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ABSTRACT

Colorimetric localized surface plasmon resonance (LSPR) as analytical response is applied for a wide
number of chemical sensors and biosensors. However, the dependence of different factors, such as size
distribution of nanoparticles (NPs), shape, dielectric environment, inter-particle distance and matrix,
among others, can provide non-reliable results by UV—vis spectrometry in complex matrices if NP
assessment is not carried out, particularly at low levels of analyte concentrations. Miniaturized liquid
chromatography, capillary (CapLC) and nano (NanoLC), coupled on line with in-tube solid phase
microextraction (IT-SPME) is proposed for the first time for both, controlling suitability of used noble
metal NP dispersions and developing plasmonic assays. Several capped noble NPs and target analytes
were tested from variations in the chromatographic profiles obtained by using diode array detection. The
IT-SPME step, which influenced the chromatographic fingerprint provided by noble NP dispersions, was
studied by asymmetrical flow field flow fractionation (AF4) too. We monitored NP aggregation induced
by interaction with several analytes like acids and spermine (SPN). Assessment of NPs was achieved in
less than 10 min and it permitted to develop suitable plasmonic tests. Here, it was also demonstrated
that these assays can be followed by IT-SPME-miniaturized LC-DAD and more sensitivity and selectivity
than those provided by UV—Vis spectrometry were achieved. Analysing urine samples to determine SPN
as a cancer biomarker as a proof of concept is presented.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

Noble metal nanoparticles (NPs) like AuNPs and AgNPs, are
especially suitable for sensing applications since they possess high
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extinction coefficients in the visible region due to the strong
localized surface plasmon resonance (LSPR) [1,2]. Among the
different LSPR sensing strategies, the colorimetric assays that
benefit from the aggregation as readout are widely used [3—5]. This
strategy has been proposed in different approaches for compounds
of chemical or biological interest, such as spermine [5—8], dopa-
mine [9], creatinine [10], DNA [11] or enzymes [12]. The application
of these strategies has been recently reviewed by Kailasa et al. [13]
showing the benefits and limitations of these assays.

Despite the advantages, one of the main limitations in practical
applications is the lack of reproducibility of NP dispersions induced
by solvents, pH, atmosphere, temperature or other compounds
present in the matrix [14]. Particle size and stability analysis are
also key elements for their practical applications since the NPs
properties depend on these parameters. In a previous paper, we
used asymmetrical flow field flow fractionation (AF4) coupled to
UV—Vis and dynamic light scattering (DLS) detectors in series, for
stability studies of citrate-capped AuNPs and AgNPs aqueous dis-
persions [15].

Similar to the plasmon resonance band, the aggregation profile
and thus, the optical readout by UV—Vis spectroscopy depends on
the size distribution, shape and dielectric environment of the
starting NPs, and thereof monitoring of plasmonic colorimetric
assays, which can provide non-reliable results in complex matrices
if NP assessment is not carried out. A potential strategy to obtain
more reliable results can be the isolation of the responses as a
function of the main factor affecting the analytical signal. Minia-
turized LC- DAD responded linearly to NP concentration as we
showed in Refs. [16,17] and also to NP size, a property that can be
mathematically related to concentration. The flow in miniaturized
LC and the diffusion through the pores (on the same order of
magnitude as the diameters of the studied NPs), condition the
particle interactions through the system in a dynamic process.
Although UV—Vis spectrophotometry is not suitable for the esti-
mation of NP concentration, DAD detection under these above
mentioned chromatographic conditions allows one to do so [16,17].
Besides, we studied the combination of in-tube solid phase
microextraction (IT-SPME) [18] with capillary liquid chromatog-
raphy (CapLC) with DAD detection for characterizing dispersions of
metallic nanoparticles [16,17]. In this approach, the chromato-
graphic response of noble nanoparticle dispersions provided two
chromatographic peaks, which responded to the existence of
different NPs distributions in the bulk dispersion: non-polarized
NPs which interact with the IT-SPME extractive phase by a hydro-
phobic effect, and water polarized AgNPs governed by a size
exclusion mechanism in the analytical column. The peak ratio for a
given dispersion allows the estimation of the average diameter of
noble NPs and permits to study stability and functionality related
properties. The area or height of the chromatographic peaks are
related with the NP concentration. The IT-SPME step, which in-
fluences the chromatogram fingerprint provided by noble NP dis-
persions, was studied here by AF4 for the first time.

