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¢Laboratory for Fluorescence Dynamics, Biomedical Engineering Department, University of
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Abstract

In this work, we report the synthesis and biophysical studies carried out on a new kind of
biocompatible and very stable gold nanoparticles (GNPs) stabilized with Glucose through a PEG
linker (AUNP-PEG-GIu). The synthetic path was optimized to obtain nanoparticles of controlled
sizes. Z-Potential and Dynamic Light Scattering measurements allowed assessing the
nanodimension, dispersity, surface charge and stability of our GNPs. Confocal Microscopy
demonstrated qualitatively that Glucose molecules are successfully bonded to GNPs surface. For
our study, we selected nanoparticles with diameter in a range that maximizes the internalization
efficiency in cells (40 nm). A detailed investigation about the biophysical proprieties of AUNP-
PEG-Glu was carried out by means of Fluorescence Correlation Spectroscopy (FCS) and Orbital
Tracking techniques. This work gives new insights about the uptake mechanism of Gold
nanoparticles capped with glucose molecules.

Keywords
Synthesis; Gold Nanoparticle; Pair Correlation; Particle Tracking

1. Introduction

Metal nanoparticles stabilized with specific organic ligands, /.e. thiols and capping
molecules, are suitable to obtain, among the others, functionalized gold nanoparticles
(GNPs) with good level of control on the NPs size, dispersity and shape [1]. The capping
molecules give different characteristics and properties to the GNPs and their selection allows
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tailoring for specific applications. For example, the use of gold nanoparticles in
biotechnology and medicine is becoming a field of interest worldwide due to the versatility
and biocompatibility of these nanostructured materials [2,3].

Many reports have recently considered synthetic procedures and characterization of GNPs
obtained with different capping agents, shapes and properties [4,5,6,7]. However, the
delivery of a cargo to specific cells or tissue is still a challenging question in biomedical
research that is facing the problem of possible toxicity of GNPs [8,9]. Due to this concern,
the use of a transfer structure, which can bind to a specific marker for tumour cells only, is a
new goal of the research in biomedicine. In this context, glucose functionalization of gold
nanoparticles was investigated firstly by Kong et al. [10] and Zhang and his group [11]. The
glucose backbone has the characteristic of biological enhancement of uptake in vitro and can
be further modified with the insertion of fluorine atom, suggesting a promising perspective
to realize theragnostic devices in cancer treatment [12, 13]. In particular, glucose
functionalized GNPs are believed to cross the blood brain barrier [14].

Our work aims to explore new cheaper and simpler synthetic approaches and advanced
characterization of GNPs. GNPs interaction with living cells is mainly related to physical
and chemical properties of the molecules used as capping agents during the synthesis
process and linked to nanoparticles surface [15]. While most of the works reported in the
literature focus on the uptake fate of nanoparticles functionalized by a large antibody or very
small molecules as citrate, there is no general agreement in how a carbohydrate like glucose
mediates the uptake of nanostructures inside the cells. However, despite the lack of a
generally recognized mechanism, there is a growing interest in the study of glucose
functionalized gold nanoparticles due to recent applications in brain drug delivery [14,16].

