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The development of surface-enhanced Raman scattering (SERS) spectroscopy as an analytical technique
has been mainly focused on improving detection limits, nanoparticle (NP) stability and reproducibility.
However, a step further on the functionalities of these promising sensing platforms is needed to enable
their integration as in situ biosensors able to continuously monitor the cellular microenvironment
and cell communication. Herein, we developed a biocompatible SERS hybrid material, by embedding
gold-based nanostructures into gellan gum “sponge-like” hydrogels. This novel material was used as a
SERS substrate for biochemical detection of disease associated cell metabolites. The optical and
morphological characterisation of these 3D plasmonic sensors demonstrated the efficient incorporation
of gold nanostars and silver coated gold nanorods, as well as their homogeneous distribution within
the hydrogel matrices. By using these 3D plasmonic polymeric matrices we were able to prove
the detection of two cancer-cell-related extracellular metabolites, lactate and thiocyanate. The SERS
detection of these two small molecules is not trivial and was only possible due to the extra SERS
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Introduction

Surface-enhanced Raman scattering (SERS) spectroscopy has
been demonstrated in recent years to be a powerful analytical
tool offering high sensitivity and selectivity, structural informa-
tion and multiplexing capacity.”” As a consequence, the use of
SERS as an analytical technique has been extended to different
fields of application, including medicine and biomolecular
detection of intracellular and extracellular metabolites.>”® SERS
is based on the interaction of light with the localised surface
plasmon resonance of metallic nanostructures, which enhances
the inherent Raman signal of the analyte under study. Physical
and chemical phenomena overcome the intrinsically low Raman
efficiency, which is enhanced in SERS up to 14 orders of
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metabolism monitoring of 3D cell models.

magnitude.'”'" However, the challenge for the development

of this promising analytical technique relies on the ability to
effectively fabricate advanced SERS substrates. In SERS, the close
interaction of the nanostructure and the analyte is crucial, as it is
a distance dependent effect.'” Further, the presence and control
of ‘hot-spot’ areas with extra enhancement, due to interparticle
coupling electromagnetic fields, has concentrated efforts from
many researchers.'”> To comply with these requirements, the
main technical bottlenecks of SERS to be addressed have been
the low stability of aggregated colloidal metallic NPs as well
as the low affinity of certain analytes for the surface of gold or
silver (the most used metallic NPs in SERS)."* Nevertheless,
the construction of biocompatible SERS substrates that allow
in situ biosensing in cell cultures has not been a priority in the
field. However, considering the current growing applications of
organ-on-a-chip models it is important that SERS substrates are
compatible with long term 3D cell cultures. In this sense,
the intrinsic properties of hydrogels, like their extreme hydro-
philicity, make them excellent candidates as substrates supporting
NPs acting as SERS enhancers.'*"*> Hydrogel-based biosensors are
considered an advantage over conventional systems, since they can
biomimic the 3D extracellular matrix, immobilizing enzymes,
proteins, aptamers or metabolites within detection systems,
enhancing their stability and providing the ideal conditions to
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entrap nanostructures.”> Additionally, the combination of metallic
NPs with supporting hydrogels overcomes the low stability of
colloidal nanostructures, offering, simultaneously, a 3D network
in which ‘hot-spots’ can be formed and controlled on demand.*®
Furthermore, if the supporting material is able to concentrate or
retain the analyte, advanced capacities towards the establishment
of 3D biosensing tools can be achieved.'”'® For example, You et al.
used SERS hydrogel composites to overcome the limitation of
sensors, like poor long term stability issues, photobleaching and
low sensitivity.'® For that, the authors converted a polyelectrolyte
into a SERS-sensing platform, through the incorporation of
gold nanoparticles (AuNPs) capped with Raman active mole-
cules, for pH and enzymatic detection. In a different approach,
Manikas et al. developed a simple method of physisorption of
AuNPs on poly(N-isopropylacrylamide) (PNIPAm) thermo-
responsive hydrogels, for the fabrication of highly efficient
SERS substrates.?® This method allowed control over the inter-
particle distance and, therefore, the modulation of the SERS
affinity and enhancement, decreasing the detection limit.
Nevertheless, the use of synthetic polymers as supporting
scaffolds is not the best choice for the analysis of cell meta-
bolites, which requires superior biocompatibility.

