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Abstract: As the diversity of nanomaterials is wide and their size can vary by 2 orders of magnitude
(1-100 nm), the development of new and advanced analytical tools for their in-depth
characterization is of paramount importance, allowing a fundamental understanding of their
structure, further alteration and degree of chemical surface functionalization. Herein, we present a
new strategy for characterization of gold nanorods (GNRs) that are of specific interest for biomedical
applications due to their unique size-dependent longitudinal surface plasmon resonance band in
the visible to near-infrared spectral region. More precisely, we characterized GNRs conjugated with
short and long synthetic glycopolymers for biosensing of lectins in terms of particle size, coating
thickness, and/or mobility properties in comparison with the bare GNRs. This endeavour requires
a multidisciplinary approach including a new comprehensive set of fit-for-purpose analytical tools
being high-resolution single-particle inductively coupled plasma-mass spectrometry (HR-spICP-
MS) and electrical asymmetric-flow field-flow-fractionation hyphenated to a multi-angle light
scattering detector (EAF4-MALS). GNRs were separated and characterized via EAF4-MALS in
terms of their size and charge, while HR-spICP-MS provided information on the particle number
density, size, size distribution, and the dimensional characterisation. In addition, EAF4-MALS
appears to be suitable for estimating coating thickness of glycoconjugated GNRs.

Keywords: gold nanorods; high-resolution single-particle inductively coupled plasma-mass
spectrometry; electrical asymmetric-flow field-flow-fractionation hyphenated to a multi-angle light
scattering detector

1. Introduction

Nanomaterials have attracted considerable attention because of their unique physical, chemical,
and mechanical properties, exhibiting distinct size-dependent properties in the 1-100 nm range.
Intensive research is being done related to the use of nanomaterials in many contexts such as energy
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storage, energy conversion, solar cells, pharmaceuticals, life science applications, optoelectronics,
sensing and actuation nanosystems, catalysis, and composite materials [1]. Since the potential of
nanoscale particles (NPs) has been identified, scientific and commercial interest has increased
tremendously. It is expected that in the next decade, a countless number of increasingly complex,
versatile, and useful nanomaterials will be designed, synthesized, and applied in different research
areas. However, these advanced applications of nanomaterials require their customization in terms
of chemical composition/functionalization, size, and morphology. Careful and safe design of NPs and
precise control during the synthesis process to ensure a successful application is crucial [2]. As a
result, development of different analytical tools to follow-up the nanomaterial synthesis from an
early stage onwards on the one hand and to fully characterize the finally synthesized NPs on the
other is required.

Gold nanorods (GNRs) have been found promising in biomedical applications, mainly because
of their unique optical properties dominated by the localized surface plasmon resonance (LSPR)
phenomenon: their anisotropic shape causes a splitting of their optical absorption bands into two
peaks corresponding to the transverse and longitudinal plasmon resonances. The longitudinal
resonance peak position is highly shape- and size dependent, and it is shifted from the visible to the
near-infrared (NIR) region with increasing aspect ratio (length/width) [3,4]. GNRs are promising in
cancer diagnostics [5] and treatment [6-11], gene therapy and drug deliver applications [12,13], as
well as for in vitro diagnostics of a wide variety of disease-specific biomarker targets [14-16].

The utilization of GNRs for biomedical applications requires an appropriate functionalization to
provide chemical stability and biocompatibility, and to recognize target molecules in a biological
environment. However, the synthesis and characterization of GNRs with well-defined sizes, shapes,
and bioconjugated surfaces remains an important challenge.

A unique aspect of this specific research is the development of a set of analytical tools (methods)
for physicochemical characterization of gold nanorods (GNRs) conjugated with short and long
synthetic glycopolymers for biosensing of lectins in terms of particle size, coating thickness, and/or
mobility properties in comparison with the bare GNRs. The developmental process of
glycoconjugated GNRs requires a multidisciplinary analytical approach including a new
comprehensive set of fit-for-purpose tools, such as high-resolution single-particle inductively
coupled plasma-mass spectrometry (HR-spICP-MS) and electrical asymmetric-flow field-flow-
fractionation hyphenated to a multi-angle light scattering detector (EAF4-MALS).

