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The composition and intercellular interactions of tumor cells in the tissues 

dictate the biochemical and metabolic properties of the tumor microenvi-

ronment. The metabolic rewiring has a profound impact on the properties 

of the microenvironment, to an extent that monitoring such perturbations 

could harbor diagnostic and therapeutic relevance. A growing interest in 

these phenomena has inspired the development of novel technologies with 

sufficient sensitivity and resolution to monitor metabolic alterations in the 

tumor microenvironment. In this context, surface-enhanced Raman scat-

tering (SERS) can be used for the label-free detection and imaging of diverse 

molecules of interest among extracellular components. Herein, the applica-

tion of nanostructured plasmonic substrates comprising Au nanoparticles, 

self-assembled as ordered superlattices, to the precise SERS detection of 

selected tumor metabolites, is presented. The potential of this technology 

is first demonstrated through the analysis of kynurenine, a secreted immu-

nomodulatory derivative of the tumor metabolism and the related molecules 

tryptophan and purine derivatives. SERS facilitates the unambiguous identifi-

cation of trace metabolites and allows the multiplex detection of their charac-

teristic fingerprints under different conditions. Finally, the effective plasmonic 

SERS substrate is combined with a hydrogel-based three-dimensional cancer 

model, which recreates the tumor microenvironment, for the real-time 

imaging of metabolite alterations and cytotoxic effects on tumor cells.

DOI: 10.1002/adfm.201910335

1. Introduction

Cancer cells and the stroma create 
dynamic pseudo-organs that contain a 
unique niche with distinct biochemical 
and physiological properties. During the 
progression of the disease, tumor and 
stromal cells exhibit bidirectional altera-
tions in their interaction modes and pat-
terns of co-evolution.[1] As a result, the 
mutations and signaling alterations in 
tumor cells modify the composition of the 
microenvironment, whereas changes in 
the microenvironment can also influence 
the fitness of cancer cells. The reprogram-
ming of cancer metabolism represents a 
biochemical process that sustains cancer 
growth and proliferation, while also 
exerting a profound influence in the tumor 
microenvironment.[2–4] Several lines of evi-
dence support the notion that symbiotic 
and competitive mechanisms exist, stem-
ming from distinct metabolite-based com-
munication, which support tumor growth 
and hinder antitumor immunity. Conse-
quently, the assessment of tumor-secreted 
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metabolites becomes instrumental for monitoring the response 
of tumors upon therapeutic challenges, the stratification of 
cancer patients, and the identification of novel therapeutic strat-
egies. In this regard, imaging and fast detection of metabolites 
can play a critical role to accomplish these aims.[5–7]

Traditionally, extracellular metabolic studies have been car-
ried out by means of colorimetric techniques, which involve 
the addition of chemical groups that specifically react with the 
mole cule of interest. Such methods are rapid and convenient 
but have also significant drawbacks, as they are invasive and 
do not allow the long-term simultaneous detection of multiple 
analytes.[8] More recently, liquid chromatography (LC)–coupled 
mass spectrometry (MS) has been the technique of choice for 
the majority of high- and low-throughput metabolic analyses, 
due to its robustness and multiple detection capability. How-
ever, LC-MS involves time-consuming, expensive, and destruc-
tive procedures.[9] Nuclear magnetic resonance (NMR) is the 
other common analytical tool in metabolomics research.[10] 
NMR allows quantifying most components in biological fluids 
with no need for elaborate sample preparation; however, the 
sensitivity of NMR spectroscopy remains a weak point, as com-
pared, e.g., to LC-MS.[11] Hence, the development of alternative 
label-free methods to rapidly detect multiple tumor-secreted 
metabolites in extracellular media is required toward under-
standing metabolic interactions in the tumor niche.[12]

Surface-enhanced Raman scattering (SERS) spectroscopy, an 
optical ultrasensitive analytical method that can be applied non-
invasively for label-free detection and imaging of a wide range 
of analytes, stands as a promising technique that fulfills sev-
eral of the above-mentioned requirements.[13] SERS allows the 
identification of vibrational fingerprints of probe molecules in 
contact with a plasmonic nanostructure, and its sensitivity can 
go as far as the single-molecule level.[14] Therefore, SERS has 
emerged as a promising method for the detection and charac-
terization of biological molecules in solution and within cells 
for cancer diagnosis.[15,16] On the one hand, on account of the 
complexity related to the interpretation of spectra obtained in 
biological media, much work has focused on comparing spectra 
of samples from healthy and cancer patients.[17–20] On the other 
hand, efforts have been made to computationally decipher 
the contributions of a number of analytes to the final SERS 
spectra.[21,22]