In previous studies, the potential of mainly IT-SPME-CapLC was
reported for characterizing noble NP dispersions. The objective of
the present work was to evaluate IT-SPME-CapLC and NanoLC-DAD
for both, to assess NPs and to monitor LSPR responses in plasmonic
assays. For this aim, spermine [5] and [H]-induced colorimetric
assays [15] were selected as targets using several capped NPs. First,
the chromatographic profile of the NP dispersions was studied in
order to stablish the two populations of the NPs in the bulk
dispersion. Mixtures of AuNPs and AgNPs were also investigated.
Here, we demonstrated that the chromatographic profile of the two
mentioned populations determines the successful application of
the NPs for LSPR sensing strategies based on their aggregation,
since they are related with NPs properties and their chemical
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environment. Besides, we demonstrated that these techniques can
be also used for following plasmonic assays. Spermine as a cancer
biomarker in urine is studied as proof of concept.

2. Experimental section
2.1. Reagents

Gold (III) tetrachloroauric acid trihydrate 99.99% (HAuCl,-3H,0),
50% H,0,, manganese dioxide (MnO,) and Chelex 100 from Sigma-
Aldrich (USA) were used for AuNPs synthesis [16]. Cap-LC mobile
phase was prepared with sodium dodecyl sulfate (SDS, >99%, Pan-
reac, Spain), ammonium acetate (AcNHy4, 98%, Panreac) and sodium
thiosulfate (Na,S;0s3, Scharlab, Spain). Gold nanoparticles (20 nm,
40 nm core) some stabilized in citrate buffer and others in
phosphate-buffered saline (PBS) and silver nanoparticles (20 nm,
40 nm core) stabilized in citrate buffer (Sigma-Aldrich) were used for
acid aggregation assays. Spermine (>99%, Sigma-Aldrich), acetic acid
(HAc, Scharlab), o-phosphoric acid (H3PO4, Sigma-Aldrich), hydro-
chloric acid (HCI, Scharlab), acetonitrile (CH3CN, VWR Chemicals,
USA), hydrogen carbonate (NaHCOs3, Panreac) and methanol (MeOH,
VWR Chemicals) were used for additional tests and assays. Water
was purified through a Sybron Barnstead NANOpure II system.

2.2. Instrumentation

UV—Visible spectra were registered with a Varian Cary 60 Fiber
Optic UV—Vis spectrophotometer. The analytical signal was recor-
ded between 200 and 800 nm.

Chromatographic studies were carried out using an Agilent
Technologies high performance liquid chromatographic system
equipped with a LC capillary binary gradient pump (Agilent 1200
Series) coupled to a diode array detector (DAD). A Jupiter C18 col-
umn (5 pm, 300 A, 0.5 mm i.d. x 5 cm) was used as analytical col-
umn. IT-SPME was performed by using a capillary column of
polydimethylsiloxane (PDMS) with 35% of polydiphenylsiloxane
(TRB-35) (Teknokroma, Spain).

For some acid aggregation studies, an Agilent Technologies high
performance liquid chromatographic system equipped with a LC
nano binary gradient pump (Agilent 1200 Series) coupled DAD was
employed. A ZORBAX 300SB-C18 (3.5 um, 300 A, 0.075 x 50 mm)
was used as analytical column. IT-SPME was performed by using a
synthesized capillary column of tetraethyl orthosilicate (TEOS)-
tetramethyl orthosilicate (MTEOS)- silica nanoparticles (NPSiO),
which was synthetized by using the procedure proposed in
Ref. [19].

AF4 system (AF200 Postnova Analytics, Germany) was used. The
channel used was 29 cm long with spacer of 350 um and a regen-
erated cellulose membrane with a 10 kDa cutoff. The flows were
provided by two separate pumps and the cross-flow was realized
by a separate piston pump which is continuously adjustable. The
eluent was ultrapure water with 0.02% NaNs3 and the flow kept at
0.5 mL min~. Optimal signal was achieved using a linear gradient
cross-flow (10 mL) for the first 30 s and then 0 mL min ' for the last
10 s. The output of the channel was connected to an on-line UV—Vis
spectrometer set at 410 nm wavelength for detection of AgNPs. The
injection volume was 20 pL for all analyses.

2.3. Synthesis of naked gold nanoparticles

Synthesis of AuNPs was performed following the procedure
described in Ref. [5]. An aqueous solution of 0.5—1.2 mM H,0, and
0.5 mM HAuCly in Millipore water (treated overnight with Chelex to
eliminate metal traces in water) was irradiated with a 532 nm laser
(10 Hz, 16—19 mL) until the Au** band (ca. 300 nm) disappeared
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and that of H,02 (240 nm) decreased to approach the absorbance of
the plasmon band at 520—525 nm. After dilution of the mixture
with water (2:1 H;O0:AuNP solution), the excess of H;O, was
removed by using UVA-lamp irradiation for 20 min [20]. UV—Vis
spectra were registered with a Varian Cary 60 Fiber Optic UV—Vis
spectrophotometer. The analytical signal was recorded between
200 and 800 nm.