Fluorescence Correlation Spectroscopy (FCS) has emerged as a very powerful method for
studying the motions of proteins in both the interior and exterior of a cell. FCS provides
information at the single-molecule level by averaging the behavior of many molecules, and
thus yields very good statistics. In this work we use the spatial Pair Cross-correlation
Function (PCF) to measure the time a particle takes to move from one location to another by
correlating the intensity fluctuations at specific points on a grid, independently of how many
particles are in the imaging field. Therefore, the average path of the particles can be traced.
This method can be used to detect when an object like a protein or a nanoparticle passes
through the membrane barrier together with the location of the crossing site. This
information cannot be obtained with the fluorescence recovery after photobleaching
technique or other image current correlation spectroscopy method [17]. As a result, FCS was
successfully applied in order to provide an extensive description of the NPs-Glucose-
Transporter complex organization and its cell membrane localization. Indeed, other
important physical parameters such as diffusion coefficient and number of receptors per
particles can also be determined. However, in order to reach a full biophysical description of
NPs-Transporter complex behavior inside the cell, the assessment of spatial trajectories of
the complex is mandatory. In this context, another important spectroscopic tool such as
Orbital Tracking techniques was exploited to complete the investigation [18].
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As already described by Lanzano and Gratton [18], Orbital Tracking is a super-resolution
imaging technique able to provide the position of fluorescent molecules with nanometer
precision. In FCS the molecules are observed one at the time through the use of small
detection volumes at fixed locations and the molecular parameters are generally obtained by
averaging many single molecule fluctuation events. In Orbital Tracking the same molecule
or particle is observed for a longer period of time with respect to FCS, so that
heterogeneities in time or space and subpopulations become more evident [18].

Consequently, in order to fully understand the effect of different NPs surface capping
molecules on the uptake process /n vitro, PCF and Particle Tracking seem to be the optimal
techniques to elucidate the GNPs uptake mechanism. Position and direction of newly
synthesized Au-PEG-GIlu nanoparticles inside and outside the cells was determined by
means of light-scattering signal, generated by gold high reflectance properties. With the aim
of performing fluctuation experiments, HeL a cells were transfected with a glucose
transporter (GLUT1) fused with Green Fluorescence Protein (GFP) and the fluorescence
signal was monitored. For this work a two-photon microscope system equipped with 80
MHz Ti:Sapphire laser at 800 nm wavelength was used in order to reduce photo-bleaching
of fluorescence molecules. Au-PEG-Glu scattering and fluorescence signals from GLUT1-
GFP-fused protein were analyzed using the SIMFCS software available at www.lfd.uci.edu.

2. Experimental Section

2.1. Chemicals and materials

All chemicals were purchased by Sigma Aldrich Co. Hydrogen tetrachloroaurate (111)
trihydrate (HAuCI4-3H20, 99.9+%), sodium citrate (Na3CgHs07), poly(ethylene glycol)
bis(amine) (PEG1500-bisamine) (HoN(CH,CH»0),CH,CH,;NH,), A~Hydroxysuccinimide
(NHS) (C4H5NO3), D-glucuronic acid (CgH1007), (2)-a-lipoic acid (LA) (CgH1405S)),
N,N’-Dicyclohexylcarbodiimide (DCC) (C13H2oN2). N-(3-Dimethylaminopropyl)-N’-
ethylcarbodiimide hydrochloride (EDC) CgH17N3 HCI. Deionized water was obtained from
Zeener Power | Scholar-UV (electrical resistivity 18.2 MQ).

2.2. Synthesis of Glucose functionalized Gold Nanoparticles (Au-PEG-Glu)

The synthesis of the GNPs consists in different steps and can be summed up as follows.
First, according to literature reports [19], gold nanocores were produced through reduction
in aqueous phase of HAuUCI,-3H,0 with sodium citrate controlling the temperature (90° C)
and varying the pH from 7 to 5. Then, a PEG polymer was properly derivatized by means of
NHS chemistry [20] to bind it to the gold cores. The last step is the glucose functionalization
of the Au-PEG-NH, by means of /n situ coupling reaction. The following points describe in
detail the whole synthesis.

