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A B S T R A C T

The extracellular space is nanostructured, populated by heterogeneous classes of nanoparticles, e.g., extracellular
vesicles and lipoproteins, which “made by cells for cells'' mediate intercellular, inter-organ, cross-species, and
cross-kingdom communication. However, while techniques to study ENP biology in-vitro and in-vivo are
becoming available, knowledge of their colloidal and interfacial properties is poor, although much needed. This
paper experimentally shows, for the first time, that the aggregation of citrate-capped gold nanoparticles (AuNPs)
triggered by lipid vesicle membranes and the related characteristic redshift of the plasmonic signature also ap-
plies/extends to lipoproteins. Such interaction leads to the formation of AuNP-lipoprotein hybrid nanostructures
and is sensitive to lipoprotein classes and AuNP/lipoprotein molar ratio, paving the way to further synthetic and
analytical developments.
1. Introduction

Up to a few years ago, cell communication was thought to be exclu-
sively regulated through cellular junctions or via the cellular “secre-
tome”. This term, coined at the dawn of the 21st century [1], identifies
different classes of soluble, active biomolecules (cytokines, hormones,
growth factors, etc.) released by cells into the extracellular space and able
to modify cell metabolism and activity.

However, the extracellular space also harbors a large variety of
secreted endogenous extracellular nanoparticles, making it full-fledged
nanostructured. “Made by cells for cells”, these biogenic nanoparticles
represent an asset of all biological fluids and fully take part in the
regulation of physio- and pathological processes of living organisms,
including cancer metastasis [2,3], microbiota homeostasis [4], viral
infection and immunomodulation [3,5], thus complementing and syn-
ergizing with their soluble counterparts.

Extracellular nanoparticles - whose function is shaped by both their
molecular and colloidal identity [6] - include, but are not limited to,
macromolecular transport complexes [7,8], a variety of lipid
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membrane-bound vesicles [9] often referred to as extracellular vesicles
(Fig. 1, left) [2,10,11], and other lipid nanosized particles called lipo-
proteins. Lipoproteins cover the transport of lipids across the blood-
stream between cells and tissues where lipids are synthesized, processed,
and/or stored (lipid metabolism) [12–14]. All lipoproteins are
micelle-like nanoparticles with a hydrophobic core made of non-polar
lipids (triacylglycerols and cholesteryl esters) surrounded by a mono-
layer of phospholipids embedding lipid-binding proteins called apoli-
poproteins (Fig. 1, right). Five main classes of lipoproteins exist -
chylomicrons, Very Low-Density Lipoproteins (VLDLs), Intermediate
Density Lipoproteins (IDLs), Low-Density Lipoproteins (LDL), and
High-Density Lipoproteins (HDL) - which share the common lipoprotein
structure given in Fig. 1 but differ for function, size, density, and relative
composition.

Besides their long-established use as molecular biomarkers for
metabolic and cardiovascular diseases [15–17], natural and engineered
lipoproteins proved their potential in the field of nanomedicine, as drug
delivery vectors [18–20], adjuvant carriers for vaccines [21,22] and
tissue regeneration agents [23].
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Fig. 1. A sketch of the structure and main components of lipid vesicles and lipoproteins.
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The role of a corona made of the protein components of lipoproteins
(e.g. apolipoproteins) in enhancing the cellular uptake [24–27] and
targeting ability [27–30] of synthetic nanoparticles (NPs) has been
investigated. However, the reports on the interaction of lipoprotein NPs
with synthetic nanomaterials are scarce. Pioneering works provide evi-
dences on such interaction (in particular using HDLs), describing the
formation of a corona of intact or disintegrated lipoproteins on the sur-
face of various types of NPs, including copolymeric [31] and silica par-
ticles [32], polystyrene beads [33,34], and pegylated gold nanospheres
[35,36]. However, the understanding of lipoproteins mesoscale proper-
ties (number density, rigidity, stiffness, curvature) and their interaction
with other extracellular nanoparticles are still poorly understood and
largely overlooked, although necessary to fulfill their clinical translation
promises and to open new perspectives in bio-nanotechnology [14,
37–39]. Therefore, versatile methods allowing for the characterization of
the mesoscale properties of native and engineered lipoproteins would be
transformative for this research area.