2.4. Spectrophotometric measurements

In this work, the LSPR response was obtained following the
procedure: different volumes of standard or sample were mixed
with 300 pL of ultrapure H,0 and 300 pL of NPs. The spectropho-
tometric studies were carried out by registering the spectra be-
tween 300 and 800 nm. Kinetic study was performed by measuring
the spectra during 10 min in intervals of 20 s.

To carry out the acid aggregation assay, nanoparticle dispersions
were prepared mixing different volumes of commercial NPs with
ultrapure water and then adding the adequate amount of HAc so-
lutions. Citrate and phosphate capped gold nanoparticles diluted at
25% (v/v) containing HAc 10% (v/v) were obtained by mixing:
250 uL of AuNPs, 300 pL of water, then 300 pL of HAc 20% (v/v) was
added reaching a final volume of 1 mlL. Citrate capped silver
nanoparticles diluted at 50% (v/v) in HAc 0.2% (v/v) were prepared
by mixing: 500 pL of AgNPs with 300 pL of water, then 200 pL of
HAc 1% (v/v) was added to a final volume of 1 mL. Silver and gold
citrate capped nanoparticles mixtures diluted at 25% (v/v) in HAc
0.7% (v/v) were prepared by mixing: 150 uL of AgNPs and 150 pL of
AuNPs with 220 pL of water, then 80 pL of HAc 1% (v/v) was added
to a final volume of 600 pL.

HAc 20% and 1% (v/v) solutions were prepared taking 20 and
1 mL, respectively, of acetic acid glacial and making up to 100 mL
with water.

2.5. Chromatographic conditions

A mixture of 10 mM ammonium acetate, 10 mM SDS and 1 mM
sodium thiosulfate prepared in water previously filtered with nylon
filters (0.45 pum) was used [16]. The mobile phase was ultra-
sonicated for 45 min previous to its use.

Working flow rate was 12 pL min~! for CapLC and 0.5 pL-min~
for NanoLC. Then, 20 pL or 10 pL of standards or samples were
processed into CapLC or NanoLC, respectively. IT-SPME capillaries
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as injection loops of 20 cm and 15 cm lengths were employed for
CapLC and NanoLC, respectively (see Fig. 1). Typically, the sample
was passed through the IT-SPME capillary for its clean-up, extrac-
tion and preconcentration of analytes. Then, the valve was rotated
to injection position and the analytes were transferred to the
analytical column for their separation and detection. DAD detector
registered the spectra between 300 and 800 nm. The IT-SPME
CapLC and NanoLC set up are shown in Fig. 1. After each session,
the chromatographic system was conditioned with mobile phase
(15 min), water (15 min) and EtOH (30 min).

2.6. Off-line IT-SPME and AF4

Off-line IT-SPME and AF4-UV-Vis-DLS analysis were carried out
using a six-port injection valve and IT-SPME capillary column of
polydimethylsiloxane (PDMS) with 35% of polydiphenylsiloxane
(24.3 cm length, 0.32 mm i.d and 3 pm thinkness; 20 pL). The
extraction phase consisted of a mixture of 10 mM ammonium ac-
etate, 10 mM SDS and 1 mM sodium thiosulfate prepared in water
previously filtered with nylon filters (0.45 pm) as the mobile phase
in miniaturized chromatography [16]. The extraction phase was
ultrasonicated for 45 min previous to its use.

The procedure performed had the next steps: first, 20 uL of
AgNPs bulk dispersion (20 nm core) were injected in IT-SPME
capillary column (20 pL), after 20 uL of extraction phase were
injected and the extracted solution was collected. Then, 140 pL of
ultrapure water were added to the solution (1:8 dilution) and 20 pL
was injected in the AF4-UV-Vis-DLS system, obtaining the corre-
sponding signal named “First Extraction”. The second step, con-
sisted in injecting another 20 pL of extraction phase in the IT-SPME
capillary column, the extract solution was recollected and it was
diluted with 140 pL of ultrapure water, and after 20 pL were
injected in the AF4 system. This step was repeated 4 times,
obtaining successive extractions (since first to sixth extractions).
The results were compared with a direct injection of AgNPs diluted
1/8 with ultrapure water by using the AF4 stainless loop (20 pL).

2.7. Monitoring of plasmonic assays

In this work several plasmonic assays were carried out: sper-
mine plasmonic assay by using naked AuNPs and acid induced
aggregations of naked AuNPs; citrate and phosphate capped AuNPs,
citrate capped AgNPs and mixtures of citrate capped AuNPs and

System/IT-SPME & B ¢ D v
capillary Lem] @ [ v Lan] @ | v Lem] @ ] v Lem] @ ] vy total
um W um W m H pm ol IR
CapLC/TRB-35 | 20 | 320 | 1601 | 12 50 | 024 | s 500 | 981 | 20 25 | 010 | 2625
NanoLC/TEOS-
MTEOS-Si0, 15 75 | o066 [ 10 25 0.05 5 75 | 022 | 20 25 | o010 | 103

