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Understanding the interactions occurring at the nano-bio interface is still a challenge. This study presents an
investigation on the interactions between natural cell membranes and gold-based particles that were isolated
from real - cancer and health - cells and reconstructed as monolayers. The influence of the morphology and
surface charge of gold nanomaterials on the membrane structure, as well as the interface properties of the
membranes was evaluated. Our results revealed that the interaction pathway of nanoparticles through the cell

membrane was affected by the lipidic composition of each cell type evaluated. Moreover, we show that the
surface charge of the nanoparticles plays a significant role in their ability to interact with cell membranes, as
revealed by isothermal titration calorimetry, and atomic force microscopy analysis.

1. Introduction

Bio-nano interfaces are of great importance for understanding the
interactions of nanomaterials on biological systems and for predicting
their adverse effects [1-6]. Because of thermodynamic changes that may
occur between the nanomaterials surface and biological cell membrane
components such as proteins, phospholipids and organelles, these in-
terfaces can reveal important dynamic information about nanobio in-
teractions [1,7]. The nanomaterial's properties, including nanoparticle
charge, size, surface area, functional groups, linkers, and hydrophilicity,
are known to influence their interactions with biological molecules
[8-10].

Another important feature regarding the interaction of nano-
materials with biomolecules is related to the solid-liquid interface. At
this interface, nanoparticle-biomolecule interactions occur through
specific and non-specific forces that exist between the membrane com-
ponents and the nanoparticle surface. Phenomena occurring at this
interface should be taken into account, such as the formation of a hy-
dration layer from water molecules, ionic adsorption, development of an
electric double-layer, and protein corona formation [5]. The solid-liquid
interface is one of the major challenges in understanding the nano-bio
interactions. Most of the experiments described at literature are car-
ried out under steady-state conditions, which differ from the dynamic
behavior of biological systems [4,11]. Despite recent progress in

understanding the interactions occurring on the cell surface, it is still
difficult to predict the biological behavior and toxicity of nanoparticles
due to the experimental limitations.

The characteristics of the cell membrane also play an important role
at the solid-liquid interface between a cell and a nanoparticle. Healthy
cells differentiated from the cancerous ones because of the translocation
across the cancer cell membrane and also by cancer markers bio-
molecules [12,13]. The amount of each component in the cell membrane
may vary on a large scale [14-16]. For example, cancer cell membranes
are known to have many carbohydrates and disaccharide molecules
which can create an asymmetry in the membrane and a surface layer
that covers the entire outer surface of the cell membrane, which in turn
may generate an electrical potential on the cell surface because of the
electrical charge accumulation [13,17]. These differences strongly affect
the uptake of molecules and nanoparticles into or through the cell,
altering the fluidity and dynamic arrangement of lipids in the mem-
brane. The variations of surface charges influence the membrane cur-
vature and packing density because of charge—charge repulsion from the
polar head group of the lipids, affecting the physiology of the membrane
as a consequence of impermeability changes [16,18].

Some of the changes in the molecular arrangement of the phospho-
lipids can be monitored via the Langmuir monolayer technique, which
measures the surface potential from the air-water interface of the dipole
moment of the molecules. The transition phase is quite dependent on the
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interactions of the polar groups of the lipids and the orientation of their
carbon chains. Investigating bio-nano interfaces on a molecular level is
possible by controlling the lipid composition and their transition phases.
Membrane models are simplified systems in which some physical and
chemical interface parameters can be controlled to reveal monolayer
formation, the molecular area compressibility of the interface, and the
interactions between molecules in the monolayer in terms of their sub-
phases and stability [11,19,20]. Evidence of monolayers and nano-
particles interaction have been reported using synthetic phospholipids
molecules [21-26].

To understand the influence of cell membrane composition in the
uptake of nanomaterials, cell membranes from F C3H (normal fibro-
blasts from the liver) and HTC (hepatoma epithelial cells from the liver)
were extracted, characterized, and reconstructed at the Langmuir
trough. Some changes were observed in relation to the pressure and
surface tension of these monolayers in the presence or absence of
nanoparticles, which revealed possible interactions occurring at the bio-
nano interface. The influence of morphology and surface charge of gold
nanostructures including gold nanoparticles (AuNPs), positively
charged gold nanorods (AuNRs), and polyethylene glycol (PEG)-coated
AuNRs were compared regarding their abilities to interact with mem-
branes from F C3H and HTC. To further understand these interactions,
isotherm titration calorimetry (ITC) measurements, and atomic force
microscopy (AFM) images were also performed.