Recently, citrate-capped gold nanoparticles (hereafter referred to as
AuNPs) have been successfully implemented to probe mesoscale prop-
erties of synthetic and extracellular vesicles. Specifically, the sponta-
neous clustering of AuNPs on the vesicles [40], triggered by the
substitution of the citrate molecules capping the AuNPs by phospholipids
from the outer leaflet of the vesicle membrane [41,42], and the related
redshift of the AuNP plasmonic signature, have been exploited as a
colorimetric assay to determine the number density [43], the stiffness,
and the purity of the vesicle samples [44].

In this work, sparked by the hypothesis that the phospholipid
monolayer which delimits lipoproteins might interact with the AuNPs as
the outer phospholipid leaflet of the vesicle membrane does, we explore
for the first time the interaction of AuNPs with lipoproteins.

2. Material and methods

2.1. Lipoprotein standards

HDL, LDL, and VLDL standards were acquired from MyBioSource Inc.
(San Diego, CA). IDL standards were acquired from LifeSpan Biosciences
Inc. (Seattle, WA). Chylomicron standards were acquired from Biovision
Inc. (Waltham, MA). Lipoproteins were characterized as reported in
Section S2 of the Supporting Materials, aliquoted, and stored according
to the manufacturer datasheet until further use. Lipoprotein standard
characterization included Nanoparticle Tracking Analysis (NTA), Dy-
namic Light Scattering (DLS)l, pH determination, Western Blot (WB)
versus specific apolipoproteins, and protein and lipid content determi-
nation using bicinchoninic acid (BCA) and sulfo-phospho-vanillin assays,
respectively (Fig. S2).
2

2.2. Turkevich-Frens gold nanoparticles

Spherical, 16–18 nm citrate-capped gold nanoparticles (AuNPs) were
synthesized following the citrate reduction approach first described by
Turkevich et al. [45] (see also section S1) and characterized by UV–Vis
spectroscopy and DLS (Fig. S1).

2.3. Gold Nanoplasmonics of lipoprotein standards: sample preparation

A fixed amount (250 μL, pH 6.9) of 6 nM AuNPs was challenged with
a fixed amount (10 μL, pH 7.0) of 0.16 nM LP standards (Chylomicrons,
VLDLs, LDLs, IDLs, and HDLs) at 25 �C. Samples were further diluted
before analysis using 225 μL of Milli-Q water þ25 μL of PBS 1x (pH 7.4)
to enhance the interaction of AuNPs and lipoproteins (final volume ¼
500 μL). To detect the evolution of AuNP-lipoprotein aggregation,
UV–vis spectra were collected at 25 �C, at different time points (T ¼ 0, 5,
10, and 15 min).

2.4. Gold Nanoplasmonics of HDL: sample preparation

A fixed amount (250 μL, pH 6.9) of 6 nM AuNPs was challenged with
a fixed amount (10 μL, pH 7.0) of HDL standards at variable concentra-
tions (0.15 μM - 1.5 pM) and diluted in Milli-Q water (final volume ¼
500 μL). The final AuNP/HDLmolar ratio (χ) ranged between 10�3< χ<
105. All the measurements involving HDLs were performed in these
conditions if not differently specified. Further details on characterization
methods are given in Supplementary Material.

3. Results and discussion

3.1. AuNP-lipoprotein nanoplasmonics

AuNPs were mixed with lipoproteins and analyzed through UV–Vis
spectroscopy to check variations of the plasmonic absorption band of
AuNPs. Fig. 2 reports the UV–Vis spectra of AuNP-lipoprotein samples
collected 15 min after mixing.

A first inspection of the UV–Vis spectra indicates that the plasmonic
properties of the colloidally stable AuNP dispersion (Fig. 2, black profile)
change upon interaction with lipoproteins, as suggested by the broad-
ening of the LSPR peak (whose maximum is located at λ ¼ 522 nm for
pristine AuNPs) and eventually by the occurrence of a secondary red-
shifted plasmon absorption. This modification of the AuNP plasmonic
properties is consistent with plasmon-plasmon coupling due to their ag-
gregation triggered by the lipoproteins.

