For NR668 excitation, a white light laser at 514 nm was used, and the emission was
detected at 580—660 nm using a photon counting hybrid detection system. For p-HTAH excitation,
a 405 nm laser was used, and the emission was detected at 450-480 nm. Z-stacks of cells were

obtained to distinguish between intracellular and surface-associated NPs.

2.8. Data analysis
Data on lipid monolayers were analyzed using Origin 8.1 software (OriginLab). Confocal
images were analyzed using ImageJ. 1.48g. Flow cytometry data were analyzed using Kaluza Flow

Cytometry Analysis software v1.2 (Beckman Coulter). Statistical analysis was performed using
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SPSS Statistics v20 (IBM).

3. Results

3.1. Nanoparticle composition and characterization

NPs with varying composition (type of PEG and monomer) were synthetized by miniemulsion

polymerization and characterized with regard to size, charge and PEG density. NP composition,

size and (-potential are given in Table 1.

Table 1. Composition and characterization of the NPs used in this study

Nanoparticles | Monomer Size, | PDI ¢ Initiator Stabilizer | Dye Ethylene
nm potential, glycol
mV units/nm?
B_Kol Brij_1 | BCA 117 0.11 -3 Kolliphor HS 15 Brij L23 14.8

11




B Kol Brij 1 | BCA 145 024 |-3 Kolliphor HS 15 | Brij L23 | NR668 | 20.0

%

IH Kol Brij | IHCA 143 013 |- Kolliphor HS 15 | Brij L23 279

1

IH Kol Brij | IHCA 172 [ 025 |2 Kolliphor HS 15 | Brij L23 | NR668 | 24.1

1 %

IH Kol Brij | IHCA 163 | 015 |- Kolliphor HS 15 | Brij L23 | NR668 | 25.1

2

B_Jeff Brij 1 | BCA 103 026 | -4 Jeffamine M-2070 | Brij L23 17.4

B_Jeff Brij 2 | BCA 150 | 018 |-2 Jeffamine M-2070 | Brij L23 | DiR 12.7

B_leff Brij 3 | BCA 158 032 | -4 Jeffamine M-2070 | Brij L23 19.8

B_Jeff Brij 4 | BCA 118 | 026 |-3 Jeffamine M-2070 | Brij L23 | pHTAH | 17.5

IH_Jeff Brij_ | IHCA 169 | 021 |-2 Jeffamine M-2070 | Brij L23 | NR668 | 21.9

1

IH_Jeff Brij_ | IHCA 148 | 0.19 |-3 Jeffamine M-2070 | Brij L23 223

2

B Kol Plu 1l | BCA 141 |01l | -5 Kolliphor HS 15 | Pluronic 13.0
F68

B Kol Plu 2 | BCA 151 |01l |-5 Kolliphor HS 15 | Pluronic | NR668 | 14.0
F68

IH Kol Plu_1 | IHCA 167 | 034 |-2 Kolliphor HS 15 | Pluronic 26.5
F68

Throughout the text, the following conventions are used to describe the NPs for the sake of
brevity: first, the monomer type (B or IH, denoting BCA and IHCA, respectively), followed by
PEG type where Kol refers to Kolliphor, Jeff — to Jeffamine M-2070 and Brij — to Brij L23, and,
ultimately, the number, in order to distinguish between NPs that share both the same monomer
and a particular combination of PEG. It should be noted that B_ Kol Brij 1 and IH Kol Brij 1
were produced in two variants, with or without a fluorescent dye. This is reflected in the text
below and discussed in more detail in the Discussion.