2. Methods
2.1. Synthesis of gold nanoparticles and gold nanorods

The synthesis of AuNPs coated with poly(allylamine hydrochloride)
(PAH) average My 50,000 was performed using the chemical reduction
of gold ions in the presence of the polymer. Briefly, 20 mL of 1 mg mL™}
PAH was mixed with 20 mL of 1 mmol L~} HAuCl, under gentle stirring.
Then, 1 mL of a 0.01 mol L™! NaBH, solution was added and the system
was vigorously stirred for 30 min. The suspension was then left to rest at
room temperature and protected from light to allow the particle growth.
Finally, the nanoparticles were washed by centrifugation at 10,000 g for
15 min to remove the excess polymer and the resulting pellet was
resuspended in ultrapure water.

Gold nanorods were synthetized based on the seed-growth method in
the presence of the surfactant cetyltrimethylammonium bromide
(CTAB) 3. First, 7.5 mL of 0.1 mol L1 CTAB was mixed with 250 mL of
0.01 mol L™! HAuCl, under stirring for 1 min. Then, 600 pL of cold 0.01
mol L™ NaBH, solution was added under vigorous stirring. After 10
min, the color of the solution changed from yellow to pale brown. This
suspension was then kept at 25 °C for 2-3 h before use. Growth of the
NRs was performed by mixing 3 mL of 0.01 mol L™ HAuCl, with 47 mL
of 0.1 mol L™} CTAB, followed by the addition of 350 mL of 0.01 mol L™}
AgNO;5 and 480 pL of 0.1 mol L™! ascorbic acid. Finally, 100 pL of the
previously prepared gold seeds were added. The system was kept at
room temperature for at least 12 h and then centrifuged at 1500 g for 2
min to remove excess crystallized CTAB. The supernatant was centri-
fuged at 8000 g for 5 min. The resulting pellet was resuspended in ul-
trapure water. This centrifugation process was repeated twice to ensure
the elimination of the excess of CTAB.

The nanorod surface was further modified with the polymers PAH
and PEG. For this, the CTAB was removed by mixing the nanorods with
chloroform and stirring vigorously for 15 min. The system was kept
undisturbed to allow phase separation. The aqueous phase containing
the nanorods was collected and analyzed by zeta potential to ensure that
CTAB was majoritary removed. The nanorods were then immediately
mixed with the same volume of a 1 mg mL ~! PAH or PEG solution under
constant stirring for 12 h. Finally, the system was washed twice by
centrifugation at 8000 g for 5 min and then resuspended in ultrapure
water.

The concentration of the resulting PAH or PEG-coated AuNRs for the
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experiments were standardized by their optical density at the longitu-
dinal absorption and their extinction cross section.

The morphology and sizes of the particles were determined by
transmission electron microscopy (JEOL JEM-2100, 200 kV). Particles
were further characterized by ultraviolet—visible-near infrared
(UV-vis-NIR) spectroscopy (Hitachi U-2900). Dynamic light scattering
and the surface charges of the particles were peeformed in triplicate at
room temperature using Nano-ZS, Malvern Instruments. The zeta po-
tential measurements of the PAH or PEG-coated AuNRs were evaluated
in ultrapure water pH = 5,5.

2.2. Membrane extraction protocol

The next steps were performed on ice or at 4 °C and all buffers
contained complete protease inhibitor (Roche).

F C3H and HTC cell lines supplied by Cell Bank Rio de Janeiro (Rio
de Janeiro, Brazil) were used for the in vitro experiments. Each cell line
(1 % 10° mL) was incubated in Dulbecco’s Modified Eagle’s Medium
(DMEM) culture medium with 10 % bovine serum in 5 % COy atmo-
sphere at 37 °C. The medium was renewed 1-2 times per week with a
subcultivation ratio of 1:2 to 1:4. Cell growth was monitored using a
Zeiss microscope with a 10x objective. All processes were performed in
a laminar flow hood. It is important note that F C3H is a primary cell line
obtained from a normal adult C3H/Hej mouse according to Cell Bank
Rio de Janeiro - Brazil specifications and its most used name is C3H/He.