WASTE

Fig. 1. IT-SPME-CapLC and NanoLC —DAD devices and their dimensions.
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AgNPs and acid induced aggregations. In the former, SPN standards
and urine samples were used to evaluate the IT-SPME CapLC profile
of colorimetric LSPR assay proposed in Ref. [5]. Briefly, SPE using
C18 silica cartridges (100 mg, Phenomenex, EEUU) were condi-
tioned with methanol (1 mL) and hydrogen carbonate solution
(1 mL, 0.5 M) at pH 12. Then, 1 mL of standards or urine was passed
through the cartridge. After, a clean-up step with hydrogen car-
bonate solution (2 mL), acetonitrile (1 mL) and ultrapure water
(2 mL) was carried out. The elution was carried out by using HAc 5%
in two fractions of 0.25 mL each. Finally, aliquots of the elution with
AuNPs solution (300 pL AuNPs + 300 pL ultrapure water) were
injected in the chromatographic system or analyzed by using
spectroscopy measurements. SPN was assayed up to 600 pg L' (see
Figure S2 of SI).

Studies of [H"]-induced aggregation by IT-SPME CapLC were
performed using different additions of acid taking the adequate
amount of the standard (HAc 5%, HCl 0.2% and HsPO4 0.2%) to
300 pL of ultrapure water and 300 pL AuNPs. Naked AuNPs and
commercial NPs were assayed.

In order to carry out acid aggregation assay by IT-SPME NanoLC,
commercial nanoparticle dispersions were prepared mixing
different volumes of commercial NPs with water and then adding
the adequate amount of HAc solutions. Citrate and phosphate
capped gold nanoparticles diluted at 25% (v/v) in HAc 10% (v/v)
were obtained from 250 pL of bulk AuNPs, 250 pL of water and
500 pL of HAc 20% (v/v) reaching a final volume of 1 mL. Citrate
capped silver nanoparticles diluted at 50% (v/v) in HAc 0.2% (v/v)
were prepared mixing 500 pL of AgNPs with 300 pL of water, then
200 pL of HAc 1% (v/v) was added to a final volume of 1 mL. Citrate
capped silver and gold nanoparticles mixture diluted at 25% (v/v) in
HAc 0.7% (v/v) were prepared mixing 150 pL of AgNPs and 150 pL of
AuNPs with 280 pL of water, then 20 pL of HAc 20% (v/v) was added
to a final volume of 600 pL.

3. Results and discussion
3.1. Nanoparticle assessment

The IT-SPME step, which influenced the chromatogram finger-
print, was studied by AF4. Fig. 2 shows two groups in the fracto-
gram in function of the processed LC-mobile phase volume for 1:8
water diluted AgNPs (20 nm core and citrate capping). This figure
also shows the chromatogram obtained by coupling on-line IT-
SPME and CapLC with DAD detection. The non polarized group of
NPs (second chromatographic peak) required higher volumes of
mobile phase to leave the IT-SPME capillary and presented smaller
hydrodynamic diameter that the water polarized NPs (first chro-
matographic peak). These results are in accordance with the sep-
aration mechanisms stablished in Ref. [16] for IT-SPME—CapLC-

-----Direct Sample
——First Extraction
——Second Extraction
——Third Extraction
Fourth Extraction
——Fifth Extraction
sixth Extraction

signal (V)

18-19nm \f

28-32nm

0 Time (min)
4 6 8 10 12 14 16 18 20

Fig. 2. On-line IT-SPME-CapLC-DAD (inset: normalized spectra obtained at the
maximum of the two chromatographic peaks) and off-line IT-SPME and AF4 results for
1:8 ultrapure water diluted dispersion of AgNPs (20 nm core; citrate capping). For
more explanation see text.
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DAD (see Fig. 2). Only one population is observed if direct injection
with a stainless loop is carried out, similar to the signal obtained in
Ref. [16] by CapLC-DAD without coupling IT-SPME. Polarized pop-
ulation elutes first from the IT-SPME capillary because their inter-
action is weak with the film phase, meanwhile non-polarized
population interacts with the IT-SPME phase eluting after as AF4
demonstrates.

Fig. 3a shows the chromatographic profiles of commercial cit-
rate capped NPs of different size, which were dependent of size and
metal. The miniaturized LC systems improved sensitivity and res-
olution, less sample dilution and diffusion effects are achieved in
reference to conventional LC and IT-SPME coupling permits to
detect differences in the distribution of polarized and non-
polarized noble NPs in the bulk dispersion. The peak at lower
retention time (t;), was characterized by a minimal interaction with
the IT-SPME extractive phase; and thereof the separation mecha-
nism was attributed to size exclusion interactions in the analytical
column [16]. The identification of a second peak at higher t,
demonstrated the presence of a stronger interaction between the
noble NPs distribution and the IT-SPME extractive phase. Taking
into account the apolar nature of the coating, this separation can be
explained by means of hydrophobic effect [16]. Based on these
results, the differences in the distribution of polarized and non-
polarized noble NPs in the bulk dispersion can be used to differ-
entiate them.

