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pH Activated Colloidal Nanospheres:
A Viable Sensing Platform for the Therapeutic Drug
Monitoring of the Anticancer Drug 6-Mercaptopurine

Marianna Pannico, Pellegrino Musto

National Research Council of Italy, Institute for Polymers, Composites and Biomaterials,

80078 Pozzuoli (NA), Italy.

Abstract: A SERS colloidal solution of gold nanoparticles is proposed as a sensing platform
potentially suitable for the Therapeutic Drug Monitoring of the anticancer drug 6-mercaptopurine.
The as-synthesized nanospheres were fully characterized in terms of morphological features,
plasmonic properties and SERS activity. Modifying the pH of the colloidal solution toward acidic
values allowed us to improve considerably the platform sensitivity. A kinetic analysis performed at
different analyte concentrations revealed the occurrence of adsorption/aggregation processes which
induced a time-dependent SERS response. This dependence, causing unreliable quantitative analysis,
was accounted for by a normalizing procedure based on the enhanced elastic scattering signal. After
normalization for hot-spot concentration, a 1 — 15 uM linearity range was identified, within which
the quantitative analysis is accurate and reproducible. The working range of the present assaying
platform is suitable for clinical applications.

Keywords: SERS, 6-mercaptopurine, Therapeutic Drug Monitoring, Colloidal solutions, gold

nanoparticles, plasmonics



1. Introduction

6-mercaptopurine (6-MP) is an active chemotherapeutic agent widely employed as
immunosuppressant and in the treatment of acute lymphoblastic leukemia (ALL) [1] and other
diseases, such as choriocarcinoma, chorioadenoma, polycythemia, rheumatoid arthritis and
inflamatory bowel disease [2]. Together with methotrexate (MTX), 6-MP plays an essential role in
the maintenance therapy of ALL in children, [3] whose chemotherapy protocols include daily 6-MP
and weekly MTX administration. For 6-MP and related drugs (antiepileptics, anti-HIV agents,
anticonvulsants, some antibiotics) for which the therapeutic index is narrow, Therapeutic Drug
Monitoring (TDM) is necessary since under-dosage leads to the treatment failure, while serious
adverse effects can be caused by overdose [4]. TDM is a clinical practice by which the drug
concentration in biological fluids (most commonly, plasma, serum and/or urine) is continuously
monitored in order to establish a dosing schedule that would maximize therapeutic results and
minimize toxicity [5]. In particular, in cancer therapy TDM has a major impact due to the high
cytotoxicity of most anti-cancer agents, which also exhibit a large inter-individual pharmakokinetic
variability [6]. In particular, among the pediatric patients this variability is maximized [7]. Current
analytical methods for TDM are Gas Chromatography/Mass Spectrometry (GC-MS) and Liquid
Chromatography coupled with tandem Mass Spectrometry (HPLC-MS/MS) [8-11]. These are the so-
called reference methods and represent the gold standard for TDM in clinical practice. They are
robust, relatively free from interference and provide high sensitivity and accurate quantitative results.
However, the analyses are costly and require highly trained personnel and expensive infrastructures;
as a result, TDM is not practiced routinely in most hospitals, being only available in a limited number
of large settings. It is desirable, therefore, to develop alternative analytical approaches for TDM,
which could provide a rapid and reliable response with less demanding resources and simpler
protocols. Although many techniques (surface plasmon resonance (SPR) [12], electrochemistry [13,
14], voltammetry [15], fluorimetry [16] and spectrophotometry [17] have been proposed for this
purpose, they still face numerous problems, especially complex sample preparation and biofouling.
One of the techniques currently under consideration for TDM is Surface Enhanced Raman
Spectroscopy (SERS) [18, 19]. This spectroscopic tool detects and quantifies analytes in aqueous
solution or on suitably fabricated substrates (SERS sensors) in short times (few minutes) and with
detection limits and standard errors comparable to or exceeding those of competing analytical
methods. SERS consists of the enhancement of the Raman scattering intensity when the analyte is
adsorbed on, or in close proximity to nanometer-sized metallic particles. The Raman enhancement

occurs primarily by surface plasmon resonance of the exciting laser field and is controlled by the
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nanoscale morphology of the metal surface. In optimum conditions, it has been reported that SERS
can achieve the single molecule detection limit, which implies a signal increase of up to 10'° times
with respect to spontaneous emission. More often, the enhancement factor lies in the 103 — 107 range
and is well suited for hypersensitive molecular analysis [20, 21]. Moreover, the fingerprinting
properties of the Raman spectrum allow the identification of multiple analytical targets in a complex
mixture with a single measurement, thus opening up the prospect of multiplex analysis [22]. In
addition, peak intensities can provide quantitative estimates of analyte concentration in
multicomponent systems. The accuracy and reproducibility of quantitative analysis is a key factor for
an assaying method to be appropriate for TDM. In this respect, SERS displays a relevant issue related
to the non-uniform response of most sensing platforms. The underlying reason for this unpredictable
behaviour originates from the complex interplay of molecular events at the core of the SERS effect,
namely the adsorption of the analyte on the sensing surface and the aggregation/precipitation
processes in the case of colloidal solutions and the uneven distribution of nanoparticles and Aot-spots
in the case of 2-D solid substrates. Thus, compared to the substantial number of literature studies
aimed at exploiting SERS sensitivity, relatively few papers have been devoted to the application of

this spectroscopic tool to quantitative analysis [23].