We report a SERS-based strategy to monitor the extracel-
lular accumulation of metabolites relevant to tumor biology, 
applying a recently developed nanostructured plasmonic sub-
strate comprising a superlattice of Au nanoparticles, as the 
source of enhancement for the Raman signal from the analytes 
(Scheme 1). Our results support the potential of this technology 
for nondestructive and sensitive detection of metabolites in 
the extracellular compartment, which we demonstrate through 
the detection of immunomodulatory kynurenine (Kyn) and 
tryptophan (Trp), and the setup of a cytotoxicity assay based 
on the detection of purine derivatives. We then implemented 
this SERS-based detection system to image the accumula-
tion of purine derivatives in cancer-on-a-chip models, thereby 
achieving spatiotemporal monitoring of cell death upon induc-
tion of cellular stress. The quality of the recorded SERS spectra 
reinforced the efficiency and versatility of the method for the 
label-free molecular detection of small metabolites in the 

extracellular medium, and its potential contribution to under-
standing the fluctuations of such molecules within the tumor 
microenvironment.

2. Results and Discussions

2.1. Plasmonic Substrates for SERS Detection  
of Kynurenine and Tryptophan

We initially studied the application of SERS to identify the pres-
ence of selected metabolites, commonly secreted by cancer 
cells and relevant to tumor biology, including tryptophan, 
kynurenine, and purine derivatives.[23,24] We tested two types 
of plasmonic substrates, which were previously optimized for 
the detection of bacterial Quorum sensing signaling mole-
cules.[25,26] Although both strategies involve the deposition of 
30 nm spherical Au nanoparticles (AuNPs) on glass substrates, 
the different methodologies (see “Experimental Section” for 
detailed descriptions) result in radically different distributions 
of AuNPs on the substrate.[25,26] On the one hand, the standard 
polyelectrolyte layer-by-layer (LbL) assembly methodology was 
used to produce homogeneous (disordered) multilayers of 
AuNPs on a glass cover slip (a schematic description of the 
fabrication is shown in Figure S1a in the Supporting Informa-
tion). On the other hand, a recently developed template-assisted 
self-assembly process resulted in the formation of hierarchical 
nanostructured substrates, comprising square arrays of hexago-
nally packed AuNP clusters (see Figure 1a), so-called plasmonic 
superlattices (a graphical representation of the fabrication pro-
cedure is shown in Figure S1b in the Supporting Information). 
The different AuNP organizations resulted in significant differ-
ences in the extinction spectra of the substrates. Comparison 
of the spectra (normalized to the amount of gold) for both 
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Scheme 1. Schematic illustration of the SERS-based system to detect 
the accumulation of metabolites in the extracellular tumor milieu. a–c) 
Nanostructured plasmonic substrate comprising a superlattice of Au 
nanoparticles. d) Chemical structures of the different tumor associated 
metabolites accumulated in the tumoral extracellular microenvironment.
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substrates revealed that the plasmonic superlattices support a 
sharp resonance around 760 nm, which closely matched the 
785 nm SERS excitation laser wavelength, whereas LbL films 
displayed a much broader extinction band, while retaining a 
maximum within the same wavelength range (Figure 1b). This 
significant difference is due to Rayleigh anomalies occurring in 
periodic plasmonic structures, as previously reported.[27] This 
physical phenomenon occurs when in-plane diffracted waves 
interact with the gold nanoparticle clusters, resulting in an 
enhancement of the plasmon resonance around the wavelength 
of the Rayleigh anomaly, which also results in an additional 
increase of the electric near-field within each AuNP cluster 
(Figure S2, Supporting Information). This event, also known 
as lattice plasmon resonance, can be modulated into a desired 

wavelength range, by varying the lattice period of the plasmonic 
substrate. We selected a lattice parameter (L) of 500 nm to 
obtain a lattice plasmon resonance around 760 nm, i.e., closely 
matching the excitation laser wavelength of 785 nm for SERS 
experiments (Figure S3, Supporting Information).