Several target analytes of different nature were chosen to study
the aggregation profiles of the several assayed NPs by UV—vis
spectrometry. Fig. 3b—e shows the aggregation profiles obtained
as a function of time for some commercial NPs by adding acetic
acid. For the same capping and size, AgNPs provided more sensi-
tivity than AuNPs for acetic acid aggregation (see Fig. 3b and c).
When the two type of noble NPs were employed together the re-
sponses were additive as it can be seen in Fig. 3d. Spermine was
also assayed, but no aggregation was obtained at levels assayed for
these kind of NPs. The extension of aggregation depended on the
capping of AuNPs for the same size as it can be seen in Fig. 3, cand e.

The sensitivity of AuNPs as sensors can strongly depend on the
accessibility of the analyte to their surface; the more naked they
are, the more sensitive they will be [5]. Fig. 4 shows the profiles
obtained for six batches of synthetized naked AuNPs. The profiles
for the different batches of AuNPs (dilution 1:1 of the bulk
dispersion) showed differences in the distribution of polarized and
non-polarized AuNPs in bulk dispersions. Attending to these dif-
ferences, the naked AuNPs were classified into two groups: Group I:
similar polarized and non-polarized distribution in the bulk
dispersion [AuNPs(I)] (Fig. 4a), and Group II: predominant polar-
ized NPs distribution in the bulk dispersion [AuNPs(II)] (Fig. 4b) as
for commercial AuNPs (see Fig. 3). It should be noted that the hy-
drodynamic diameters were 17.46 nm and 21.20 nm for AuNPs(I)
and AuNPs(Il) bulk dispersion estimated by static DLS measure-
ments, respectively, showing low differences in the NPs sizes and
similar to commercial AuNPs 20 nm. Fig. 4 shows that UV—Vis
spectroscopy provides similar spectra for both, AuNPs(I) and
AuNPs(II) and then, any discrimination can be done by this
technique.

The aggregation profiles obtained by UV—Vis spectroscopy for
each group of naked AuNPs as a function of successive additions of
acetic acid and SPN are shown in Figure S1 and Figure S2 of the
supporting information (SI), respectively. It should be noted that
concentration levels for HAc was up to mM to observe aggregation
effects by it for naked AuNPs (I). As can be seen, in Figure S1a, ag-
gregation was not observed at concentration level up to 0.8 mM of
HAc, which meant they remained stable upon the addition of HAc.
However, at higher concentration level, we observed aggregation as
a linear function of the concentration level of HAc, resulting in an
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Fig. 3. Chromatographic profile of commercial noble citrate capped NPs (a) and aggregation profiles due to acetic acid as a function of time of: citrate capped AuNPs 20 nm diluted
1:4 in HAc 10% (v/v) (b) and diluted 1:2 in HAc 0.2% (v/v) (c), a mixture of citrated capped AuNPs and AgNPs 20 nm diluted 1:4 in HAc 0.7% (v/v) (d) and phosphate capped AgNPs
20 nm diluted 1:4 in HAc 0.2% (v/v) (e) obtained by UV—Vis spectroscopic measurements. (For more details see Experimental section).
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Fig. 4. (a) Chromatographic profiles obtained for three batches of naked AuNP corresponding to AuNPs(I). (b) Chromatographic profiles obtained for three batches of naked AuNP
corresponding to AuNPs(Il). Insets: UV—Vis Spectra for both types of naked AuNPs.

interval up to 2 mM (Figure S1c). AuNPs(II) group aggregated with a Therefore, in terms of plasmonic assays, AuNPs(I) and AuNPs(II)
different profile than AuNPs(I) group. As can be seen, in Figure S1(b could be used to monitor interaction with [H"], depending on their
and c), these NPs were aggregated at concentration lower than concentration levels.

0.4 mM of HAc and the saturation was reached up 1.2 mM. The behavior of naked AuNPs(I) and AuNPs(ll) showed
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significant differences for SPN, these can be seen by comparing
Figure S2, a and b. Working concentration interval for SPN was up
to 40 pg L' for AuNPs(Il), meanwhile for AuNPs(I) was up to
250 pg L1, see Figure S2 (c and d), respectively. Indeed, signal
saturation was reached at different concentration levels depending
on the AuNPs used. These results can be correlated with the
different chromatographic profiles obtained for AuNPs(I) and
AuNPs(II). The AuNPs with predominant polarized distribution
provided the lower aggregation concentration interval, however,
AuNPs showing both effects (see Fig. 4) (polarized and non-
polarized) provided extended aggregation concentration intervals,
which corresponded to AuNPs(I). AuNPs(l), in presence of HAc at
concentration up to 0.8 mM can be suitable to monitor other ana-
lytes (see Figure S1c), since these concentrations did not aggre-
gated NPs.

