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Abstract

Gold nanoparticles (AuNPs) are considered suitable systems for drug delivery and diagnostics with
several applications in biomedicine. Size, shape and surface functionalization of these nanoparticles
are important parameters influencing their behavior in a biological environment. This study describes
the preparation and the characterization of lysophosphocholine coated AuNPs by means of Small
Angle Neutron Scattering (SANS), Electron Paramagnetic Resonance (EPR) and Fluorescence
Spectroscopy. In particular the structure of the functionalized AuNP suspension, as well as the
physical properties, of the nanoparticle organic coating are discussed.

The experimental results indicated that functionalized lysophosphocholine-AuNPs form aggregates,
which are composed by nanoparticles with core-shell structure. Nevertheless, the nanoparticle
suspension resulted to be stable, without significant structural rearrangements even when the
temperature was increased to 50 °C. At the same time, experimental evidences also suggested that the

18LPC layer around AuNPs presented a reduced chain packing compared to pure 18LPC aggregates.
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1. Introduction

Inorganic nanoparticles of different metals and metal oxides are used in nanomedicine,
biotechnology, nanotechnology and electronics, catalysis and other industrial applications such as
food packaging [3-5]. Several synthetic protocols were proposed to prepare inorganic nanoparticles
(NPs) with suitable properties according to their final application [6-10]. However, there are still
several concerns about the NP impact on the environment and on the human health. In the attempt to
elucidate the actual toxicity of the NPs, many in vitro and in vivo studies were performed [11, 12]; as
the main conclusion of these studies the physical properties of the NPs such as size, shape and surface
functionalization appeared to be important parameters influencing their behavior in a biological
environment [13, 14]. In particular, the morphology and the composition of the shell coating the
inorganic NP surface had a great impact on the interaction with biological systems, e.g. proteins and
cell membranes [15-18].

Among the different kinds of nanoparticles, gold nanoparticles (AuNPs) were intensively studied [19,
20]. Historically, they were among the first types of NPs to be synthesized and nowadays several
synthesis protocols are available in the literature to produce AuNPs with tunable size and shape [21-
23]. AuNPs are characterized by a poor stability in water suspension unless their surface is suitably
coated. Different kinds of organic coatings were identified to preserve the colloidal stability of the
nanoparticles and to improve their biocompatibility [29, 30]. Particularly interesting is the use of
phospholipids to produce an amphiphilic coating on the NP surface [31, 32]. This type of
functionalization was achieved by two different approaches: 1) the phospholipid molecules were
introduced on the NP surface by hydrophobic interaction with a pre-formed coating layer of different
composition, thus producing a hybrid bilayer; 2) the phospholipid molecules were used to coat bare
NPs, which produced a symmetric bilayer on the NP surface [33]. Recently, approach 1) was
implemented for successfully functionalizing NPs with lysophosphocholine (LPC) molecules [34].
LPC-functionalized NP suspensions are attractive systems according to the recent interest in the use

of zwitterionic amphiphilic molecules to coat inorganic NPs for biomedical applications [35-37].



In this work, a physico-chemical approach based on the combination of scattering and spectroscopy
techniques was used to characterize LPC-functionalized AuNPs. In particular, Small Angle Neutron
Scattering (SANS) provided information on the overall structure of 18LPC/NPs in aqueous
suspension. On the other hand, Electron Paramagnetic Resonance (EPR) and fluorescence
spectroscopy provided complementary information on the morphology and of the 18LPC coating.
18LPC aggregates were used as a reference to compare the different self-assembly behavior of 18LPC

molecules in water and in the functionalized AuNP suspension.



2. Materials and Methods

2.1 Materials

Gold(I) chloride solution (99.99% trace metals basis, 30 wt. % in dilute HCI), oleoylamine
(OAM,CoH18=CgoH17NH2,70%), ethanol (>98%) , hexane (>98%), spin-labelled n-doxyl-stearic acid
(n-DSA, n =5 and 16) with the nitroxide group at different positions, n, in the acyl chain, and 6-
Dodecanoyl-N,N-dimethyl-2-naphthylamine (LAURDAN, >97.0%) were obtained from Sigma
Aldrich. 1-stearoyl-2-hydroxy-3glicero-sn-phosphocholine (18LPC C2sHsaNO7P, >99%), was

purchased from Avanti Polar Lipids (Birmingham, AL, USA) and stored at —20 °C.