Indeed, Fig. 2 shows that the AuNP aggregation extent depends on the
lipoprotein class (milder for chylomicrons, Fig. 2 blue spectrum, very



Fig. 2. Interaction between AuNPs and LPs through UV-Vis spectroscopy. 6 nM
AuNPs were challenged with 0.16 nM of lipoprotein standards (Chylomicrons,
VLDLs, LDLs, IDLs, and HDLs, χ ¼ 37.5) in the presence of PBS. UV-Vis spectra of
the samples were collected after 15 min of incubation to visualize the broad-
ening of the plasmonic absorption or the occurrence of a second red-shifted
band. Note: the spikes around 720 nm are artifacts due to the spectrophotom-
eter switching the visible lamp to the NIR lamp.
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marked for IDLs, Fig. 2 yellow spectrum), as the entity of both the
redshift and the broadening of the LSPR peak changes with it. Interest-
ingly, the broadening of the LSPR peak and red shifting of the plasmon
absorption band of AuNPs follows an unexpected order, that is: chylo-
microns < VLDL < HDL < LDL < IDL. This order does not directly relate
to lipoprotein size or density, and may therefore be influenced by other
parameters, such as i) particle surface area ii) particle surface charge, or
iii) particle mechanical properties, which was recently shown to differ-
entially correlate with lipoprotein class [14,37]. Most likely, the inter-
action between lipoproteins and AuNPs is dictated by the simultaneous
interplay of several - if not all - these physicochemical parameters, but to
better understand their contribution, each of these parameters should be
specifically studied. Nevertheless, the finding that lipoprotein class can
be distinguished based on the plasmonic red shift of AuNPs is a promising
indication that AuNP nanoplasmonics can be an accessible yet powerful
tool to characterize lipoprotein physicochemical properties, paving the
way for further analytical developments.

Finally, from a more fundamental perspective, this finding provides a
positive experimental indication of our working hypothesis (see the
introduction section) on the analogies between the interaction of AuNPs
with lipoproteins and the interaction of AuNPs and (biogenic and syn-
thetic) vesicles [41,46,47].
3.2. (Further investigation of) AuNP-HDL nanoplasmonics

Among the known lipoproteins, HDLs are the smallest (7–10 nm) and
densest (1019 - 1210 g/ml) and are responsible for the removal and
transport of cholesterol and triglycerides from peripheral tissues to the
liver, to the surrenal glands and the gonads.

Despite their physiological role has been deeply investigated and they
are regularly used as molecular biomarkers, their mesoscale and inter-
facial properties - such as stiffness [14,37] and interaction with other
synthetic nanoparticles - have been scarcely investigated [31–36,39],
also because their very small size still poses severe challenges even to the
most advancedmicroscopy techniques, including cryo-EM, in liquid-AFM
and ultramicroscopy.

Therefore, we opted for further investigating the interaction between
AuNPs and HDLs, in search of possible/promising results towards its
translation to an analytical technique.

In particular, we decided to investigate the interaction across several
(order of magnitude of) AuNP/HDL molar ratios (χ). The redshift of the
AuNP LSPR peak here was correlated with the AuNP/HDLmolar ratio (χ)
and conveniently expressed using the Percentage Aggregation Index (AI
3

%), a numerical descriptor of the UV–Vis spectral variations used to
describe the aggregation state of AuNP in solution. AI% is inversely
proportional to AuNP aggregation: the higher the AI%, the lower the
aggregation, and vice-versa [43].

A fixed amount of AuNPs was challenged with variable amounts of
HDL, the UV–Vis spectra were collected after 15’, and the AI% was
calculated (Fig. 3). Fig. 3A reports the AI% of the tested samples as a
function of the AuNP/HDL molar ratio (χ).

For 105 < χ < 102, AI% is almost constant, and the dispersion color is
identical to the original AuNP dispersion (red, Fig. 3B and Fig. S3); in line
with this visual observation, the respective UV–Vis spectra are super-
imposable to that of pristine AuNPs (Fig. 3B, green spectrum, and
Fig. S3). This suggests that, at this stage, the interaction between AuNPs
and HDLs is limited, probably due to the HDL number being too low to
trigger significant AuNP aggregation.

For 1< χ < 10 samples show an intense aggregation of AuNPs, with a
broadening of AuNP LSPR peak and a related color change of the AuNP
solution (deep purple, Fig. 3B and Fig. S3). A selected example of such
samples - corresponding to χ ¼ 10 - is given in Fig. 3B (yellow spectrum).
It is worth noting that these colloidal dispersions did not lose their
colloidal stability, and proved to be kinetically stable for the entire
duration of the measurements performed (including the ones presented
in the next sections).