6-MP is well suited for SERS detection because of the reactivity of its various functional groups
towards coinage metals. In the present contribution, we focused our attention to the analytical
application of AuNPs colloids for 6-MP detection in TDM practice. We synthetized gold
nanoparticles with a specific size and shape by the seed-mediated growth method. Once prepared, the
colloidal AuNPs were fully characterized in terms of morphological features, plasmonic properties
and SERS performance. Then, the sensitivity of the proposed SERS platform was improved by
adjusting the pH, and the complex kinetic behaviour of the system was investigated to gather
information on the occurring adsorption/aggregation processes. The study allowed us to confirm the
proposed SERS platform as a perspective route to TDM and to identify the limit of detection and a

highly linearity range for a reliable quantitation of the target analyte.
2. Experimental section
2.1. Materials

6-mercaptopurine (6-MP, molecular formula in scheme 1), Trisodium citrate (TC), gold (IIT) chloride
trihydrate  (HAuCly-:3H,O), ascorbic acid (AA), sodium borohydride (NaBH,),

Cetyltrimethylammonium bromide (CTAB), ethanol, p-Mercaptoaniline (pMA) and and hydrochloric
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acid (HCl) were reagent-grade products from Sigma-Aldrich and were used as received. Milli-Q

(MQ) water was used for the synthesis of gold nanoparticles and for the preparation of all 6-MP
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Scheme 1. Molecular formula of 6-MP (N7H thione form) with atom numbering.

solutions.

2.2. Synthesis of gold nanoparticles

The gold nanoparticles (AuNPs) were synthesized in aqueous solution by using the seed-mediated
growth method as described in our previous work [24]. Briefly, a seeds (~3 nm) solution was prepared
at room temperature by dissolving a prescribed amount of the gold salt and TC in water to get a final
concentration 2.5 x 10-* M of both reagents. Then, under stirring, 600 uL of ice-cold NaBH, aqueous
solution (0.1 M) were added and the color immediately turned pink, characteristic of seeds formation.
The prepared solution was left undisturbed at room temperature for 2 hours and then used for particles
growth. Next, a growth solution (GS) was prepared by adding CTAB (final concentration 0.08 M) to
a water solution containing 2.5 x 103 M of HAuCl,. The mixture was heated at around 80°C till it
turned clear orange and then it was cooled down to room temperature before use. For the nanoparticles
growth, 1.0 mL of 0.1 M AA aqueous solution and the seed solution were added to GS which
immediately turned wine red color indicative of nanoparticles formation. The solution was stirred for
10 minutes and then centrifuged three times at 13,000 rpm, 35°C for 15 minutes. The AuNPs were

resuspended in water and kept at room temperature for further characterization.
2.3. Functionalization of the gold nanoparticles

After centrifugation and re-dispersion in water, the gold nanoparticles were functionalized with pMA
to test their SERS performance. A 100 uM ethanol solution of pMA was added to the AuNPs colloidal
solution (v/v 1:1) and stirred at room temperature for 10 minutes. Gold nanoparticles were
functionalized with 6-MP as follows: a water stock solution of 6-MP (1.0 mM) was prepared and
used to get diluted 6-MP solutions ranging from 20 to 0.1 uM. Equal volumes of 6-MPs and AuNPs
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solutions (v/v 1:1) were mixed and stirred at room temperature for a fixed time. To test the effect of
pH on the SERS intensity, HCI 1.18 M was added to the 6-MP functionalized nanoparticles solutions
(colloidal solution /HCI, 5:1 v/v).

2.4. Techniques
2.4.1. UV-VIS spectroscopy

The optical properties of AuNPs and their molar concentration were measured by an UV
spectrophotometer equipped with a single monochromator (V—570 from Jasco, Easton, USA).
Absorption spectra of the AuNPs colloids were collected using 1.00 cm quartz cell with a scan speed
of 400 nm/min in the wavelength range from 300 to 800 nm. For the quantitative analysis of the gold
amount in the AuNPs solution a set of six standards were obtained by diluting the as-prepared AuNP

solution batch. Complete reduction from Au(Ill) to Au(0) was assumed.
2.4.2. Transmission electron microscopy (TEM)

The AuNPs morphology, size and shape were examined by bright field transmission electron
microscopy, performed on a FEI Tecnai G12 Spirit Twin (LaB6 source) equipped with a FEI Eagle
4 K CCD camera (Eindhoven, The Netherlands) operating with an acceleration voltage of 120 kV.
Samples for TEM examination were prepared by immersing a carbon-coated copper grid in the
colloidal solution, and drying at ambient conditions. At least 10 TEM images were acquired in
different sample areas and were used for the Statistical Image Analysis (SIA), performed by the
PLS/MIA software package (Eigenvector Research Inc., Manson, WA, USA) running under the
MATLAB computational platform (Mathworks, Natick, MA, USA).

2.4.3. Raman Spectroscopy

The Raman spectra were collected by a confocal Raman micro spectrometer (XploRA, Horiba-
Scientific, France) with a 638 nm diode laser as exciting source and an Edge filter for collecting the
Stokes scattering down to 50 cm™!. The radiation was collected by an Olympus metallurgical objective
(MPlan 10x, NA = 0.25 or 50x, NA = 0.50, depending on the sample) with confocal and slit apertures
set to 500 and 200 um, respectively. A grating with 600 grooves/mm was used to disperse the
scattered light. The pMA reference spectrum was collected in solution (10 wt% in ethanol) by a
10x/0.25 objective and 10 seconds of exposure time. The pMA and 6-MP SERS spectra were

collected in solution with a 10x/0.25 objective using a quartz cuvette with chamber volume of 700
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pL (Hellma GmbH & Co, Jena, Germany). The acquisition time was selected depending on sample
response. The chosen instrumental parameters allowed for an optimum signal-to-noise ratio (SNR),

exceeding 24 for a 6-MP solution at the lower boundary of the dilution range (1.0 uM).

