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ARTICLE INFO ABSTRACT

Handling Editor: Qun Fang In-depth characterization of functionalized nanomaterials is still a remaining challenge in nanobioanalytical
chemistry. In this work, we propose the online coupling of Asymmetric Flow Field-Flow Fractionation (AF4) with
UV/Vis, Multiangle Light Scattering (MALS) and Inductively Coupled Plasma-Tandem Mass Spectrometry (ICP-
MS/MS) detectors to carry out, in less than 10 min and directly in the functionalization reaction mixture, the
complete characterization of gold nanoparticles (AuNPs) functionalized with oligonucleotides and surface-

modified with polyethylene glycol (PEG). AF4 separation provided full separation of the bioconjugates from
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Gpold nanop:rticles the original AuNPs while P/Au and S/Au ICP-MS/MS ratios in the bioconjugate fractographic peaks could be
microRNA used to compute the corresponding stoichiometries, oligonucleotide/AuNP and PEG/AuNPs. MALS detection

clearly showed the coexistence of two distinct nanoparticulated populations in the bioconjugation mixture,
which were demonstrated to be different not only in size but in functionality as well. The major bioconjugate
population showed lower hydrodynamic ratios (18 nm) with higher and steadier oligonucleotides/AuNPs (92)
and PEG/AuNPs (2350) stoichiometries, in comparison to the minor abundant population (54 nm, 51 and 1877,
respectively). Moreover, the ratio between the absorbance signals measured at 520 nm and 650 nm reflects a
lower AuNP aggregation in the major (10.5) than in the minor (4.5) population. Results obtained prove the
benefits of a detailed characterization to find out if subsequent purification of functionalized AuNP-
oligonucleotides is required to design more efficiently their final bioanalytical application.

1. Introduction equipment. Recent studies have shown that measurement of changes in

the Localized Surface Plasmon Resonance due to the aggregation of

MicroRNAs, also called miRNAs, are single-stranded nucleic acids of
between 19 and 25 nucleotides. Unlike other nucleic acids, they do not
encode proteins but simply regulate gene expression. When they hy-
bridize to messenger RNA (mRNA) sequences, they cause inhibition or
degradation of this miRNA, leading to a decrease in the protein level
encoded by that gene/mRNA. Therefore, there is great interest in the
detection and quantification of miRNA, as they are considered key in
cellular mechanisms and potential biomarkers of various pathologies
[11.

Although standardized methods exist for miRNA detection as quan-
titative polymerase chain reaction (qQPCR) [2,3], the rise of nanotech-
nology has brought a faster alternative that does not require specialized
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AuNPs induced by the presence of miRNAs is one of the promising tools
for miRNA quantification [4]. In this particular case, a set of water stable
AuNPs are modified with two distinct DNA oligonucleotide strands, each
of them partially complementary at each end of the miRNA sequence of
interest (target biomolecule). The presence of the target miRNA triggers
its hybridization with the two types of functionalized AuNPs leading to
aggregation that brings about a change that can be visually detected,
from the red they show when are free AuNPs to the violet they show
when aggregated [5]. Additionally several ligands, such as polyethylene
glycol, are typically used to modify the surface of the AuNPs by blocking
any DNA-free areas to minimize unspecific adsorptions and make them
more biocompatible.

E-mail addresses: jcostafe@uniovi.es (J.M. Costa-Fernandez), ruizjorge@uniovi.es (J.R. Encinar).

https://doi.org/10.1016/j.talanta.2023.124309

Received 23 December 2022; Received in revised form 23 January 2023; Accepted 25 January 2023

Available online 26 January 2023

0039-9140/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


mailto:jcostafe@uniovi.es
mailto:ruizjorge@uniovi.es
www.sciencedirect.com/science/journal/00399140
https://www.elsevier.com/locate/talanta
https://doi.org/10.1016/j.talanta.2023.124309
https://doi.org/10.1016/j.talanta.2023.124309
https://doi.org/10.1016/j.talanta.2023.124309
http://crossmark.crossref.org/dialog/?doi=10.1016/j.talanta.2023.124309&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

B. Moreira-Alvarez et al.

In this type of colorimetric assays, the magnitude of the observed
optical changes critically depends on the extent of the modification of
the AuNPs surface with oligonucleotides and on the capability of com-
plementary target oligonucleotides to access the surface-bound oligo-
nucleotides. This explains the great deal of effort carried out toward
development of methodologies capable to compute the surface coverage
of DNA oligonucleotides bioconjugated onto Au nanoparticles. Knowl-
edge about the type and number of DNA strands bound to the nano-
particle surface is essential to optimize the reproducibility, sensitivity,
stability and efficiency of the assays [6,7].