Cells were removed from the flasks (total of —4 x 107 cells = 2 flasks
of 75 em?), followed by two rounds of washing in phosphate buffered
saline (PBS). They were incubated in a lysis buffer (255 mM sucrose), 20
mM 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), 1
mM (Ethylenedinitrilo)tetraacetic acid (EDTA) pH 7.4 and homogenized
using a tip sonicator for 10 min at 25 % amplitude, followed by sedi-
mentation by centrifugation at 300 g and 4 °C for 10 min. The super-
natant was centrifuged at 10.000 g for 20 min to remove cell debris and
nuclei. The supernatant was further centrifuged at 100.000 g for 2 h
using an ultracentrifugation process. In order to eliminate protein
complexes, the pellet fraction was resuspended in a 40 % sucrose
cushion solution with a density of 1.12 g/mL and the the solution was
ultracentrifuged at 100.000 g for additional 2 h. Although high-density
extracellular vesicles infiltrated the cushion during subsequent ultra-
centrifugation, proteins remained in the supernatant. The pellet, which
contained the crude membrane, was resuspended in PBS buffer and
sedimented using the same ultracentrifugation conditions. Finally, the
pellet was resuspended in PBS. The cell membrane purification process,
adapted from Ref. [27], is summarized in Scheme 1. An aliquot was
collected after each step for analysis, as illustrated below.

2.3. Membrane characterization

BCA protein assay was performed according the Pierce™ BCA Pro-
tein Assay Kit instructions from Thermo Fisher Scientific. This method
combines the well-known reduction of Cu™? to Cu™! by protein in an
alkaline medium (the biuret reaction) with the highly sensitive and se-
lective colorimetric detection of cuprous cations (Cu™) using a unique
reagent containing bicinchoninic acid. The purple-colored reaction
product of this assay is formed by the chelation of two molecules of BCA
with one cuprous ion, and it exhibits a strong absorbance at 562 nm that
is nearly linear with increasing protein concentration over a broad
working range (20-2000 pg/mL). Each standard or unknown sample (25
pL) was replicated into a microplate well (working range = 20-2000 pg/
mL). The working reagent (200 pL) was added to each well and the plate
was mixed thoroughly on a plate shaker for 30 s. The plate was then
covered and incubated at 37 °C for 30 min. The plate was cooled to room
temperature and the absorbance near 562 nm was read using a micro-
plate reader spectrophotometer.
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Scheme 1. Schematic of the cell membrane protocol used in this work. The protocol was adapted from Ref. [27].

2.4. Langmuir monolayers

Surface pressure per area (and time) measurements were performed
using a mini-Langmuir trough from KSV-Nima Technology Ltd., which
was made from poly(tetrafluoroethylene) and equipped with two bar-
riers of the same material. The maximum surface area of the trough is
98.000 mm?. The surface pressure was measured with a Wilhelmy plate
of wet filter paper suspended from a strain gauge. Before spreading the
lipids, the surface of the trough was cleaned with chloroform and then
with ethanol followed by water to remove any excess solvent. Subphase
solutions with or without nanoparticles were added to the trough and
the temperature was maintained at 21 + 1 °C. The monolayers were
produced by spreading 6 pL of the F C3H or HTC membrane samples
diluted in chloroform:methanol using a Hamilton syringe. These
monolayers were allowed to reach equilibrium for 2 h before compres-
sion. In the hysteresis experiments, the barriers were compressed and
decompressed at a rate of 10 mm min ! until the surface pressure
reached 50 mN m ™2, for 6 successive cycles. F C3H and HTC monolayers
were investigated in presence of AUNP (—6 x 10'! particles/mL) and
AuNR and AuNR-PEG concentrations of approximately 2 x 102 parti-
cles/mL. In order to analyze the in-situ interaction of the F C3H and HTC
monolayers and nanoparticles, 2 h adsorption kinetics were performed
on expanded monolayers, followed by compression-decompression ex-
periments. Langmuir monolayers where chosen as suitable technique to
try understand the molecular interface between extracted lipids and
nanoparticles, it means that the differences in lipid behavior as used to
observe such effect. Although their extensively use, Langmuir results
does not provide any information about the curvature effect or
membrane-biomolecules activeness due to their experimental and
theoretical limitations, in this case, other techniques should be included
together to evaluated these effects.