All NPs were within a relatively narrow size distribution (diameter 103-169 nm) and had a
slightly negative charge (- 1 to -5 mV). In addition to the NP coating, {-potential depends on pH
and ionic strength of the electrolyte. The value of {-potential is measured at the slip plane at the
distance of approx. 2.5 nm from the Stern layer (for 10 mM NaCl solution) [31, 32]. In our case,

the particle surface below the PEG layer is assumed to be a partly hydrolyzed polymer, therefore
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negatively charged. The surface potential at this plane can be estimated by measurement of the (-
potential of similar NPs with a very low PEG density, which is typically around -15 mV. Using
PEG-based amphiphilic molecules as both stabilizers and initiators resulted in PEGylated particles
with PEG density values in the range 14-28 ethylene glycol units per nm?, with PEG covalently
linked to the particle surface. This PEG density is obtained using access of PEG and removing
non-reacted and unbound PEG by dialysis. The proposed surface functionalization of the three
different PEGylation strategies used is illustrated in Supplementary Figure 1. Briefly, four
different PEG-based surfactants were used to form three different PEG coating combinations. A:
Brij L23 + Kolliphor HS15; B: Brij L23 + Jeffamine M2070 and C: Pluronic F68 + Kolliphor

HS15.

3.2. Nanoparticle interaction with lipid monolayers

The kinetics of the interactions between the NPs and DMPC/DPPG monolayers modeling the
cell membrane is shown in Supplementary Figure 2 for the initial surface pressure of wp = 20
mN/m. The addition of NPs induced an increase in the surface pressure, and the effect the NPs

exerted on the monolayers is expressed in the changes in monolayer surface pressure Am.

Such measurements were done for a variety of NPs, and NP-monolayer interaction is presentedin
Figure 1 based on the magnitude of the surface pressure change. The cumulative changes in An
for different NPs (reached at the NP concentration of 80 pg/ml) are shown as well. These changes

varied in the range of Ar = 5-11 mN/m.
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Figure 1. The plot of the changes in surface pressure vs. concentration of NPs following the
interaction of PACA NPs with DMPC/DPPG monolayers at the initial surface pressure of mo=20
mN/m. n=3-4. Interactions with a magnitude of Az reaching 5-8 and 8-11 mN/m, are shown in the
left and right panel, respectively. Cumulative Az at the NP concentration of 80 pg/ml at the end of

the experiment are shown as well.

Next we looked at the patterns of NP-monolayer interactions that could identify their correlation
with various NP properties. Dependence of the cumulative surface pressure changes induced by
NP-monolayer interactions on the PEG type, NP monomer type, PEG density, size and surface

charge is shown in Figure 2.
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Figure 2. The effect of NP properties on the cumulative change in monolayer surface pressure
change reached at the NP concentration of 80 pg/ml. Figure shows the effect of NP PEG type,
PEG density, monomer type, NP diameter and NP surface charge. Black diamonds: Koliphor HS
15/Brij L23; red diamonds: Jeffamine M 2070/Brij L23; green diamonds: Koliphor HS 15/Pluronic
F68. Changes in the cumulative surface pressure for PACA NPs having the same PEG combination
and interacting with DMPC/DPPG monolayers at mo=20 mN/m are shown as well. n=3-15
depending on the group. Asterisk denotes statistically significant difference (p<0.05) according to

Mann-Whitney U test.
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NP monomer type did not have any statistically significant effect on the strength of NP-
monolayer interactions in the Mann-Whitney U test. PEG density, NP size and NP surface charge
did not correlate with the effect that PACA NPs exerted on lipid monolayers either (R?>=0.11,
R?<0.1 and R?<0.1, respectively, according to linear regression analysis). With respect to the last
three properties, this can be attributed to their relatively narrow distribution in the NPs used.
However, various PEG type combinations induced markedly different changes in the monolayer
surface pressure. Except for one outlier (B _Jeff Brij 1), all NPs having the PEG combination
Jeffamine M2070/Brij L23 induced surface pressure changes (An = 8.74-10.91 mN/m) well above
the other NPs which caused cumulative surface pressure changes in the range of Anr = 5.51-7.54
mN/m. To emphasize this, data points in Figure 2 were color-coded according to the PEGylation
type. Further illustration of this point is also provided in Figure 2 where cumulative surface
pressure changes induced by NPs were averaged for all NPs with the same PEG type. This shows
that the effect of PACA NPs with Jeffamine M 2070/Brij L23 is significantly larger than the effect
produced by NPs with other PEG combinations.