The conventionally used fluorescence “turn-on” method measures
the emission intensity of a fluorescent dye-labelled DNA [8], previously
attached to the AuNP, after being displaced by small thiol ligands. This
method requires assuming that all DNA ligands are completely displaced
from the surface of the DNA-NPs. However, the rate and extent of thi-
ol/ligand exchange depends strongly on the ligand identity, thus inva-
lidating the previous assumption and resulting in errors in the
determination. “Turn-off” fluorescent methods have been also proposed
[9]. Here, the luminescence emission of a fluorophore-labelled DNA
solution is measured before and after binding to the AuNPs. Measure-
ment of the decrease in fluorescence caused by the AuNPs acting as a
luminescence quencher is used for quantifying the DNA linked to the
NPs. This approach assume that the fluorophore tag of the DNA is
completely quenched upon binding with the AuNPs. However, the de-
gree of deactivation depends on several factors, such as the
quencher-fluorophore distance, which finally affect the quantification.
Additionally, both fluorescent methods rely on the use of fluorophore
labels that could affect DNA-NP ligand structure, reactivity, and in
turns, the number of recognition strands bound to each AuNP, thus
affecting the accuracy on the NP surface coverage determination [10].

Label-free DNA sequences attached to AuNPs have been quantified
by subtracting the UV-Vis signal obtained in the supernatant before and
after the bioconjugation reaction [11]. Although it is a very simple in-
direct method, it requires large amount of bioconjugates, and it cannot
discriminate between oligonucleotides attached at the surface and the
possible aggregated chains.

Some other analytical methods able to determine the number of DNA
strands per AuNP without using fluorophores or making assumptions
regarding nanoparticle reactivity have been proposed. A commonly used
methodology involves the quantification of the electrophoretic move-
ment of different bioconjugates to obtain a semi-quantitative informa-
tion [6]. This approach is limited by the resolution power of the
electrophoretic separation. It also presents the disadvantage of low re-
coveries due to losses or adsorptions produced along the numerous
purification steps especially when the binding of biomolecules to NPs is
not strong enough. Analysis of the total phosphorus content of the bio-
conjugate has been also used to relate this concentration to that of the
oligonucleotide chains. This approach requires an efficient purification
step to isolate the bioconjugate from the matrix components and
perform digestion of the samples, which could entail contamination
problems. Moreover, it only provides average oligonucleotide:AuNP
stoichiometries with no information about the eventual presence of
different bioconjugate populations in the sample [12].

Therefore, there is a strong demand of new robust methods able to
accurately quantify the number of oligonucleotides per AuNP in the
bioconjugates and also to identify the eventual presence of bio-
conjugated nanoparticulated species with different stoichiometries
coexisting in a given sample [13]. Herein, we propose the use of an
analytical platform based on the coupling of an Asymmetric Flow
Field-Flow Fractionation (AF4) separation technique to different optical
(UV/Vis absorbance and Multiangle Light Scattering) and elemental
(inductively coupled plasma mass spectrometry, ICP-MS) detectors for
the direct and integrated characterization of functionalized AuNP
nanostructures especially designed for miRNA optical quantification.
This study was aimed at gaining a key information for the prepared
nanoparticle-oligonucleotide bioconjugate materials, including not only
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the average AuNP-ligands-complementary strands stoichiometries but
also the assessment of eventual individual nanoparticulated populations
eventually coexisting in the bioconjugate mixture.

2. Materials and methods
2.1. Reagents and materials

Hydrogen Tetrachloroaurate Trihydrate (HAuCls-3H20), Sodium
citrate tribasic dihydrate (Na3Ce¢Hs07-2H20), Magnesium Chloride
Hexahydrate  (MgCly-6H50), Trizma®  Hydrochloride (NH,C
(CH20H)3-HC)), Potassium Chloride (KCI) and Tween20 were purchased
from Sigma-Aldrich (Schnelldorf, Germany) while Thiolated Poly-
ethylene Glycol (mPEG-SH1000) was purchased from Laysan Bio, Inc.
(Huntsville, USA).

The oligonucleotides chains, with the thiol group protected,
employed in the functionalization of the AuNPs were purchased from
Integrated DNA Technologies (Iowa, USA).

2.2. Preparation of functionalized AuNPs

Two sets of the same AuNPs were functionalized with two distinct
oligonucleotides chains via the high affinity of their thiol groups with
the Au atoms at the NP surface. Two oligonucleotrides:AuNPs bio-
conjugates, named AuNPs-1 and AuNPs-2, were formed by coating the
surface of the AuNPs with two nucleic acid chains «'-/5ThiolMC6-D/
AAA AAA AAA ACC TAT CGA CCA TGC T -3'» and «5'- CCG CTA GAG
TCG TTT AAA AAA AAA A/3ThiolMC3-D -3'», respectively, which are
partially complementary to a selected target Nucleic Acid species used
for the specific detection of the miRNA 146a biomarker of mastitis.