2.2.1 Synthesis of citrate capped Gold core by means of Seed-Growth method
—Gold nanocores were synthesized according to Bastus and collaborators [19] in order to
fine tuning NPs diameters. Briefly, a solution of 2.2mM sodium citrate in Milli-Q water (150
mL) was heated with a heating mantle in a 250 mL three-necked round-bottomed flask for
15 min under vigorous stirring. A condenser was utilized to prevent the evaporation of the
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solvent. After boiling, 1 mL of HAuCI,4 (25 mM) was injected. The color of the solution
changed from yellow to bluish gray and then to soft pink in 10 min; the reaction was then
cooled until the temperature of the solution reached 90 °C. Then, 1 mL of sodium citrate (60
mM) and 1 mL of a HAuUCI, solution (25 mM) were sequentially injected (time delay ~2
min). After 30 min the reaction was finished. This process was repeated twice. After that,
the sample was diluted by extracting 55 ml of sample and adding 53 ml of Milli-Q water and
2 ml of sodium citrate 60 mM. This solution was then used as seed solution and the process
was repeated again. By repeating this process (sequential addition of sodium citrate and
HAUCIy, and extraction), up to 5 generations of citrate capped gold nanocores, named GO-
G5, of progressively larger sizes were grown in the range 10-35 nm. For our purposes, we
selected the fifth generation with a size of 35 nm. Main characterizations of the products are
herein reported. The gold salt precursor reduction was considered 100% completed for each
growth step according to the literature [19]

GO (UV-vis, Amax [nm], H»0): 517; DLS (<2RH> [nm], H,0): 10 + 2. G1 (UV-vis, A max
[nm], H,0): 519, DLS (<2RH> [nm], H,0): 15 + 2. G2 (UV-vis, Amax [nm], H,O): 520;
DLS (<2RH> [nm], H,0): 20+ 2. G3 (UV-vis, Amax [nm], H,0): 521; DLS (<2RH> [nm],
H»0): 23 £ 2. G4 (UV-vis, Amax [nm], H,0): 525; DLS (<2RH> [nm], H,0): 27 + 2. G5
(UV-vis, Amax [nm], H»0): 530; DLS (<2RH> [nm], H,0): 35 + 2; (Z-pot [mV], H,0): -39

The synthesis of Au-PEG-NH, nanoparticles requires the preliminary preparation of PEG
polymer, hereafter reported according to Howarth and collaborators [21].

2.2.2.1 PEG polymer synthesis. According to a precedent protocol developed by Schladt
[22] and Howarth [21], to a solution of lipoic acid (LA)(5 g, 24.23 mmol) and N-
Hydroxysuccinimide (NHS) (3.35 g, 29.1 mmol) in 150 mL THF at 0 °C was added slowly
to a solution of dicyclohexylcarbodiimide (DCC) (6.00 g, 29.1 mmol) in 10 mL THF. The
mixture was warmed to room temperature and stirred for 5 h. The precipitate was removed
by vacuum filtration and the solvent evaporated /77 vacuo. The crude product was re-
dissolved in 100 mL of ethyl acetate and filtered once more by vacuum filtration. The
product was re-crystallized from a solution of hot ethyl acetate:hexane (1:1 v/v) as a pale
yellow solid (5.88 g, 80%). Yield is 80%. The product is confirmed by NMR and ESI-MS.
1H NMR (400 MHz, CDCl3) & 3.66-3.61 (m, 1H), 3.26-3.15(m, 2H) 2.85(s, 4H),
2.69-2.67(t, 2H), 2.55-2.49(m, 1H), 2.01-1.95(m, 1H), 1.86-1.74(m, 5H), 1.64-1.57(m, 2H).
ESI-MS: Calculated for C1,H17NO4S;Na: 326.04 Found : 326.09 NMR and rough ESI-MS
Spectrum are reported respectively in Figure 2S and Figure 3S in the Supporting Materials.