On the contrary, for χ< 1, the dispersion consists of a hazy particulate
that settles in the cuvette within minutes. A selected example of the
UV–Vis spectra of such samples is given in Fig. 3B (orange spectrum),
showing a minimal broadening of the AuNP LSPR peak and a consistent
raising of the absorbance at 650 nm < λ < 800 nm. This phenomenon is
usually caused by the loss of colloidal stability of the nanoparticles,
leading to the uncontrolled formation and flocculation of micrometer-
sized aggregates. The formation of such unstable aggregates is also sug-
gested by the increase of absorbance in the 650–800 nm region of the
UV–Vis spectrum (Fig. 3B, orange spectrum) due to light scattering
events. Interestingly, similar aggregation phenomena have already been
observed when challenging synthetic and biogenic lipid vesicles with
AuNPs and related to either the physicochemical characteristics of the
vesicles (stiffness in particular) or AuNP/lipid vesicle molar ratio. Both
phenomena are investigated here for the first time on HDLs and suggest
that AuNP-HDL interaction may be similar to AuNP-lipid vesicle one.

Very interestingly, a “spike” in the AI% located at χ ¼ 1 separates the
two aggregation regimes at which AuNPs interact with HDLs, repre-
senting a “watershed” at which none of the two aggregative phenomena
seems to prevail (Fig. 3A yellow dot and inset, Fig. 3B yellow line). The
formation of this spike in the region of χ¼ 1 proves to be rather robust, as
its occurrence is reproducible and shows a fair (<20%) AuNP-related
batch-to-batch variation.

Finally, it is interesting to notice that the AI% does not clearly
describe the complexity of AuNP-HDL interaction, as it fails to distinguish
the stable, controlled AuNP aggregation observed at 1< χ < 10 from
unstable flocculation and precipitation observed for AuNP/HDL molar
ratios χ> 1. Indeed AI% have similar values in both cases, but the UV–Vis
and visual sample readout are extremely different (Fig. S3).

To shed light on this aspect, we further investigated two selected
experimental conditions, one characterized by colloidally stable AuNP-
HDL hybrid systems, and the other one by flocculation.

3.3. Further assessment of AuNP-HDL interaction

To better characterize the interaction between AuNPs and HDLs, we
tracked with DLS the colloidal stability of the hybrid AuNP-HDL systems
over time. We chose AuNP/HDL molar ratios χ¼ 10 and χ¼ 10�3, which
feature the lowest AI% among the tested conditions, as the representative
samples of stable and unstable colloidal dispersions, respectively. The
normalized measured autocorrelation functions analyzed through a
CONTIN algorithm, a characteristic fitting model employed for poly-
disperse colloids, are reported in Fig. 4. When the amount AuNPs is in



Fig. 3. Interaction between AuNPs and HDLs through UV-Vis spectroscopy. A) AI% extrapolated from the UV-Vis spectra of AuNP-HDL samples. The AI% displays a
descending sigmoidal trend following the AuNP/HDL molar ratio χ, with a spike located at χ ¼ 1 that separates two different AuNP aggregation regimes. Such regimes
are hardly distinguishable in terms of AI% but can be inferred both from UV-Vis spectra and by the naked eye. Plotted values refer to the average AI% of 3 physical
replicates þ/- SD. Colored dots refer to the AI% extrapolated from the respective spectra shown in panel B. The inset magnifies the AuNP/HDL molar ratio χ values
around which the switch between the two different aggregation phenomena (stable and unstable aggregation) occurs. B) UV-Vis spectra of selected AuNP-HDL
samples, suggesting AuNPs and HDL interaction change upon the modification of the AuNP/HDL molar ratio χ. For χ > 10, no appreciable aggregation between
AuNPs and HDLs was observed (green spectrum and related inset, χ ¼ 105). Stable AuNP aggregation was observed for 1< χ < 10 (cyan spectrum and related inset, χ ¼
10), while AuNP flocculation and precipitation were observed for AuNP/HDL molar ratio χ < 1 (orange spectrum and related inset, χ ¼ 10-3). Such different ag-
gregation regimes are separated by an equilibrium point (yellow spectrum and related inset, χ ¼ 1), at which AuNPs mildly interact with HDLs.