The AuNPs were synthetized in out laboratory using the sodium
citrate reduction method described in the literature (see the Supporting
Information) [14]. The NP-surface functionalization process consists of
several steps. In a first step, the oligonucleotide strands were depro-
tected to leave the thiol accessible. For this purpose, 20 pL of 10 pmol/L
of the blocked strand and 108 pL of 1.8 mmol/L tris(2-carboxyethyl)
phosphine (TCEP) were incubated for 2 h at room temperature in a
90 mmol/L solution of trisodium citrate HCI buffer (pH 3) with 0.01%
v/v Tween20. The surface of the AuNPs was coated with such unpro-
tected oligonucleotides by incubating them for 20 min at room tem-
perature with the desired concentration of AuNPs.

The remaining free surface of the already functionalized AuNPs was
then coated to further stabilize the nanostructures and minimize
possible non-specific interactions. For this purpose, the AuNPs-1 and
AuNPs-2 were incubated for 30 min at 60 °C with 40 pL of 2 mmol/L
thiolated polyethylene glycol 1 kDa (mPEG). Once AuNPs were stabi-
lized, a multiple purification steps through centrifugations at 8000 g for
30 min at 4 °C were performed for removal of the excess of unreacted
reagents. Finally, functionalized AuNPs were redispersed in ultrapure
water with 0.01% v/v Tween-20, resulting in a concentration of 10 nM
in AuNPs (quantified by UV/Vis) and stored at 4 °C until further use.

2.3. Instrumentation

UV/Vis absorbance was recorded on Genesys 10S spectrophotometer
(Thermo Scientific, Germany) using conventional quartz SUPRASIL cu-
vettes (Hellma Analytics, Germany). Measurement of the hydrodynamic
radius of the nanoparticles and their Z-potential determination were
carried out with DLS Zetasizer Nano ZS (Malvern, United Kingdom).

The Asymmetric Flow Field-Flow Fractionation (AF4) system used
was an AF2000 MT instrument (Postnova Analytics, Germany). The
channel was formed by a polyethersulfone (PES) membrane with 10 kDa
cut-off (changed every ca. 25 injections) and a 500 pm spacer. The
optimized flow rate program employed for nanoparticle separation is
summarized in Table S1. 0.05% Tween80® in MilliQ double filtered by
0.1 pm PVDF filters was used as carrier solution. The AF4 system was
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coupled online to an UV/Vis absorbance detector Agilent 1260 Infinity
MWD (Agilent, Germany); a Multiangle light scattering MALS PN3621
(Postnova Analytics Inc., Germany); and an ICP-MS/MS instrument
(Agilent 8900, Japan). Operation conditions of all the detectors are
summarized in Table S2. Integration of the fractographic peaks was
performed using the MassHunter software (Agilent). Sample recovery
was calculated comparing the sum of the Au peak areas obtained during
the AF4 separation with that obtained without cross flow (FIA).

Oxygen was introduced in the reaction cell of the ICP-MS/MS in-
strument at a flow of 0.35 mL min—1. In order to detect S and P free of
interferences in mass shift MS/MS mode (°2ST — #830" and 3Pt —
47PO*, respectively) [15]. Although Au was not interfered and the Au
oxide formation rate at the cell was extremely low, we still selected mass
shift mode for Au detection (197Au+ — 213AuOJ’) in order to detect gold
in digital mode as well, together with P and S oxides, and not saturate
the SEM detector (NP core was made exclusively of Au atoms).

3. Results and discussion
3.1. Characterization of the free AuNPs

The first step for the in-depth characterization of the desired func-
tionalized bioconjugates was to study the naked AuNPs synthesized in
our laboratory. Although the synthetic methodology follows a well-
known controlled process, there could be still some experimental vari-
ability of the NPs generated in terms of the size, size-dispersion and
aqueous stability. These variations may lead to unsuitable AuNPs bio-
conjugates products that may affect the bioassay at a later stage. Here
transmission electron microscopy (TEM) was used to measure the NP
size and morphology. The hydrodynamic radius and the polydispersity
index (PDI) of AuNPs were measured using dynamic light scattering
(DLS). AuNPs with sizes around 15 nm and PDI smaller than 0.1 were
synthesized and used for bioconjugation to the DNA oligomers. The
results obtained shown in Fig. S1. Hydrodynamic diameter of 19.4 nm
and a PDI of 0.07 are consistent with those obtained by TEM measure-
ments (15 £+ 1 nm, Fig. 52).

After simple dilution of the solution resulting from the AuNPs syn-
thesis with 0.01% Tween20, an aliquot of the diluted sample was
injected into the platform AF4-UV/Vis-MALS-ICP-MS/MS (Fig. S3a).
Experimental conditions were previously optimized to obtain the high-
est possible recovery of the target bioconjugates while providing their
complete separation from the free unreacted AuNPs (Table S1). The low
NPs recovery obtained with respect to the FIA signal (62%) and the
significant tailing of the peak seemed to pinpoint towards the low sta-
bility of the free AuNPs in the system under such separation conditions.
The results obtained by MALS (Fig. S3b) for the main peak (6.5-8 min)
showed that 80% of the NP detected therein reached large size (54 + 5
nm, radius), with clear evidence of less abundant and even bigger
populations which suggest that AuNPs are aggregated under these
conditions. The Zeta potential result obtained, —7.83 + 4.21 eV
(Fig. S1b), corroborated the AuNPs instability. It should be noted that
such instability of the free AuNPs was observed due to the AF4
compromise conditions (0.01% Tween20) used, because our purpose
was to know the behavior and elution profile of unreacted AuNPs likely
still present in the resulting bioconjugation mixtures of our targets,
AuNPs-1 and AuNPs-2.