Kinetic experiments in acidic condition were carried out in solution by off-line measurements. In a
quartz cuvette, a 6-MP water solution was added to an AuNPs colloidal solution in a 1:1 volume ratio;
then HCI1 1.8 M was added in a 5:1 volume ratio with respect to the colloidal solution. Right after the
reagents mixing, the cuvette was transferred to a mechanical shaker for continuous stirring. At
prescribed times the cuvette was moved to the Raman spectrometer for recording the SERS spectra,
and quickly returned to the shaker. A 10x/0.25 objective was used throughout. Two 6-MP
concentrations, 5 and 20 uM, were tested. The raw spectral data were converted into ASCII format

and transferred to the MATLAB computational platform for further processing.
3. Results and discussion

3.1. Transmission Electron Microscopy

Fig. 1A displays a typical TEM micrograph taken on the pristine colloidal solution (pH = 3.50). Ten
of these images, providing a total nanoparticle population of = 800 units, were employed to perform
a Statistical Image Analysis (SIA, Fig. 1B). According to our previous work [24] the shape and shape

distribution of the AuNPs were evaluated by means of the Roundness parameter, defined as:

4xA
R_

T X d,znax

(1)

where 4 is the particle area and d,,,,, is the major axis. It was found that 98% of the NPs had a spherical
shape (roundness > 0.85), with an average diameter of 16 £ 2.5 nm. The size-distribution of the
particles is sharp and has a gaussian-like shape, as generally observed in the absence of multimodal
distribution. Less than 2% of the total nanoparticles had an R value lower than 0.6, indicative of a
rod-like shape. In the whole set of TEM images, no evidence of particle aggregation was found,
confirming that the CTAB bilayer surrounding the nanosphere effectively inhibits aggregation
through repulsive electrostatic interactions among AuNPs. The micrograph in Fig.1C was collected
on the AuNPs solution after injection of a 10 uM solution of 6-MP (pH = 4.5). Previous studies
demonstrated that, in these conditions, the substitution of the initial CTAB bilayer with a 6-MP

monolayer is essentially complete.
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Figure 1. TEM micrographs and SIA analysis of AuNPs colloidal solutions. A) TEM of the pristine colloid
(pH = 3.50),; B) SIA analysis of the pristine colloid;, C) TEM of the AuNPs colloidal solution additivated with
a 10 uM solution of 6-MP (pH = 4.5). D) The above solution acidified at pH = 0.17; TEM analysis performed
after 10 min from acidification. E) As above, TEM analysis after 3 h from acidification.



SIA analysis showed no significant changes with respect to the pristine colloid, indicating that the
neutral surface charge of the nanoparticles after 6-MP adsorption still provides a stabilizing condition
against aggregation. It is known that the ionic strength of the solution plays a key role in colloidal
stability. In fact, by shifting the pH of the considered AuNPs/6-MP solution from the initial value of
4.5 to highly acidic values, we clearly observed the onset of AuNPs coalescence. Fig. 1D represents
the AuNPs/6-MP solution activated by HCI at pH = 0.17 after 10 min from the addition of HCI:
numerous aggregates are present, which coexist with isolated nanoparticles. The aggregate in Fig.1D,
with d,,,, = 295 nm and an aspect ratio of 1.9, is among the largest observed under these conditions.
TEM analysis of the same solution after 3 hours (c¢f Fig. 1E) shows extensive coalescence, with
aggregates extending over the whole image field. These domains are likely to precipitate from the

supernatant solution at longer times.

3.2. Plasmonic properties

The pristine AuNPs exhibit a localized surface plasmon resonance (LSPR) band at 523 nm, with a
narrow shape that, according to the SI analysis, is indicative of a unimodal distribution of nanoparticle
dimensions (¢f UV-VIS spectrum in Figure S1, supplementary data). The spectrum is only slightly
affected after AuNPs functionalization with 6-MP (a red-shift of 1.0 nm, see Fig. 1S, Supplementary
Material) confirming that the plasmonic properties of the nanosphere are marginally affected by the
surface layer, and are controlled essentially by its dimensions. The UV-VIS spectrum was used to
evaluate the gold molar concentration in the colloid solution taking advantage of the Beer-Lambert
behaviour of the system (cf Fig. S2, Supplementary Material data). According to our previous work
[24] by coupling the TEM geometrical parameters (size and shape) and the UV-VIS results ([Au])
the calculated AuNPs concentration was 21.0 nM. The SERS activity of the synthesized colloids was
quantified by measuring the absolute enhancement factor (EF), i.e. by comparing the SERS response
of a reference analyte (p-mercaptoaniline, pMA) with its spontaneous inelastic scattering. [25]. The
EF was calculated according to the procedure reported in [24]. Its value, 3,0 x 10°, was found suitable

for high-sensitive analytical applications of SERS spectroscopy [22, 25].