In order to visualize interactions between polymeric NPs and DMPC/DPPG monolayers, we
chose NPs producing the largest cumulative effect on the monolayer surface pressure and

monitored its interactions with the monolayer using Brewster angle microscopy (Figure 3).
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Figure 3. Visualization of interaction between B Jeff Brij 4 and DMPC/DPPG monolayer at
=20 mN/m. Figure shows the monolayer before the addition of NPs and progressive formation
of NP-induced lipid clustering after the addition of B _Jeff Brij 4 NPs at 20, 60 and 80 pg/ml,

respectively.

The effect of B_Jeff Brij 4 NPs can be seen in in the formation of increasingly denser bright
clusters caused by the interaction of the NPs with the monolayer. A recording showing real-time

monitoring of NP interactions with a DMPC/DPPG monolayer is shown in Supplementary Video
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While most of the monolayer interaction results were produced by measuring NP interactions
with the DMPC/DPPG monolayer at an initial surface pressure of 20 mN/m, in separate
experiments we found that the extent of the effect depended on the initial surface pressure mo. At
the initial surface pressure values of 10 and 30 mN/m, surface pressure changes induced by NPs
with the PEG combination producing the largest effect (B Jeff Brij 4) were found to be larger
and smaller than the values reached at mo = 20 mN/m, respectively (Supplementary Figures S3-
S4). Additionally, we investigated whether the presence or absence of a fluorescent dye in
B Kol Brij 1 could cause any changes in NP-monolayer interactions. Both types of
B Kol Brij 1 caused similar changes in the surface pressure of the lipid monolayers

(Supplementary Figure S5).

3.3. Cellular association and uptake

In order to investigate whether the cellular association and uptake of the NPs by living cells are
affected by NP properties and compare that to the effect of the NPs on lipid monolayers, we
incubated RBE4 cells with the NPs for 3 hours and measured fluorescence of the cell populations
using flow cytometry. Since detection of cell surface-associated or internalized NPs by flow
cytometry relies on their fluorescence, we could only use NPs labeled with a fluorescent dye. In
the case of B Kol Brij 1 and IH Kol Brij 1 (all labeled with NR668), the NPs were originally
made in two variants: with and without a fluorescent dye. Representative flow cytometry
histograms illustrating low and high cellular fluorescence intensities, as well as the median
fluorescence intensity for all NPs studied, corrected for the difference in fluorescence intensities,

are shown in Figure 4.

18



10

11

[ Icells Interaction of polymeric nanoparticles with
[ JIH_Kol_Brij_1* RBE4 cells
2 1000
B_Kol_Plu_2 Z
[ |IH_Jeff Brij_1 £
Bl
E 100
S 2
8 w0
E I
=
\\e N N @‘ g\“" o\’ i\\’
Q‘ s & > Q/ ,a\/
e ‘i' +e e *b ¥ $
100 10' 102 108 & N & s &

Figure 4. Cell surface association and uptake of polymeric NPs by RBE4 cells showing
representative flow cytometry histograms and median fluorescence intensities of cells incubated

with the NPs and corrected for variations in fluorescence intensities.

The fluorescence of RBE4 cells incubated with NPs for 3 hours was mainly limited, with the
exceptions of two NPs: IH Jeff Brij 1 and B Jeff Brij 4. It should be noted that both of these
NPs also had the largest effect on DMPC/DPPG monolayer surface pressure in the lipid monolayer
experiments. In order to detect any dependence between NP properties and cellular
association/uptake, we plotted the changes in fluorescence intensity induced by cellular association

and uptake against the various NPs properties (Figure 5).
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Figure 5. The effect of NP properties on the cellular association and uptake of NPs by RBE4 cells.
Figure shows the effect of NP PEG type, PEG density, monomer type, NP size and NP surface
charge. Black diamonds: Koliphor HS 15/Brij L23; red diamonds: Jeffamine M 2070/Brij L23;

green diamonds: Koliphor HS 15/Pluronic F68.