3.2. Characterization of oligonucleotides:AuNP bioconjugates

AuNPs were functionalized with two distinct oligonucleotide strands
following the procedure described above. As mentioned in the intro-
duction, novel miRNA quantification assays are based on the analyte-
induced aggregation of functionalized AuNPs producing detectable
changes in the Surface Plasmon Resonance (SPR) absorption wave-
lengths of the NPs. For this purpose, AuNPs are modified with short
oligonucleotide sequences, which are partially complementary to the
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target sequence. Here, the proposed analytical platform will be assayed
to optimize bioconjugation and perform adequate characterization of
the two oligonucleotide-functionalized AuNPs species that will be used
in the design of a colorimetric method for the detection of miRNA.

Eight oligonucleotide:AuNP molar ratios were tested ranging from
0:1 to 250:1. In all cases, the resulting bioconjugate mixture was incu-
bated with an excess of the thiolated-mPEG ligand to reduce unspecific
interactions by coating the remaining oligonucleotide-free AuNP sur-
face. The characterization of the samples was performed first off-line
using conventional methods and then employing the proposed AF4-
UV/Vis-MALS-ICP-MS/MS platform.

3.2.1. Off-line characterization of bioconjugates

Gel electrophoresis is widely used for characterization of biomole-
cule:nanoparticle bioconjugates [16]. In the particular case of the
oligonucleotide-AuNPs here synthesized, all the functionalized nano-
particles were further coated with mPEG. Thus the differences in species
mobility depended exclusively on the surface charge, which was in turn
function of the number of the oligonucleotide strands initially bio-
conjugated. The different functionalized AuNPs were first characterized
using gel electrophoresis following the procedure described in the
Supporting Information. The images of the gels obtained for both bio-
conjugates (AuNPs-1 and AuNPs-2) prepared under the different oligo-
nucleotide:AuNPs molar ratios assayed are shown in Fig. S4. Although
the two oligonucleotide chains have the same number of phosphates and
therefore the same number of negative charges, the behavior of the two
bioconjugates was slightly different. In both cases the bioconjugated
blank, which consisted of coating the AuNPs simply with mPEG, hardly
advanced through the gel because the mPEG does not provide any
charge to the AuNPs.

In the case of AuNPs-1 (Fig. S4a), the nanostructures prepared using
10:1 and 25:1 oligonucleotide:AuNPs molar ratios showed broad diffuse
bands, that might be because of heterogeneity problems in the biomol-
ecule coating of the AuNPS. The functionalized nanoparticle prepared
using the 50:1 oligonucleotide:AuNPs molar ratio, although still pro-
duced a slight broad band, it was much narrower than the previous ones.
Functionalized AuNPs prepared using higher amounts of oligonucleo-
tides produced gel bands that were significantly narrower appearing
approximately at the same distance in the gel independent on the
oligonucleotide:AuNPs molar ratio used in the preparation. This seems
to indicate that the differences between charges in the prepared bio-
conjugates were minimal because the oligonucleotide surface coverage
level in the AuNPs reached a plateau. In contrast, the AuNPs-2 bio-
conjugate (Fig. S4b) showed broad bands only at 10:1 and 25:1 M ratios,
reaching the stabilization already at ratio 50:1 oligonucleotide:AuNPs.

Z-potential measurements were also performed to confirm that the
aggregation of the samples was due to insufficient electrostatic charge
on some of the oligonucleotide:AuNP ratios assayed. In fact, as the
number of strands present in the different bioconjugates increased, the
absolute values of the Z-potential raised (—16.4 + 6.0; —25.4 + 4.5 eV,
—28.6 £ 7.9 and —29.8 &+ 6.5 eV for 10:1, 25:1, 150:1 and 250:1
respectively) towards the threshold value of —30 eV (where they are
considered to have a stable charge) [17].

3.2.2. Bioconjugate characterization by AF4-UV/Vis-MALS-ICP-MS/MS
platform

In parallel, the bioconjugate mixtures prepared using different
oligonucleotide:AuNP ratios were analysed using the AF4-UV/Vis-
MALS-ICP-MS/MS analytical platform. First of all, it is worth noting
that AF4 recoveries using PES membrane (85 + 5%) were much higher
than that found for the analysis of the free AuNPs, and peaks obtained
were Gaussian and relatively narrow reaching baseline in less than 2
min. Notably, the use of regenerated cellulose membranes led to much
lower recoveries for such bioconjugate mixtures (57 + 6%). As an
example, the signals obtained by the different detectors for the 100:1
oligonucleotide:AuNPs ratio assayed in bioconjugates AuNPs-1 and
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AuNPs-2 are shown in Fig. 1. The complete set of fractograms corre-
sponding to the rest of bioconjugate ratios are given in Figs. S5-S10.
Similarly to the gel electrophoresis results, the fractograms obtained
became stable as the oligonucleotide:AuNP ratios increased over 50:1
oligonucleotide:AuNPs, with a major species eluting at the same time,
4.8 min for both, the AuNPs-1 and the AuNPs-2. Additionally, a minor
species could also be detected later as a peak shoulder at 5.4 min.