3.2. The colloidal solution as SERS sensor for 6-MP detection.

The adsorption of 6-MP on a colloidal solution of gold nanospheres was investigated in detail in a
previous contribution of this series [26]. Accuracy/precision appropriate for TDM analysis were
achieved at the expenses of sensitivity by limiting aggregation phenomena. In the light of the above

results, we adopted the alternative approach of modifying the ionic strength of the solution so as to
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induce the formation of stable nanosphere assemblies with an adequate /ot-spot density to boost
SERS activity. The approach is demonstrated in Fig. 2, in which are compared the SERS spectra of
the AuNPs (21.0 nM)/6-MP 20 uM solutions with different acidity. In particular, the red trace refers
to the plain solution (pH = 4.5) while the blue trace is relative to the solution activated by HCI to
reach a pH value of 0.17 (see experimental). Both spectra were collected after 180 min from the
analyte injection, maintaining the solution under mild mechanical stirring. The dramatic increment
of the signals intensity confirms the strong influence of the medium acidity on SERS activity. In
agreement to the results of the TEM analysis, the effect is ascribed to an aggregation process triggered
at low pH values rather than an increase of adsorption efficiency of 6-MP species prevailing in the
acidic environment. In fact, previous results indicated a very high affinity of the target molecule

towards the metal surface even at moderate/neutral pH values.[26, 27].
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Figure 2. Red trace: SERS spectrum of the AuNPs/6-MP 20 uM solution at pH = 4.5. Blue trace: The
above solution activated by HCI (pH = 0.17). Spectra collected after 270 min from analyte injection.

Fig. 2 demonstrates that, activating the colloidal solution by acidification, increases the sensitivity by
one order of magnitude, as evaluated from the intensity ratio of the strongest peak at 1259 cm! (
I1259/1%259 = 9.93 , where primed and double primed symbols refer, respectively, to the plain and the
acidified solutions), The blue-trace spectrum in Fig. 2 is consistent with earlier literature reports on
SERS spectra of 6-MP in acidic media [26, 28-30]. These were recently interpreted on the basis of a
Quantum Mechanical (QM) vibrational analysis, which provided molecular-level insight in the
interaction mechanism and the adsorbate orientation [26]. It was found that 6-PM assumes a flat

orientation with respect to the colloid surface and the binding mechanism involves covalent bonding
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(formation of a gold thiolate species) plus non-covalent interactions with the N1/N7 atoms and the
pyrimidine © cloud. Non-covalent interactions represent the primary contribution stabilizing the flat
orientation. The QM analysis afforded the evaluation of the molecular cross-section of 6-PM (65 A2),
which, coupled with the geometric parameters of the colloid, revealed that a maximum of 1237
molecules can be adsorbed on a single NP. It was inferred that the colloid saturation is reached at a
6-MP concentration of 26 uM in the conditions of the present study [26]. Several peaks display a
consistent bandshape over the considered concentration range, a well defined baseline and are fully
resolved, which makes them suitable for quantitative analysis (cfalso Figs. S3 and S5, Supplementary
Material). They occur at 671 cm™ [v(N3C4) / 3(C4N9CB)], 991 cm™! [8(N7C8N9) / 3(C4NICR)],
1126 cm™! [v(N7C8) / v(N1C2) / 3(H14N7C8)], 1323 cm™! [v(N3C4) / 3(HI3C8N9)] and 1380 cm!
[VIN7C8) / v(N9C4) / 3(C5N7C8)] [26]. In the above notation the Greek letters have the usual
meaning of stretching (v) and in-plane bending (8) and atom numbering refers to Scheme 1. The
intense peak at 1259 cm! is useful to test the limiting sensitivity due to its substantial Raman cross-
section, but is less effective for quantitative analysis because of a complex bandshape changing

significantly with 6-MP concentration.

We observed a pronounced variability of the SERS response with time at all investigated
compositions. This effect is highlighted in Fig. 3, where the bar-graph represents the intensity of the

1380 cm! peak in the considered solutions at given time intervals.
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Figure 3. Intensity of the SERS signal at 1380 cm™' at given time intervals for different 6-MP solutions.
Concentrations as indicated.

10



For the 1 uM composition, the SERS intensity is barely detectable in the first 3 h, but emerges clearly
after 6 h and increases slightly after 24 h. The 5 uM composition shows an analogous behaviour,
except that the signal intensity is already obvious after 3 h. At 10 and 20 uM, the SERS activity is
substantial from the very beginning and keeps growing in the following six hours. Interestingly, all
considered compositions display very close values of SERS intensity in the long-term (24 h)
collection. It is clear that the kinetic behavior of the system is complex and has a profound effect on
both the sensitivity and the accuracy of the proposed platform. For instance, at 1 uM the sensitivity
boosts by a factor of 15.4 in the first six hours, while at 20 uM increases 8.1 times. No obvious
correlation between SERS activity and analyte concentration emerges at this stage. Identifying
composition ranges and protocols for quantitative analysis demands an accurate characterization of
the kinetic behaviour. To this end, we analyzed in detail the 20 and the 5 uM compositions, whose

results are reported, respectively, in Figs. 4 and 6.
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Figure 4. A) Time evolution of the SERS signal at 1380 cm™ in the colloidal solution after injection of a 20
UM solution of 6-MP and activation by HCI (pH = 0.17). B) SERS spectra collected at different times. Black
trace: 60 min, purple:150 min; brown: 180 min; green: 270 min; blue: 360 min, red: 390 min; dark blue: 510
min; green: 1440 min.