2.2 Synthesis and Functionalization of Au-NPs

AuNPs were synthesized according to the method proposed by Choi et al [38]. In detail, 50 uL of
HCI solution of HAuCl4 (30 % w/w HCI and 17% w/w Au (111)) and 1.5 mL of oleylamine were
mixed together in a three-neck flask; in this protocol the oleylamine is used both as solvent and
stabilizing agents for the nanoparticles. The solution was initially heated at 60 °C for 15 min under
argon atmosphere and subsequently stirred at 120 °C for 30 min and then at 210 °C for 1h
(Supplementary Material, Figure S1). After 1.5 h, the flask was removed from the heater and cooled
to room temperature. The suspension was treated with ~15 mL of ethanol and centrifuged at 5000
rpm for 10 min to remove the undesired components. Au-NPs coated with oleylamine were obtained
as a solid precipitate and subsequently were dispersed in 5mL of cyclohexane. AUNP suspension in
cyclohexane was characterized by Dynamic Light Scattering (DLS). The results of this
characterization are discussed in the Supplementary Material.

Stable aqueous suspensions of AuNPs were obtained upon functionalization with 18LPC molecules
According to the recently proposed protocol [34, 40], 1 mL of AuNPs cyclohexane suspension was
stratified over 1 mL of the 18LPC water solution (4-10° m concentration). The resulting biphasic

system was sonicated at 50 °C for about 2h in order to promote cyclohexane evaporation and the



transfer of the AuUNPs in the aqueous phase, where they are stabilized by the 18LPC coating (named
hereafter 18LPC/AuNPs). 18LPC molecules are hypothesized to orient themselves with the
hydrophabic tail in the direction of the oleylamine layer, while the hydrophilic head is exposed toward
the water. The adopted functionalization strategy does not require any purification step leading

directly to the obtainment of the functionalized AuNPs.

2.3 Small Angle Neutron Scattering (SANS)

SANS measurements were performed on D22 at the Institut Laue Langevin (ILL), Grenoble (France).
Neutrons with a wavelength spread A4/4 <0.2 were used. A two-dimensional array detector at three

different  wavelength  (W)/collimation  (C)/sample-to-detector(D)/distance ~ combinations
(WsAC28mD1.4m, WeACs.6mDs.6m and WeAC17.6mD17.6m) Was used to measure neutrons scattered from

the samples. These configurations allowed collecting data in a range of the scattering vector modulus
q=4r/Asin(6/2) between 0.002 A1 and 0.59 A1, with @ being the scattering angle. The
investigated systems were contained in a closed quartz cell, in order to prevent the solvent
evaporation. The raw data were then corrected for background and empty cell scattering.

The obtained absolute scattering cross sections dX/dQ data were plotted as function of g. Generally,

the dependence of d=/dQ from the scattering vector can be summarized as in equation 1.

%=¢pvpp<q)8(q)+bkg )

where ¢,, V,, P(q), S(q) represent the volume fraction of the particles, the particle volume, the

form and the structure factor of the scattering particles respectively, while bkg is the background,
largely dependent on any hydrogen present. The form factor is responsible for the shape, size, size
distribution of the scattering particles, while a contribution of the structure factor can be considered

when an interparticle correlation exists. The structural information contained in both the form and the



structure factor can be extrapolated by choosing an appropriate model to fit the obtained experimental

data [41].

2.4 Electron Paramagnetic Resonance (EPR)

EPR spectra were recorded with a 9 GHz Bruker Elexys E-500spectrometer (Bruker, Rheinstetten,
Germany). The samples were transferred in capillaries and subsequently placed in a standard 4 mm
quartz sample tube containing light silicone oil for thermal stability. All the measurements were
performed at 25 °C. Spectra were recorded using the following instrumental settings: sweep width,
120 G; resolution, 1024 points; time constant, 20.48 ms; modulation frequency, 100 kHz; modulation
amplitude, 1.0 G; incident power, 6.37 mW. Several scans, typically 64, were accumulated to improve
the signal-to-noise ratio. Samples for EPR measurements were prepared by adding 1% mol/mol of n-
DSA (n= 5 or 16), as spin-labels, to the 18LPC solution used for AuNPs functionalization. n-DSA
are amphiphilic molecules, like to mono-chained lipids, bearing a radical nitroxide group close to the
hydrophilic headgroup (5-DSA) or, alternatively, close to the terminus of the hydrophobic tail (16-
DSA). Whenever inserted in supramolecular aggregates formed by other amphiphiles, n-DSA
monitors the structure and dynamics of the aggregate/aqueous medium interphase, also furnishing
information about the microstructural organization of these amphiphiles. Particularly, 5-DSA shows
an almost isotropic three-line spectrum when embedded in micelles [42, 43], while a well-resolved
anisotropic line shape is observed for vesicles [43]. A quantitative analysis of n-DSA spectra for all
lipid samples was realized determining the acyl chain order parameters relative to the bilayer normal,