One power of the analytical platform presented herein is the com-
plementary information obtained from the different detectors used, that
is of paramount value for unequivocal identification of the nano-
particulated species separated during the AF4 analysis. As shown in
Fig. 1, MALS signals at 90° could clearly differentiate two populations
within the bioconjugate peak that were hardly detected as small
shoulders with the other two detectors. Analysis of such complementary
information allowed us to find out that both peaks corresponded to the
same nanoparticulated species with a slightly different aggregation
level. Nanoparticle aggregation did not involve any significant change in
the elemental (Au, S, P) contents or the wavelength signals provided by
the ICP-MS/MS and the UV/Vis detectors, respectively, but it brought
about a significant conformation change easily detectable by MALS. In
fact, it is remarkable that the longer elution time of the minor bio-
conjugate population in Fig. 1 (around 5.4 min in AuNPs-1 and AuNPs-2
and shaded in blue), likely corresponding to aggregates as previously
discussed, is relatively close to the elution time observed for the free
AuNPs (6.4 min, see Fig. S3a) that were already demonstrated to be
highly aggregated. As can be observed in the collection of MALS signals
obtained for four different oligonucleotide:AuNP ratios in AuNPs-1 in
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Fig. 2a, this minor, later eluting and likely aggregated bioconjugate
population was the major one in the 10:1 ratio (with even longer elution
time, 5.7 min) and still very significant in the 25:1ratio. It seems evident
that the stabilization provided by the adequate covering with the
oligonucleotide strands attached to the surface prevented aggregation.
This protective effect results in a major bioconjugate species eluting in
the first “non-aggregated region” (shaded in yellow in Figs. 1 and 2)
when the oligonucleotide:AuNPs ratio is above 50:1. A similar behavior
with shorter elution times as the oligonucleotide:AuNP ratio increased,
was also apparent in the Au signals from the ICP-MS/MS given in Fig. 2b
for the same ratios.

3.2.2.1. Hydrodynamic radius (MALS) determination of bioconjugates.

After treatment of the fractograms signals obtained measuring the light
scattered at the 21 angles on-line monitored with the MALS detector, we
could obtain the hydrodynamic size of the different NP populations
separated using the AF4 system. The results obtained for the analysis of
the different oligonucleotide:AuNPs ratios assayed are given in Table 2.
It is well-known that oligonucleotide strands smaller than 30 bases are
stretched and well-packed, so the size of the resulting bioconjugate
nanostructure could be roughly estimated as the sum of the diameter of
the original AuNP core plus twice the strand size [18]. Considering that
the AuNP core was 15 nm diameter (average value measured by TEM)
and each of the bases of the 25-nucleotide strand has 0.4 nm, the
theoretical size expected for the bioconjugates will be around 35 nm
diameter (17.5 nm in radius). As can be seen in Table 2, the hydrody-
namic radius of the first major population (shaded in yellow in Figs. 1
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Fig. 1. AF4-UV/Vis-MALS-ICP-MS/MS analysis of the bioconjugate mixtures using the 100:1ratio (oligonucleotide:AuNPs). (a) Fractograms from the analysis of the
AuNPs-1, (b) fractograms from the analysis of the AuNPs-2. The peaks corresponding to the first (non-aggregated) and the second (aggregated) bioconjugate
populations, as clearly indicated by MALS signals, are shaded in yellow and blue respectively. (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)
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Fig. 2. Comparison of the fractograms obtained for the analysis of the AuNPs-1 bioconjugate prepared using different molar ratios oligonucleotide:AuNPs: 10:1
(black), 25:1 (green), 50:1 (orange) and 150:1 (blue). a) MALS signal, b) Au signal obtained by the ICP-MS/MS. The fractogram regions corresponding to the first
(non-aggregated) and to the second (aggregated) bioconjugate populations are shadowed in yellow and blue, respectively. (For interpretation of the references to

color in this figure legend, the reader is referred to the Web version of this article.)