Figure 5 shows that the type of PEG and PEG density affected NP uptake by cells or their

association with the plasma membrane. Increased PEG density resulted in reduced cellular
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association and uptake (R?=0.80 according to linear regression analysis), an observation in line
with the literature [10]. However, this did not translate into reduced interaction with lipid
monolayers regardless of whether linear regression analysis included all NPs in the lipid
monolayer studies (R?=0.11) or only those that were also used in cellular association and uptake
studies (R?=0.04). NP size and charge were not strongly correlated with NP cellular uptake either
(R?=0.27 and 0.69, respectively). One result that was clear both in the cellular studies and in PACA
NP interactions with lipid monolayers was the effect of the PEG type. Both NPs that showed the
highest association with and uptake by RBE4 cells were PEGylated using Jeffamine M-2070 as
the initiator and Brij L23 as the stabilizer. As in Figure 2, data points in Figure 5 were color-coded
to emphasize this observation.

Flow cytometry cannot distinguish between surface-associated and internalized NPs, and since the
dyes in our particles are encapsulated rather than bound to the surface of the NPs, quenching them
with traditional quenching agents such as Trypan Blue may be problematic due to the increased
distance between the dyes and the quencher. We therefore acquired confocal images of RBE4 cells
incubated with the polymeric NPs, taking Z-stacks in order to verify the intracellular location of

the NPs (Figure 6).
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Figure 6. Uptake of NPs by RBE4 cells. Confocal images of the uptake of various NPs by RBE4
cells shown with quantification of NP uptake using image analysis to count the number of NPs per

cell. Blue: cell nuclei, green: actin filaments, red: NPs; maximum intensity projections.

Confocal microscopy images are consistent with the flow cytometry data. In Figure 6, the uptake
of IH Jeff Brij 1 NPs appears to be far greater than that of the other NPs. Visual inspection is
supported by image analysis estimating the number of NPs per cell.

Finally, we analyzed the correlation between surface pressure changes induced by PACA NPs

and the extent of their cellular uptake (Figure 7).

Surface pressure change vs cellular

association of PACA nanoparticles

125
-

s R? = 0.8521

* =i -

105 :

9.5

An[mN/m]

8.5
7.5 .
6.5

55
o 50 100 150 200 250 300

Median fluorescence intensity, RFU

22



10

11

12

13

14

15

16

17

18

19

20

21

22

23

Figure 7. Correlation between PACA NP effects on lipid monolayers and their cellular association

and uptake.

Figure 7 clearly shows a correlation between changes in surface pressure and cellular uptake,
i.e. the PACA NPs that had the largest effect in monolayer studies also exhibited the highest

cellular uptake.

4. Discussion

The interactions between NPs and cells are initiated at the cell membrane. Therefore,
understanding how these interactions are affected by various NP properties is crucial for designing
NPs for drug delivery. The interactions may be probed in a variety of cell membrane models
including lipid monolayers, liposomes and supported lipid bilayers. Our study with lipid
monolayers shows that the addition of NPs into the water subphase resulted in increased surface
pressure depending on the type of NP coating. This is evidence of interactions between NPs with
phospholipid head groups of the monolayer. The adsorption of charged NPs results in increasing
repulsive forces in the monolayers, which is the main reason of the surface pressure changes.
Surface pressure changes therefore can be used to assess the extent of the effect that the NPs exert
on the lipid monolayer. The surface pressure depends on the mean molecular area and reflects the
spacing of lipid molecules in the monolayer. High surface pressure and low molecular area indicate
that the lipid molecules are closely packed, and vice versa [23]. Changes in the surface pressure
can be induced by interaction with foreign agents such as PACA NPs in this study. Different