Fig. 4. Time-resolved DLS of selected AuNP-HDL samples to monitor the formation and evolution of AuNP-HDL hybrids over time. A) Time evolution of the DLS
curves of the AuNPs-HDL sample corresponding to an χ ¼ 10. The curves are compatible with the formation of aggregates with a size of ~ 300 nm, which remains
colloidally stable. B) Time evolution of the DLS curves of the AuNPs-HDL sample corresponding to χ ¼ 10-3. The curves are compatible with the formation of ag-
gregates that progressively grows to the size of several micrometers, ultimately leading to their precipitation.
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excess with respect to the HDLs (χ ¼ 10), the incubation leads to the
immediate formation of colloidally stable hybrids of about 300 nm,
which are significantly larger compared to pristine AuNPs and HDLs
(Fig. 4A, see SI for AuNPs and HDL characterization). On the other hand,
an excess of HDLs (χ ¼ 10�3) leads to an evident shift in the decay times
of the autocorrelation function, evidencing the formation of progres-
sively larger HDL-AuNP hybrids, and eventually leading to the sedi-
mentation, always observed for χ < 1 (Fig. 4B).
4

Further information is given by ζ-potential measurements. In pres-
ence of an excess of AuNPs (χ ¼ 10), the hybrids have a ζ-potential of
�34 � 4 mV, very similar to the ζ-potential of pristine AuNPs and
compatible with the formation of AuNP-decorated HDLs, thus ensuring
electrostatic stabilization. On the other hand, hybrids obtained in pres-
ence of an excess of HDLs (χ ¼ 10�3) are characterized by a much higher
ζ-potential (�15 � 3 mV), explaining their lower stability, and high-
lighting the formation of HDL-decorated AuNPs. Interestingly, this dual



Fig. 5. Cryo-EM imaging of AuNP-HDL hybrids. A) Representative Cryo-EM
image of the AuNP-HDL sample corresponding to an χ ¼ 10. In these condi-
tions, the interaction of AuNPs with HDLs leads to the formation of AuNP
clusters, with AuNPs in direct contact with each other. B) Representative Cryo-
EM image of the AuNP-HDL sample corresponding to χ ¼ 10-3. In these condi-
tions, the interaction of AuNPs with HDLs leads to the formation of micron-sized
suprastructures characterized by a visibly larger AuNP interparticle spacing. C)
The interparticle spacing of 200 representative AuNPs in AuNP-HDL sample
corresponding to χ ¼ 10 is here reported, and the average interparticle spacing
highlighted (black dashed line). D) The interparticle spacing of 200 represen-
tative AuNPs in AuNP-HDL sample corresponding to χ ¼ 10-3 is here plotted, and
the average interparticle spacing highlighted (black dashed line).
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regime has been already described for other inorganic versus lipidic
nanoparticle interacting systems. For instance, several studies showed
that the adhesion of charged inorganic nanoparticles on the surface of
zwitterionic liposomes dramatically affects the colloidal stability of the
system. For example, charged AuNPs can charge the external phospho-
lipid leaflet of the liposome and contribute to electrostatic stabilization,
forming kinetically stable complexes. However, this electrostatic stability
is only gained when enough AuNPs are bound to the liposomes. Other-
wise, if the number of AuNPs is lower, the colloidal dispersion is instantly
destabilized by Van der Waals attractions between AuNP-vesicle hybrids
[42,48–51]. To gain further information on the AuNP/HDL interaction
occurring in the case of stable and unstable hybrid systems, we investi-
gated the structure and morphology of the representative samples (χ¼10
and χ ¼ 10�3) using cryo-EM. Representative images are reported in
Fig. 5. As expected, [37] HDLs are scarcely detectable due to i) intrinsi-
cally low density and small size, which hamper their visualization with
conventional imaging techniques, and ii) the high contrast of AuNPs.
Nevertheless, the spatial arrangement of AuNPs resulting from the
interaction with HDLs provides relevant structural information on
AuNP-HDL hybrids. Fig. 5A displays representative Cryo-EM images
obtained by incubating AuNPs and HDLs at an AuNP/HDL molar ratio χ
¼10 (see Fig. S4 for more micrographs). As shown, the interaction leads
to the formation of AuNP clusters, with AuNPs in direct contact with each
other. This is also highlighted by the measurement of the average
interparticle space between AuNP (Fig. 5C, ~ 18 nm), which almost
matches AuNP diameter (16–18 nm). Moreover, the morphology of such
clusters is in line with the nanoplasmonic variations observed in UV–vis
spectroscopy measurements (Fig. 3). On the other hand, for χ ¼
10�3(Fig. 5B and Fig. S5), the AuNP/HDL interaction leads to the for-
mation of larger micron-sized suprastructures characterized by a signif-
icantly higher average interparticle spacing (shown in Fig. 5D, ~ 26 nm),
just partially affecting the plasmonic features of AuNPs (hence, the little
variation in the color solution, Fig. 3B and Fig. S3).