Gellan gum hydrogels are very interesting natural scaffolds,
which have demonstrated excellent non-cytotoxic performance,
thus being an excellent cell growth support.”’ Additionally,
gellan gum is a thermo-responsive material and “sponge-like”
gellan gum hydrogels present complete and rapid recovery, up
to 3 h of application, of a compressive strain, making this a
smart matrix.”*> Although nanoparticle (NP)/gellan gum (GG)
hybrid materials®>® have been applied in various areas, to the
best of our knowledge there have been no reports on their
application as SERS substrates. For instance, Filpo et al. fabri-
cated a GG/titanium dioxide nanoparticle hybrid hydrogel to
clean fungal contamination on paper.>* By taking advantage of
the photo-catalytic activity of titanium dioxide NPs and the
mechanical soft properties of the hydrogel, this hybrid material
enabled the deep cleaning and disinfection of parchment, as
well as the prevention of fungi regrowth.

The combination of SERS sensing ability together with the
high cell viability offered by gellan gum can be used as a
potential tool for in situ and real time advanced diagnostics
through the detection and quantification of specific molecules.
For instance, lactate and thiocyanate play an important role in
several cancer processes. The accumulation of lactate is a
common feature of cancer cells, and tumour metastases are
promoted by lactate-induced secretion of hyaluronan by
tumour-associated fibroblasts. Thus, the accumulation of lac-
tate in solid tumours leads to disease progression, making the
real-time monitoring of lactate levels extremely important.>>>®
Also, thiocyanate levels have been long associated with different
types of cancer.?”®

Herein, a hybrid material was developed by embedding NPs
into cell adhesive gellan gum sponge-like hydrogels (GG-SLH),
which was employed as a novel SERS substrate for biochemical
detection of relevant cancer-associated metabolites. Two
kinds of SERS-active NPs, silver coated core-shell gold nanorods
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(Au@AgNRs) and gold nanostars (AuNSs), were used to test the
ability of this novel material to work as a SERS substrate. First,
the synthesised NPs were incorporated into GG-SLH, forming a
3D smart matrix, which was characterised by scanning electron
microscopy (SEM), extinction spectrophotometry and SERS.
Second, known concentrations of Raman reporters were used to
evaluate the SERS performance and limit of detection of these
3D smart matrices. Finally, two cancer related extracellular cell
metabolites (lactate and thiocyanate) were detected using the
hybrid material to demonstrate the potential ability of these
substrates for in situ biomedical analysis.

Results and discussion

GG-SLH-NP (gellan gum ‘‘sponge-like” hydrogels with nano-
particles) was produced through the incorporation of AuNSs
and Au@AgNRs into GG-SLH. Fig. 1A and B show transmission
electron microscopy (TEM) images of both types of NPs before
incorporation in the GG-SLH, as synthesized. Fig. 1C shows the
transverse and longitudinal plasmons located at 497 and
560 nm, respectively, for the Au@AgNRs. For the AuNSs, the
plasmon peaks for the core and tips were located at 567 nm and
830 nm, respectively (Fig. 1C). The absorbance peaks of the
synthetized NPs are according to those described in the litera-
ture for optical and SERS detection tools.”*' In particular,
AuNSs were selected due to the extra SERS enhancement
offered by their tips, and the Ag-coated AuNRs were selected
(Au@AgNRs) due to the better SERS enhancement of silver vs.
gold, as previously demonstrated.”*??

In this work, in order to obtain a good dispersion and
distribution of the NPs within the GG-SLH, the NPs were added
in situ before the gelation reaction of the precursor hydrogels."”
In order to test the loading efficiency into the GG-SLH, as a
function of the initial concentration of NPs added, the extinc-
tion spectra of the nanostructures were obtained and the

——Au@AgNRs

0.6 ~—AuNSs

>

300 400 500 600 700 800 900
Wavelength (nm)

Fig.1 (A) TEM image of Au@AgNRs as prepared before incorporation
in GG-SLH; (B) TEM image of AuNSs as prepared before incorporation in
GG-SLH; and (C) extinction spectra of Au@AgNRs (blue) and AuNSs
(orange) normalized with the absorbance at 400 nm.