surface pressure values can be used to model normal cells (30 mN/m) and cancer cells (20 mN/m)
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which have varying lipid densities in the outer cell membrane. At the same time, NP charge had
no significant effect on the interaction with negatively charged monolayers. The interaction
between NPs and the lipid membrane depends on the charge of both NPs and the lipid film. A
detailed theoretical and experimental study has been recently performed by Velikonja et al [33]
and Santosh et al [34]. They showed that interaction of negatively charged NPs with negatively
charged vesicles is restricted due to repulsive forces, while interaction between these NPs with
zwitterionic lipids is favorable due to positively charged choline groups. The dipole moments of
the polar head groups are in this case oriented more perpendicularly to the membrane surface [33].
The results obtained in our work are in good agreement with the above-mentioned papers. The (-
potential of the liposomes composed of the mixture of DMPC/DPPG (molar ratio 10:1) determined
in our recent work is approx. -30 mV [22]. Therefore, the monolayers composed of this mixture
are also negatively charged owing to the presence of negatively charged DPPG. However, due to
the presence of DMPC, a zwitterionic lipid, the interaction between negatively charged NPs and
the monolayers can be described as interplay between repulsive and attractive forces. For most of
the NPs, we did not observe a correlation between NP charge and changes in surface pressure. The
only exception is NPs with Jeffamine M-2070/Brij L23 PEG coating (see Fig. 2), for which a
certain decrease in surface pressure was observed with increasing negative charge of NPs. This
suggests that this interaction is determined by repulsive forces between negatively charged NPs
and negatively charged monolayer. However, for other NPs, we did not observe this correlation.
This may be linked to the lack of correlation between NPs charge and PEG surface density as well
as to the rather narrow variation of the negative charge of NPs. Changes in the (-potential of NPs
in this rather narrow range should not have affected interaction with negatively charged monolayer
surface composed of DMPC/DMPPG mixture. Even though the DMPC fraction is dominant in the
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mixed monolayers, the presence of negatively charged DPPG head groups should result in the
tilting of dipoles in zwitterionic lipids in the direction parallel to the monolayer surface. This effect
should further enhance repulsive forces between NPs and monolayer surface. The effect of NP size
and charge on the cellular uptake has been demonstrated in numerous works [35, 36], and the
general trends seem to be valid for interactions between NPs and model membranes as well. In
[23], relatively small polystyrene NPs (20 nm) increased the surface pressure of a model
endothelial membrane regardless of surface chemistry, while larger NPs (=60 nm) either reduced
it or had no effect, depending on the surface group. At a size of 60 nm, aminated NPs increased
the surface pressure of the endothelial monolayer model, while unmodified NPs reduced it and
carboxylated NPs had no effect. In our study, PACA NPs were rather large and in a narrow size
range of 103-167 nm and the size did not have any effect on the magnitude of NP-monolayer or
NP-cell interactions. The discrepancy between our results and the results in the study referred to
might be due to the different type or size of the NPs.

NPs used as drug carriers are commonly coated or otherwise functionalized to ensure specific
drug delivery. Such coatings and functional groups are on the external surface of the NP and,
therefore, are the first moieties recognized by the plasma membrane. Consequently, their
interactions with the cell membrane largely define the outcome of NP-cell interaction. The effect
of cationic surfactants on the interactions between PLGA NPs of approximately the same size and
model plasma and endosome membranes [19] indicated that cationic PLGA NPs coated with
didodecyldimethylammonium bromide (DMAB) or cetyltrimethylammonium bromide (CTAB)
increased the surface pressure of the model membranes as opposed to unmodified anionic NPs,
and that the increase induced by DMAB NPs was faster and larger than that caused by CTAB NPs.