2.5. Isothermal calorimetry titration (ITC)

All ITC experiments were performed with a MicroCal 200 instru-
ment. The gold nanorods were titrated into a membrane in a buffer so-
lution (1 mM Tris—HCI, pH = 7.4) at 25 °C. The first injection was 0.4
uL, followed by a series of 2 pL injections. Control experiments were also
carried out by titrating nanorods at the same concentration into the
buffer. The concentration of nanorods used in these experiments was
approximately 1072° particles/mL of AuNR and 10~ particles/mL of
AuUNR-PEG. The membrane was extracted as described above and re-
suspended in 200 pL of buffer solution. The nanorods were dialyzed
48 h prior the measurement to be in the same buffer as the extracted
membranes. The final curves were obtained using Origin software

supplied by Malvern.

2.6. Atomic force microscopy (AFM)

The samples from the ITC experiments and the samples of F C3H,
HTC, AuNPs, and AuNRs were processed and investigated by AFM under
the same conditions. To preserve the cells’ morphologies, the samples
were measured under humidity. For the imaging, 5 pL of the membrane
suspension was dropped onto a freshly cleaved mica surface and left to
dry for 2 h at 25 °C. The mica surface is used in membrane AFM imaging
because of its hydrophilic character and atomic flatness. Images were
collected using a FLEX-AFM atomic force microscope (Nanosurf,
Switzerland) operated in intermittent contact mode. A silicon cantilever
Tap300-G from Budget Sensors with a spring constant of 40 N/m was
used. All experiments were performed at room temperature.

3. Results

Fig. 1(a—g) show the characterization of the AuNPs and AuNRs. Ac-
cording to the UV—vis spectra [Fig. 1(f)], the plasmon bands of the PAH
or PEG-coated AuNRs exhibited a bands centered at 500 nm and 900 nm.
The size and morphology of the AuNRs were confirmed by the TEM
image [Fig. 1(a)] and histograms [Fig. 1(b) and (c)], which revealed
transversal and longitudinal sizes of 18.3 nm and 50.5 nm, respectively,
with an aspect ratio (length/width) of approximately 2.8 nm. Mean-
while, the TEM image of the AuNPs showed the standard AuNP shape
[Fig. 1(d)], and the particles had an average diameter of 14.4 nm ac-
cording to Fig. 1(e). The surface charges of the nanoparticle and mem-
brane samples were compared by zeta potential measurements [Fig. 1
(g)]. The zeta potential of the AuNPs and AuNRs was approximately +35
mV, suggesting stable and positively charged nanoparticles, whereas
both membrane samples presented a negative surface charge of
approximately —10 mV. Only the PEG-coated AuNRs were a closer to a
neutral charge, approximately 9 mV.

The concentrations of cell membrane proteins were estimated by
bicinchoninic acid (BCA) assay. The results indicated that 428 pg/mL
and 590 pg/mL of protein was extracted from ca. 4 x 107 F C3H and HTC
cells, respectively. Planar chromatography with flame ionization
detection was used to characterize the lipid classes extracted from the F
C3H and HTC membrane cells. Fig. 2(a—c) show the qualitative results of
the lipid classes obtained from the samples.

From Fig. 2(a), six lipid class cell membranes extracted from F C3H
cells are identified: approximately 3 % triglycerides (TAG), 11 % free
fatty acids (FFA), 15 % free aliphatic alcohol (ALC), 2 % sterol (ST), 6 %
mobile polar lipids in ketone (MPL), and 62 % phospholipids (PL). In



J. Cancino-Bernardi et al. Materials Today Communications xxx (xxxx) xxx

Nanoparticles characterization

(b) sof - (c)= .
wl 25
g 30} g%
g g 15}
20}
£ £ 10
10f 5
0 . 0
5 10 15 20 25 30 35 30 40 50 60 70
Width (nm) Length (nm)
(€) 40} —
30}

Frequency
]
o

10
0
0 10 20 30
Diameter (nm)
(9) 41
304
< 20+
< 10
= | |
s of— T T T '
2 NP-PAH NR-PAH  NR-PEG HTC FC3H
i
-104
400 600 800 1000
wavelength (nm) -204
-304

Fig. 1. TEM images and histograms of (a, b, ¢) AuNRs and (d, e) AuNPs determined by measuring approximately 150 particles using the software ImageJ. (f) UV-vis
spectra and (g) zeta potential values of the AuNRs and AuNPs.
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Fig. 2. Lipid classes: triglycerides (TAG), free fatty acids (FFA), free aliphatic alcohol (ALC), sterol (ST), mobile polar lipids in ketone (MPL), and phospholipids (PL)
found in (a) F C3H and (b) HTC membrane samples. (c¢) Representative planar chromatogram from phospholipid (PL) class.