This journal is © The Royal Society of Chemistry 2020
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maximum absorbance was identified (560 nm for Au@AgNRs
and 830 nm for AuNSs). After the NP incorporation, GG-SLH-
NP was dissolved in water and the absorbance of the resulting
solution was measured at the specified maximum wavelengths.
A calibration curve for each type of NPs was produced (Fig. S1,
ESIT) and used to calculate the obtained NP concentration in
GG-SLH-NP. Considering the used concentration as the maxi-
mum theoretical NP concentration in GG-SLH-NP, the loading
efficiency was calculated, according to eqn (1).

Loading efficiency = [obtained NPs]/[maximum NPs] x 100%

(1)

As result, a loading efficiency of 64 + 0.005% and 95 +
0.047% was achieved, for Au@AgNRs and AuNSs, respectively,
demonstrating the successful incorporation of these nanostruc-
tures into GG-SLH. Optical images of the dry and hydrated
GG-SLH and of NP loaded GG-SLH are shown in Fig. S2 (ESIt).
Despite the efficient loading of NPs into the GG-SLH, the
conditions that are used to prepare the hydrogel for final use
may have an impact on the shape and size of the NPs, as they
are subjected to stirring and high pressures and temperatures.
To test the effect of gelling and freeze-drying on the morphology
of the NPs, GG-SLH-NP was dissolved at the end of the process
and the recovered NPs were studied to compare their initial
properties with those at the end of the process. Fig. S3 (ESIY)
shows TEM images of the NPs recovered after collecting them
from the dissolved GG-SLH-NP. TEM results confirm that both
the AuNSs and the Au@AgNRs were able to stand the production
conditions of the gelling and freeze-drying process. In addition,
to demonstrate the successful incorporation of NPs into the
matrix, these results also confirm that the morphology of the
NPs was maintained after their incorporation into the GG-SLH.

Further, the arrangement of the NPs in the GG-SLH was
evaluated by SEM and the results are presented in Fig. 2. Fig. 2A
reveals the characteristic porous structure of the GG-SLH
(Fig. 2A). The NPs, incorporated during the preparation of the

View Article Online
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precursor hydrogels, were also found in GG-SLH-NP (Fig. 2C-F).
In order to have good contrast of GG-SLH-NP and the incorpo-
rated NPs, SEM images were acquired using backscattered
electron mode. These micrographs show that the AuNSs
(Fig. 2A, C and E) and the Au@AgNRs (Fig. 2B, D and F) were
incorporated within the GG-SLH matrix in small clusters, which
benefited the formation of SERS hot-spots, improving the
sensitivity of the final hybrid sensor. In addition, Fig. S4 (ESIT)
shows the nanoCT analysis and reconstruction of the NP loaded
hydrogels, in which it can be observed the inclusion of NPs and
NP aggregated in the pores of the hydrogels.

Afterwards, in order to optimize the NP concentration in the
GG-SLH towards achieving maximum sensor performance, two
different concentrations for each of the two types of NPs were
initially tested. For this purpose, the NPs were tagged with well-
known Raman reporters (RaRs) before their incorporation into
the GG hydrogel precursors to report on the efficiency and
homogeneity of the SERS-based embedded sensor in the 3D
GG-SLH matrices.

Fig. 3A shows the SERS spectra of the GG-SLH with non-
labelled Au@AgNRs (control, in black) and with NPs labelled
with 5,5-dithio-bis-(2-nitrobenzoic acid) (DTNB), at loading
concentrations of 30 uM (red) and 300 uM (blue). For the
AuNSs, the particles labelled with the reporter molecule
1-naphthalenethiol (1NAT) were used at concentrations of
500 uM (red) and 900 puM (blue) inside the GG-SLH (Fig. 3B).
A control with non-labelled AuNSs is shown in black. The
concentrations of Raman reporters on the nanoparticles were
not varied.

As expected, for both types of NPs there is a very clear
concentration-dependent response of the smart GG-SLH-NP
reporting on the most characteristic vibrational bands for each
of the RaR molecules. For DTNB and using an excitation
wavelength of 633 nm, the characteristic Raman bands are
1333 cm ™' (symmetric nitro group stretching), 1067 cm ™" (NCO
stretching overlapping with aromatic ring modes), 1152 cm™* (CH
deformation) and 1558 ecm ™' (aromatic ring CC stretching).*?