S, and the isotropic hyperfine coupling constants for the spin-labels in the membrane, ay, , through a

home-made MATLAB-based software routine.

2.5 Fluorescence Spectroscopy



Fluorescence spectra were collected with a Fluoromax 4 (Horiba-JobinYvon, France)
spectrofluorimeter. Temperature was controlled to 25 °C by a thermostat connected to the cuvette
holder. Experiments were performed in 3x3 mm quartz cells, using the following conditions:
excitation wavelength 365 nm; emission wavelength 380-650 nm; data interval 1 nm; bandwidth 2
nm in excitation and 3 nm in emission, integration time 1 s.

Samples for fluorescence spectroscopy were prepared by adding the fluorophore to the 18LPC/AuNP
suspension. In details, 18LPC/AuNPs suspension was diluted in water to a 18LPC concentration of
250 uM, and subsequently LAURDAN was added from a concentrated methanolic solution to a final
concentration of 0.5 uM. The methanol concentration in the final sample was below 2% (v/v),
ensuring a negligible effect on the stability of the organic coating [44]. The concentration of the
LAURDAN stock solution was determined by absorbance, using a molar extinction coefficient of

20000 Mcm™ at 364 nm[45].

3. Results

3.1 SANS characterization

SANS measurements were performed to investigate the structural organization of 18LPC/AuNPs at
three different temperatures (20 °C, 37 °C and 50 °C). Figure 1 (panel a) shows the collected

experimental data together with the corresponding fitting curves.
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Figure 1 - SANS data collected for 18LPC/AuNPs in DO (panel a) and 18LPC in D0 at 20 °C, 37 °C and
50 °C as reported in the legend.

Inspection of the curves in Figure 1 led to the observation that the data trend was overall very similar
at the different temperatures, and consequently that 18LPC/AuNPs did not undergo any substantial
structural change when the temperature was increased up to 50 °C. This observation suggested
relevant thermal stability of the system. The quantitative analysis of SANS data required the
identification of a suitable model to describe the scattered intensity vs q and to extract structural
information on the sample. In this specific case, preliminary information available on the sample were
used to identify different models, which were subsequently tested (see Supplementary Materials).
Indeed, DLS measurements highlighted the presence of nanoparticle aggregates in solution with mean
hydrodynamic radius (700 + 80) A. None of the explored models, which included a defined shape
and total size of the nanoparticle aggregates could properly fit the experimental SANS data and be in
agreement with the hydrodynamic radius obtained from DLS. This conclusion suggested that the
aggregates were formed by randomly oriented nanoparticles. Nevertheless, information concerning
the internal structure of the aggregate, i.e. isolated nanoparticle shape and size, were still contained

in the collected data.



NP aggregation is largely reported in the literature [34, 46, 47]; frequently the aggregates are
characterized by a randomly oriented structure, which can be described mathematically as a fractal
objects [48-50]. This description resulted to be the most appropriate to interpret the SANS data
collected on 18LPC/AuUNP suspension.

According to the model proposed by Teixeira [51], the intensity scattered by a fractal object can be
described by the combination of a form and a structure factor, which respectively describes the shape
of the repetitive unit and the interparticle interaction in the fractal. Specifically, SANS data were
analysed according to equation 1 with the form factor (P(q)) and the structure factor (S(q)) reported

in equation 2 and 3 respectively.[52]

B ) -2
SIN(QFore ) ~AVo e COS(QFegpe
3Vcore (pcore “Pshell ) I: ( zqr )3 ( ):I +
I:)core-shell (q):VLZ E)Sr(;n (qr )-qr COS(qr ):I (2)
_|_3V5he” (pShe” _pDZO ) shell shell . shell
i ( q rsheII )
S(@) =1+ Dr(n—g;l sin[(D-1)tan""(q§)] (3)

(qrnp)P

[”(qi’)z] ’