2. Materials and Methods

2.1. Glycopolymer Conjugated Gold Nanorods

Citrate-stabilized GNRs of 10 nm width and 38 nm length were purchased from Nanopartz
(Loveland CO US/Canada). Monomer N-hydroxyethyl acrylamide (97%, HEA), 2-
(dodecylthiocarbonothioylthio)-2-methylpropionic acid pentafluorophenyl ester (98%, PFP-DMP),
and D-(+)-galactosamine were all purchased from Sigma-Aldrich. Poly(N-hydroxyethyl acrylamide)
(PHEA) was synthetized by photo-initiated reversible addition-fragmentation chain transfer (RAFT)
polymerization in two lengths of 35 and 60, corresponding to different degrees of polymerization;
then they were functionalized with D-(+)-galactosamine (Gal) achieving the glycopolymers Gal-
PHEA35 and Gal-PHEAG6(, as previously described [17].

Citrate-GNRs were functionalized with 4 mg of each glycopolymer dissolved in 200 puL of water
and mixed by pipetting with 800 uL of GNRs suspension at 10 OD. After 1 h incubation at room
temperature in the dark, the particles were sonicated for 1 min using an ultrasonic bath at 40kHz
(Branson 1800 series CPX1800H), centrifuged at 12000 RCF and 20 °C for 15 min using a Sigma 3-
30KS centrifuge, and the supernatant removed. This was followed by 3 cycles of re-suspension in 1
mL water, centrifugation and decanting. The particles were finally resuspended in 1 mL water and
stored in polypropylene graduated tubes at 4 °C until use.

2.2. HR-Spicp-MS
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All samples were analyzed with a Nu Attom ICP-MS (Nu Instruments Ltd., Wrexham, UK). This
instrument is equipped with a double-focusing sector field mass spectrometer, with forward (Nier-
Johnson) geometry. In single particle mode, a single m/z value was monitored (i.e., the magnetic field
and all voltages were fixed). For the measurement of GNRs the instrument was operated at low
resolution (R ~ 300). Samples were introduced using a conventional sample introduction system,
consisting of a glass concentric nebulizer mounted onto a quartz cyclonic spray chamber with a
nominal uptake rate of 300 puL min™ (self-aspirating). HR-spICP-MS was used in time-resolved
analysis (TRA) measurement mode, with dwell times of 40 ps and a total acquisition time of 60 s (Figure
1, Table 1).
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Figure 1. HR-spICP-MS and EAF4-MALS set up.

Table 1. ICP-MS instrumental settings and conditions.

Parameter

RF power 1300 W
Plasma gas flow rate 13 L min™
Carrier gas flow rate  0.93 L min™!

Measurement mode TRA
Nuclide monitored 17Au
Dwell time 40 us
Acquisition time 60 s
Nebulizer MicroMist
Spray chamber Cyclonic

Data acquisition and data treatment were performed using the combination of NuAttoLab and
NuQuant sofware (Nu Instruments, Ltd., Wrexham, UK). Finally, GNRs dimensional
characterization method was adopted from Kalomista et al., 2017 [18].

2.3. EAF4-MALS

EAF4 measurements were performed using an Eclipse AF4 system with Mobility module (Wyatt
Technology, Santa Barbara, CA, USA) using a 25 cm Mobility electric long channel equipped with a
350 um spacer and a 5 kDa cutoff polyether sulfone membrane [19]. Detection was accomplished
with a DAWN 18-angle MALS detector (Wyatt Technology, Santa Barbara, CA, USA). 0.5 mM sodium
nitrate was used as the carrier solution. For separation, the cross-flow was maintained at 0.5 mL/min
for 30 min. For Mobility measurements an amperage of 0.1 mA (bottom electrode positively
charged) was applied during separation. Data were collected and analyzed using VISION software
(Wyatt Technology, Santa Barbara, CA, USA). Effective channel height calibration was performed
using 20 nm spherical gold nanoparticles (BAM-N004, Bundesanstalt fiir Materialforschung und -
priifung, Berlin, Germany).
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3. Results

