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Mixed Fluorinated/Hydrogenated Self-Assembled Monolayer-
Protected Gold Nanoparticles: In Silico and In Vitro Behavior

Domenico Marson, Filomena Guida, Maria Sologan, Silvia Boccardo, Paolo Pengo,
Fabio Perissinotto, Valentina lacuzzi, Elena Pellizzoni, Stefano Polizzi, Loredana Casalis,

Lucia Pasquato,* Sabrina Pacor,* Alessandro Tossi, and Paola Posocco*

Gold nanoparticles (AuNPs) covered with mixtures of immiscible ligands
present potentially anisotropic surfaces that can modulate their interactions

at complex nano-bio interfaces. Mixed, self-assembled, monolayer (SAM)-
protected AuNPs, prepared with incompatible hydrocarbon and fluorocarbon
amphiphilic ligands, are used here to probe the molecular basis of surface
phase separation and disclose the role of fluorinated ligands on the interaction
with lipid model membranes and cells, by integrating in silico and experi-
mental approaches. These results indicate that the presence of fluorinated
amphiphilic ligands enhances the membrane binding ability and cellular
uptake of gold nanoparticles with respect to those coated only with hydrogen-
ated amphiphilic ligands. For mixed monolayers, computational results sug-
gest that ligand phase separation occurs on the gold surface, and the resulting
anisotropy affects the number of contacts and adhesion energies with a mem-
brane bilayer. This reflects in a diverse membrane interaction for NPs with dif-
ferent surface morphologies, as determined by surface plasmon resonance, as
well as differential effects on cells, as observed by flow cytometry and confocal
microscopy. Overall, limited changes in monolayer features can significantly
affect NP surface interfacial properties, which, in turn, affect the interaction of
SAM-AuNPs with cellular membranes and subsequent effects on cells.

physicochemical property can, in prin-
ciple, be tuned to engineer for a specific
function.

Nanoparticles based on a gold core
(AuNPs), covered with a self-assembled
monolayer (SAM) of thiolated molecules,
are particularly suited for sensing events
at the mnano-bio interface. Chemical
modification of the surface is key for
controlling the NP’s biocompatibility, bio-
distribution, site-specific recognition, and
immune responses,'”] as the chemical
functionalities of ligand molecules are
chiefly responsible for interface-related
properties. Blends of different ligands
can therefore be chosen to conveniently
functionalize the AuNP surface to have
specific characteristics, leading to so-called
“mixed” monolayers.®®l Mixed SAM-AuNPs
are complex, self-organizing multivalent
materials that exhibit structural features
to a certain extent analogous to those
of biological systems, such as protein
surfaces or supramolecular cellular
substructures.’-4
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1. Introduction

Nanomaterials with size scales of few tens of nanometers
are ideal platforms to link physicochemical behavior at the
nanoscale with targeted biological functions, where each

Furthermore, the spatial organization of the chains in
mixed monolayers may strongly affect the particle’s overall
behavior.[>717] Several studies on AuNPs protected by patterned
ligand arrangements of various types have addressed the role of
the nanoscale arrangement of the ligands in mediating cellular
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interactions and the resulting physiological response.l'®! For
example, the arrangement of “chemically immiscible” ligands
on the gold surface can affect NP cellular uptake mechanism
and/or interaction with proteins.'*?%l This may result in dif-
ferent internalization pathways which significantly affect tox-
icity, as NPs directly translocating into the cytoplasm are less
toxic than those in the lysosomal environment, which can gen-
erate toxic cations.”’] This was confirmed by experimental and
computational investigations,?¥! although the limited number
of pertinent studies does not provide a clear and unambiguous
understanding of the driving forces governing the interaction
of patterned AuNPs with biological targets.

In this context, in the past few years, we have focused on
increasing phase segregation in SAM-AuNPs by using mixtures
of fluorinated (F) and hydrogenated (H) thiolates, exploiting
the well-known immiscibility of hydrocarbons and fluorocar-
bons. Spontaneous phase separation in supramolecular aggre-
gates of F/H amphiphilesi?>3% is well documented for several
such systems (e.g., micelles, Langmuir, and Langmuir-Blodgett
films), including 2D SAMs on gold surfaces.*!! Furthermore,
fluorinated amphiphiles are receiving increasing interest for
biological/biomedical applications®? as they confer useful
properties to the materials they are linked to, such as inertness,
facilitated cellular uptake, avoidance of protein denaturation,
and reduced toxicity.33-3¢ Additionally, being NMR active, fluo-
rine nuclei also assist in probing biological interactions?”! and
may lead to novel supramolecular contrast agents for bioim-
aging B30 This calls for a more in-depth investigation on the
role of fluorinated ligands in monolayer-protected nanoparticles
in modulating interactions with biological environments such
as cellular membranes and cells.

To this end, we have recently reported on fluorinated
ligands in both homo- and hetero-monolayer-protected gold
NPs, including water-soluble AuNPs protected by mixtures of
polyethylene glycol-modified H/F amphiphilic thiols (C8TEG
and F8PEG, see Scheme 1).*1l Electron spin resonance
(ESR) studies of these mixed monolayer NPs indicated phase
segregation of the two types of ligands in the shell. This is
consistent with a plethora of experimental data demonstrating
that fluorinated moieties segregate from hydrogenated ones,
thus affecting the overall physico-chemical features of mixed
assemblies.®3142 In addition, in silico simulations on H/F
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Scheme 1. Structure of thiolated ligands used in this study to pattern the surface of AuNPs.

SAM-AuNPs suggested that phase segregation is sensitive to
core size and/or ligand ratio. In particular, while NPs with a
1:1 F8PEG:C8TEG ratio and a core size of 1.6 nm appeared to
present completely separated phases, the same ligand ratio but
slightly increased core size of 2.2 nm led to alternating C8TEG/
F8PEG domains. This could explain the behavior of an ESR
probe in the two types of NP.[1]

Core size as well as C8TEG/F8PEG ratio can therefore result
in morphological differences, which affect the interfacial area
between the two ligands. This could in turn influence the interac-
tions with biological systems since it may alter the NP interface.