The 20 uM solution displays an initial fast-growing regime that reaches a maximum at 380 min.
Afterwards the SERS activity starts to decline with a rate comparable to that of the initial growth.
After 700 min the intensity of the analytical peak approaches the ¢, value. The adsorption kinetics of
numerous analytes on gold and silver surfaces has been investigated [31, 32]. In particular, it was
shown that aromatic thiols follow a first-order Langmuir adsorption model with kinetic constants at
ambient temperature of the order of 0.01 min-!, which allows to reach equilibrium within 200 — 300
min under experimental condition close to those of the present study. Thus, the results of Fig. 4A are
compatible with an adsorption process ruled by a Langmuir mechanism. However, the observation of
a well-detectable SERS signal at ¢, conflicts with this hypothesis. A sounder scenario is the
instantaneous (in the time-scale of the experiment) adsorption of the probe onto the available metal
surface, followed by a much slower aggregation process triggered by the simultaneous effect of the
modified surface charge and the ionic strength of the solution. This interpretation is supported by the
results of the TEM analysis. Thus, responsible for the signal increase in the initial regime is the
formation of hot-spots within the nanoparticle aggregates, which is likely to induce a complex
dependence of the SERS intensity on analyte concentration, that is, a pronounced non-linearity of the
response function. A very fast adsorption rate of 6-MP as compared to aromatic thiols has been
already postulated in Refs [26, 27] and can be justified considering the numerous functional groups
present in the 6-MP molecule and their pronounced affinity towards the Au surface. The exponential-
decay regime following the maximum at 360 min is due to the formation of aggregates that have
reached a critical size for inducing precipitation and consequent loss of SERS activity from the

solution. The kinetic analysis indicates that substantial precipitation of AuNPs occurs after 600 min.

Further experimental evidence of the above interpretation is provided by the UV-Vis spectra collected
on the 20 uM solution as a function of time (see Fig. 5). The LSPR band at 524 nm observed at time
zero evolves into a more complex profile at 300 min. In particular, the main component red-shifts by
12 nm and a second band approximately centred at 665 nm emerges. These features represent the
characteristic signature of colloid aggregation [33]. At longer times, the band intensity gradually
weakens, becoming barely detectable at 800 min, which confirms the progressive precipitation of the

aggregates.
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The extensive aggregation induced by HCI addition is to be related to the acid-base properties of 6-
MP. This conclusion is supported by the observation that, adding HCI to the pristine AuNPs solution
in the same concentration ratio used to activate the 6-MP solutions produces a very limited
aggregation (vide infra). The acid-base behavior of free 6-MP is intricate, and is further complicated
by the existence of different tautomeric species in solution. It has been shown, however, that the
molecule is protonated at the N(1) position in a strong acidic medium [27] and the same behaviour is
likely for the molecule adsorbed on the gold surface. One possible interpretation is that postulated in
Ref [27], i.e. the protonation may contribute to strengthen the intermolecular interactions typically
active in these nucleobase analogues (base stacking interactions). Those established between
molecules residing on adjacent nanoparticles compensate for residual electrostatic repulsion and

trigger aggregation.
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Figure 5. UV-Vis spectra collected at different times on the colloidal solution after injection of a 20 uM
solution of 6-MP and activation by HCI (pH = 0.17). Collection times as indicated.

Similar arguments can be put forward to explain the time evolution of the SERS activity for the 5 uM
solution. At this composition precipitation is very slow compared to the initial formation of the
primary AuNPs aggregates. In fact, the latter process lasts around 500 min, while the former is more
than one-order of magnitude longer. A further observation is the occurrence of an induction period

of around two hours prior to the increasing regime (see inset of Fig. 6), likely due to the time required
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to reach a detectable amount of hot-spots in the given conditions of mixing and NPs concentration.
The weak and constant intensity detected in this interval (480 counts/s) represents, therefore, the
SERS activity of the isolated nanospheres, i.e. the single-particle regime. Its value compares
favourably with that reported in Ref. [26], thus confirming that the probe adsorption is essentially
instantaneous and the time dependence of the SERS activity is solely due to aggregation/precipitation

Processcs.
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Figure 6. Time evolution of the SERS signal at 1380 cm™' in the colloidal solution after injection of a 5 uM
solution of 6-MP and activation by HCI (pH = 0.17)..

The kinetic analysis discussed so far reveals that adjusting the ionic strength of the solution is an
effective means for improving the sensitivity but induces side-effects (especially precipitation) which
cause an unwanted time-dependence of the SERS signaling. However, the kinetics of the underlying
processes is slow compared to the time-scale of the experiment, suggesting that it could be possible
to identify a set of conditions to get a SERS response which is stable both spatially and temporally,

and could be usefully correlated with the analyte concentration.
3.3. Quantitative analysis enabled by surface enhanced elastic scattering

As already mentioned, a primary requirement for an assaying method to be useful in TDM is the
accuracy and reproducibility of the quantitative analysis. The strong time-dependence of the present
platform in terms of SERS activity makes it difficult to envisage a protocol that could maximize