Fig. 2 SEM images of GG hydrogels at different magnifications for the AuNSs (A, C and E) and Au@AgNRs (B, D and F).

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 SERS wet measurements of (A) GG-SLH-Au@AgNR when the Au@AgNRs were tagged with the Raman reporter DTNB (chemical structure as the
inset) before NP loading in the precursor hydrogel at a concentration of NPs of 300 uM (blue) and 30 uM (red); and (B) GG-SLH—-AUNS when the AuNSs
were tagged with the Raman reporter INAT (chemical structure as the inset) before NP loading in the precursor hydrogel at a concentration of NPs of
900 uM (blue) and 500 uM (red). The black line in both (A) and (B) corresponds to the measurement of the GG-SLH loaded with both types of NPs without

the Raman reporters.

For 1NAT (laser excitation 785 nm) the most intense bands were
those located at 389 cm™" (CS stretching), 792, 664, 539, and
517 cm™ " (ring deformation), 968 and 822 cm ™' (ring breathing),
1197 cm™ ' (CH bending) and 1553, 1503, and 1368 cm™ ' (ring
stretching).'® These results confirm that these types of hybrid
substrates have the capacity of being efficient SERS substrates.
The GG-SLH with a higher concentration of NPs offered a more
intense Raman signal for each of the RaRs, as expected. For the
following experiments, concentrations of 300 uM and 900 uM for
the Au@AgNRs and AuNSs were used, respectively.

3D SERS hydrogel substrates have the capacity of acting as
optical accumulators, in which molecules with low affinity for
the surface of plasmonic nanoparticles can be trapped and
brought into proximity to the nanostructures. In this case, the
demonstration of the sensing performance of these new
GG-SLH-NP SERS substrates that combine GG with anisotropic
NPs was evaluated when exposed to buffers that contain RaRs
at decreasing concentrations (Fig. 4).

Here, the same protocol for the incorporation of NPs into
the GG-SLH was followed. However, in this case, the NPs were
not previously labelled with RaRs, but were loaded bare, as
synthesised, into the hydrogel. After the freeze-drying process,
the produced hybrid material GG-SLH-NP (7 mm diameter x
5 mm long cylinder) was immersed in solutions of the RaRs at
different concentrations (100 pM-100 nM). In this way, the
GG-SLH-NP matrices absorbed the molecules of interest from
the solution for further analysis. Fig. 4A and B show the SERS
spectra of the RaRs obtained after the analysis of GG-SLH-NP.
The characteristic peaks of both DTNB (Fig. 4A) and 1NAT
(Fig. 4B) were highlighted for clarity. Those peaks were detect-
able down to concentrations in the nanomolar range. Fig. 4C
shows a comparison of the efficiency of optical accumulation of
the two different types of NPs. The peak areas of 1333 cm ™"
(DTNB for Au@AgNRs) and 1368 cm ™' (1NAT for AuNSs) were
integrated for the different concentrations of RaR used to be
absorbed by GG-SLH-NP. Once more, the SERS efficiency
obtained with the AuNSs was superior to that obtained with

1616 | Mater. Adv., 2020, 1, 16131621

the Au@AgNRs due to having 3 times more AuNSs embedded
in the GG-SLH when compared to the NRs. As a result, the
integrated areas for the characteristic peaks of DTNB were
1 order of magnitude lower than those for 1NAT. In order to
further explore the NP distribution and hot-spot formation
offered by these 3D SERS sensors, a surface map was obtained
for GG-SLH-AuNS (Fig. 4D). The AuNSs were selected in this
case due to the higher SERS performance, which can be
explained as due to the higher amount of AuNSs (900 pM)
being incorporated with respect to Au@AgNRs (300 pM).
Fig. 4D (top) shows a bright field image of the SERS substrate.
The map shown in Fig. 4D (bottom) is the result of the
integration of the average intensity of the 1368 cm ' (ring
stretching) band of 1INAT over the area of the bright field
image. The fact of the map not being fully homogenous can
be explained due to the roughness of the surface of the GG-SLH
material as well as by the formation of NP aggregates within the
matrix, which are responsible for the high SERS performance.
The stability of these hybrid substrates over time was tested six
months after the measurements presented in Fig. 4 and the
SERS signal was still detectable in the same conditions as at
time zero after material preparation (Fig. S5, ESIT).