We here describe AuNPs prepared with somewhat different
ligand composition and core size, and assess how they interact
with lipid membranes using both surface plasmon resonance
(SPR) and in silico methods. This then allows us to interpret
internalization and cytotoxic effects on MEC-1 cells in terms
of different putative ligand organizations and how this could
affect membrane interaction. The biophysical and biological
experimental data consistently show a differential behavior for
different mixed SAM-AuNPs, in agreement with the hypothesis
that they are protected by monolayers with differing interfacial
area and arrangement, also supported by in silico predictions.

2. Results and Discussion

2.1. Synthesis and Characterization of SAM-AuNPs

Two samples of AuNPs protected by blends of F8PEG and
C8TEG were prepared following a procedure reported in our
previous workl*!l and here slightly modified**}! (see the
Supporting Information). A first batch, named M1-C8T/F8P,
is characterized by an average core diameter of 1.6 nm and a
C8TEG/F8PEG ratio of 1/1.3 (see Table 1 and the Supporting
Information). A second batch, named M2-C8T/F8P, presents
an average core diameter of 1.9 nm and a C8TEG/F8PEG
ratio of 1/1.8.

Beside these two types of mixed-monolayer NPs, three
homoligand AuNPs (named C8T, C8P, and F8P) were prepared
as reference (see Table 1 and the Supporting Information).
The mixed-SAM and C8P or F8P homoligand AuNPs could
be dissolved in water up to 10 mg mL™!, due to the thick polar
polyethylene glycol (PEG) surface layer (see
Scheme 1), while C8T AuNPs were difficult
to dissolve even at 1 mg mL™!, because of the
shallower triethylene glycol (TEG) surface.
For this reason, C8T AuNPs were used for
molecular simulations but not for experi-
mental investigations.

There are a limited number of
experimental techniques able to directly
probe the morphology of mixed self-assem-
bled monolayers!'® and, to our knowledge,
none are currently available to determine
the morphology of mixed ligand nano-
particles protected by thiolates of this size
and with such different chemical proper-
ties. Scanning tunneling microscopy (STM)
is only applicable to relatively short ligands
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Table 1. Composition and average size of SAM-AuNPs used in this investigation.

segregation of several mixtures of immiscible
thiols at molecular level.[#1:4>:50]

SAM-AuNP Core diameter? NP Ligand ratio CSTEG: NP diameter?

[nm] composition®®) F8PEG [nm]
M1-C8T/F8P 1.6+0.4 Auy40C8TEG,4F8PEG3, 42.9:57.1 6.6+0.1 2.2. Nanoparticles Interaction with a Model
M2-C8T/F8P 1.9+0.7 Al60C8TEG oF8PEGsg 35.7:64.3 6.7+0.2 Membrane
Fep 24x07 AisoFPEGrs - 76x02 The capacity to bind to a simple model bio-
et 20403 Auz3CETEG7y - 6.2%0.1 logical membrane composed of only one
csp 1.7£03 Au01C8PEGeg - 73£0. type of phospholipid was probed using a

AFrom transmission electron microscopy (TEM) measurements; P Calculated from TGA and TEM analysis;
9Calculated from thermogravimetric analysis (TGA) and for mixed-monolayers using the ligand ratio deter-
mined by '"H NMR on decomposed NPs; 9)From atomistic simulations, considering both core and ligand shell.

(<14 atoms).* NMR could be employed in principle to probe
surface domains**% but depends on the availability of signals
sensible to changes in the monolayer composition/morphology
and suitable for NMR analysis that are lacking. Matrix-assisted
laser desorption/ionization mass analysis (MALDI-MS) could
also distinguish different surface organizations of immiscible
thiolate ligands,*”] but only if they desorb with equal prob-
ability,*®] which is not necessarily the case, particularly in pres-
ence of fluorinated ligands,*® as we have also observed.*’]
Finally, another alternative, small angle neutron scattering
(SANS), is limited to nanoparticle samples with very narrow
size dispersity,>% not achievable for C8TEG/F8PEG-modified
AuNPs with our current synthetic methodologies. This left an
in silico approach as the only viable method currently available
to directly characterize this type of monolayer self-organization,
given also it has already been successful in predicting phase

SPR technique. Zwitterionic 1,2-dioleoyl-sn-
glycero-3-phosphocholine  (DOPC)  was
chosen as it is commonly used in model
membrane experiments.>'~>°]

The sensorgrams (Figure 1) confirmed that both M1- and
M2-C8T/F8P AuNPs were capable of binding to the DOPC
membrane. In both cases, they showed a fast binding kinetics,
and the concentration-dependent increase in “resonance units”
(RU) suggested a good adhesion capacity to the membrane sur-
face. The calculated affinity constant (Kp) estimated from the
binding curves (Figure 1B,D), however, indicated that M2-C8T/
F8P AuNPs had a fourfold higher affinity for the membrane
(Kp =80 x 1076 m) than M1-C8T/F8P AuNPs (Kp = 330 x 106 ).
We also tested the affinity of the C8P and F8P homoligand
AuNPs using the same setup. Both of these exhibited a good
binding capacity to the DOPC large unilamellar vesicle (LUV)
surface, the RU increasing in a concentration-dependent
manner similar to that of the mixed-ligand NPs (Figure S1A-D,
Supporting Information). F8P AuNPs showed a higher affinity
than C8P AuNPs (Kp =60 x 107° and 118 x 107 m, respectively).
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Figure 1. A,C) Binding sensorgrams and B,D) binding curves for A;B) M1- and C,D) M2-C8T/F8P AuNPs. Sensorgrams were obtained flowing
SAM-AuNPs at increasing concentrations (as shown) over DOPC LUVs immobilized on an L1 sensor chip. Binding curves were fitted using the
“Affinity-Steady State” mathematical model. Shown is one experiment out of five different evaluations with very similar results.