In this description the fractal structure was composed by aggregated 18LPC/AuNPs, which were
represented as spheres with core-shell structure. Vcore and Vsneit were respectively the volumes of the
gold core and organic shell of the nanoparticles with rcore being the core radius and rshen being organic
coating thickness. pcore, pshen and psov Were respectively the scattering length density of the
nanoparticle core and shell and the solvent. This latter was fixed to 6.34-108A2, which corresponded
to the scattering length density of D20. On the other hand, the scattering length density of
18LPC/AuUNPs was initially calculated on the grounds of the scattering length density of each
nanoparticle component (pau = 4.5:10°A2 poieyiamine = -1.7-107A2, praiec = 2.910A2) and

subsequently optimized during data fitting.



While P(q) takes into account the shape of 18LPC/AuNPs within the aggregates, S(q) describes how
they were arranged in space with respect to each other. In equation 3, D is the Hausdorff dimension
or the fractal dimension, and £ is the correlation length. This latter represents a characteristic length
in the fractal structure, which corresponded as the interparticle distance within the aggregate.

The above described model resulted to efficiently describe the collected SANS curves and the
structural parameters obtained from data analysis are summarized in Table 1.

As for the 18LPC/AUNP suspension, data were collected at the three temperatures 20 °C, 37 °C and
50 °C also in the case of 18LPC suspension. These experiments were performed to compare the
behavior of the two systems as function of the temperature.

As reported in Figurel, panel b, 18LPC aggregates exhibited evident structural changes at
temperatures higher than 20 °C. Indeed, in the high g-range (0.04-0.60A™) the three curves showed
similar trend, which was indicative of the presence of small aggregates. On the other hand, in the low
g range (0.015-0.002 A, the curves referring to 20 °C and 37 °C clearly exhibited a large increase
of the scattered intensity, while at 50 °C a constant scattered intensity value was measured. These
observations suggested that large aggregates are present only at 20 °C and 37 °C.

At room temperature, 18LPC molecules are known to form in aqueous medium both micelles and
large lamellar structures [53-55]. By increasing the temperature, the exclusive formation of micelles
in solution is promoted [53, 56]. Hence, the experimental data at 20 °C and 37 °C were analyzed by
summing two form factors accounting for the 18LPC micelles and the larger lamellar structures, while
a single form factor was used to analyze the data at 50 °C. The scattered intensity raised by the 18LPC
micelles was treated according to equation 1 with the form factor reported in equation 2 and structure
factor corresponding to 1. In the case of 18LPC micelle, the subscripts “core” and “shell” in equation
2 referred respectively to the hydrophobic core composed by the 18LPC acyl chains and the
hydrophilic outer shell composed of 18LPC polar headgroups.

The intensity scattered by the large lamellar structure was modelled as a power law, equation 4.

1(q) = ¢g~™ + bkg (4)



A suitable model to analyse scattering data from multilamellar structure is the lamellar paracrystal
model proposed by Bergstrom and co-workers [57]. In the present case a simpler model as the sum
of equation 2 and 4 was adopted to avoid overloading of fitting parameters in the model. Nevertheless,
by comparing the slope of the scattered intensity in the low-q region (m, power law exponent) for the
data collected at 20 °C and 37 °C (Table 1), the smaller value of m at 37 °C might imply a reduced

number of lamellae in the 18LPC large aggregates.

Table 1 - Structural parameters optimized from SANS data fitting for 18LPC and 18LPC/AuUNP suspensions
at 20 °C, 37 °C and 50 °C. The volume fraction of the NPs resulted to be 0.30+0.05 at all the explored
temperatures.

18LPC T=20°C T=37°C T=50°C
Micellar-core radius (A) 22 +3 23+1 22+ 2
Micellar-shell thickness (A) 9+2 9+4 10+3
micelle polydispersity 0.15+0.01 02+0.1 02%0.1
Power law slope 3.0x+0.2 26x0.1
18LPC/AUNPs T=20°C T=37°C T=50°C
NP core radius (A) 8+3 92 8+3
NP shell thickness (A) 24 £2 27+3 24 +2
NP polydispersity 0.23+£0.05 0.18 £0.03 0.28 £0.05
Correletion length (A) 133+5 137 +7 94+5
Fractal dimension 22+0.2 20+0.1 23+03