sensitivity while ensuring a linear response toward analyte concentration. In the preceding section we
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have shown that the increment of SERS signaling in the colloidal solution is due to hot-spots
formation (NPs aggregation), while the signal lowering is caused by loss of hot-spots (NPs
precipitation). Therefore, a suitable strategy towards SERS quantitation would be to normalize the
analyte signal over hot-spot concentration within a given time interval. It has been recently
demonstrated that a given hot-spot produces the same electromagnetic enhancement on both the
elastic and the inelastic (Raman) scattering [34, 35]. Based on these studies, a suitably chosen surface-
enhanced elastic scattering signal can be tested as a localized intrinsic internal standard that scales
across all of the plasmon-enhanced electromagnetic fields within a substrate. In a Raman/SERS
experiment, the elastically scattered light is removed by an edge or a notch filter, depending on
instrument configuration, to avoid interference and detector saturation. It produces a sharp spike
around the zero value of the Raman-shift and goes undetected. However, commercial lasers, besides
emitting at the fundamental frequency, w,, also radiate parasitic light at close frequency (w1), with
an intensity that is orders of magnitude lower than the primary emission. The elastically scattered
radiation originating from this secondary spontaneous emission is actually detectable because of the
combined effect of the frequency shift and the reduced intensity with respect to the fundamental. It
gives rise to the formation of a low-wavenumber pseudo-band in the vicinity of the filter cut-off.
According to Wei and co-workers [36] the ratio between the intensities of the Raman and the elastic

signals (I and Ig;, respectively) can be approximated as:

I(wo £ wyip)  Nalaa(wo + wpipwol*Io(ro,wp)

Ig(w) Nglag(w)|?1o(ro,wy)

(2)

In eq. 2 wg, w1 and w,;, are, respectively, the lasing frequency, the secondary emission frequency of
the laser source and the vibrationally shifted frequency; a, and ap are, respectively, the Raman

scattering polarizability of the analyte molecules and the elastic scattering polarizability of the
background molecules; N, and Ny are the molar concentrations of the analyte and the background
solvent molecules present within the sampling volume (N >> N,); I is the incident field intensity
and r is the position of the molecule under plasmonic resonance. During a SERS measurement, all
factors in eq. 2 (i.e., N, azap,lo(ro,wg)/Io(ro,w1) are constant except N4. This implies that, by
normalizing the SERS signals with the surface-enhanced elastic scattering signals of the background
molecules in the /ot spots, the ratiometric value in the left side of eq.2 provides a quantitative estimate
of the molar concentration of the analyte which is unaffected by the numerous factors generating the

unpredictable spatial and temporal perturbations of the SERS intensity. The situation is represented

15



in Figs. S3, Supplementary Material, and in the lower wavenumber side of Fig.4B. In Fig. S3A are
compared the spectra collected in the absence of AuNPs (MQ water, blue trace), in the pristine
colloidal solution prior to 6-MP addition (red trace) and in the colloidal solution brought in contact
with 20 uM of 6-MP and activated by HCI addition (purple trace). The low-frequency pseudo band
is weak in pure water, reflecting the absence of any enhancement mechanism. It remains essentially
the same when the AuNPs do not aggregate, indicating that, without hot-spots, which are formed to
a significant extent only after activation (see TEM micrographs in Figs. 1), the isolated nanospheres
do not provide an appreciable enhancement effect. The elastic scattering intensity increases
substantially when the aggregation process is triggered by adding 6-MP and acidifying the solution
(cf Fig.S3A, purple trace). The gradual increase of the elastic scattering pseudo-band with Aot-spots
concentration is also apparent in Fig. 4B. Fig. 7 illustrates the relationship between /z; and the 6-MP
SERS spectrum above 400 cm! for the data set represented in Fig. 4 (20 uM solution). The overall
amount of elastic scattering has been evaluated by integrating the Intensity vs frequency profile in the
50 — 350 cm™! range, while the total SERS activity (inelastic scattering) is the area within the 375 —
1750 cm™! range. The excellent linear correlation between the two plasmonically-enhanced scattering
phenomena (R? = 0.965), evaluated considering the whole contribution in the respective frequency
intervals, confirms the premise that a hot-spot produces the same effect on elastic and inelastic

scattering, and that eq. 2 can be reliably employed for normalization purposes [34, 35].
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Figure 7. Elastic scattering as evaluated from the area under the spectrum in the 350 — 50 cm™' range, and the
inelastic scattering (area in the 1750 — 375 cm™! range). Data collected at different times on the colloidal

solution with 20 uM of 6-MP activated by HCI (pH = 0.17)..
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We explicitly note that the development of an intense SERS pattern is accompanied by the appearance
of a broad background diffusion with a maximum at~ 1400 cm™! (¢f Figs. 3SA — 3SB, Supplementary
Material). This effect is also due to a plasmon-activated process and, in particular, to
photoluminescence [36]. In fact, in Fig. 4B the background level is found to increase gradually with
SERS activity, confirming the common physical origin of the two processes. In principle,
photoluminescence could provide an alternative normalizing signal, but attempts in this direction
were unsuccessful [36] likely because of the extreme breadth and ill-defined shape of the band. Thus,
in the present data treatment, the effect of photoluminescence has been compensated for by a proper
baseline correction (cf Fig. S3B). In Ref [36] the quantitative estimation of the elastic scattering
intensity was made by integrating the band between 106 to 146 cm’!; in our case we preferred to work
with peak heights, because the analytical signals are well resolved and peak heights are less sensitive
than areas to baseline fluctuations. Thus, for dimensional consistency, we adopted as the normalizing
factor (Ir; in eq. 2) the intensity value at 126 cm™! (/;2). 126 was found to be linearly related to the

overall amount of elastic scattering represented in Fig. 7.