Figure 2. Self-assembled monolayer organization of SAM-AuNPs as obtained from A-E) CG and F—L) AA-MD calculations in explicit water. A,F) M1-C8T/
F8P, B,G) M2-C8T/F8P, C,H) F8P, D,I) C8T, and E,L) C8P AuNPs. A-E) Color code: red, F8PEG-thiolates; cyan, C8TEG/C8PEG-thiolates; yellow, gold
core. F-L) Color code: F8PEG and C8TEG/C8PEG carbon atoms are in grey and cyan, respectively, while oxygen atoms are in red. Water and inorganic
ions are not shown for the sake of clarity. Only the hydrophobic portion of each thiolate (i.e., C8 part of C8TEG or C8PEG, and F8 part of F8PEG,
see Scheme 1) is depicted as red and cyan molecular surface, respectively, to emphasize ligand bundling and arrangement in the inner part of the
monolayer. M) M1-C8T/F8P, N) M2-C8T/F8P, O) F&8P, P) C8T, and Q) C8P AuNP. Nanoparticles are not drawn to scale.



We then investigated whether the marked difference in
affinity constant of the two mixed systems could be rational-
ized using theoretical calculations, which can provide specific
molecular insights into how the monolayer organization could
affect the ability to bind DOPC bilayers.

Using the physical and chemical characteristics of the syn-
thesized AuNPs (see Table 1), we ran coarse-grained (CG)
simulations to characterize the behavior of the ligands in
the homo layer NPs, and self-sorting of the C8TEG/FS8PEG
ligands, initially inserted at random onto the gold surface, in
the mixed layer NPs. This showed that the C8TEG and F8PEG
chains self-organized in the M1 and M2 NPs in a manner that
led to different surface patterns. In M1-C8T/F8P the ligands
seemed to separate into two distinct domains, reminiscent of
what has been termed a “Janus-like” morphology (Figure 2A).
Conversely, M2-C8T/F8P displayed an F8PEG/C8TEG/FS8PEG
domain arrangement, conforming more to the so-called “stripe-
like” morphology (Figure 2B).I"8l This is entirely in line with the
conceptual framework described in the “Introduction” on how
parameters such as core size and C8TEG/F8PEG ratio affect
surface morphology.*!! The final structures can be compared to
those of the homoligand AuNPs in Figure 2C-E.

A more detailed picture of ligand conformation and
monolayer properties at the molecular level required switching
to all-atom molecular dynamics (AA-MD) simulations starting
from the solvated CG structures (see Figure 2F-L). Snapshots
of the equilibrated C8P and F8P AuNP structures clearly
showed the fluid nature of the outer shell of the monolayers
with the longer PEGylated portion of the thiolates, and no visual
indication of crystallization, whereas this is evident for the
C8T AuNPs, with the shorter TEGylated portion. Considering
only the inner, hydrophobic part of the monolayer, a degree
of ordering is observed in all NPs, with evidence of ligand
bundling involving the fluorinated (F8) or hydrogenated (C8)
portions of the ligands (see Scheme 1 and Figure 2M-Q). More
detail on the monolayer structure and properties is provided in
the Supporting Information.

The NPs obtained from the CG simulations were then placed
in an aqueous phase above a DOPC bilayer, and unconstrained
Martini MD simulations were carried out. All NPs approach
the membrane from solution and partition into the water-lipid
interface (Figure S3, Supporting Information), rapidly reaching
and then maintaining an equilibrium distance value, suggesting
that binding is stable over time (Figure S4, Supporting Infor-
mation). This is consistent with the binding capacity and fast
kinetics evidenced by SPR experiments. Spontaneous insertion
of NPs into, or translocation through, the DOPC membrane
was not observed in the 10 us timescale of unbiased MD simu-
lations, although it may occur subsequently (see the following
sections).

NP-DOPC adhesion (AG,q,) was quantified by free energy
calculations using an umbrella sampling technique (see Table 2
and Figure S5 in the Supporting Information). M1- and
M2-C8T/F8P both showed a lower affinity for the DOPC layer
(less negative AG,qp,), with respect to PEG homoligand NPs,
and this is not simply due to the different number of ligands.>%l

The surface morphology also appeared to play an important
role in surface interactions as M1-C8T/F8P has a significantly
lower interaction energy (-28.6 kcal mol™) than M2-C8T/F8P

Table 2. Computational analysis of adhesion energy and contacts at the
interface between SAM-AuNPs and a DOPC membrane.

SAM-AuUNP  AG,g,? [kcal mol™] NP Contacts
Hydrophilic¥ Hydrophobic®)

[%] [%]

MI1-C8T/F8P  —286+15 212 (0/21)9 59 Q

M2-C8T/F8P  —389+1.0  25+1 (3/22)9 63 37

F8P -51.0£1.2 32+2 73 27

C8T -20.7+£0.7 28+2 53 47

Cc8pP —441+£0.8 31+2 72 28

SAM-AuNP/DOPC interaction assessed in terms of; #Adhesion energy
(kcal mol™); P)Total number of NP ligands in contact with the lipid bilayer
(distance < 0.6 nm between ligand and lipid beads in CG simulations);
9Contribution to the total number of contacts NC pertaining to C8TEG and F8PEG
chains, respectively; 9Relative number of NP-DOPC contacts involving hydrophilic
ligand moieties (PEG, TEG); ®Relative number of NP-DOPC contacts involving
hydrophobic ligand moieties (C8, F8).

(—38.9 kcal mol™!), nicely matching the trend emerging from
the SPR analysis. The separation of ligands into nanoscale
domains also decreased the number of ligands residing at the
water—lipid interface N¢ from =30 in homoligand NPs to only
=21-25 for mixed ligand NPs, and in both cases the contacts
almost all involve F8PEG chains.