To a stirred solution of the PEG1500-bisamine (1000mg 0.64 mmol) and triethylamine (90
ul, 0,64 mmol) in 20 mL of 1,4-dioxane was added dropwise a solution of lipoate-NHS ester
(150 mg, 0.8 eg. 0.51 mmol) in 4 ml of 1,4 dioxane over 2 h. The reaction mixture was
allowed to stand overnight until thin layer chromatography (TLC) analysis showed no
lipoate-NHS ester remaining. After the solvent was evaporated, the crude product LA-PEG-
NH> was purified by alumina column (dichloromethane /methanol 95:5). Yield is 70%. ESI-
MS: m/z 1689 [M + H]*
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2.2.2.2 | igand Exchange: To a stirring 4 ml solution of Gold nanocores (0.5 nM) we gently
added 0.4 ml ethanol/water (1:1) of LA-PEG-NH, (5mM). The solution was kept on stirring
overnight. The obtained Au-PEG-NH, nanoparticles were then purified from the solution by
means of Amicon Ultra-15 centrifugal filtration for 5 min at 1900 g twice. Main
characterizations of the product are herein reported. Au-PEG-NH, (UV-vis, Amax [nm],
H»0): 532; DLS (<2RH> [nm], H,0): 40 £+ 2 (Z-pot [mV], H,0): +29. IR-Spectrum is
reported in Figure 4S in the Supporting Materials.

2.3 “In situ” coupling of glucuronic acid to Au-PEG-NH, nanoparticles

To a solution of 0.5 ml (2 nM) of Au-PEG-NH, a 0.5 ml water solution of glucuronic acid
(1.94 mg, 10 umol) was added. After that, the compound N-(3-Dimethylaminopropyl)-N’-
ethylcarbodiimide EDC (5.82 mg, 30 pmol ) in powder was added to the stirring solution
and kept in stirring for 1 hour. Subsequently, 100 microliter of NaHCO3 0.1 M was added to
the mixture. The activated glucuronic acid solution was then transferred in a vial containing
the Au-PEG-NH, nanoparticles solution (0.5 ml of 2 nM) and kept in stirring for 3 hours.
The Au-PEG-GIlu nanoparticles were purified by means of Amicon Ultra-15 centrifugal
filtration (5 min at 1900 g twice) of the final solution, giving the solid Au-PEG-Glu
nanoparticles. Main characterizations of the product are herein reported.

Au-PEG-Glu (UV-vis, Amax [nm], H,0): 532; DLS (<2RH> [nm], H,0): 40.5 £ 2 (Z-pot
[mV], H20): +30. IR-Spectrum is reported in Figure 4S in the Supporting Materials.

2.4. Characterization Methods

UV-Vis Absorption spectra of gold nanoparticles dispersed in deionized water were
measured in 1.00 cm optical path quartz cells by using a Cary 100 Varian spectrophotometer.
Dynamic light scattering (DLS) measurements were carried out on the nanoparticle aqueous
suspensions (1.0-0.20 mg/mL), using a Brookhaven instrument (Brookhaven, NY) equipped
with a 10 mW HeNe laser at a 632.8 nm wavelength at a temperature of (25.0 + 0.2)°C. Z-
Potential was measured using the laser Doppler velocimetry technique (Malvern Nano ZS90
instrument) and particle velocity was expressed per unit field strength as the electrophoretic
mobility u. The Z-Potential was calculated using the Henry equation [23].

Fourier Transform — Infra Red (FT-IR) measurements were performed in Attenuated Total
Reflectance (ATR) mode by means of The FT/IR-4700 instrument in the spectral range from
500 cm™ to 4000 cmL.

Extractive Electrospray lonization - Mass Spectrometry (ESI-MS) measurements were
performed for characterization of PEG polymers. The ESI-MS was performed by means of
Liquid Chromatography — coupled to Time Of Flight detector (LC-TOF) and Matrix-
Assisted Laser Desorption lonization - coupled to Time Of Flight detector (MALDI-TOF).
ESI-MS was performed using a Waters LCT Premier system. For all ESI-MS measurements,
product was dissolved in methanol.

Nuclear Magnetic Resonance (NMR) spectroscopy was carried out by means of Bruker
Avance spectrometers (400 MHz) using CDCl3 as solvent.