Shown in Figure 1c are Raman and SERS spectra of com-
mercial Kyn and Trp, recorded both in the solid state and in 
solution. For SERS measurements, 100 µL of a 100 × 10−6 M 
analyte solution was deposited on the corresponding nano-
structured plasmonic substrate and subsequently illuminated 
with the 785 nm laser. The obtained results show that the Kyn 
SERS spectrum is dominated by a narrow peak at 560 cm−1, 
corresponding to the aminophenyl group.[28] The SERS spec-
trum of Trp was characterized by broader peaks, including 

Adv. Funct. Mater. 2020, 1910335

Figure 1. a) Representative scanning electron microscopy (SEM) image of the organized discrete assemblies of Au nanospheres in the superlattice 
substrate. The inset shows the structure of a representative NP assembly. b) Vis–NIR spectra, normalized to 400 nm, for both LbL and superlattice 
plasmonic substrates; the vertical line indicates the excitation wavelength used for SERS measurements (785 nm). c) Comparison of Raman and SERS 
spectra for kynurenine (Kyn) and tryptophan (Trp), measured in the solid state (black) and in 100 × 10−6 M aqueous solution deposited on a superlat-
tice substrate (red). All measurements were performed with a 50× objective, 10 s acquisition time, and a maximum power of the 785 nm laser of 
295.13 kW cm−2. d) SERS spectra of kynurenine–tryptophan mixtures with different ratios; the kynurenine characteristic peak (560 cm−1) is highlighted 
with an orange bar and the tryptophan peak (760 cm−1) with a pink bar. e) SERS spectra from different plasmonic substrates, in PBS and cell media. 
The presence of cell media masks the signal of the kynurenine peak at 560 cm−1 (orange label) and prevents its quantification in LbL substrates (red).
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one localized around 760 cm−1, which corresponds to the 
indole moiety.[29] SERS spectra of commercial Kyn and Trp at 
different concentrations were then collected and compared to 
the SERS spectrum of phosphate-buffered saline (PBS) on the 
same plasmonic support, used as a blank. For both analytes, 
1 × 10−6 M was the lowest concentration that could be safely dis-
tinguished from the blank. This limit of detection is sufficient 
for the detection of both metabolites in the extracellular space 
(≈ (10–100) × 10−6 M).[30] In addition, we observed a correlation 
between metabolite concentration and SERS intensity within 
this concentration range (see Figure S4a in the Supporting 
Information).

The concentrations of both selected metabolites (Kyn and 
Trp) in extracellular media are regulated by indoleamine 
2,3-dioxygenase 1 (IDO-1) enzyme, which is overexpressed 
in many tumor cell types. More specifically, IDO-1 utilizes 
Trp to generate Kyn, thereby impoverishing the extracellular 
milieu in Trp and enriching it in Kyn (Figure S4c, Supporting 
Information). This metabolic reaction has recently attracted 
much attention as a consequence of the association of high 
Kyn/Trp ratios in plasma from cancer individuals with poor 
patient prognosis.[31,32] In this context, we hypothesized that 
the implementation of a SERS detection scheme would pro-
vide an efficient methodology to monitor Kyn/Trp ratio in 
the extracellular environment, and in turn for the extrapola-
tion of IDO-1 expression. For the initial determination of the 
Kyn/Trp ratio, the metabolites were co-incubated on superlat-
tice substrates at varying relative concentrations. The char-
acteristic SERS spectral features allow simultaneous deter-
mination of both metabolites, using the peak at 560 cm−1 
for Kyn and that at 760 cm−1 for Trp, which are sufficiently 
well differentiated in spite of being a closely related pair of 
analytes. As shown in Figure 1d, the relative contribution of 
the selected fingerprint peaks gradually changed for different 
Kyn/Trp ratios. We can therefore estimate the Kyn/Trp ratio 
from the corresponding ratio between the SERS intensities 
of these main peaks. Our results confirmed that semiquanti-
tative monitoring of both analytes could be achieved for the 
selected tryptophan–kynurenine combinations (Figure S4d, 
Supporting Information). Similar results for Kyn and Trp 
detection could be achieved using LbL multilayer substrates 
(Figure S5, Supporting Information).