The immiscibility and different steric hindrance of ligands
in the mixed systems affect interchain association, and result
in the presence of interfaces between ligands, which may affect
the capacity of ligands to adapt in a responsive manner and
reduce the average number of chains involved in membrane
binding, apparently more so for M1- than M2-C8T/F8P AuNPs.
This is in line with previous observations that the behavior of
nanometer-scale structures in interfacial-related phenomena is
more dependent on the surface morphology than on the ligand
composition and their physico-chemical properties.['’]

One might argue that the more favorable AG,q, of M2-C8T/
F8P with respect to M1-C8T/F8P is simply due to the addi-
tional N¢ (see Table 2) without a significant role of the dif-
ferent morphologies. Should this be the case, however, one
would expect that the AG,4,M? should be comparable to
AG,,M! plus the contributions of the added 3 H and 1 F
contacts. These may be obtained, to a first approximation, as
AG,,®7/28 and AG,q,M!/22 (which approach the membrane
exposing only F ligands), respectively. AG,q,M? estimated this
way is —32.2 kcal mol™, which is significantly less favorable
than that obtained by the umbrella sampling calculations
(-38.9 keal mol™), suggesting a significant further contribution
to the interaction from the morphology.

In addition, while for M1-C8T/F8P the reduced interac-
tion energy with respect to F8P (-28.6 vs —51.0 kcal mol™},
respectively) is accompanied by an increased dissociation
constant as determined by SPR (=330 x 107° and =60 x 107 m,
respectively), for M2-C8T/F8P the AG,q, decreases from
—51.0 to —38.9 kcal mol™!, but the dissociation constants are
quite similar (=60 x 107° and =80 x 107° m, respectively). This
indicates that there is an added component to membrane
binding that is not picked up in the time scale of the MD
simulation, possibly a further penetration into the lipid bilayer



occurring in the timescale of the SPR experiment, in line with
cellular internalization observations (see the following sections).

The homoligand F8P AuNPs exhibit the most negative AG, gy,
value (strongest interaction) with a favorable contribution of
long PEG chains on adsorption properties, in agreement with
SPR data. The number of hydrophilic and hydrophobic contacts
with DOPC (see Table 2) is remarkably similar for F8P and
C8P, so the more negative AG,q, of F8P is due to the increased
hydrophobic effect of the fluorinated moiety. Thus, while most
of the NP-DOPC contacts are to be attributed to hydrophilic
PEG unit contacts, hydrophobic contributions (=30%) stem-
ming from C8/F8 moiety contacts are not negligible, thanks to
ligand flexibility.

Overall, it would appear that inherent ligand features and
monolayer organization that are buried out in aqueous solution
(where NPs behave similarly; see Table S1 in the Supporting
Information) start to play a major role at the nano-bio interface.

2.3. Interaction with Complex Model Membranes

We then moved toward more complex membrane models, in an
attempt to reduce the gap between single-component synthetic
bilayers and real multicomponent cell membranes, by building
a multicomponent raft-like membrane model. Membrane rafts
are thought to be implicated in key cellular processes, such as
signaling, endocytosis, and adhesion.l’->)

A ternary mixture of DOPC, sphingomyelin (SM), and cho-
lesterol (Ch) was selected as a representative system, with
cholesterol levels resembling those in biological membranes
(=25% mol). Atomic force microscopy (AFM) images of a sup-
ported DOPC/SM/Ch bilayer were obtained (Figure 3) and
used to guide the construction of a multicomponent molecular
model resembling the experimental domain organization but
in a 2D periodic boundary conditionl®” (see the Supporting
Information for details).

Regardless of their SAM chemistry, all the NPs preferred
to contact the membrane within the fluid DOPC-rich domain
(Lq) (Figure 3; Figure S6, Supporting Information). Preferential
adsorption on the disordered phase may be driven by the lower
bending modulus of the Ly phase, which enhances the number

of favorable contacts between flexible ligands and lipids as seen
very recently by Liang and co-workers for other ligand coated
nanoparticles.®!] The main features of the NP/membrane
interface were preserved with respect to a simple DOPC mem-
brane (see Table S2 in the Supporting Information) and the
two mixed systems still behaved differently; only the values of
N¢ decreased slightly (by 2-3 contacts) as compared with pure
DOPC membrane. Ch molecules can substantially influence
membrane physical properties such as fluidity,®2%3 so that the
reduction in the number of ligands participating the binding
may be attributed to the ordering and condensing effect of Ch,
and to the increased local rigidity of the DOPC phase, due to
residual Ch.

This new set of simulations provides some potentially impor-
tant indications: i) the fundamental role of membrane fluidity
along with ligand flexibility in tailoring the nano-bio inter-
face; ii) the preference of this type of SAM-AuNP in general to
interact with the L4 phase of complex membranes rather than
with the L, raft-like phase, and iii) that NP surface organization
is as relevant for interaction with more complex synthetic
membranes as for simple homogeneous ones.

2.4. Effect of Nanoparticles on Host Cells: Cytotoxicity
Evaluation

The biological effect of SAM-AuNPs was assessed by exposing
a human B lymphocyte-derived cell line (MEC-1) to concen-
trations of up to 1 mg mL™! of the different NPs, in complete
medium, for 24 h, and then determining metabolic cytotoxicity.
Results obtained with MEC-1, which grow in suspension, indi-
cate that some cytotoxicity is limited to M1-C8T/F8P AuNPs,
which reduce viability by 10-20% (Figure 4). Overall, none of
the NPs caused a statistically significant reduction of viability
in comparison to untreated controls. Furthermore, comparable
results were obtained with monocyte-derived U937 (not shown)
as well as epithelial-derived A459 cell lines (see Figure S7 in the
Supporting Information).

Moreover, the integrity of the plasma membrane was
assessed by determining its permeabilization to propidium
iodide (PI).