Langmuir. Author manuscript; available in PMC 2017 June 14.
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2.4. Biological Methods

Cell lines and culture conditions—HeLa cells were cultured in EMEM (EuroClone,
Pero, Italy) medium supplemented with 10% foetal bovine serum (FBS) (EuroClone, Pero,
Italy), 100 units/mL penicillin and 100 mg/mL streptomycin, and 2 mM L-glutamine, and
grown in 5% CO, atmosphere at 37°C. In these conditions, the cell doubling time was 24
+ 1 hour.

Glut-1-GFP Transfection condition—Glut-1-GFP plasmid was purchased by
ADDGenes plasmid bank. Transfections were by a liposome-mediated method. One day
before transfection, cells were plated on a coverslip in 35mm dishes at 40-50% confluence.
After one day's growth, transfections were performed using 1.5 pg of each relevant plasmid
and LIPOFECTAMINE 2000™ transfection reagent (Invitrogen) according to the
manufacturer's instructions.

2.5 Biophysical Methods

2.5.1 Orbital tracking—All the tracking experiments were carried out with an Olympus
IX70 microscope (Fig. 1). The two-photon excitation source was a mode-locked titanium-
sapphire laser (Mira 900; Coherent; Palo Alto, CA) pumped by an argon ion laser (Innova
300; Coherent) and tuned at 780 nm. The laser power at the sample ranged from 1 to 10
mW. The light is directed into the microscope by two galvomotor-driven scanning mirrors
(Cambridge Technologies, Watertown, MA) through a scanning lens. The laser light is
reflected with a low-pass dichroic mirror (transmission from 370 nm to 630 nm; Chroma
Technology; Brattleboro, VT) and focused on the sample with a 20x (dry) 0.75-NA plan
apochromat objective. Fluorescence emission was collected by the objective and passed
through a dichroic and short-pass filter to eliminate any reflected excitation light. It then
exits the microscope to the detector (Hamamatsu (Tokyo, Japan) H7422P-40 photomultiplier
tube) on the side port. The output of this unit was amplified and passed through a
discriminator (PX01 Photon Counting Electronics; ISS; Champaign, IL). Photons were
counted with a data acquisition card (ISS). During the tracking procedure, the two scanning
mirrors are moved independently by voltages generated in a computer card (3-axis card;
ISS). When they are synchronized to move following sine waves shifted 90° relative to one
another, the laser beam moves in a circular path. The position of the scanning center is
determined by the offset values of the sine waves. A piezoelectric z-nanopositioner (Polytec
PI; Auburn, MA) equipped with a linear voltage differential transformer feedback sensor and
operated in closed-loop configuration is placed below the objective to enable changes of the
focal plane. During each cycle of the tracking routine, the 3-axis card generates a square
wave voltage that drives the motion of the z-nanopositioner between two z planes separated
by a distance given by the amplitude of the square wave. Similar to the x and y coordinates,
the position of the center of z-scanning is given by the DC offset. The experiments are
controlled by a data acquisition program (SimFCS; LFD; Champaign, IL). This program,
which also contains the tools used for trajectory analysis, can be downloaded from the
Laboratory for Fluorescence Dynamics website (www.Ifd.uiuc.edu).
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In order to perform Infrared Differential interference contrast (IR-DIC) imaging, the
microscope was modified with an IR LED (Optodiode, Newbury Park, CA) and a cMOS
camera (Pixelink; Otawa, ON, Canada) according to Levi and collaborators [24].

2.5.2 Pair Correlation Analysis (pCF)—Calculation of the pair-correlation functions
was done using the SIMFCS software developed at the Laboratory for Fluorescence
Dynamics (www:.Ifd.uci.edu), as described in previously published articles [6]. Intensity data
are presented by using a carpet representation in which the x coordinate corresponds to the
point along the line (pixels) and the y coordinate corresponds to the time of acquisition. The
pair correlation functions (pCF, pixels) are displayed in pseudo-color in an image in which
the x coordinate corresponds to the point along the line and the y coordinate corresponds to
the pair correlation time in a log scale. The distance at which pCF analysis were carried out
were fixed at 8 pixels (which corresponds to 256 nm) across all experiments.