Hence, these results indicated that AuNPs(I) were suitable to
monitor SPN and [H], however AuNPs(II), would not be suitable to
monitor SPN, and only interaction with [H™] can be studied as
commercial citrate capped AuNPs 20 nm, both of them with similar
chromatographic profiles. IT-SPME coupled to miniaturized LC is a
powerful tool for stablishing the suitability of a given batch to carry
out a given plasmonic assay as it is demonstrated here employing
less than 10 min.

3.2. Monitoring plasmonic assays by IT-SPME-miniaturized LC-DAD

The next step was to evaluate the use of the IT-SPME-CapLC-
DAD and IT-SPME-NanoLC-DAD for developing plasmonic assays.

a)
® :Naked AUNPs ®: Target analyte

PDMS capillary column

b) d)

II "\
B
™
Plasmonic assay

AV
. N

® :Naked AuNPs ®: Target analyte
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]
ESO
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Fig. 5 depicts the variation of the chromatographic profiles of naked
AuNPs(I) as a function of the addition of SPN and acetic acid. The
addition of SPN or acetic acid to a dispersion of naked AuNPs(I) gave
rise to the aggregation of AuNPs, that was observed by means of the
color change from red to blue purple (Fig. 5a). Fig. 5b shows a
scheme of the separation achieved in the IT-SPME capillary in
accordance with the two populations, polarized and non-polarized
provided for each batch dispersion. These assays are based on the
absence of a competitive organic capping on the naked gold
nanoparticles and together with the high affinity of the amine
groups for the nanoparticle surface for spermine [5]. As can be seen
in Fig. 5c and d, the successive analyte additions resulted in changes
in area of the two peaks and in the ratio between the two peaks for
spermine additions. The variation of the spectra profile for chro-
matographic peak at 3 min showed that the decrease in the peak
area was directly related with the variation of the LSPR signal due to
aggregation of AuNPs since it was observed the band shift
depending on the SPN concentration in the sample (see Fig. 5c,
insets). As can be seen, the first chromatographic peak did not
response to the SPN concentration. At low SPN concentration, ag-
gregation was only observed in the peak corresponding to non-
polarized AuNPs. At concentrations higher than 66 pg L™, the
first peak also decreases.

Sensitivity of the assay by IT-SPME-CapLC-DAD was higher than
that achieved by spectrophotometric measurements (see Figure S2,
a and ¢, and Fig. 5c¢). Fig. 5c showed a progressive aggregation as a
function of the SPN concentration (41, 66 and 82 pg L™!), which
gave rise to a good discrimination of SPN concentrations (Fig. 5¢
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Fig. 5. (a) Schematic representation of the visual inspection, (b) Variation of the chromatographic profiles inside of the capillary column in presence of target analyte, (c) Chro-
matograms obtained for naked AuNPs(I) as a function of the added concentration of SPN [41 pg L~! in red, 66 ug L~" in green and 82 pg L~! in yellow]; and (d) chromatograms
obtained for AuNPs(I) as function of the added concentration of HAc [0.35 mM in purple, 0.50 mM in green and 0.60 mM in yellow]. Insets: variation of the LSPR band of the
chromatographic peak at t. = 3.0 min with the successive additions of target analyte. (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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inset). This aggregation was also observed in the decrease of the
chromatographic peak at t; = 3.1 min, which corresponded to the
signal provided for non-polarized AuNPs in the bulk distribution.
Moreover, it must be highlighted that it was possible to correlate
the SPN concentration and the chromatographic area of this second
peak. This fact can mean that non-polarized NP population is
responsible of aggregation due to SPN. The linear regression
equation was Area = (670 + 54) + (—7600 + 700)[SPN]; R? = 0.99. 1t
should be remarked that peak area was defined and calculated
integrating the first and second chromatographic peak from their
respective baselines to the inflection point corresponding to the
coleution of both NPs populations.

Fig. 5d shows the variation of the chromatographic profiles as a
function of the added concentration of HAc (0.35, 0.50 and 0.6 mM).
It was observed that under the experimental conditions, both
chromatographic signals decreased as a function of the added acid
and their ratio remains unchanged, and this decrease was corre-
lated with the HAc concentration. The same study was carried out
by using naked AuNPs(Il). Fig. 6 shows the chromatographic pro-
files of AuNPs(II) as a function of different additions of SPN (a) and
acetic acid (b).