To confirm the soundness of the proposed normalizing approach we have investigated the possible
influence of the CI- ion in the frequency range of interest. In fact, it has been reported [37, 38] that,
in certain conditions, CI- ions are are adorbed on the AuNPs and produce SERS signals in the 100 —
300 cm™! range. In particular, in Ref. 37 CI- adsorption was observed on a 15 uM colloidal solution
of nanospheres having a 15 nm diameter, stabilized by a citrate coating. A doublet was detected at
130 — 240 cm!: the high frequency component was assigned to v(Cl-Au) vibration, while the origin
of the low-frequency peak remained undefined. It was found that isolated nanoparticles produced
relatively weak SERS signals but, on aggregation of the cit-AuNPs, the SERS intensity grew.
Measurements at increasing times showed the intensity enhancement of the SERS signals, ascribed
to the formation of hot-spots. The aggregation was attributed to the combined effect of citrate

substitution by CI- and the destabilizing effects of the sodium ion.

We added HCl to the pristine AuNPs colloidal solution in the same concentration ratio used to activate
the 6-MP solutions (see Experimental). The SERS spectra in the 100 — 500 cm™! range of the resulting
colloid collected at increasing times from HCI addition are reported in Fig. S4, Supplementary
Material. At time zero the profile is essentially featureless, but after 180 min, a well resolved, highly
symmetrical peak emerges at 185 cm'!. By comparison with the spectra reported in [37] we assign
this feature to the v(Au—Cl) mode enhanced by SERS. This observation confirms that HCI is able to
adsorb on AuNPs, displacing the preexisting CTAB bilayer, as it does with the citrate monolayer
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[39]. The v(Au—Cl) vibration is readily recognized due to its sharp contour and does not interfere
with the broad, underlying background emission, as demonstrated by a curve fitting analysis. The
spectrum collected after 570 min displays a minimal enhancement, possibly reflecting a small amount
of hot-spot formation as a consequence of NPs aggregation, as suggested in [37]. The effect is
negligible with respect to those observed on the colloids functionalized with 6-MP, confirming that
extensive AuNPs aggregation is triggered by the presence of the 6-MP functional groups on the metal
surface. In Fig. S4, Supplementary Material, are reported the SERS spectra of the AuNPs colloidal
solution functionalized by a 5 uM solution of 6-MP and activated by HCI. The sequence of spectra
was collected at increasing times after 6-MP injection. The 185 cm™! peak is clearly discerned and is
found to increase with time, which indicates that CI- is adsorbed even in the presence of 6-MP.
However, Cl- is able to displace only the CTAB bilayer, while leaving the strongly interacting 6-MP
intact, as demonstrated by the intense SERS signaling of the latter. Cl- adsorption occurs at this
composition because of the excess of available adsorption sites over the amount of analyte. According
to the structural data reported in Ref. [26], at 5 uM concentration the surface coverage by 6-MP
amounts to 28 %, assuming full yield of the 6-MP adsorption process.

At 20 uM composition (cf in Fig. 4B and Fig. S6, Supplementary Material) the 185 cm! peak is
barely detectable. This is because at this composition the surface coverage by 6-MP is almost
complete (saturation threshold calculated at 26 uM). In general, the presence of 6-MP tends to hinder
CI adsorption even at intermediate compositions when the surface coverage is incomplete. In fact,
the 185 cm! signal is evident only at 5 uM, while becoming very weak with respect to the underlying
background, at any other investigated composition. This analysis demonstrates that, even if Cl- can
adsorb on AuNPs residual sites (e.g. those not occupied by 6-MP), its interference on the elastic
scattering pattern employed to normalize for hot-spot concentration, can be considered negligible.

This conclusion is corroborated by the linear relationship reported in Fig. 6.

—O— 1380 om’’ A 1| |0 1128 cm:: B

2 | |—o— 1323 cm” g 231 -
= — 08 cm
= Q :
$' 1'5—----E%——(]E»--é-(%--_--f{)---—é-—-%}---- 2 OBF====E=" ?,,(} fffffff é ,,,é ********
:: 1--—---19—-@ —‘?-@—--é—é--@---q}---- = 04 TTTTE T @_-@_Q___gg___é_-- o
_g _E o2f 7 ‘8" "é)'('p """ ‘q)"'(z)"'é""

0.5

0
100 200 300 400 500 600 100 200 300 400 500 600
time (min) time (min)

18



Figure 8. Normalized intensity of 6-MP peaks as a function of time. Peak frequencies as indicated. Dotted
lines represent the average values of the normalized intensity. Data from the kinetic experiment of Fig. 4.

Fig. 8 illustrates the normalization procedure applied to the kinetic data of Fig. 4. The peak at 1380
cm!, which displays a temporal change of more than 20,000 counts, i.e., 550 % of its initial value,
after elastic scattering normalization remains essentially constant, with values tightly and randomly
distributed around an average figure of 1.48. Thus, the estimated coefficients of variation, CV, (the
ratio of the standard deviation to the mean) changes from 64.1 % for the as collected data to 9.0 %
after normalization. The hot-spot normalization approach works equally well for other analytical

peaks of 6-PM. This is illustrated in Figs. 8A-B for the features at 1323, 1126, 991 and 671 cm™'.