Figure 3. AFM image of supported DOPC/SM/Ch bilayer and equilibrated simulation snapshot of M1-C8T/F8P AuNP interacting with the same ternary
mixture. Left panel: AFM images (scan size 5 X 5 nm?) in noncontact mode of a supported membrane prepared from a DOPC/SM/Ch mixture with
scale bar T um. Lateral view (middle panel) and top view (right panel) of an M1-C8T/F8P AuNP adhered to the DOPC/SM/Ch bilayer. The hydrophilic
PEG component of the ligands is colored in blue, while the hydrophobic F8 and C8 moieties are highlighted in red and cyan, respectively. The gold core
is shown in yellow. DOPC headgroups and tails appear as light gray spheres and sticks, respectively, while for SM they are in dark gray. Ch molecules
are highlighted as orange spheres. Water and inorganic ions are not shown for clarity.
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Figure 4. Cytotoxicity of MEC-1 cells exposed to different SAM-AuNPs.
Cell viability was evaluated by the MTT assay, after 24 h exposure to NPs
at the reported concentrations. Data are expressed as mean £ SEM of the
measured O.D., for at least three independent experiments performed in
triplicate. Color legend: M1-C8T/F8P AuNPs, blue; M2-C8T/F8P AuNPs,
turquoise; F8P AuNPs, yellow; and C8P AuNPs, gray.

No membrane permeabilization was observed even for
the highest concentration (1 mg mL™) and up to 60 min of
exposure (PI positive cells were ~5%, comparable to controls),
suggesting that no necrotic damage was induced by NPs.

We then used JC-14 as a probe of apoptotic damage to
mitochondrial functionality.®] We ran untreated control with
functional mitochondria (Figure 5A, orange fluorescence)
in parallel to cells treated with the known depolarizing agent
carbonyl cyanide 3-chlorophenylhydrazone (CCCP) showing
mainly inactive mitochondria (Figure 5B, green fluorescence).
When MEC-1 cells were treated with M2-C8T/F8P (Figure 5C)
or M1-C8T/F8P (Figure 5D) AuNPs, no significant decrease
in orange fluorescence was observed by either confocal

microscopy or flow cytometric analyses. In particular, the mean
fluorescent intensity (MFI) signals recorded by flow cytometry
(Figure 5E) are comparable to the values for functional mito-
chondria of untreated control cells.

Taken together, experiments performed on model cell lines
indicate that M1- and M2-C8T/F8P AuNPs are both well toler-
ated by host cells, as neither the plasma membrane nor mito-
chondria is damaged to any significant extent after exposure
to 1 mg mL™! NP in either buffer (up to 60 min) or complete
medium (24 h). These results prompted us to explore the
possibility that NPs could interact with cells and then be inter-
nalized, without damaging their membrane.

2.5. Interaction with Cells and Cellular Internalization

NPs tagged with a boron dipyrromethene (BODIPY) fluoro-
phore, (see Scheme 1) were prepared (see Table S3 in the Sup-
porting Information) and fully characterized (see the Supporting
Information). These NPs were used to assess the capacity of the
different NPs to associate with the surface of eukaryotic cells
and to then be internalized. The fact that cells became fluores-
cent when incubated with all types of NP suggested that these
associated with the cellular surface, although the intensity of
the MFI signal varied significantly among the different NPs
employed. The fluorescence data can only be interpreted quali-
tatively for two reasons. The first is that the labeling process,
which was carried out by ligand exchange (see the Supporting
Information), varied significantly from one NP to the other,
leading to a different BODIPY loading. While M1-C8T/F8P
AuNPs and homoligand NPs were tagged with =2 BODIPY/
NP, M2-C8T/F8P AuNPs in fact had =6. The second reason
is that the F8 moiety seems to quench BODIPY fluorescence
more than the C8, and in a surface pattern-dependent manner
(see Table S2 in the Supporting Information). This means that

gy 120
100
80

60

MFI

40

20

CTRLCCCP

0.01 0.1
NP/mg mL™"

0.01 0.1

Figure 5. Effect of SAM-AuNP on mitochondrial inner transmembrane potential of MEC-1 cells. Cells were stained with JC-1 probe and treated for
60 min with M1- and M2-C8T/F8P AuNPs. (Left panel) Confocal images of A) untreated control cells (CTRL), B) CCCP treated cells (positive control),
C) M2-C8T/F8P AuNPs, and D) M1-C8T/F8P AuNP-treated cells (both at 0.1 mg mL™"). E) MFI values of MEC-1 cells obtained by flow cytometric
analysis, where green columns represent green fluorescence (JC-1 monomeric) and red columns represent orange fluorescence (JC-1 aggregated).
Data for M1- and M2-C8T/F8P AuNPs are labeled above the corresponding columns. Results are shown as mean + SEM of three experiments.

*p < 0.05 versus CTRL, t-test.
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Figure 6. Confocal microscopy and flow cytometry of cells treated with mixed-ligand, BODIPY-tagged SAM-AuNPs. Confocal images of A) control
MEC-1 cells, B) cells treated with 1 mg mL™" M1-C8T/F8P/BODIPY AuNPs, and C) cells treated with 0.1 mg mL™' M2-C8T/F8P/BODIPY AuNPs, for
60 min prior to counterstaining nuclei with Hoechst dye. D) Flow cytometric monoparametric overlay plot of green fluorescence emitted from untreated
(gray peak) and cells treated with 1 mg mL™" M1-C8T/F8P/BODIPY AuNPs (—) and 0.1 mg mL™' M2-C8T/F8P/BODIPY AuNPs (-). Cells were
exposed for 60 min with M1- and M2-C8T/F8P/BODIPY AuNPs at the reported concentrations. Data for E) 5 min, F) 15 min, G) 30 min, or H) 60 min
with M1- (gray) or M2-C8T/F8P/BODIPY (blue) AuNPs. Values are normalized to the lowest NP concentration (0.01 mg mL™") at the shortest time

(5 min) and are the mean £ SEM of repeated experiments.

the fluorescence of M2-C8T/F8P/BODIPY AuNPs was intrin-
sically higher than that of M1-C8T/F8P/BODIPY AuNPs, and
that of C8P/BODIPY AuNPs was intrinsically higher than that
of F8P/BODIPY AuNPs, at the same concentrations.