Contrary to the results obtained with AuNPs(I), monitoring of
the plasmonic assay evolution using AuNPs(Il) for SPN was not
possible since in this case (Fig. 6a for spermine), the working
concentration interval was shortened, since AuNPs(Il) were
completely aggregated by adding low SPN concentrations (41 and
66 pg L~1). Thus, these NPs were limited to be applied for this
plasmonic assay since the concentration discrimination was very
poor. Acidity analysis with AuNPs(II) provided aggregation upon
the addition of HAc at different levels of concentration (0.35, 0.40
and 0.50 mM) (Fig. 6b). The kinetic aggregation was accelerated at
pH acidic values since it helps to promote electrostatic bridging
between different NPs and depends not only on the pH but also on
the counterion [21,22]. To demonstrate this effect in the naked
AuNPs, the influence of different acids was studied (acetic acid,
phosphoric acid and hydrochloric acid) by measuring the decrease
of the peak area as a function of the [H"] for each acid. The results
indicated a linear correlation between peak area and [H'] con-
centration for the three acids (R> = 0.99, 0.99 and 0.999 for
CH3COOH, H3PO4 and HCI, respectively). However, the slopes
were —8600 + 800 mM, —1700 + 200 mM and —556 + 17 mM for
CH3COOH, H3PO4 and HCl, respectively. This suggested that, at least
under the experimental conditions of this work, aggregation is
produced by a decrease on the 3-potential and this decrease
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bridged of one nanoparticle to another by cross-linking inducing
the aggregation. To demonstrate this, 3-potential of three different
batches of AuNPs before and after the aggregation was measured.
The values before aggregation were —37 + 1, —36.3 + 0.
and —34 + 1 mV, for the three batches analyzed. After the addition
of CH3COOH, these valued decreased to —19 + 3, —22 + 1
and —19 + 1 mV, for the three batches, respectively. The counterion
imparting the strongest repulsive inter-particle interaction due to a
higher charge density facilitated the dispersion stability, and
therefore the lowest slope. It should be noted, that this effect was
only observed in acidic conditions, since the addition of the cor-
responding salts (CH3COONa, Na;HPO4 and KCl), did not showed
variation on the signal.

Commercial NPs with different capping, citrate and phosphate,
were assayed by aggregation from acetic acid. As it can be seen in
Fig. 7 (a and b), different plasmonic bands were obtained in func-
tion of the capping for both, IT-SPME-NanoLC-DAD and UV—Vis
spectroscopy (see Fig. 3 b and e). The kinetic of the process was
slower for citrate capped AuNPs than for phosphate capped AuNPs
20 nm as discussed in the previous section. Using citrate AgNPs
20 nm the sensitivity of the assay for acetic was increased markedly
as Fig. 7 (c and d) shows. These figures give the chromatograms and
the spectra registered at the maximum of the two peaks for AgNPs
and aggregated AgNPs adding 35 mM acetic acid. The spectra are in
accordance with the kinetic obtained by UV—vis spectroscopy (see
Fig. 3 c). However, the sensitivity achieved by naked AuNPs was the
best (see Figure S1).

An intermediate sensitivity is obtained if mixtures of AuNPs and
AgNPs are used as it can be derived from Fig. 7 (e and f), being the
concentration of acid acetic used 116 mM. The chromatograms
were obtained at 400 and 530 nm corresponding to the plasmonic
bands of AgNPs and AuNPs, respectively. From these studies it is
derived that the aggregation assay can be optimized in function on
the need concentration of acetic acid to test.

3.3. Analysis of urine samples to determine SPN as a cancer
biomarker as a proof of concept

To evaluate the practical application of the chromatographic
method to monitor plasmonic assays, urine samples of healthy
volunteers and cancer patients were analyzed following the assay
described in our previous study to determine spermine (SPN) by
Uv—Vis spectroscopy [5]. It should be remarked that SPN has been
used as cancer biomarker in urine samples in previous studies. This
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Fig. 6. Chromatograms obtained for AuNPs(II) as function of the added concentration of (a) SPN [41 ug L' in red and 66 pug L~! in green] and (b) HAc [0.35 mM in purple, 0.40 mM
in red and 0.50 mM in green]. Insets: variation of the LSPR band of the chromatographic peak at t. = 3.0 min with the successive additions of target analyte. (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. 7. Aggregation profiles of AuNPs 20 nm (a) citrate capping and (b) phosphate capping diluted 1:4 with ultrapure water by acetic acid 1.75 M; the normalized spectra were
obtained at the maximum of the two chromatographic peaks (c) Chromatographic profiles of citrate capped AgNPs 20 nm diluted 1:4 with ultrapure water and their aggregation
adding acetic acid 35 mM. (d) Normalized spectra at the maximum of the two chromatographic peaks of AgNPs 20 nm diluted 1:4 with ultrapure water and their aggregation by IT-
SPME-nanoLC-DAD. (e) Chromatographic profiles of citrate capped AgNPs 20 nm and AuNPs 20 nm diluted 1:4 with ultrapure water and their aggregation adding acetic acid
116 mM. (f) Normalized spectra at the maximum of the three chromatographic peaks of AgNPs 20 nm and AuNPs 20 nm diluted 1:4 with ultrapure water and their aggregation by