Although cryo-EM imaging provides extremely precise structural in-
formation about single or small groups of AuNP-HDL hybrids, it fails to
provide such information at the ensemble level. To fill this gap, the
hybrid structure of AUNP-HDL hybrids was further characterized by
SAXS. SAXS measurements allow obtaining ensemble-averaged infor-
mation on the structural changes induced by the interaction of the AuNPs
with the HDLs, avoiding the presence of any possible artifacts originating
from the cryo-EM sample preparation. As for cryo-EM, due to their low
electron density, the HDL contribution to the scattering signal can be
neglected, and only AuNPs are detected. As such, any variation observed
in the spectra with respect to the pristine AuNP dispersion is ascribed to
the structural rearrangement induced by the interaction with HDL. Fig. 6
displays the absolute scattering intensity I(q) as a function of the scat-
tering vector q obtained from dilute dispersions of AuNPs in the presence
(Fig. 6 blue line for χ ¼ 10 and green line for χ ¼ 10�3) or the absence
(Fig. 6, red line) of HDLs.

The SAXS profile of the pristine AuNP dispersion was analyzed through
a polydisperse spherical particle model [52] (see Supporting Materials).
For the hybrid samples, we first extrapolated the mean interparticle dis-
tance using a model-free analysis of the structure factor S(Q), extracted as
described in SI, section S2.5. The appearance of structure peaks is attrib-
uted to the formation of AuNP clusters. The Q position of the peaks is
related to the AuNP-AuNP mean distance within the cluster (d¼2π/Q). In
the case of an AuNP/HDLmolar ratio χ¼ 10 (Fig. 6 blue line), we obtained
a center-to-center spacing of 15 nm. This distance, almost matching the
AuNP diameter, highlights that the particles are in contact with each
other, as observed (Fig. 5A and S4) and measured (Fig. 5C) in the corre-
sponding cryo-EM micrographs, (Fig. 5C), . On the other hand, in the case
of χ ¼ 10�3 (Fig. 6, green line), the evaluated interparticle distance is 26
nm, again reflecting the higher average spacing detected and observed
with cryo-EM (Fig. 5B and D, and Fig. S5).

Further confirmations of the structure of the hybrid complexes were
obtained by analyzing the SAXS profiles with the Sticky Hard Spheres
5

model, a theoretical model for hard particles interacting with an attrac-
tive short-range potential [53–55]. The numerical analysis was per-
formed with the SASview software package, keeping the particle size
extrapolated from the SAXS fit of the AuNP profile constant (see SM for
the full SAXS analysis). The effective hard sphere radius extrapolated for
χ ¼ 10 and χ ¼ 10�3 are 8.6 � 0.3 nm and 14.7 � 0.5 nm, respectively.
Such results are in line with the ones obtained through the model-free
analysis of the S(Q).

Interestingly, the average AuNP-AuNP spacing obtained for AuNP/
HDLmolar ratio χ¼ 10�3 (approximately 6 nm) fits the average size of an



Fig. 6. SAXS analysis of pristine AuNPs and AuNP-
HDL samples. The SAXS profiles of pristine AuNPs
(red circles), the AuNP-HDL sample with an AuNP/
HDL molar ratio χ ¼ 10 (blue circles), and the one
with an AuNP/HDL molar ratio χ ¼ 10-3 (green cir-
cles) are reported. The black dashed lines represent
the fits by the SHS model. The inset reports the in-
tensity peaks of the S(Q) profiles of the AuNP-HDL
sample with χ ¼ 10 (blue line) and AuNP-HDL sam-
ple with χ ¼ 10-3 (green line), respectively.