and 2) stabilized around 19 nm for the MALS analysis of AuNPs-1 bio-
conjugates prepared using oligonucleotide:AuNPs ratios of 50:1 and
above and ratios over 25:1 for AuNPs-2 bioconjugates, which is fully
consistent with the theoretical expected size. These hydrodynamic re-
sults supported the assumption that the first eluting species corre-
sponded to non-aggregated AuNPs functionalized with the
oligonucleotides (both 1 and 2). Hydrodynamic sizes for the first pop-
ulation at 10:1 ratio assayed could not be computed as no peak was
obtained. Hydrodynamic sizes for the first population at 25:1 and 50:1
(Figs. S6 and S7, respectively) were slightly higher because the AF4
separation from the second aggregated population was not complete.
Table 1 also shows that the hydrodynamic size obtained using online
MALS for the second fractographic population, shaded in blue in Figs. 1
and 2, was always significantly bigger (around 54 and 45 nm for analysis
of the bioconjugate mixtures of AuNPs-1 and AuNPs-2, respectively) and
very close to that obtained for the most abundant population observed in
the free (and aggregated) AuNPs (54 + 5 nm). Two hypotheses might be
stated from these results. Either bioconjugation was not complete
(specially at the lower ratios assayed) and this second population cor-
responds to unreacted and aggregated AuNPs or bioconjugate species
produced at low oligonucleotide:AuNP ratios were not stable enough
and were prone to aggregate along the bioconjugation reaction process.
Notably, although MALS signal allowed us to distinguish clearly the

Table 1

Hydrodynamic radius obtained using AF4-MALS for the first and second bio-
conjugate populations shaded yellow and blue respectively in Figs. 1 and 2 for
the different oligonucleotide:AuNP ratios assayed. Uncertainty corresponds to
one standard deviation (n = 3).

First Population Second Population

Ratio assayed AuNPs-1 AuNPs-2 AuNPs-1 AuNPs-2
oligonucleotide:AuNP
AuNPs - - 54.2 + 54.2 +
5.4 5.4
10:1 - - 422 + 36.2 +
4.2 3.6
25:1 27.2 £ 21.8 + 55.8 + 43.0 +
2.7 2.2 5.6 4.3
50:1 21.6 + 19.4 + 54.8 + 44.6 +
2.2 1.9 5.5 4.5
100:1 19.0 + 17.6 + 53.0 + 44.2 +
1.9 1.8 5.3 4.4
150:1 18.4 + 19.2 + 55.4 + 45.2 +
1.8 1.9 5.5 4.5
200:1 18.6 + 20.8 £ 53.6 £ 46.8 +
1.9 2.1 5.4 4.7
250:1 19.6 + 18.8 + 54.2 + 45.0 +

2.0 1.9 5.4 4.5

Table 2

520-650 nm intensity ratios obtained using AF4-UV/vis for the first and second
populations for the different oligonucleotide:AuNP ratios assayed. Uncertainty
corresponds to one standard deviation (n = 3).

First Population Second Population

Ratio assayed oligonucleotide: AuNPs-1 AuNPs-2 AuNPs-1 AuNPs-2
AuNP
AuNPs - - 7.0 + 8.3+
1.2 1.7
10:1 10.5 + 10.5 + 55+ 4.7 £
0.2 0.1 0.3 0.3
25:1 10.4 £ 10.4 + 5.1+ 39+
0.1 0.1 0.4 0.4
50:1 10.4 + 10.5 + 43+ 41+
0.1 0.1 0.3 0.3
100:1 10.6 + 10.6 + 5.8 + 4.7 £
0.1 0.1 0.3 0.2
150:1 10.2 £ 10.7 = 4.0 + 4.7 +
0.1 0.1 0.4 0.2
200:1 10.5 £ 10.2 + 51+ 3.2+
0.1 0.1 0.4 0.4
250:1 10.5 + 10.2 + 5.1+ 3.2+
0.1 0.1 0.4 0.4

presence of two populations in the AF4 fractograms, it was not sufficient
to provide complete information about their nature.

3.2.2.2. UV/Vis behavior: aggregation studies. A simple and well-known
way to study the aggregation of AuNPs is to detect changes on the
UV-Vis spectrum of the sample containing the nanoparticles. For AuNPs
of about 15 nm diameter size the absorbance ratios measured at the
maximum wavelength of the LSPR of free AuNPs (520 nm) and at a
second wavelength at which isolated AuNPs do not absorb but aggre-
gated (e.g. 650 nm) is a useful parameter to estimate the degree of NPs
aggregates in the sample [19]. In absolute terms, the lower the ratio, the
more aggregated the gold nanostructures are.

Based on such ratiometric approach UV/Vis detection coupled to the
AF4 separation was investigated as a tool to study the eventual aggre-
gation state in the different populations. The data for the two pop-
ulations separated in the AF4 for the analysis of the bioconjugates
preparated at the different oligonucleotide:AuNPs ratios assayed are
shown in Table 2. Such results corroborated that the second nano-
particulated population contains a much higher degree of AuNP aggre-
gated (higher Abs650/Abs520) as compared to the first fractionated
population.
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3.2.2.3. Determination of the stoichiometry oligonucleotide:AuNP using
ICP-MS/MS. ICP-MS and the determination of metal to sulfur ratios has
been already reported as a viable alternative for the characterization of
NP, the quantification of the ligand density on their surface and the
estimation of protein corona content [20-22]. This exceptional feature
becomes even more powerful when the ICP-MS is coupled on-line to CE
[23] and especially to AF4 separations as it opens the door to the
elemental characterization of the individual nanostructure populations
present in bioconjugation reaction mixtures [24].