3.1. HR-spICP-MS for Glycoconjugated GNRs Characterization

High temporal resolution extends the capabilities of the spICP-MS technique as previously
reported by Kalomista et al. [18]. As expected, the average of 5% for shortest and longest transit times
were correlated with the length of 32 nm and the width of 11 nm of GNRs, respectively. This is in
accordance with the certificates provided for GNRs (10 nm width and 38 nm length). As such HR-
spICP-MS allowed fast dimensional characterization of GNRs and could be used as an orthogonal
method to investigate different batches of the GNRs after synthesis and their further use in
conjugation with short and long synthetic glycopolymers.

The spherical equivalent diameter and particle size distribution data for bare GNRs and
glycoconjugated GNRs (Figure 2, Table 2) was derived in order to provide the thickness of the
glycopolymers binded on the GNRs surface. When interpreting mean particle size and particle size
distribution data result as provided by HR-spICP-MS, it must be acknowledged that the particle size
was not significantly altered after binding synthetic glycopolymers on the GNRs surface, meaning
that both short and long glycopolymers did not impact the particle size measurements. This is an
important factor as the localized surface plasmon resonance signal generated by GNRs is shape- and
size-dependent [5,6]. However, HR-sp-ICP-MS is not able to provide information on the thickness of
the glycopolymers bound to the GNR surface as it is basedon single particle detection via the 7Au
ion signal. Therefore, the EAF4-MALS method was further applied.
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Figure 2. Particle size distribution of (a) bare GNRs; (b) GNR-Gal-PHEA35; and (c¢) GNR-Gal-
PHEAG60.

Table 2. HR-spICP-MS results of bare GNRs and glycoconjugated GNRs.

GNRs  GNR-Gal-PHEA35 GNR-Gal-PHEA60
Spherical equivalent diameter (nm) 21.0+0.5 21.0+0.4 22.0+0.0

3.2. EAF4-MALS for Glycoconjugated GNRs Characterization

The size of GNRs was assessed using EAF4-MALS runs without an amperage applied during
separation (Figure 3).
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Figure 3. 90° light scattering fractograms of GNRs, GNR-Gal-PHEA35 and GNR-Gal-PHEA60.

The retention time could then be directly related to the sample hydrodynamic size. We obserevd
an increased retention time of glycoconjugated GNRs compared to the bare GNRs (Figure 3)
indicating an increase in hydrodynamic size which was highest for the longest glycopolymers. In
addition, HR-spICP-MS results have shown that there was no significant difference in spherical
equivalent diameter of the bare GNRs and glycoconjugated GNRs. Thereofre, the increase in
hydrodynamic diameter can be attributed to the glycoconjugation of GNRs. This confirmed
successful coating of GNRs. The increase in size (Table 3) can be used to estimate the coating thickness
of glycoconjugated GNRs. The charge of GNRs is assessed by comparing EAF4-MALS runs with (0.1
mA) and without (0.0 mA) an amperage applied during separation. Shifts towards a higher retention
time of up to 0.5 min are observed for each sample when applying —0.1 mA. This indicates a negative
charge of GNRs before and after glycoconjugation.

Table 3. Hydrodynamic diameter Dn determined via EAF4-MALS.

GNRs GNR-Gal-PHEA35 GNR-Gal-PHEA60
Dn(nm) 17.0 213 22.1

4. Conclusions

The current study achieved its main goals concerning the characterization of the GNRs
conjugated with short and long synthetic glycopolymers. The GNRs were separated and
characterized via EAF4-MALS regarding size and surface charge, while HR-spICP-MS provided
information on the particle number density, size, size distribution, and anisotropic dimensions. In
addition, EAF4-MALS appeared to be suitable for estimating the coating thickness of
glycoconjugated GNRs. Finally, further research is needed to prove the significant advantage offered
by joining the capabilities of HR-spICP-MS and EAF4-MALS (e.g., reproducibility) for the
characterization of gold nanorods conjugated with synthetic glycopolymers when compared to more
common characterization methods, such as UV-VIS and DLS.
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