As a proof-of-concept to demonstrate the potential of these
hybrid materials towards the monitoring of relevant extra-
cellular cellular metabolites, lactate and thiocyanate were used
as model molecules. Lactate levels are related to different
diseases and physiological conditions, and its detection can
be applied in different fields such as sports, food science and
medicine. The continuous monitoring of lactate in the human
body may also improve the diagnosis and treatment of various
diaseases.>® Lactate is a small molecule having few Raman
active vibrations and thus a small Raman cross section, being
considered as a Raman elusive molecule.'® Traditional methods
for lactate detection rely on enzymatic or immunoassay detection
reactions. However, these methods are not label-free and they
require the use of secondary reagents, multistep procedures, and
transduction molecules.® Also, the readout is mostly based on

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 SERS spectra of (A) DTNB at different concentrations captured from solution by GG-SLH-Au@AgNR; and (B) INAT at different concentrations
captured from solution by GG-SLH—-AuUNS. (C) SERS semi-quantification of RaRs using both types of NPs and integrated peak area for the DTNB band
(blue bars) at 1333 cm™* (left X axis) and for the INAT band (yellow bars) at 1368 cm™* (right X axis). (D) Optical micrograph (top) and Raman mapping
(bottom) (400 x 150 um; step size = 2 um; 10 x objective; 1 s acquisition time) of GG-SLH—-AuUNS after accumulation of INAT from a solution of 100 pM.

electrochemistry, HPLC, fluorescence, chemiluminescence or
colorimetry.®" These methods can be time consuming, difficult
to automate, and not quantitative. However, by using a SERS
substrate that allows one to culture cells in the same matrix in
which the sensor is embedded, it would be possible to monitor
lactate levels in a continuous way due to the high speed and easy
automation of the reported procedure. The results of the in situ
and label-free measurements of different lactate levels in the
hybrid GG-SLH-AuNS matrices are shown in Fig. 5. Fig. 5A shows

the bright field image of the resulting GG-SLH-AuNS (10x)
under the Raman spectrometer (top). Samples were immersed in
solutions of different concentrations of lactate (0.1, 10 and
1000 pM) and left for one hour to allow the lactate to accumulate
in the GG-SLH-NP matrix. For the sample having a lactate
concentration of 1000 pM, the area inside the white rectangle
indicated in Fig. 5A was mapped (bottom) using the characteristic
vibrational peak of lactate at 1424 cm ™' (symmetric stretching of
CO0").*® 1t is worth highlighting that the acquisition time per
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Fig. 5 (A) Top: Bright field image of GG-SLH—-AuUNS (10x objective) in which the shown area corresponds to a smaller surface section of the hydrogel
(black part: pores; bright: cross-linked hydrogel); bottom: Raman mapping (200 x 25 um; step size = 2 um; acquisition time 1 s per spectrum) at the
1368 cm~* band of 1INAT (scale bar bright field = 100 um:; scale bar map = 20 pum). (B) SERS spectra of the control (GG-SLH-AuUNS without analyte) and of
the lactate accumulated from lactate solutions at concentrations of 1000, 10 and 0.1 uM (highlighted in yellow two characteristic peaks of lactate at
1127 cm~* and 1420 cm™?). (C) SERS spectra of the control (GG-SLH-Au@AgNR without analyte) and of the thiocyanate accumulated from solutions at
concentrations of 10, 1 and 0.1 mM.
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spectrum (200 x 25 pm mapping area) was just one second.
Despite this low acquisition time and the low Raman cross-
section of the lactate molecule, the intensity of the lactate band
was still recognizable using this label-free approach. The latter
can only be achieved by having a 3D arrangement of hot-spots
embedded within the matrices. Fig. 5B shows the average of
10 spectra for each of the tested concentrations of lactate at
random points of the matrices. The bands at 1075 cm '
(alcohol stretching CO), 1127 em ™" (rocking CH; + alcohol
stretching CO) and 1424 cm™ " (symmetric stretching of COO™)
presented slight deviations from the reported Raman spectrum
of lactate as expected, due to the molecule orientation and
interaction with the metallic surface.>®*” However, the charac-
teristic lactate peak at 1424 cm ' was detectable down to
0.1 pM, in just 10 seconds. This acquisition time allows the
continuous monitoring of lactate, and could potentially be used
to predict lactate build-up in the cancer microenvironment.
The lactate concentration range found in normal conditions is
from 0.5 to 2.5 mM, whereas in the cancer microenvironment
it can reach 7 to 8 mM.*® Biosensors tend to report from
10-100 uM, whereas using the current approach the sensor
shows a larger dynamic range from 0.1 to 1000 uM. By taking
advantage of the GG-SLH matrix, which supports controlled 3D
SERS hot-spot areas, the lactate concentration can be measured
in a continuous way. Similarly, Au@AgNRs have been success-
fully employed to identify thiocyanate ions, another biomarker
that has been commonly found in human body fluids (Fig. 5C).
The characteristic Raman band at around 2115 cm™ " arising
from -C=N bonds indicated the presence of thiocyanate in
solution.®® For different target molecules, different GG-SLH-NP
materials can be used to achieve better detection performance,
according to their affinity. Furthermore, this hybrid sensor
supports the culture of cells, allowing one in the future to
expand into metabolite monitoring in organ-on-a-chip models.