The confocal analysis (Figure 6) clearly showed that both
M1- and M2-C8T/F8P/BODIPY AuNPs crossed the plasma
membrane to reach the cytoplasm, while they did not appear to
localize in the nuclear compartment. Furthermore, even taking
the difference of BODIPY loading and quenching into account,
by using M1-C8T/F8P/BODIPY AuNPs at a concentration ten
times higher than M2-C8T/F8P/BODIPY AuNPs (see Table S2
in the Supporting Information), the fluorescence of treated
cells appeared less intense. This was confirmed also by flow
cytometric analysis (Figure 6D).

The effects of NP concentration and exposure time on the
interaction of M1- and M2-C8T/F8P/BODIPY AuNPs with
MEC-1 cells, as determined by flow cytometry, are shown
in Figure 6E-H and in Figure S8 (Supporting Information).
There is clearly a difference in the MFI signal of NP-treated
cells, due to the different intrinsic fluorescence of the particles,
so that M1-C8T/F8P/BODIPY AuNPs emit at about tenfold
lower intensity with respect to M2-C8T/F8P/BODIPY AuNPs
(see Figure S8 in the Supporting Information). To take these
differences into account, the MFI values of BODIPY-labeled
NP were normalized to those at the lowest concentration used
for each at the shortest incubation time (i.e., 0.01 mg mL™! for
5 min), allowing a comparison of fold increase in fluorescence
with time, independently of the different basal signals. These

data indicate a rapid interaction of both types of NPs with the
cells, which is most evident for M2-C8T/F8P/BODIPY AuNPs,
and that both are retained by the cells, as the fluorescence
signal persists after extensive washing. This is consistent with
the internalization of the NPs as observed by confocal micros-
copy (Figure 6A—C). We conclude that both types of mixed
SAM-AuNPs interact with, and are internalized into, MEC-1
cells in a time-, concentration-, and morphology-dependent
manner.

The same analysis was then extended to BODIPY-labeled
homoligand NPs (Figure 7). Homo- and mixed SAM-AuNPs
were compared at 1 mg mL™ concentration, for 15-60 min
exposure of MEC-1 cells, normalizing as explained above. Again,
it is evident that NP adhesion to the cell membrane increases
in a time-dependent manner. Overall, M1-C8T/F8P/BODIPY
showed least internalization with respect to other systems, in
line with a lower membrane interaction, as indicated by both
SPR results and computational analyses.

3. Conclusion

We explored the effect of fluorinated and hydrogenated amphi-
philes in homoligand and mixed SAM-protected AuNPs on NP
interactions with lipid bilayers and cells. SPR experiments used
to probe NP-lipid interactions showed an enhanced binding
for completely fluorinated NPs, and a significant difference in
the binding capacity of two mixed systems. AA and CG MD
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Figure 7. Fold increase of florescence with exposure time for cells treated
with BODIPY-tagged SAM-AuNPs of different type. The fluorescence
increase is referred to the MFI values obtained in flow cytometry experi-
ments at 15 (m), 30 (m), and 60 (m) min exposure to NP as compared to
values after 5 min exposure, for MEC-1 cells incubated with 1 mg mL™!
NPs at 37 °C in the presence of PBS buffer.

calculations, performed in conditions that closely resembled
those in SPR experiments, provided a molecular basis of factors
shaping this differential interaction, and in particular the role
of ligand separation into distinct surface morphologies. This
also affected how the NP behaved in in vitro cytotoxicity and
internalization assays with a leukocyte cell line (3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT), flow
cytometry, and confocal microscopy).

We consistently observed a dissimilar behavior of the
two mixed-monolayer AuNPs, which may be rationalized by
assuming a difference in the C8TEG-F8PEG ligand surface
organization and domain interfaces, which in turn affects the
number, kind, and strength of contacts that occur at the mem-
brane surface, and is consistent with the different time- and
concentration-dependent effects at a cellular level.

This study demonstrates that even relatively small differ-
ences in the monolayer characteristics of mixed SAM-AuNPs
can lead to quantifiable differences in their interaction with bio-
logical membranes, suggesting that it can be used to rationally
engineer surface properties. For example, modifying the ligand
ratio to drive the surface organization in patches or elongated
domains of different size is expected to expand the diversity of
the biological outcomes since the interfacial features of such
nanoparticles are likely distinct from those considered here.
Overall, this family of nanoparticles exhibits characteristics well
suited for intracellular delivery, so it opens the possibility of
tuning the surface properties to direct the internalization and
localization processes for diagnostic or drug-delivery purposes.
They could also provide novel convenient tools for experimental
studies based on membrane sensing or probing the interac-
tion with cellular substructures of increasing complexity. Such
studies will be the subject of future work.

4. Experimental Section

Nanoparticle Synthesis and Characterization: M1- and M2-C8T/F8P
AuNPs were obtained by direct synthesis using a blend of sodium
C8TEG and F8PEG thiolates following a modified procedure reported
previously'®] and described in the Supporting Information together

with a detailed report of preparation and full characterization of the
other homoligand NPs.