3. Results and Discussions

3.1. Synthesis and characterization of stabilized gold nanoparticles

The present study is mainly focused on glucose capped gold nanoparticles uptake in living
cells. For this purpose, the development of a proper model of GNPs was mandatory in order
to investigate the GNPs fate during the uptake process. Currently, GNPs synthesis is a
growing research theme [2, 25, 26]. A recent work reports on the synthesis of GNPs capped
with 3mercapto-1-propansulfonate and 1-thioglucose, which show enhanced cell
internalization, short term cytotoxicity and long term cell killing, when tested “in vitro” for
HSG cells [16]. However, our work further improves the existing GNPs functionalization
procedures by means of a new development: the exploiting of the facile NHS chemistry [20]
together with use of PEG as surface stabilizer agent [21, 27]. The overall synthetic
procedures include the gold-core synthesis, the polymer synthesis and further derivatization
steps, which are described in material and methods section and fully reported in Schemes 1,
2, 3. The gold-nanocores were synthesized using a well-known literature method [19], which
consists in wet reduction of tetrachloroauric acid to metallic gold by means of sodium citrate
as reducing agent. Preliminary studies performed on these nanoparticles showed their
hydrodynamic DLS size in the range 35-40 nm, while the UV-Vis spectrum, showed the
typical Surface Plasmon Resonance band in the 520-540 nm range confirming the nanosize
of the gold core (Supporting Materials: Figure 1S). As previously stated, the proposed
synthetic route relies on the NHS chemistry in order to obtain the glucose derivatization of
GNPs surface. NHS is a coupling agent molecule, which can induce the formation of very
reactive esters on the carboxylic acid moieties. Thereafter, activated esters can react with
amines to form stable amides bonds. Regarding the stabilizing agent of GNPs surface, our
choice was oriented to the use of PEG as starting polymer, considering its efficiency in the
stabilization and the hydrophilic character of the already studied Au-PEG-NH, [21,27].
Hence, exploiting the NHS coupling reaction, a both thiol and primary amine ends of PEG
polymer was obtained in two steps, as shown in Scheme 1. In particular, during the first step
reaction the formation of LA-NHS amide takes place according to:

1. ~C(=0)OH + HO-N[C(=0)CHj], — ~C(=0)ON[C(=0)CH],

Langmuir. Author manuscript; available in PMC 2017 June 14.
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NHS ester of lipoic acid formation was proven by NMR spectrum reported in supporting
materials (Supporting Materials: Figure 2S and ) and ESI-MS (Supporting Materials: Figure
39).

The second step finally leads to LA-PEG-NH2 polymer formation as reported in reaction
scheme below:

2)  ~C(=0)ON[C(=0)CHj], + NH2-CH,CHo(OCH,CH20),CH,CHoNH, —
~C(=0)NH-CH2CH2(OCH2CH20)nCH,CH2NH,

The formation of expected amide bonds was assessed by means of FT-IR spectroscopy. The
IR-spectra of the LA-PEG-NH, polymer are reported in Supporting Materials Figure 4S and
showed the typical amide stretching signal in the range 1670-1690 cmL. The results of ESI-
MS analysis reported in Figure 1 revealed the occurrence of two peaks in the range 600-800
Da, assignable to the polymer fragmentation. However, due to the crosslinking between two
monomers chains, also other peaks representing twice the expected weight of the polymer
are present. Rough ESI-MS spectra are reported for both NH,-PEG-NH, and LA-PEG-NH»
in Figure 5S of Supporting Materials.