contrast, in HTC cell membranes, only three classes of lipids are iden- Surface pressure was monitored as function of time to determine the
tified: 16 % ALC, 10 % MPL, and 74 % PL (Fig. 2(b)). For both cells, minimum period necessary to obtain a stable monolayer. The kinetic
phospholipids represent the majority [Fig. 2(c)], and it is in line with the profiles were observed for a period of 2 h to avoid evaporation of the
literature, which reported at least 60 % phospholipids in an animal cell subphase, which could affect the biointerface. Fig. 3(a) presents the
line [14]. kinetics graphs for the F C3H and HTC monolayers. While HTC forms a
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Fig. 3. (a) Adsorption kinetics graphs, (b) Langmuir isotherms, and (c¢) compression-decompression isotherm cycles of F C3H and HTC membranes cells as
monolayers at the air-water interface. Lipid artangement of the membrane samples as monolayers are illustrated in (d) and (e). Changes in the surface pressure vs
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stable monolayer right after its spreading on the water subphase, F C3H
shows a decreasing of the surface pressure with time. The barriers were
then closed at a rate of 10 mm min ™" to obtain a compressed monolayer,
as observed in the Langmuir isotherms of Fig. 3(b). (¢) shows the sta-
bility of both monolayers throughout the compression-decompression
cycles. In the first cycle, the F C3H membrane was unstable during
decompression, with a decrease in molecular area from 50 A%to40A%at
a surface pressure of 20 mN/m. This decrease was more pronounced
when the monolayer was subjected to multiple cycles, reaching a mo-
lecular area of 30 AZ at the same pressure. Based on that, one can ilu-
strate the possible membrane arrangements [Fig. 3(d) and (e)].

Fig. 4(a) and (b) compares the surface pressure as function of mo-
lecular area for the F C3H and HTC monolayers in the presence and
absence of the AuNRs and AuNPs. The surface pressure by time plots are
presented in Fig.SI-1 and were used to evaluate changes in the isotherms
and surface pressure profiles induced by the presence of the AuNRs and
AuNPs in the subphase. Moreover, samples from the subphases con-
taining the AuNR and AuNP particles were collected and their zeta po-
tential values were measured to check possible interactions between
both systems.

Fig. SI-1a shows that the F C3H monolayer presents the highest
difference in surface pressure, from Ax = 4 mN/m to Az = 1 mN/m after
the introduction of either AuNPs or AuNRs into the subphase. This
suggests that the F C3H monolayer was affected by the presence of
nanoparticles, becoming apparently more stable over time. This was
probably because of the existence of more apolar lipids in the F C3H
membrane that were preferably organized at the subphase in the pres-
ence of the nanoparticles after their interaction. Similar behavior was
observed in the HTC monolayer, as shown in Fig. SI-1b, although not to
the same extent. Those effects are more noticeable in the isotherm re-
sults shown in Fig. 4(a) and (b).

The compression-decompression cycles were performed to check the
particle/membrane interaction, and the results are shown in Fig. SI-2.
To evaluate whether the charge of the nanoparticle coating has an in-
fluence in the interaction, we used PEG-coated gold nanorods (AuNR-
PEG) and the results are shown in Fig. 5.

Fig. 5(a) and (b) show significant differences in the F C3H and HTC
monolayers containing AuNR-PEG in the subphase compared to the
AuNR-PAH. First, the kinetic process behavior (Fig. SI-3), which reveal
an increase in the surface pressure with time, is the opposite of that
observed for the non-PEG-coated AuNR system (Fig. SI-1). Moreover, the
F C3H monolayer acquired stability before the HTC monolayer in con-
tact with AuNR-PEG. Indeed, an initial surface pressure of 6 mN/m was
observed for the F C3H monolayer as compared to 4 mN/m of surface
pressure obtained for HTC. Fig. 5(a) shows that the molecular area of the
F C3H monolayer decreased to at least 60 A%at15 mN/m, behavior that

(a) (b)
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is similar to that observed in the previous system. The zeta potential
value of the subphase showing a value of —4.77 mV, lower when
compared to the zeta potential of AuNR-PEG +9.66 mV. A similar
interaction is also obseved for HTC monolayer (zeta potential value of
—7.67 mV). AuNR-PEG had a greater influence on the HTC monolayer,
with an increase of 30 A2 in molecular area at 10 mN/m compared to 5
A? for positive AUNPs or AuNRs at the same pressure.