Experimental
Materials

Unless otherwise stated all products and chemicals were pur-
chased from Sigma-Aldrich. Milli-Q ultrapure water (Millipore,
USA) was used throughout all the experiments.

Synthesis of gold nanostars

For the AuNS synthesis, a modification of the methods
described by Kumar et al. was followed.*® First, for the syn-
thesis of 15 nm spherical gold seeds (Au@cit), the Turkevich
synthetic protocol was used.’’ Briefly, 100 mL of 0.5 mM
aqueous solution of HAuCl, was kept under vigorous magnetic
stirring and heated at 100 °C. When boiling, 5 mL of a 1%
sodium citrate solution (previously heated to avoid thermal
decomposition) was added. The solution was kept under heating
and stirring until the colour turned from light yellow to dark red.
Following this, the flask was left to reach room temperature
and stored at 8 °C until further use. For the coating of the
Au@cit nanoparticles with PVP (polyvinylpyrrolidone), a ratio
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of 60 molecules of PVP per nm” was used. Surface calculations
were performed by using the ABS,, of the Au@cit solution and
the Lambert-Beer law. Briefly, 1 mL of a 1.6 g mL ™' PVP-10 K
solution was added to 25 mL of Au@cit (0.5 mM) and left under
magnetic stirring overnight. The resulting solution was centri-
fuged at 7000 rpm for 90 min, and the supernatant was
removed and washed under the same conditions until it was
transparent. All resulting Au@PVP precipitates were re-dispersed
in 25 mL of ethanol and stored at room temperature and under
light protection until further use. Second, for the growth of the
pre-formed Au@cit seeds into star-shaped nanoparticles, a 10 mM
solution of PVP 10 K (Myy = 10000 g mol ') was prepared in
250 mL of DMF (N,N-dimethylformamide) and sonicated until
complete dilution of PVP. Under vigorous magnetic stirring,
HAuCl, solution was added at room temperature to the DMF/
PVP solution to reach a final concentration of 0.5 mM. After
2 min, Au@PVP was added to reach a final concentration of
2.5 x 107> M in a total 250 mL reaction volume. The reaction was
kept under magnetic stirring for 4 hours, followed by 3 centri-
fugation cycles at 4500 rpm for 30 min and re-dispersion in
isopropanol.

Synthesis of silver-coated gold nanorods

First, gold nanorods were fabricated using a previously
reported method.** The prepared gold nanorods were washed
by centrifugation at 9000 rpm for 20 min and then dispersed in
water. Afterwards, 0.364 g of CTAB (cetrimonium bromide) was
added to the purified gold nanorods, followed by the addition
of 20 mL water, 650 mL of 0.1 M AA (ascorbic acid), 700 pL of
15 mM AgNO;, and 1.2 mL of 0.1 M NaOH under vigorous
stirring. After a few minutes, the colour gradually turned from
purple to violet, green and red. Finally, the obtained nanorods
were purified at 7500 rpm for 20 min and then dispersed in
3 mL of water.