Fig. 7. Schematic representation of the proposed interaction mechanism be-
tween AuNPs and HDL in the two limit cases analyzed. The outcome of the
interaction depends on the AuNP/HDL molar ratio χ. For χ ¼ 10, AuNP/HDL
hybrids evolve in single, kinetically stable clusters of AuNPs of a few hundreds
of nanometers. For χ ¼ 10-3, AuNP/HDL hybrids flocculate into micron-sized
suprastructures where HDLs seem to act as a bridge between AuNPs.
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HDL (7–10 nm). This aspect - together with the interparticle distance
data provided by cryoEM analysis - suggests that HDLs may keep their
integrity upon interacting with the AuNP surface, with no major struc-
tural disruption occurring. Therefore, after their adhesion to the AuNP
surface, HDLs may act as bridges between adjacent AuNPs, eventually
leading to the formation of the micron-sized structures highlighted by
DLS and by the phase separation noticed during UV–Vis measurements.
This finding is supported by works reporting the formation of a corona of
intact HDLs on the surface of co-polymeric [31] and silica NPs [32], but is
also in contrast with reports showing the disintegration of the lipopro-
teins and the formation of a loose lipid corona upon LP interaction with
PEGylated gold nanoparticles [35] and polystyrene ones [33]. Also, it
might be possible that HDLs disintegrate and cover the AuNPs until
surface saturation is reached, with subsequent adsorption of an addi-
tional layer of intact HDLs occurring [33]. Nevertheless our findings,
here reported for the first time for citrate-capped gold nanoparticles,
further corroborate the importance of NP features (material, capping
agents, surface charge etc.) in determining the outcome of NP-HDL
interaction.

Moreover, the experimental data suggest that the colloidal stability of
the AuNPs-HDL hybrids, as well as their plasmonic variations and cluster
morphology, are strictly related to the AuNPs/HDL number ratio. For
high AuNP concentrations, AuNPs aggregate on the HDL surface, forming
kinetically stable complexes and provoking the change of the color of the
dispersion from red to purple/blue, with optical variations directly
connected to the HDL concentration. On the other hand, a high amount of
HDLs triggers an aggregation phenomenon that forms HDL-decorated
AuNPs, eventually destabilizing the dispersion. This difference in the
colloidal properties of the dispersion could be used to extrapolate
quantitative information from unknown lipoprotein samples.

4. Conclusions

In this work, the interaction of citrate-capped gold nanoparticles
(AuNPs) with lipoproteins has been investigated for the first time. It
channels with and contributes to the very recent efforts in expanding to
lipoproteins the understanding of the interaction between synthetic and
biogenic nanomaterials, motivated by both medical [24–30] and tech-
nical [31–36] envisioned very promising applications [27–29].

By combining UV–vis spectroscopy, cryo-EM, SAXS, and DLS we were
able to show that: (i) lipoproteins trigger/template AuNP aggregation
and a related plasmonic redshift and that (ii) such interaction and its
6

plasmonic signature are sensitive to the different lipoprotein classes. In
addition, it was found that (iii) for HDLs, AuNP aggregation falls into two
different regimes, depending on the AuNP/lipoprotein molar ratio,
characterized by different colloidal stability of the formed AuNP-
lipoprotein mesostructures (summarized in Fig. 7). Very interestingly,
the regime sharply switches at an AuNP/HDL molar ratio equal to 1.

Still, several aspects remain to be elucidated, providing material for
future discussions on the AuNP-biogenic nanoparticle interaction topic:
among the others (i) the unraveling of the molecular mechanism behind
AuNP-HDL interaction and (ii) if and to what extent it applies to the other
classes of lipoproteins, or, in other words how lipoprotein composition,
size, stiffness, and surface charge modulate the interaction with AuNPs,
and finally (iii) the role of the surface properties of AuNPs (e.g. surface
charge, capping agents, presence or absence of a protein corona etc.) in
the modulation/modification of AuNP-LP interaction. Nevertheless, the
findings candidate citrate-capped AuNP nanoplasmonics as an innovative
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analytical method to evaluate lipoprotein formulations at the mesoscale,
including titration, adding new valuable information in the realization of
lipoprotein–inorganic nanoparticle hybrid systems and, on a wider
perspective, expand current knowledge of the AuNP-extracellular nano-
particle interface.
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