Exploiting the strong affinity between sulphur and gold atoms, a ligand exchange reaction
was performed, as shown in Scheme 2, in order to bind the synthetic polymer on the GNPs
surface. The fulfilment of the reaction was proven by means of DLS and Z-Potential
measurements. The GNPs after the ligand exchange reactions, named Au-PEG-NH,, showed
an increased Hydrodynamic Radius compatible with the theoretical polymer length of 3 nm,
also reported in Figure 2.

The overall surface NPs charge, from the negative value of -39 mV for the citrate capped
gold cores, turned out to a positive value of +29 mV due the primary amine protonation. The
Z-Potential inversion is a crucial point to assess the polymer binding as already described
elsewhere [28]. Besides this,the overall surface charge plays a fundamental role in the
stability of particles in the media. The charge, positive (more than +25 mV) or negative (less
than -25 mV) prevents aggregation due to electrostatic repulsive force [29]. The nature of
chemical interaction between the sulfur and the gold atom (~45 kcal/mol) [19] is responsible
for further stability of the system. The binding geometry, the structural arrangement of the
thiols and the PEG folding on NPs surface are currently appealing topics [30]. However, due
the complexity and challenging nature of the investigation a deep chemical and
spectroscopic characterization of PEG-Gold surface interaction will be the aim of future
study. The DLS and Z-Potential results for all particles at the different synthetic stages are
summed up in Table 1.

As reported in Scheme 3, the final synthetic step involved the GNP-Glucose
functionalization /n situthroughout the already reported NHS chemical strategy. The
glucuronic acid (GA) molecule was selected as reagent due the presence of carboxylic
function essential for the NHS esterification. Moreover, despite the carboxyl group, GA still
possesses the appropriate chemical structure to properly bind to GLUT-Receptor [31].

After the final step reaction, the resulting GNPs named Au-PEG-GIlu showed no significant
changes in the DLS and Z-Potentials measurements. Despite that, Au-PEG-Glu
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nanoparticles seem to possess the glucose functionalities anyway. Indeed, a qualitatively
analysis of confocal pictures cells treated with GNPs suggest a selective binding to cell
membrane glucose marked receptor. For the sake of clarity, an example of specific binding
picture is reported in Figure 3. The picture shows HelLa cells treated with Au-PEG-Glu (A-
B-C) or Au-PEG-NH> (D-E-F). Images were acquired in three channels: Fluorescence (A-
D), Scattering (B-E), Transmission (C-F). Fluorescence mode allows to localize the GFP-
fused Glut-1 receptor while the scattering channel highlights the GNPs position. The
comparison of transmission and fluorescence channels clearly illustrates a specific Au-PEG-
Glu binding to the cell membrane glucose receptor.

3.3. Biophysical experiments: nanoparticles uptake mechanism

3.3.1. Orbital Tracking—Particle tracking is an appealing approach to study uptake
process because it can provide a detailed description of the initial interaction between the
cell and the particle as well as the characteristics of the motion and the destination of the
particle in the cell [24, 32]. We exploit the power of the 3-D particle tracking method in
order to characterize the uptake of gold glucose nanoparticles by Hela Cells. According to
similar work [24], the synthetized GNPs were incubated in the culture medium with HeLa
cells previously starved in Dulbecco's phosphate buffered saline for 2 h at 37°C. To select
the nanoparticle that are interacting with the cells, we registered simultaneously the Infrared
Differential interference contrast (IR-DIC) and fluorescence images of the sample. The
fluorescence image allows us to detect a fluorescent receptor expressed on cell membrane,
whereas the IR-DIC image provides the details of its position with respect to the cell and
allows us to follow the motion of the cell during the tracking. Figure 4 shows a two-
dimensional (2-D) projection of trajectories for Nanoparticles bound to the receptor moving
according to this description overlapped with the DIC images of the cells.

3.3.2. pCF—The pCF method is based on the spatiotemporal correlation of the position of
the same particle at a given distance and a given time. As well described by Gratton and
collaborators [17], pCF algorithm can recognize and separate families of molecules that
diffuse at different rates. Consequently, obstacles to diffusion can be detected, as in our case
the NP-GLUT1 complex crossing throughout the cell membrane.