The binding energy of the membrane samples and nanomaterials was
determined by the thermodynamic parameters obtained by ITC mea-
surements and AFM phase images were used to confirm these in-
teractions. Representative titration curves and AFM phase images of F
C3H and HTC binding with AuNRs-PAH are shown in Fig. 6.

The AuNRs-PAH were titrated in a buffered solution and no signifi-
cant heat was released or absorbed (Fig. SI-4). It is important to
emphasize the concentrations of the extracted membranes cannot be
accurately determined and, therefore, we report here the thermody-
namic trends. Raw data from the titration of AuNR-PEG into the
extracted membranes showed no interaction [see Fig. SI-5(a)], which is
probably due the low surface charge and wettability of PEG molecules,
which creates a barrier of water molecules, hindering the interaction
[28,29]. AFM phase images confirmed the absence of interaction as both
membranes maintained most of their original conformation [Fig. SI-5
(®)].

Contrarialy, when AuNRs-PAH are titrated into F C3H or HTC
membrane samples [Fig. 6(a) and (d)], significant endothermic peaks
followed by small exothermic peaks are observed. This kind of ITC
thermogram is not typical, and it can be attributed to the heterogeneity
of the samples. The saturation is delayed for both exothermic and
endothermic peaks in the HTC thermogram compared to the F C3H.
These thermodynamic differences were visible in the AFM phase images
taken before and after the titration measurements. When AuNR was
added to the F C3H sample, the vesicle domains initially observed in
Fig. 6(b) were broken [Fig. 6(c)]. On the other hand, for HTC vesicles, a
reduction in their size after the AuNR titration, followed by an aggre-
gation process, are observed as shown in Fig. 6(e) and (f).

4. Discussion

The organization of the lipids extracted from healthy and cancerous
cells as monolayers was evaluated. The choice of cells was based on
differences in their lipid composition, that is, cancer cell membranes are
known to be more hydrophilic because of the glycolipids in their
structure as compared to the healthy ones [25]. The results reveal a
significant difference in composition between healthy cell membranes
and cancerous ones, which in turn can influence their stability in solu-
tion and in a subphase. The literature reports the existence of larger

()

—HTC

*HTC + NR-PEG

o
HTC

C-potential (mV)

A
-PEG

FC3H+ NRodA{EG d

NRod-PEG
FC3H 4

"
'
=
o
n

HTC +N

.
K
.
N

T

5 35
. e FC3H = = 1
E 40 b - - -FC3H + NR-PEG E H
S Z 25F 3
£ = ol 3
s of v 20f 2
@ 20} 5
= o
S (]
ol Qo
£ 10} "g
g w
N ;
0 20 40 60 80 100 120 S

molecular area (A%)

60
molecular area (Az)

L 1
80 100 120

Fig. 5. Surface pressure-area isotherms of (a) F C3H and (b) HTC monolayers with ~10° particles/mL of AuNR-PEG in the subphase. (c) Zeta potential values
obtained from the subphase of the Langmuir trough containing nanoparticles after compression of the monolayer.



J. Cancino-Bernardi et al.

(@)

Materials Today Communications xxx (xxxx) xxx

AuNR_PAH FC3H membrane
0.40 4
8}
& 020
=
©
o
=3
0.00 4
T 1 T 1 T -1 1 ~1 71
0 10 20 30 40 50 60 70 80
Time (min)
= AuUNR_PAH HTC membrane
0.60
0.40 4
[+3
2
[} 0.20 4
=
0.00 4

LI L T L T A AL N L N DL . I
0 10 20 30 40 50 60 70 80 90 100110120130
Time (min)

Fig. 6. ITC raw data from the titration of AuNR into (a) F C3H and (d) HTC membrane samples. The ITC experiments were conducted in 1 mM tris—HCI buffer at pH
= 7.4. AFM phase images of the membrane samples F C3H and HTC (b,e) before and (c,f) after the titration of AuNR.