Fig. 9 displays the intensity vs concentration diagram relative to the peak at 1380 ecm™!. In the 1 — 15
UM range a satisfactory linear correlation is found, represented by the equation: 1550 = 0.094 -
Ce_ mp, Where I3sg0is the normalized intensity of the analytical peak and Cs.,p is the analyte
concentration in pmol/L. The correlation coefficient, R = 0.921, confirms on quantitative grounds
the validity of eq.2, the soundness of the proposed normalization approach and identifies a
concentration interval within which it is possible to perform quantitation with high accuracy and
reproducibility. The I{3g, value of the 20 uM composition lies below the linearly extrapolated value,
setting the upper boundary of the working range. This effect is possibly related to the fact that this
composition approaches the saturation limit of the present SERS platform (26 uM) [26]. In principle,
it could be possible to extend the linearity range by increasing the AuNPs concentration, but we have
observed that, in doing so the aggregation tends to become faster and less controlled. The error bars
in Fig. 9 represent the data scattering of the normalized intensities around the mean for measurements
taken at different times. Relative Standard deviations range from 7.7 at 20 uM to 38.3 % at 1.0 uM
and are consistently lower than those reported in [40] for 6-MP detection on a 2D plasmonic

substrate.
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Figure 9. Normalized Intensity of the SERS signal at 1380 cm™ as a function of the concentration of the analyte
solution.

The limit of detection (LOD), defined as the analyte concentration producing a signal three times
larger than the random noise [41] is heavily dependent, for the present platform, on the time lag
between analyte injection and data collection and, therefore, is not easily quantified. For instance, the
1.0 uM solution goes undetected after 1h, produces a signal just above the LOD after 3 h (SNR =3.3
at 1259 cm™') and 8.1 times over the LOD after 6 hours (SNR = 24.2). Well-detectable analyte
signatures have been identified at 100 nM concentration (cf Fig. S4, Supplementary information):

after 6 h the intensity of the 1259 cm! peak is 3.3 times larger than the LOD (SNR = 9.8).

The linearity range identified in the present study has been compared with concentration ranges
relevant in clinical practice to verify the potential application of the proposed platform in TDM. The
pharmacokinetics of 6-MP by intravenous administration to ALL pediatric patients has been reported
[42]. Immediately after the administration the concentration of 6-MP in plasma was 107 uM. It
decreased rapidly to 25.6 uM by completion of the infusion and dropped progressively in the range
20 — 1 pM in the following 9 h. After 24 h it was undetectable. In another study, the physiological
concentration of 6-MP was reported to vary between 100 and 1 uM [28]. It is concluded that the range
of 6-MP concentration exhibiting a linear response function matches well blood concentrations of
clinical interest. The linearity range of the present platform is considerably improved in terms of
TDM applications, with respect to that reported in [40], which was limited to the 0.5 — 3.0 uM
interval. In terms of LOD, a few competing techniques are still more sensitive (0.03 uM by HPLC/UV
[42], 0.06 uM by voltammetry [43]) but in the present case the primary objective was the accuracy
of quantitation, rather than the sensitivity. Moreover, the lower limit of the therapeutic window is
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around 1.0 uM [44]. In principle, the sensitivity of the present platform can be further improved by

using specific nanoparticle morphologies; work is in progress in our laboratories along this line.

It is explicitly noted that in a complex system as the blood plasma, interfering effects may arise from
the mixture components, in particular the protein fraction, which could interact with the target
molecule and/or compete toward adsorption sites. These effects might alter the detection limits and
the linearity ranges. Work is in progress to elucidate this point by extending the present approach to

blood plasma samples.

The sensing platform proposed herein provides several benefits: it is sufficiently sensitive for the
intended application, is accurate and is designed to reduce drastically instrumental facilities and
related laboratory equipment. It requires minimum skills from operating personnel: essentially, it
consists in mixing the sensing and the sample solutions, keeping the mixture at room temperature
under mild stirring for a prescribed amount of time, and taking the measurement. The data analysis
can be readily implemented in a dedicated software package. These advantages, combined with a
minimal need for sample pretreatment, the reduced cost of routine Raman instruments and the
potential for on-site deployment, make this assaying method a well suited option for TDM and for

analyses to be performed at or close to the bedside (Point of Care Tests, POCT).

4. Concluding remarks

In the present study a SERS platform based on a colloidal solution of gold nanoparticles has been
optimized for the detection of 6-mercaptopurine. The aim was to implement an assaying method
suitable for Therapeutic Drug Monitoring. A kinetic analysis was performed at different analyte
concentrations to investigate the complex adsorption/aggregation processes controlling the SERS
response of the system. The results allowed us to identify the best conditions for an accurate and

reproducible quantitative analysis.

The following conclusions were drawn:

e Adjusting the ionic strength of the solution by HCI addition allowed a sensitivity increment
of one order of magnitude with respect to the pristine colloidal solution.

e The increase in sensitivity is due to nanoparticle aggregation with consequent formation of
hot-spots. The same process causes the precipitation of the larger aggregates at longer times,

with loss of SERS activity.
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e A normalizing procedure based on the enhanced elastic scattering signal is proposed to
minimize the large time-dependence of the analytical signals, so as to obtain a linear
correlation of the SERS activity with the analyte concentration.

e A linearity range was identified between 1 and 15 uM, in which it is possible to perform the
quantitative analysis with good accuracy and reproducibility. The limiting sensitivity (LOD)
of the present platform is 0.1 uM. The linearity range of the present assaying platform is
suitable for clinical applications and improves previously reported results.

e The advantages of the present sensing platform (accuracy, low cost, simplicity, easy on-site

deployment) make it a viable option for TDM and for Point of Care Tests.
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Research Highlights

A SERS colloidal solution of gold nanoparticles is proposed as a sensing platform potentially
suitable for the Therapeutic Drug Monitoring of the anticancer drug 6-mercaptopurine.

The platform sensitivity was enhanced by one order of magnitude adjusting the pH of the
colloidal solution toward acidic values.

A normalization approach allowed us to remove the time-dependence of the SERS signal and
to identify a linearity range suitable for clinical applications.
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