Cellular uptake studies were in line with monolayer experiments. The same group demonstrated

25



10

11

12

13

14

15

16

17

18

19

20

21

22

23

that neither ritonavir-loaded poly(l-lactide) NPs (RNPs), nor RNPs conjugated to a scrambled
trans-activating transcriptor peptide had an effect on a lipid monolayer mimicking an endothelial
cell membrane, while RNPs conjugated to the actual peptide affected the membrane depending on
the amount of the peptide on the RNPs; cellular studies using human vascular endothelial cells
showed good correlation with lipid monolayer experiments [20].

NP PEGylation is among the most common methods to avoid NP interception by the RES in
vivo. It can also reduce the toxicity of nanoparticles [37], although both effects can come at the
expense of reduced interaction with and uptake by cells. Among factors that affect the balance
between efficient shielding from the RES and uptake by target cells are PEG molecular weight,
chain structure, conformation and coating density. PEG chain length, in particular, has been shown
to affect cell binding and uptake of several NP platforms [38, 39]. It has also been noted, however,
that the evaluation of PEGylation efficiency suffers from a large variability of results across
different NP platforms [40]. Our aim with regard to PEG properties was therefore to test a number
of PEG combinations with short and long chains to determine if any of them facilitates NP-lipid
monolayer and NP-cell interactions. Assuming that the chain length of each individual PEG
component on the NP used in our study is given by the number of ethylene glycol units, our results
indicate that the chain length is not an important parameter for the NP-monolayer interactions.
However, such conclusions should be carefully considered as the actual PEG lengths on the NPs
may change during synthesis and in solution. Therefore, each combination of PEG initiators and
stabilizers used in our study is treated as a separate property without further assumptions
concerning the length of individual components of the PEG coating.

While this study is the first to probe the effect of PEG type on PACA NP interactions with model

membranes, the interactions of various polymers with cell membrane models have been assessed
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in several studies. With regard to PEG, a study comparing various Pluronic copolymers found that
their effect on drug efflux activity in brain endothelial cells and cancer cells depended on molecule
hydrophobicity and the lengths of the hydrophobic and hydrophilic segments [41]. A subsequent
study found that not only the overall hydrophobicity, but also the structure of PEG copolymers
affected their interactions with lipid bilayers [42]. It should be noted that both the membrane model
itself and the readouts were markedly different from the ones used in the present study. The effects
of various Pluronics on lipid monolayer surface pressure [43] showed that Pluronics with higher
hydrophobicities exerted greater effects on DMPC and DPPC monolayers. In yet another study, it
was found that the size of Pluronic molecules governed their insertion in DPPC and DPPG
monolayers, with smaller molecules being able to insert into monolayers at higher surface pressure
than larger ones [44]. It should be emphasized that in our study, the external agents interacting
with the DMPC/DPPG monolayer were PACA NPs coated with PEG, as opposed to surfactant
molecules alone; however, since the size distribution of the NPs remained relatively narrow, the
structure and relative sizes of the copolymer blocks may have played a dominant role in the
interaction.

We should note that the encapsulation of dyes into NPs can cause misinterpretation of their
cellular uptake in flow cytometry due to potential dye leakage [45-47]. We therefore confirmed
that no dye leakage has taken place by incubating RBE4 cells with PACA NPs at 4 °C [48]. In
addition, CLSM images confirmed that the NPs were internalized.

Various properties of NPs, particularly the size and charge that most NP platform are normally
characterized for, have been shown to affect NP cellular uptake to some extent; however, as noted

by [49, 50], those properties can hardly be used as reliable predictors, and NP interactions with
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model cell membranes having properties typical for target cells may be employed to assess NP
cellular uptake potential with greater precision [23].

In conclusion, this is to the best of our knowledge the first study investigating the interactions
between PACA NPs and a model cell membrane and correlating these interactions with NP cellular
uptake, with particular emphasis on PACA NP monomer type and PEGylation. We observed a
good correlation between PACA NPs interactions with a model membrane and their actual cellular
uptake, and found that a particular combination of PEG altered NP effects in both systems. These
results could be used in predicting PACA NP interactions with target cells and in designing PACA

NP-based drug delivery systems with desired cellular uptake properties.
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