amounts of carbohydrate residues in cancer cell membranes, which can
create asymmetry in the cell membrane. These same residues can create
an extra layer that covers the outer surface of the membrane, which
changes the surface charge and membrane fluidity [31]. The planar
chromatography results showed a prevalence of nonpolar lipids in the F
C3H membrane sample. These types of lipids can create an apolar
environment on the membrane surface as compared to the HTC sample
lipids. The surface charge difference between both membranes is also
reflected in the zeta potential values: —10.9 mV for F C3H and —12.9 mV
for HTC. According to previous results, there are significant differences
in the electrical charge and lipid composition of healthy and cancerous
cells due to the outer layer of carbohydrate residues in this last one,
which can change the charge by 1 or 2 mV'®. Moreover, cancerous cells
also present a mass ratio of phosphatidylcholine and phosphatidyleth-
anolamine phospholipids higher than the healthy ones. The latter was
observed in our results, which showed 74 % phospholipids in the
cancerous cells as compared to 62 % in the healthy ones. Differences in
membrane composition can result in serious metabolic disturbances. For
example, an increase in the number of phospholipid molecules in the cell
membrane results in an increased number of amino, carboxyl, and
phosphate groups, which can change the pH of the environment near the
cell [32].

F C3H monolayer showed a well-defined isotherm profile with an
increased surface pressure activity along the molecular area and a
transition phase around 30 A? The latter can be attributed to the
presence of double bonds in some lipid and phospholipid molecules of
the membrane, which could result in lower cohesion between the carbon
chains, typical in synthetic lipids. In the molecular area around 40 A2 a
transition phase is observed for the F C3H monolayer and it is similar to
the transition phase between the gaseous and cohesion states. According
to Langmuir theory’s, this is a typical monolayer that behaves as a
duplex film in which the polar end groups are in a two-dimensional
state, whereas the attractive forces between the carbon chains retain a
cohesive monolayer [33,34].

In contrast, the HTC monolayer presents a profile close to the

expanded—condensed liquid phase, without any transition phase. This
can be related to the smaller number of apolar lipids in the HTC mem-
brane as compared to the F C3H sample. Moreover, the number of hy-
drophilic molecules, for example, sugars or carbohydrates, could make
this monolayer more oriented to the aqueous subphase, as illustrated in
Fig. 3(d) and (e). Compression—-decompression cycles were performed to
assess how the F C3H and HTC membranes behave across a physical
disorder. The loss of stability during cycling suggests that the F C3H
monolayer was becoming a vesicle, leaving the interface to the sub-
phase. Although F C3H was unstable during cycling, the F C3H iso-
therms had an uniform profile in terms of surface pressure as a function
of molecular area. With respect to the HTC monolayer, it showed stable
performance over the compression—decompression cycles; that is, the
monolayer formed by the HTC membrane remained stable at the air—
water interface and did not exhibit any hysteresis.

A significant difference in the surface pressure was observed when
AuNPs or AuNRs were added to the subphase. Two distinguishing be-
haviors for the HTC and F C3H monolayers in the presence of AuNPs or
AuNRs were observed. The F C3H monolayer isotherms - in the presence
of both AuNPs and AuNRs - showed a decrease of almost 60 A2 1o a
smaller molecular area. The two possible explanations are:

i) AuNPs and AuNRs may induced condensation of the monolayer, i.
e., at a given pressure, such as 10 mN/m, fewer molecules remained per
area as compared to the F C3H monolayer without nanomaterials. Ac-
cording to Davis, this is known as a threshold area, when the molecular
forces remain small for each molecule [34]. In this case, the area
decreased because the monolayer was almost in a solid state. A possible
explanation is the existence of islands between the lipid molecules and
nanoparticles in the subphase, resulting in strong cohesion between the
hydrocarbon chains;

ii) Another hypothesis is the formation of vesicles composed by
phospholipds (from the monolayer) and nanoparticles, that can migrate
from the interface to the subphase, as illustrated by Fig. 3(d) and (e). In
this case, the monolayer-nanoparticle interaction is strong enough to
allow the formation of an F C3H bilayer around the AuNRs and AuNPs.
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Moreover, the remaining lipids can be organized as a condensed
monolayer that is almost solid. The zeta potential values obtained for F
C3H/AuNR and F C3H/AuNP systems is an indicative of vesicles for-
mation, as shown in Fig. 4(c). Comparing the AuNR zeta potential
values, a variation of values from +35 mV to +29 mV in the presence of
F C3H membranes was observed. This decrease may be associated with a
negative “extra layer” around the AuNRs, which is acceptable since the
zeta potential value of the F C3H membrane was —11 mV. The same
behavior was observed for the interaction between the F C3H monolayer
and the AuNPs. There was a decrease in the zeta potential value of this
system from +37 mV to +30 mV. Fig. 4(d) and (e) show illustrations of
these interactions.