3.2 EPR analysis

Changes in lipid supramolecular ordering and dynamics in 18LPC/AuNPs were investigated by
analyzing the EPR spectra of DSA molecules spin-labelled on the n C-atom of the acyl chain (n-DSA,
n =5 and 16) which were incorporated in the 18LPC coating (1% by weight on total lipids). EPR
spectra of 5-DSA and 16-DSA in the lipid coating of AuNPs are shown in Figure 2. As reference, the
EPR spectra of 5-DSA and 16-DSA in pure 18LPC lipid aggregates are also reported. Particularly, 5-
DSA spectra present a clearly defined axially anisotropic lineshape, as generally observed for vesicles

[43]. On the other hand, the higher isotropy of the 16-DSA spectra with respect to those obtained for



5-DSA indicates an increased flexibility in the segmental chain mobility, going from the polar

headgroups to the inner hydrophobic core.

5-DSA R @ 16-DSA (b)
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Figure 2 — EPR spectra of 5-DSA (panel a) and 16-DSA (panel b) inserted into the 18LPC external layer of

the coating on the AuNPs surface.

The EPR spectra lineshape is also influenced by both the local polarity experienced by the label and
its rotational mobility, as determined by the microenvironment viscosity and the structural order. In
an attempt to quantitatively analyze the spectra, the order parameter, S, and the isotropic hyperfine
coupling constant, a, were determined. S is related to the angular amplitudes of the label motion,
which in turn reflects the motion of the acyl chain segment to which the label is bound. On the other
hand, the isotropic hyperfine coupling constant is an index of the micropolarity experienced by the
nitroxide; in particular, it increases with the environmental polarity. S and aywere calculated

according to the relations:
' 1
ay = 3 (Tyz + 2Ty ) (5)

_ @ytT) an.
(Tyz+Txx ) azlv

(6)



where Tyand Tiare two phenomenological hyperfine splitting parameters, which can be determined
from the spectrum as shown in Figure 2, panel a(note that 2T1'=2T1—-1.6).Txx and Tz are the principal

elements of the real hyperfine splitting tensor in the spin Hamiltonian of the spin-label, which can be
measured from the corresponding single-crystal EPR spectrum and are reported in the literature (Txx
=6.1 G and Tzz = 32.4 G). ay is the isotropic hyperfine coupling constant for the spin-label in crystal
state, given by:

ay = 5 (Tyz + 2Ty ()
The ay / ay ratio in Eq. (7) corrects the order parameter for polarity differences between the crystal
state and the membrane. To obtain reliable values of the Tyand T splittings, we adopted a homemade,
MATLAB-based software routine.
By observing Figure 2, it can be noted that 5-DSA spectrum of 18LPC/AuNP system presents a higher
grade of anisotropy than 18LPC, which tends to form both micelles and lamellar phases at room
temperature. This comparison suggests that the lipid coating in 18LPC/AuNPs is characterized by a
more compact microstructure [58, 59] with respect to 18LPC aggregates. A similar behavior is also
observed for 16-DSA spectra shown in Figure 2 panel b, confirming a different organization of lipids
in 18LPC/AuUNPs with respect to pure 18LPC aggregates. This evidence is confirmed by S and ay

values reported in Table 2.

Table 2 — S and ay, values obtained from EPR spectra of 5-DSA and 16-DSA inserted into 18LPC
aggregates and 18LPC lipid coating on the Au-NPs surface.

5-DSA 16-DSA

!

S ay S ay

18LPC/AuUNPs 0.51+0.02 156+0.1 0.10 £ 0.02 151+0.1

18LPC 0.42 +0.02 15.7+0.1 0.07 £ 0.02 152+0.1




3.3 Fluorescence analysis

The organic coating of AuNPs was also investigated by fluorescence spectroscopy, using 6-lauroyl-
2-(dimethylamino)-naphtalene (LAURDAN). This fluorophore inserts spontaneously in lipidic
phases and senses the level of hydration and water dynamics[60]. In phospholipid bilayers, its
sensitivity to solvation causes a red shift of approximately 50 nm in the emission spectrum when
membranes show a phase transition from a gel to a liquid state[61]. The shape of the LAURDAN
emission spectrum is often summarized by a simple parameter termed general polarization [61](GP)

(by formal analogy to fluorescence polarization) and defined as

Gp = =R 9)

T Ig+ig

where B and R correspond to the intensities measured at wavelengths corresponding to the blue and
red part of the emission spectrum, i.e. 435 nm and 485 nm, respectively. GP can be considered as a
measure of the hydration and the dynamics of the lipid milieu; in phospholipid bilayers, positive
values correspond to membranes in the gel phase, while negative values are observed for fluid
bilayers.