Nanoparticle functionalization with Raman reporters

AuNSs were conjugated to Raman reporter molecules, 1NAT.
For this, 1 mL of AuNSs were mixed with different amounts of
a stock solution of 1 NAT (10> M) depending on the target
concentrations defined later in this section, and left in an
orbital shaker for 2 h. After, the resulting solution was centri-
fuged at 4500 rpm for 30 min to remove the unbound 1NAT
molecules.

Au@AgNRs were labelled with Raman reporter molecules,
DTNB. For this, 1 mL of the prepared Au@AgNRs were mixed
with 10 pL of 10 mM DTNB. After overnight reaction, the
nanorods were purified at 7500 rpm for 20 min to remove
unbound DTNB molecules.

Preparation of gellan gum ‘“sponge-like”” hydrogels loaded with
nanoparticles

GG-SLH loaded with AuNSs and Au@AgNRs were prepared
using a method previously described">*! with small modifica-
tions. Briefly, gellan powder (Sigma, USA) was dissolved in
10 different beakers with deionized water at 1.25% (w/v) under
stirring at 90 °C for approximately 20 min. For the incorporation
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of the SERS-active nanoparticles, Au@AgNRs or AuNSs, an extra
step in the preparation process was added. In more detail, after
GG dissolution, the temperature was reduced to 70 °C, and 500 pL
of different concentrations of AuNSs (0.5 and 0.9 mM) or
Au@AgNRs (0.3 and 0.03 mM), both with or without RaR, were
added to different GG beakers. For achieving these target con-
centrations a solution having an initial concentration of 1.3 mM
of AuNSs was used. Aliquots of this starting solution of 1.7 mL
and 3.1 mL were centrifuged, re-suspended in 500 pL and added
to the GG solution, to obtain the final concentrations of 0.5 and
0.9 mM, respectively. Regarding the Au@AgNRs the initial
concentration was 1.5 mM and aliquots of 0.9 mL and 2.5 mL
were centrifuged, re-suspended in 500 pL and added to the GG
solution to obtain final concentrations of 0.03 and 0.3 mM,
respectively. For NP homogenization, a solution of 0.036% (w/v)
of calcium chloride (CaCl,) (Merck Millipore, Germany) was
added to each beaker and mixed for approximately 3 minutes.
The final content of each beaker was poured into a known
dimension Petri dish and the temperature was reduced in order
to promote GG gelation, creating GG-NP precursor hydrogels.
A phosphate buffer solution (PBS) was placed on the top of the
GG-NP precursor hydrogels for 1 h. Afterwards, a 7 mm diameter
cylinder puncher was used to cut hydrogels with 7 x 5 mm
geometry, and each individual GG-NP precursor hydrogel was
placed in an individual well of a 48-well plate. A volume of 1 mL of
PBS was added to each well and left for approximately 4 hours.
This process was repeated 3 times. The PBS was removed, and the
48-well plates containing the GG-NP precursor hydrogels were
placed at —80 °C for 48 h, followed by a freeze-drying process for
72 h. At the end of the process (Fig. S6, ESIt) GG-SLH-NP was
obtained.

Determination of the NP loading efficiency in GG-SLH-NP

GG-SLH-NP was placed in falcon tubes with 10 mL of distilled
water and stirred overnight. Following this, the resulting
solution (since GG is soluble in water) was centrifuged. The
solutions which contained 3D matrices with AuNSs were centri-
fuged at 4000 rpm for 30 minutes, while the ones containing
Au@AgNRs were centrifuged at 700 rpm for 20 minutes. After
washing, the resulting solutions containing NPs were re-suspended
in 1 mL of distilled water. The maximum absorbance spectrum
peak was measured for each type of NPs using a microplate reader
(BioTek Instruments), calibration curves were prepared with differ-
ent amounts of each type of NPs in GG-SLH-NP and samples and
standards were read at the maximum absorbance peak. Sample
concentrations were determined using the equation resulting from
the calibration curve and the loading efficiency was calculated
according to eqn (1).

Optical and morphological characterization

For the optical characterization of the AuNSs and the
Au@AgNRs, UV-vis spectra were recorded using a Shimadzu
UV-2550 spectrophotometer. For the morphological characteri-
zation of both types of metallic NPs, transmission electron
microscopy (TEM) images were acquired at a 200 kV accelera-
tion voltage using a JEM-2100-HT (JEOL, Tokyo, Japan) electron
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microscope. TEM samples were prepared by drop casting 10 pL
of the sample on a 400 Cu mesh formvar/carbon grid, and
letting the drop dry at room temperature.