IT-SPME-nanoLC-DAD.

plasmonic assay is based on the SPN extraction by SPE with acetic
acid (see Experimental section). Therefore, contribution of both
compounds must be taken into account. Extracted analyte was then
added to the AuNPs dispersion in order to obtain the LSR analytical
signal through the chromatographic analysis. Moreover, this assay
was carried out for healthy volunteers and for cancer patients in
order to study the variation in the chromatographic profiles.

Fig. 8 show the chromatographic profiles when urine samples
from healthy volunteer sample (Fig. 8a) and cancer patient sample
(Fig. 8b) were processed. As can be seen, chromatographic profiles
allowed detecting differences in the SPN content in healthy volun-
teers compared with cancer patients, since aggregation in the former
were lower and any change in the ratio of the two chromatographic
peaks was obtained. The variation of profiles was related with the
SPN concentration in each type of sample which was correlated to
the presence of the cancerous processes [5]. In this previous study;, it
was demonstrated that SPN can be used as an biomarker of
cancerous processes and can be selectively detected by aggregation
of naked AuNPs, after an SPE step to extract the amine.

In order to understand the differences with UV—Vis measure-
ments, the same samples were analyzed with UV-Vis

spectrophotometry (Fig. 8c and d for healthy and cancer patients,
respectively). In this assay, urine for healthy volunteer and patient
was added to AuNPs(I) and the spectroscopy signal was recorded for
3 min in intervals of 20 s.

As above mentioned, spectroscopic signal provided a lower
sensitivity than chromatographic signal. Indeed, aggregation for
healthy volunteer was not observed, even at reaction time com-
parable with the retention times obtained in the chromatographic
system (Fig. 8a). In the case of cancer patients, the aggregation was
observed as a function of the contact time when using spectros-
copy, but with lower sensitivity compared with the analytical
response reached with chromatography.

Finally, quantification of SPN in the cancer patient sample by
using IT-SPME-CapLC-DAD was evaluated. Fig. 9 shows the chro-
matographic profiles for AuNPs(I), acid extract and SPN at different
concentration level was added and the variation when the SPN was
performed (see experimental section). As can be seen, the addition
of AuNPs to a urine sample induced AuNPs aggregation, its
response can be quantified and therefore, the SPN concentration in
urine sample can be estimated. SPN can be estimated by taking as
analytical response the difference between blank signal
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Fig. 9. (a) Chromatographic profiles obtained for 1: AuNPs(1I), 2: blanc acidic extract (HAc), 3:

with 26 pg L~! of SPN. (b) UV spectra corresponding to peak chromatogram at 3 min.

(t; = 3.1 min) and the signal of the SPN spikes. The results indicated
a linear correlation Area= (—3+8) + (8400 =+ 500)[SPN];
R? = 0.99609. Finally, using this equation, the SPN concentration in
urine can be estimated, and it was 83 pg L~ This result was in
agreement with the results given in the previous work [5].

4. Conclusions

The present study demonstrates the potential of IT-SPME-
MiniaturizedLC-DAD for assessment of noble metal NPs for devel-
oping reliable plasmonic assays. Besides it takes also advantage of
the LSPR of naked AuNPs as analytical signal to monitor plasmonic
assays. This new tool provides better sensitivity and selectivity for
developing plasmonic tests than UV—Vis spectrometry. The fun-
damentals of the method rely on the interactions of NPs with the

Urine sample, 4: urine sample spiked with 16 ug L~! of SPN and 5: urine sample spiked

extractive phase immobilized inside of the IT-SPME capillary. The
results indicated that these interactions gave rise to a characteristic
chromatographic profile based on two chromatographic peaks,
which are related with polarized and non-polarized populations in
the bulk dispersion. The ratio of the two peaks conditioned their
application in plasmonic assays. Commercial and naked NPs were
assayed and SPN and [H']-induced assays have been tested as
targets. It is demonstrated that the chromatographic profile of a
given NP dispersion, carried out in less than 10 min, assures its
utility in a given plasmonic assay.

To demonstrate the practical application as a proof of concept,
urine samples from different cancer patients have been analyzed,
since SPN has been proposed as a cancer biomarker, with successful
results. Both, naked AuNPs suitability for this assay developed in
Ref. [5] by UV—vis spectroscopy and the assay developing, were
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carried out by the new tool proposed. Particularly, the key advan-
tage of the employment of this separation-based method is the
enhancement of the sensitivity of the previous urine assay and the
potential application to isolate different phenomena that influence
the LSPR signal.
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