In the fluorescence experiments, LAURDAN was added to the 18LPC/AuNP suspension and the
spectrum was followed over time (Figure 3). The spectra were observed to blue-shift with a relatively
slow kinetics, in the time-frame of about one hour. This observation clearly indicated a slow probe
insertion in the organic layers covering the nanoparticles. A similar trend was observed also for
18LPC aggregates, but in that case the kinetics of insertion was significantly faster[61] .

Both the spectral shape and the slow insertion kinetics probably due to the NP organic coating being
less accessible as the nanoparticles are forming aggregates. This conclusion was further confirmed
by fluorescence quenching experiments, where the effect on LAURDAN emission of a water-soluble
quencher (K1) was measured to characterize the exposure of the probe to the aqueous phase. Figure
4 reports a Stern-Volmer plot, i.e. the ratio of Fo(the fluorescence intensity in the absence of the

quencher) and F (the fluorescence intensity measured at a given quencher concentration) as a function



of Kl concentration, showing that LAURDAN was essentially unaffected by the addition of KI,

further supporting a deep insertion of the probe in a well packed environment.

03+

Flucrescence Intensity

450 540 630 0 20 40 60

Wavelenght (nm) Time (min)

Figure 3 — Emission spectra of LAURDAN in 18LPC/AuNPs (panel a) and LAURDAN GP values measured
in 18LPC (red line) and in 18LPC/AuNPs (blue line) as a function of time (b). The spectra were acquired under
the following conditions: excitation 365 nm; emission 380-650 nm; data interval 1 nm; bandwidth 2 nm in
excitation and 3nm in emission. [L8LPC]au-nps = 250 uM, [18LPC] = 250 uM, [Laurdan] =0.5uM.

1.2

e =t s

0 175 350
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Figure 4 — Stern-Volmer plot of the quenching of Laurdan in 18LPC/AuNPs by potassium iodide[18LPC]ay-
nps = 250 uM, [Laurdan] =0.5 uM, [KI] from 0 to 350 mM.



4. Discussion

The organic coating of functionalized nanoparticles represents the most external nanoparticle
interface and thus its physical properties play a fundamental role in the interaction between the NPs

and the surrounding environment [17, 62, 63]. Here, the characterization the 18LPC/AuNP structure

W
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and of the main features of their organic coating was described.
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Figure 5 - Schematic representation the 18LPC/AuNP suspension characterization by different scattering and
spectroscopy techniques. Dynamic Light Scattering (DLS) was used to estimate the total aggregate size (Rn),
Small Angle Neutron Scattering (SANS) was used to characterize nanoparticle gold radius (r¢) and organic
shell thickness (rs) as well as the mean interparticle distance &. Electron Paramagnetic Resonance (EPR) and
Fluorescence Spectroscopy were used to characterize the dynamics of the nanoparticle organic coating. The

relevant structural quantities obtained by DLS and SANS are reported in the schematic pictures.

In particular, functionalized AuNPs were prepared by first synthesizing AuNPs coated by oleylamine
molecules, which are used as stabilizing agents during nanoparticle synthesis, and subsequently
producing a second layer of 18LPC molecules around the gold core as detailed in the Materials and
Method section. In order to define the structure of the synthesized nanoparticles, different scattering
techniques were combined. Dynamic Light Scattering (DLS) was initially used to probe the overall
size of both the synthesis and functionalization products (respectively AuNPs coated with oleylamine

and 18LPC/AuUNPs, i.e. AuNPs coated with both oleylamine and 18LPC molecules). As also



confirmed by the SANS characterization, while the synthesis product was composed by small
nanoparticle aggregates, 60+10 A hydrodynamic radius, upon functionalization with 18LPC larger
aggregates with (700 + 80) A hydrodynamic radius were formed in solution.

NP aggregation is typically promoted by the nanoparticles reaching a lower surface energy within the
aggregate compared to the single NPs in suspension. In the present case, it is reasonable to
hypothesize the aggregate formation mainly occurred during AuNPs functionalization; the positive
hydrophobic interaction between oleylamine chains might promote nanoparticle aggregation during
18LPC coating formation.