The dried GG-SLH sample was used for scanning electron
microscopy (SEM) analysis. The GG-SLH was first sputter
coated with a platinum layer (2 nm) prior to SEM imaging
using a QUANTA 650 FEG (FEI, Oregon, US). Imaging was done
with a 10-30 kV beam line using secondary and backscattered
electron mode under high vacuum conditions.

Raman spectroscopy

A 300 Alpha confocal Raman microscope (WiTEC, Ulm, Germany)
was used for the Raman and SERS analysis of the different
samples. For all the analyzed samples a 10x objective was used.
For the analysis of the ability of GG-SLH-NP as SERS sensors
having the RaR previously incorporated together with the NPs, a
piece of GG-SLH-NP (both for AuNSs and Au@AgNRs) was placed
in a small container and covered with PBS 10 mM to proceed with
the SERS measurements. For the analysis of GG-SLH-Au@AgNR
a 633 nm laser line with a grating of 600 g mm ™" was used. For
GG-SLH-AuUNS a 785 nm laser line and 1800 ¢ mm ™" were used.
The power at the sample for the GG-SLH-Au@AgNR samples and
acquisition time were 5 mW and 2 s, respectively. The power at
the sample for the GG-SLH-AuNS samples and acquisition time
were 55 mW and 10 s, respectively. For the analysis of molecule
uptake by GG-SLH-NP, the batches that did not have the RaR
pre-loaded were immersed into 1 mL of solutions of concentra-
tions ranging from 10~ *~10~" M of each RaR, either DTNB for the
Au@AgNRs or INAT for the AuNSs. The GG-SLH were left in
those solutions overnight, and then the solution was changed for
1 mL of 10 mM PBS for washing. The resulting GG-SLH-NP@RaR
was analyzed under the Raman microscope under the same
conditions as the RaR pre-loaded samples, as described above.
Further, a Raman map of 400 x 150 um (step size: 2 pm; 15 000
spectra at 1 s acquisition time) was obtained for GG-SLH-
AuNS@1NAT. For the assessment of the homogeneity of the
sample, several maps were taken at different positions of the
substrate by placing the whole GG-SLH-NP hybrid material under
the Raman system immersed in PBS. For the detection of relevant
concentrations of lactate (sodium 1-lactate), GG-SLH-NP samples
were prepared like the ones used for the characterization of the
materials with the Raman reporters; however the 3D matrices
were left in the lactate solutions only for 2 h instead of overnight.
The range of concentrations used was 10 °-10"~ M, and the
samples were then analyzed in the Raman spectrometer as before.
For the single spectra acquisitions, 10 single measurements at
different regions of GG-SLH-NP were taken (5 s acquisition time)
for each of the samples having different concentrations of lactate.
Finally, a SERS map was acquired (200 x 26 um step size: 2 pum;
1300 spectra at 1 s acquisition time) for the 10~> M sample.

Conclusions

In conclusion, a novel hybrid 3D biosensor was developed by com-
bining hydrogel-based biomaterials and plasmonic nanoparticles.
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We have demonstrated the efficient incorporation of two different
types of anisotropic metallic nanostructures, AuNSs and
Au@AgNRs, during the GG-SLH fabrication process. Remark-
ably, the fabrication conditions of the 3D polymeric matrices
did not have an impact on the morphology of the NPs, nor on
their optical performance, as demonstrated by electron micro-
scopy, UV-vis and Raman measurements. Furthermore, these
smart 3D matrices can act as optical accumulators, trapping or
absorbing molecules from external media to bring them close
to the NPs acting as sensing elements in the whole hybrid
material. The application of these smart 3D GG-SLH plasmonic
biosensors was demonstrated by detecting lactate, a Raman
elusive molecule dysregulated in the cancer microenvironment,
at low acquisition times, as well as thiocyanate. As a future
prospect, these 3D biosensors have the potential to be used as
multifunctional matrices for cell growth and continuous multi-
plex monitoring of the cell metabolism in organ-on-a-chip
models.
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