NPs were labeled with a fluorescent ligand in order to monitor cell
interaction and internalization processes by confocal fluorescence
microscopy and flow cytometry. For this, a BODIPY FL-X functionalized
thiol was used (Scheme 1). The fluorescent units were introduced in the
monolayer by place exchange. The general procedure for the preparation
of labeled NPs, as well as the synthesis of the thiol containing the dye,
are reported in the Supporting Information. It is worth noting that the
protocol envisaged introducing only a few BODIPY per NP, in order to
minimize the impact of fluorescent ligand on the NP surface-assembled
monolayer properties. However, it was not possible to control this
precisely. The degree of substitution was established by decomposing
the NPs and assessing the amount of dye in solution by means of UV—
vis or fluorescent spectroscopy, and the resulting compositions are
reported in Table S3 (Supporting Information).

Surface Plasmon Resonance: Interaction studies between NPs and
model membranes were carried out using a Biacore X100 instrument
(GE Lifesciences) immobilizing integral liposomes on an L1 sensor chip
surface. The L1 sensor chip consists of a thin gold film covered by a
carboxymethyl dextran matrix to which lipophilic residues (alkyl chains)
have been covalently attached to capture liposomes.[6557]

Surface Plasmon Resonance—Liposomes Preparation: LUVs were
prepared using DOPC. Dry lipids were dissolved in 2:1 v/v chloroform/
methanol in a 5 mL round-bottom flask and the solvent was removed
under nitrogen and then under vacuum. The dry lipid cake (5 X 1073 wm
phospholipid) was hydrated in phosphate-buffered saline (PBS)
by spinning the flask at room temperature for 1 h. The resulting
suspensions were then subjected to several freeze-thaw cycles prior to
extrusion through polycarbonate filters with 100 nm pores using a Mini-
Extruder kit (Avanti Polar Lipids, Inc.). The extruded unilamellar LUVs
were then diluted to result in =1 x 1073 m phospholipid in PBS, and
confirmed to be =100 nm in size by dynamic light scattering (DLS) using
a Zetasizer Nano series (Malvern Panalytical Ltd).

Surface Plasmon Resonance—Liposome Capture on the L1 Sensor
Chip: The DOPC LUV suspension (=1 x 107 m phospholipid) was
injected three times onto the chip surface for 10 min with a flow rate
of 5 uL min~". About 9000 RU maximum was reached for all binding
experiments, and each of the two channels in the flow cells was used
for separate experiments. Subsequently a 50 x 1073 m sodium hydroxide
solution was injected (30 uL min~' for 30 s) to remove loosely bound
liposomes. Bovine serum albumin at a concentration of 0.1 mg mL™
was then injected at 5 uL min~' for 60 s to saturate unmasked lipophilic
groups on the chip and so prevent nonspecific binding of the NPs. In
any case, only a very small increase in the signal was observed (typically
< 60 RU), confirming that coverage of the surface with liposomes was
effective. The procedure used does not result in liposome fusion on the
chip surface.l®”)

Surface Plasmon Resonance—Binding Analysis: To determine the
binding of NPs with the liposomes, solutions with increasing NP
concentrations (from 0.01 to 10 mg mL™") were injected in succession,
at a constant flow rate of 10 uL min™' for a contact time of 540 s,
followed by a dissociation time (washing) of 1200 s with PBS running
buffer. Binding of the NPs to the LUV resulted in a local variation of
the refractive index, leading to altered resonance properties that allow
real-time monitoring of the interaction. This was reported as a variation
in RU, so that 1 RU = 1 pg of matter binding per mm? of surface.l%l
Sensorgrams for each condition were obtained using BlAevaluation
software v 1.1 and then elaborated using GraphPad v 6.04.

At the end of each run, the flow cell was regenerated with isopropanol
and NaOH to remove phospholipids, before being treated with fresh
LUV suspension (only a max of three regenerations was used). Each
experiment was repeated five times with a given type of NP. The best
fit for binding curves was obtained with the “Affinity-Steady State”
mathematical model in the BiaEvaluation software, from which it was
possible to obtain an equilibrium dissociation constant Kp.

Computational Models and Details: The spontaneous organization
of the monolayers was determined by adopting a coarse-grained



computational procedure developed previously by us for NP
functionalized with mixtures of C8TEG and F8PEG.*! These NP
structures were then mapped back to the all-atom configurations, and
the monolayers were equilibrated in explicit water and physiological
concentration of inorganic ions (Na* and CI") at ambient temperature.
Atomistic simulations were performed using the AMBER 14 suite of this
software, %) employing the gaff2 forcefield.%71]

In describing the interaction event of NP with model membranes,
this study was returned to a coarse-grained resolution and employed
MARTINI forcefield’ and GROMACS 2016.1 as the simulation
platform.’>-78 This allowed to model larger systems for the longer
timeframes needed to study the phenomena involved at the nano-bio
interface. Unbiased (e.g., without constrains) =10 s MD simulations
placing the NPs in the water phase =8-9 nm away from the bilayer
surface were carried out to investigate NP-lipid bilayer adhesion and
interaction with time. Different initial orientations (relative to the C8/
F8 interface) were explored for the M1- and M2-C8T/F8P. Simulations
were carried out in explicit solvent and in periodic boundary conditions,
with box dimensions such as the minimum-image convention being
maintained. Details on the parameterization and simulation protocols
can be found in the Supporting Information.

The energy involved in membrane binding was quantified using
Umbrella Sampling calculations with the pull code available in
GROMACS, coupled with the weighed histogram analysis method
(WHAM).”?1 For details, refer to Supporting Information.

GROMACS and AMBER tools, VMD,B% insane.py®!l and in-house
python scripts were used to build the systems, visualize the trajectory
and make all the calculations and images reported in this paper. Where
the code was available, computations were performed on graphics
processing units (GPUs).

Cell Lines Used: The human MEC-1 cell line (kindly provided by
Dr. P. Macor of the Department of Life Sciences, University of Trieste)
was cultured in Roswell Park Memorial Institute (RPMI) 1640 medium
supplemented with 2 x 107 m L-glutamine, 100 U mL™" penicillin,
100 ug mL™" streptomycin, and 10% fetal bovine serum (FBS) (complete
medium) and was subcultured two/three times a week, for not more than
20 passages. This cell line was used for all in vitro assays described below.