In this case, the coupling of a tandem ICP-MS detector (ICP-MS/MS)
to the AF4 separation allowed to quantify simultaneously both the low P
and S signals coming from the oligonucleotide and PEG molecules
attached to the NP surface and the high intensity signal of Au from the
NP core. Such information was crucial to characterize further the
nanoparticulated species coexisting in the bioconjugation mixtures.
Previously, the number of Au atoms present per NPs was determined by
direct ICP-MS/MS analysis of the acid-digested NPs solution. Both Au
and NPs concentrations (calculated by PCA analysis) and their corre-
sponding uncertainties were then related. The resulting Au atoms per NP
obtained was 104,275 4 6256 (1 SD, n = 5). On the other hand, the
number of phosphate groups per oligonucleotide (1 and 2) bio-
conjugated is known.

The methodology for the determination of the molar oligonucleotide:
AuNP stoichiometry is based on the one previously developed by Bouzas
et al. [25] for the determination of the molar antibody:QD stoichiometry
and it is illustrated in Fig. 3. Briefly, it relies on the P:Au intensity ratio
determination in the corresponding AF4-ICP-MS/MS bioconjugate peaks
present in the two shaded regions in Figs. 1 and 2. Such mean intensity
ratios (at least of 50 different points) for the bioconjugate populations
could be then translated into P:Au molar ratios using external FI cali-
bration (Fig. S11) built using generic Au and P inorganic standards since
elemental signals provided by ICP-MS/MS are virtually species inde-
pendent. Such molar ratios together with the number of P atoms in the
oligonucleotide strands and the number of Au atoms per AuNP were
combined to obtain the individual oligonucleotide:AuNP stoichiome-
tries (see Table 3) for the aggregated and non-aggregated populations

P/Au Intensity Ratio
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Table 3

Oligonucleotide:AuNP stoichiometries obtained using AF4-ICP-MS/MS for the
two bioconjugate populations shaded in Figs. 1 and 2. Combined uncertainty
corresponds to one standard deviation (n = 2). Values for free AuNPs and bio-
conjugates obtained at 10:1 ratio could not be computed because P signal was
below the detection limit.

First Population Second Population

Ratio assayed oligonucleotide: AuNPs- AuNPs- AuNPs- AuNPs-
AuNP 1 2 1 2

AuNPs - - - -

10:1 - - - -

25:1 28 +£4 25+3 46 £ 15 32+17
50:1 37+4 54+5 27 £7 51 £13
100:1 48 £5 77 £7 31+11 87 + 14
150:1 65+ 6 84 +8 68 + 11 47 £17
200:1 67 £ 6 99+ 8 38 £15 62+ 13
250:1 75+7 109 +£9 51 £10 58 £19

(blue and yellow shaded regions in Figs. 1 and 2) in each oligonucleo-
tide:AuNP (AuNPs-1 and AuNPs-2) mixture ratio assayed. P signal for
the bioconjugate peak obtained using a 10:1 oligonucleotide:AuNPS
ratio was so small that any stoichiometry could be obtained in this case
(Fig. S5). The oligonucleotide:AuNP stoichiometry obtained for the first
eluting non-aggregated yellow-shaded population steadily increased
with the oligonucleotide:AuNP ratio assayed up to 75 + 7 and 109 + 9
for the AuNPs-1 and AuNPs-2, respectively. This is likely because the
strand-2 is better packed than strand-1 leading to higher ligand density
over the same AuNP. To the best of our knowledge, this is the first time
that the number of oligonucleotide strands bioconjugated on the surface
of AuNPs (stoichiometry) could be computed directly in a single analysis
and without any sample preparation.

In contrast, the oligonucleotide:AuNP stoichiometry values obtained
for the second blue-shaded population did not show any clear trend and
showed higher variability between replicates (precision ranged between
16 and 53% RSD). This is again clear evidence that the species eluted at
this time correspond to aggregates with high variability in the structure/
composition.