Figure 5 shows the results of the pCF experiment. The frequencies reported indicate the
events with the relative Diffusion coefficient. Figure 6 (a-b) shows the carpet and the pCF
analysis for Au-PEG-Glu during the uptake. The pCF(8) shows a discontinuity in the
correlation at a given position along the orbit. The autocorrelation at each column gives the
average diffusion coefficient and is reported in figure 6-a. The NP-GLUT1 complex has a
diffusion coefficient of 0.129 um/s2. In figure 6-b, the detail of the pCF at column 150 along
the line scan shows the complex delay in reaching a distance of 8 pixels (256 nm).

From the comparison of related work in the literature, the diffusion coefficient value found
for our complex suggests the involvement of endocytotic pathway [33].
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4. Summary & Conclusions

A new kind of biocompatible and very stable nanoparticles, Au-PEG-Glu, has been
synthesized with the purpose of increasing the amount of gold atoms inside the cell. The
synthesis was optimized to obtain nanoparticles diameter in a range that maximizes the
uptake in cells. Nanoparticles physical values 7.e. HydroDynamic Radius and Z-Potential
show that glucose molecules are still present on the NPs surface as demonstrated
qualitatively by means of confocal microscopy. Moreover, a detailed investigation about the
biophysical proprieties of Au-PEG-Glu complex by means of FCS techniques was carried
out. The study gives new insights about the uptake mechanism of Gold nanoparticles capped
with glucose molecules.

The data analysis showed that the diffusion coefficient of the Gold NPs inside the cells is
0.129 pm/s?, suggesting an uptake mechanism driven by endocytosis pathway. The complex
AuU-PEG-GIlu was tracked inside the cells and its trajectory and diffusions coefficient was
also recorded.

In conclusion, by means of the present work a new approach for the synthesis of a new kind
of stable and positively charged and Glucose functionalized nanoparticles was developed.
The Glucose capped GNPs are suitable for improved radiotherapy and drug delivery
applications. Moreover, a characterization regarding the receptor complex fate was also
performed. However, further chemical characterization on the glucose bonding appears
mandatory for future studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
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ESI-MS spectrum of the LA-PEG-NH, polymer shows two peaks in the range 600-800 Da,

assignable to the polymer fragmentation.
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Figure2.
DLS spectra of gold cores stabilized with citrate anions (in red) and Au-PEG-NH> (in

black). The PEG polymer increased Hydrodynamic Diameter of the particles.
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Figure 3.
Raw data images of Hela cells treated with Au-PEG-Glu (A-B-C) or Au-PEG-NH, (D-E-F).

Images are acquired in three channel: Fluorescence (A-D), Scattering (BE), Trasmission (C-
F). The scattering images comparison (B-E) shows clearly the Au-PEG-Glu bind specific to
cell membranes.
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Figure 4.
Uptake of Au-PEG-GIlu and Trajectories of a complex NP-receptor. The yellow lines

correspond to the 2-D projections of the trajectories.
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Scheme 1.
Synthetic procedure for the synthesis of LA-PEG-NH, polymer.
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General reaction scheme for ligand exchange reaction leading to Au-PEG-NH
nanoparticles
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Synthetic procedure for /n situ glucuronic acid conjugation to obtain Au-PEG-Glu
nanoparticles.
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Characterizations on Au-NP (solvent water). Second column shows the value of UV-visible Plasmon while

Table 1

respectively third and fourth columns DLS and Z-Potential measurements.

Sample Name | UV-VisPlasmon [nm] | HydroDynamic Diameter by DLS[nm] | Z- Potential value [mV]
Gold core 530 34+2 -39£1

Au-PEG-NH, 532 40+2 +29+1

Au-PEG-GLU 532 40+2 +30£1
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