On the other hand, the AuNP and AuNR particles induced a shift in
the HTC monolayer for large molecular areas of at least 6 A? and 10 a
surface pressure of 10 mN/m. In this case, there was probably some kind
of interaction between the particles and the monolayer that allowed
these increases in the molecular area values. Even with this interaction,
the adsorption at the surface of the particles was also remarkable, as
observed by the zeta potential values in Fig. 3(c). A reduction of the zeta
potential value from +35 mV to +30 mV was found for the HTC/AuNR
system and that from +37 mV to +23 mV was found for the HTC/AuNP
system.

The compression—decompression curves with F C3H and HTC
monolayers in presence of the nanoparticles showed no significant
surface pressure or molecular area shift for AuNRs or AuNPs. It is
interesting that both types of particles have the same behavior, indi-
cating that the morphology did not have a significant impact on this kind
of interaction; only the membrane composition affected the results.
Therefore, differences in morphology — spherical or rod shape — did not
have a significant influence on the bio-nano interface, as observed in
Fig. 4(a) and (b). The charge influence of those particles were investi-
gated using the PEG functionalization that has been extensively used to
extend the in vivo blood circulation time of particles and to improve their
passive and active accumulation in tumors [35]. This investigation
suggests that AuNR-PEG has significant interaction with the F C3H
membrane. The hypothesis is that the interaction of the F C3H mono-
layer with the AUNR-PEG resulted in the formation of vesicles and that
the remaining lipid molecules at the interface formed a condensed,
almost solid monolayer, as revealed by our zeta potential values. HTC
monolayer became less stable with AuNR-PEG because of variations in
the compression-decompression cycles. It is interesting that the F C3H
and HTC monolayers had similar isotherm results for AuNRs, AuNPs,
and AuNR-PEG. However, AuNR-PEG present greater influence on the
HTC monolayer, indicating that the surface charge had more influence
on the bio-nano interface when compared to the morphology.

The binding of membrane samples and nanomaterials was deter-
mined by the thermodynamic parameters obtained by ITC measure-
ments, and confirmed by AFM images. In both systems, the exothermic
peak can be related to the electrostatic attraction that overcomes the
solvation layer of water molecules, whereas the endothermic peak can
be related to the movement of water molecules and the rearrangement of
lipids [28]. HTC has more proteins and consequently more sites of in-
teractions with the nanorods as compared to F C3H. Therefore, F C3H
saturation occurred earlier because of the absence of sites to interact.
The Langmuir results showed the same trends. The change in the
isotherm profile of the F C3H monolayer was related to the high lipid
content, causing packed domains when in contact with the AuNRs. The
expansion that occurred in the HTC monolayer with AuNRs was related
to the high polarity and the attraction between the particles. The iso-
therms of HTC with AuNR-PEG systems showed more expansion as
compared to HTC with AuNRs because of the PEG wettability, which
goes to the interface with molecules of water. However, there was no
interaction in ITC experiments with AuNR-PEG because the water
movenient was not energetically favored in solution.
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5. Conclusion

In summary, we can state from the results discussed herein that
AuNRs, AuNPs, and AuNR-PEG significantly altered the organization of
reconstituted F C3H and HTC membranes as monolayers. For F C3H
membranes, in particular, the nanoparticles tended to carry the mem-
brane into the solution, causing dissolution of the monolayer, and the
remaining monolayer was shown to be highly organized into domains.
The results suggested that the nanoparticles altered the packing of the F
C3H lipids, forming a bilayer into the subphase. A similar phenomenon
was observed for HTC monolayer, but the nanoparticles were still able to
interact with the membrane, thus expanding the monolayers. These
results mean that initially there is an adsorption of nanoparticles on the
surfaces of the cells because of the interaction with the lipids, leading to
further incorporation. Furthermore, the differences in terms of the hy-
drophilic or hydrophobic behavior of each membrane were fundamental
to these interactions. This study model using real membrane showed
that the major limitant for this interaction is the membrane composition
and the nanoparticle functionalization, not the nanomaterial shape.
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