External Calibration (FIA)
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Fig. 3. Workflow employed for the determination of the oligonucleotide:AuNP stoichiometries in the different bioconjugate mixtures analysed.
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3.2.2.4. Overall ligand density computation using ICP-MS/MS. Both the
thiolated-oligonucleotides used first for functionalization and the
thiolated-PEG used afterwards to avoid unspecific interactions have one
S atom per molecule and are strongly attached to the Au surface.
Therefore, by accurately quantifying the S:Au molar ratio using the data
provided by the ICP-MS/MS detector we could assess the total number of
biomolecules (including oligonucleotide and PEG) that each of the
bioconjugate populations have attached over their surface. Again, we
measured the point-by-point S:Au intensity ratio along the bioconjugate
peaks present in the two shaded regions. The mean of the intensity ratios
for each bioconjugate populations could be then translated into S:Au
molar ratios using again external FI calibration and generic S and Au
inorganic standards (Fig. S12). Such molar ratios together with the
number of S atoms per ligand molecule and the number of Au atoms per
AuNP were combined to obtain the individual ligand:AuNP stoichiom-
etries for the aggregated and non-aggregated populations (blue and
yellow shaded regions in Figs. 1 and 2) in each oligonucleotide:AuNP
(AuNPs-1 and AuNPs-2) ratio assayed (10:1-250:1). The results ob-
tained shown in Table 4 indicated that the number of anchor points of
the first population (once it could be detected) was constant with an
average value of 2376 + 150 S/AuNPs for the bioconjugate AuNPs-1
and 2335 + 120 S/AuNPs for the bioconjugate AuNPs-2. The global
coating finally obtained on this first population was then very uniform,
independently of the initial surface coverage with oligonucleotides.
Therefore it is evident that the reason to obtain lower oligonucleotide:
AuNP stoichiometries (75 and 109 for AuNPs-1 and AuNPs-2) than those
assayed (250, as seen in Table 3) was not the lack of free space in the
AuNP surface but the electrostatic repulsions between the high
negatively-charged oligonucleotides. This finding seems to indicate as
well that the oligonucleotides were homogeneously placed over the
AuNPs surface.

In the case of the second population, and similarly to that shown in
Table 3 with the oligonucleotide:AuNP stoichiometries, the overall
coating obtained was again significantly lower than that obtained for the
first population with higher variability. Considering all information
obtained for the second population using the individual detectors
(Tables 1-4), we can conclude that this nanoparticulate species was a
by-product of the bioconjugation reaction consisting mainly of aggre-
gates. Such aggregation, that took place during incubation with the
oligonucleotide strands led to a reduction in the surface area available
for both oligonucleotide and PEG coating. Of course, the oligonucleotide
and global ligand density attainable depended on the aggregation-
interaction in each case and therefore it became very variable.

4. Conclusions

This work has demonstrated the great versatility of the proposed
AF4-MALS-ICP-MS/MS analytical platform for the comprehensive
characterization and optimization of oligonucleotide-functionalized
gold nanostructures for their later use in bioanalytical applications.

The combination of the great separation capabilities of AF4 for
functionalized nanostructures (sample recovery of 85%) with the com-
plete set of complementary (size, optical and elemental) information
provided by the different detectors allows, in a single direct analysis (10
min), not only to find out whether the NP functionalization has been
successful but also to characterize the individual bioconjugate pop-
ulations formed under the different reaction conditions assayed. In fact,
the integrated and multidisciplinary information obtained allowed to
find out the presence of a minor non-stable bioconjugate species even at
high oligonucleotide:AuNP molar ratios assayed that could not be
detected by a conventional gel electrophoresis analysis or by Z-potential
off-line measurements. It is important to stress here that although the
MALS signal allowed to clearly distinguish the presence of this minor
second population (aggregated and not stable) in the bioconjugation
mixture, it did not provide at all structural information or the relative
abundance of each population since the MALS signal is extremely size

Talanta 256 (2023) 124309

Table 4

Overall oligonucleotide:AuNP stoichiometries obtained in the two AF4 pop-
ulations shaded in Figs. 1 and 2. Combined uncertainty corresponds to one
standard deviation (n = 2).

First Population Second Population

Ratio assayed AuNPs-1 AuNPs-2 AuNPs-1 AuNPs-2
oligonucleotide:AuNP
AuNPs - - 2441 + 224 2441 +
224
10:1 - - 2113 £173 2136 +
188
25:1 2600 + 2454 + 1742 + 344 2519 +
215 194 221
50:1 2489 + 2383 + 1754 + 273 2103 +
198 192 213
100:1 2380 + 2388 + 1873 + 172 1762 +
188 188 251
150:1 2440 + 2292 + 1250 + 258 1956 +
193 186 199
200:1 2340 + 2214 + 1131 + 211 1339 +
191 177 239
250:1 2271 + 2480 + — (high S 1438 +
183 200 background) 236
dependent. However, the quantitative and species-independent

response in ICP-MS/MS (Au signal) provides additional estimation of
the relative abundance of the different coexisting nanoparticulated
species.

The integrated platform proposed is a powerful diagnostic tool in the
quality control production of different complex nanostructures poten-
tially used in immunoassays and imaging-trafficking studies. Notably,
once different populations are identified in the resulting reaction
mixture, fractions can be collected to obtain solutions containing highly
pure functionalized NP with optimum features (size, stability, stoichi-
ometry, optical properties). The approach here proposed is general and
could be applied to any other type of inorganic NP (e.g., Ag, Pt, Cu)
functionalized with any type of biomolecule with the only requisite that
they contain P (nucleic acid material) or S (ligands, proteins) that could
be measured by ICP-MS/MS. Additionally, it is not constrained by the
type of interaction created between the NP and the ligand, no matter
whether it is controlled by chemical (e.g. EDC chemistry), affinity (e.g.
biotin-avidin) or physical (surface adsorption) interactions.
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