MTT Metabolic Cytotoxicity Assay: The colorimetric MTT assay was
performed, as previously described.B233 Briefly, 10° cells per well
were treated with 0.01-1 mg mL™" of a tested NP. At the end of 24 h
exposure time, the NP-containing medium was removed; culture plates
were centrifuged, washed twice with PBS; and each cell containing
well was filled with fresh medium for the assay in order to avoid the
known problem of a specific interference with the development of
the MTT assay;® 20 uL of MTT solution (5 mg mL™") was added to
each well for 4 h incubation at 37 °C. The converted MTT dye was
solubilized with acidic isopropanol (0.04 N HCl in absolute isopropanol).
Absorbance was measured at 540 and 630 nm using an automated
microplate reader (TECAN Sunrise, Tecan Trading AG, Switzerland).
Blank wells (0.01-1 mg mL™" NP without cells) were added to each set
of experiments. All measurements were carried out in triplicate and each
experiment was repeated at least twice.

Flow Cytometric Assays: All measurements were carried out on a
CYTOMICS FC500 (Beckman Coulter Inc. Fullerton, CA), equipped
with an argon laser (488 nm, 5 mV) and standard configuration with
photomultiplier tube (PMT) fluorescence detector for green (525 nm,
FL1), orange (575 nm, FL2), or red (610 nm, FL3) filtered light. After
acquisition of at least 10 000 events per each run, data were stored as
list mode files and analyzed with the FCS Express V3 software.

Flow Cytometric Assays—PI-Uptake Assay: For kinetic studies of
membrane damage, cell suspensions (10° mL™" cells per tube) in PBS
were kept in a thermostated bath, to which was added the tested NP
(0.01-1 mg mL™). For each time point (0, 5, 15, 30, and 60 min),
aliquots of these treated cell suspensions were run in parallel to
untreated controls, and Log FL3 for each sample obtained by flow
cytometry, after adding 0.1 mg mL™" Pl solution, as indicated above.

Flow Cytometric Assays—Apoptosis Assay: |C-1 cyanine iodide
(5,5%,6,6"-tetrachloro-1,17,3,3"-tetraethyl-benzimidazolcarbocyanine

iodide; Molecular Probes Europe BV, Leiden, The Netherlands), a
mitochondrial inner membrane potential probe, was used as previously
described.[823] Briefly, the probe (2.5ug mL™) was added for 15min
to NP-treated or -untreated control cells, and then samples were
washed twice, resuspended in PBS and immediately analyzed by flow
cytometry, acquiring both LogFL2 and LogFL1 signals on viable cells
(those excluding PI, run in parallel). JC-1 monomer was measured by the
FL1-PMT, JC-1 aggregated by the FL2-PMT. Cells treated with 50x 10 m
of the uncoupler CCCP at 37 °C for 15 min were run in parallel as positive
control (collapse of mitochondrial transmembrane potential).

Flow Cytometric Assays—NP Interaction with and Uptake into Cells: To
a cell suspensions (10% mL™" cells per tube) in PBS, kept in thermostated
bath, were added BODIPY-labeled NPs at increasing concentrations
(0.01, 0.1, 0.5, and 1 mg mL™") for increasing times (0, 5, 15, 30, and
60min). Cells were run immediately or washed to remove unbound
BODIPY-labeled NPs and run in parallel to untreated controls taken at
the same time points on the flow cytometer. MFI values, obtained by the
analysis of each single run, were normalized for each NP concentration
to the MFI at the lowest concentration and shortest incubation time
(5 min) to take into account differences in the intrinsic fluorescence of
the particles.

Flow Cytometric Assays—Statistical Analysis: Data obtained from
repeated experiments were subjected to computer-assisted analysis
using GraphPad Instat 3, and statistical significance was assumed at
p < 0.05 (ANOVA, Student-Newman—Keuls post test).

Confocal Microscopy: Cell suspensions (10° mL™" cells per tube) were
treated with M1- or M2-C8T/F8P/BODIPY AuNPs for 60 min in PBS, and
subsequently washed twice at the end of the incubation time. Cells were
then fixed (2% paraformaldehyde (PFA), 20 min), nuclei counterstained
with Hoechst solution and cell sections were examined using a Nikon
C1-SI confocal microscope (TE-2000U) equipped with a 20x and 60x
oil immersion lens. Images were generated in the Optical Microscopy
Center of the University of Trieste.

Atomic Force Microscopy—Chemicals: 18:1 (A9-Cis) DOPC, SM (Brain,
Porcine), and cholesterol (ovine wool > 98%) were purchased by Avanti
Polar Lipids (Alabaster, USA). Chloroform was provided by Fluka and
Sigma Aldrich, (Milan, Italy).

Atomic Force Microscopy—Lipid Vesicles’ Preparation and Supported
Lipid Bilayer (SLB) Formation: SLB was prepared following the procedure
described by Oropesa-Nufiez et al.,®®l with some modifications. The
details are reported in the Supporting Information.

Atomic Force Microscopy—AFM Imaging: All AFM images were
acquired using a commercially available microscope (MFP-3D
Stand Alone AFM from Asylum Research, Santa Barbara, CA, USA).
Measurements were carried out at room temperature working in
dynamic tapping mode. For imaging, commercially available silicon
cantilevers (OMCL-RC800PSA-1, Olympus Micro Cantilevers, nominal
spring constant 0.76 N nm™') were chosen for imaging in liquid.
Cantilevers were used working at low oscillation amplitudes with half-
free amplitude set-point. High-resolution images (512 x 512 pixels
frames) were acquired at 0.6+1 lines s™' scan speed.

Atomic Force Microscopy—AFM Data Analysis: AFM images were
analyzed using Gwyddion, open-source modular program for scanning
probe microscopy (SPM) data visualization and analysis.
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