Even if the nanoparticle suspension was characterized by the presence of aggregates, detailed
information on the single nanoparticle structure were still accessible. Indeed, SANS data were
successfully analyzed by describing the 18LPC/AuNPs within the aggregates as core-shell spheres
with (10 +5) A and (26 + 5) A for the gold core radius and organic shell thickness respectively (Figure
5). 18LPC/AuUNPs are the building block units of the aggregates, which were characterized by a
nanoparticle volume fraction of 0.30+0.05. The presence of an organic shell of ~26 A around the gold
core suggest that most of the nanoparticle surface is still coated by 18LPC within the aggregates.

On the ground of the available structural information, two different structures can be hypothesized
for the NPs within the aggregate: 1) AuNPs with the surface fully coated by oleylamine molecules in
the inner layer and 18LPC molecules in the outer layer are the building blocks of the aggregates; 2)
AuNPs with the outer layer partially occupied by 18LPC molecules are the building blocks of the
aggregate. Due to the potential repulsive interaction between AuNPs with the surface fully occupied
by 18LPC molecules, the second structure might be the most relevant. According to this latter, the
areas of the AuNP surface, which were not efficiently protected from the aqueous solvent by the
additional 18LPC layer, would prevent the exposure of the oleylamine chains by aggregating with
other nanoparticles. Hence, the AuNP surface area not covered by 18LPC molecules would represent

the junctions within the aggregates where the oleylamine chains on different nanoparticles can be



stabilized by positive interaction with each other. This interpretation of the 18LPC/AuNP aggregate
structure is schematically reported in Figure5.

The model used to analyse the SANS data provided as well information about the inter-nanoparticle
distance (&) within the aggregates. Indeed, while the structure of the single nanoparticles composing
the aggregate was unaffected by the temperature raise, at 20°C and 37°C the estimated mean distance
between the nanoparticles within the aggregates was (130 + 10) A; at 50°C, this distance resulted to
be reduced to (94 + 5) A. Hence, increasing the temperature above 37°C can reduce the mean inter-
nanoparticle distance, but those not affect the structural parameters of the nanoparticles.

On the other hand, SANS data collected on the pure 18LPC suspension confirmed the temperature-
induced rearrangement of 18LPC aggregates as already reported in the literature [53]. 18LPC forms
both micelles and larger aggregates with lamellar structures both at 20 °C and 37 °C, while at 50 °C
only micelles are detected in the sample.

More detailed information on the structure and dynamics of the 18LPC coating were collected by
means of EPR and fluorescence spectroscopy measurement on 18LPC/AuNP suspension. Both the
techniques required the use of a suitable probe, radical-labelled lipids for EPR and LAURDAN for
fluorescence spectroscopy, to investigate the coating layer (Figure 5). Also in this case, 18LPC
aggregates were chosen as reference. EPR and fluorescence spectroscopy consistently highlighted
that the external 18LPC coating has higher packing degree, and hence a reduced fluidity with respect
to the 18LPC aggregates. This evidence was confirmed by both the higher order parameter calculated
from the EPR spectra, and was particularly evident in the case of the 5DSA probe, and in the slower

insertion of the LAURDAN 18LPC/AuNPs coating with respect to 18LPC aggregates.

5. Conclusions

In the view of biomedical application of suitably functionalized inorganic nanoparticles, detailed
information on their structure are required to fully understand their interaction with biological system
and avoid undesired cytotoxic effects. AuUNPs can represent suitable candidates for both drug delivery

and diagnostics, if a suitable coating is provided on their surface.



In the presented work, the preparation of LPC-coated AuNPs, which could represent promising
candidates for biomedical application, was described. More specifically, the collected SANS data
showed that 18LPC/AuNPs formed aggregates in water suspension. Nevertheless, the nanoparticles
within the aggregates were still characterized by a core-shell structure, which confirms the coating of
the AuNPs by the amphiphilic molecules. Furthermore, the system is characterized by good stability
even at high temperature, i.e. 50 °C. The information about the nanoparticle structure obtained by
SANS were complemented by EPR and fluorescence spectroscopy experiments. Both the techniques
highlighted that the organization of 18LPC molecules around AuNPs leads to an external coating
with an higher packing degree and reduced fluidity with respect to pure phosphocholine aggregates.
The results here discussed represent a useful reference in the field of phospholipid-functionalized
inorganic nanoparticles and provide a relevant example of how the structure of complex system, such
as functionalized nanoparticle suspension, can be determined on different levels by combining

scattering and spectroscopy techniques.
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