It should be noted that the aforementioned experiments 
were performed in simple metabolite solutions, far from the 
complexity found in real biofluids, where Kyn and Trp are a 
minor fraction, and the likelihood of interference using SERS 
would significantly increase. In fact, detection of specific 
metabolites within complex environments is considered as one 
of the major challenges to be addressed by optical-based detec-
tion systems.[12,33] Although both plasmonic substrates were 
sufficiently efficient to identify Kyn in PBS, when we incubated 
varying concentrations of Kyn in cell media, discrepancies were 
observed between the spectra obtained using both substrates 
(see Figure S6a,b in the Supporting Information). As shown in 
Figure 1e, only the superlattice substrate was reliable toward 
the detection of kynurenine in complex media, whereas no 
significant bands at 560 cm−1 could be identified using LbL 
substrates. This result is in agreement with the improved plas-
monic performance, based on the excitation of lattice plasmon 

modes when exciting the superlattice at 785 nm. Importantly, 
when we employed plasmonic superlattice structures, the 
detection of kynurenine was confirmed at 10 × 10−6 M in cell 
media.

2.2. Analysis of the Metabolic Alterations Induced  
by IDO-1 Expressing Cells

We therefore selected the nanostructured plasmonic super-
lattice substrates to study extracellular metabolic alterations, 
as well as the activity of IDO-1 in tumor cells under different 
conditions. For this purpose, HeLa cells were challenged with 
interferon-gamma (IFN-ϒ) as a suitable model to activate 
IDO-1 expression.[30,34] HeLa cells treated with IFN-ϒ (100 ng 
mL−1) consistently induced IDO-1 expression (Figure S7, 
Supporting Information). Cells challenged with IFN-ϒ were 
rinsed, and fresh media were supplemented with varying 
Trp concentration, in order to monitor its conversion to Kyn. 
Of note, media were also supplemented with 10 × 10−6 M of 
hemin, a co-factor of IDO-1 enzyme, which is necessary for 
the tryptophan catalytic conversion.[35,36] High performance 
liquid chromatography coupled to mass spectrometry (HPLC-
MS)-based metabolic measurements of Trp and Kyn confirmed 
the IFN-ϒ-elicited conversion of Trp to Kyn, due to induced 
IDO-1 expression (Figures S8–S11, Supporting Information). 
As shown in Figure 2a, consistent differences were observed 
between spectra recorded from various cell supernatants. 
IFN-ϒ treatment of HeLa cells resulted in the detection of a 
SERS signal indicating the presence of Kyn (560 cm−1) (see 
Figure S12 in the Supporting Information), whereas no signal 
was identified in control experiments. In addition, the absence 
of supplemented Trp in media prevented the accumulation of 
Kyn, in line with the lack of IDO-1 substrate. Subsequently, 
we calculated the Kyn/Trp ratio as described above, resulting 
in data for the ratio between both metabolites (Figure 2b). 
Increasing Trp was consistently accompanied by lower Kyn 
SERS signal. Additionally, SERS measurements allowed us to 
study time-dependent changes in cell media, under the same 
conditions of tryptophan (100 × 10−6 M) and IFN-ϒ treatment 
(Figure 2c).

As a complementary approach to promote the production of 
Kyn, we chose to expose HeLa cells to increasing doses of an 
IDO-1 co-activator analog, hemin, as a commercial analog of 
the heme group, a non-polypeptide unit required for the bio-
logical function of IDO-1. As shown in Figure 2d, hemin sup-
plement was required for Kyn production, in agreement with 
its impact on the activation of IDO-1. We observed that hemin 
addition affected the recorded SERS profile in a dose-dependent 
manner, beyond the sharp signal at 560 cm−1. Figure 2e illus-
trates that high hemin concentrations (100 × 10−6 M) resulted 
in the detection of an intense SERS band at 725 cm−1, com-
monly assigned to purine derivative metabolites.[37] We also 
observed an increase in cell death at high hemin concen-
tration, which suggested a cytotoxic effect of this co-factor  
(Figure S13, Supporting Information).[38] This cellular pro-
cess drove us to speculate that both events, cell death and the 
release of purine derivatives, were correlated and could be 
investigated by SERS.

Adv. Funct. Mater. 2020, 1910335
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2.3. Detection of Extracellular Hypoxanthine Accumulation  
in Cell Death Events

Recent studies put the focus on the crucial role of purine deriva-
tive metabolites within the extracellular environment and how 
anticancer therapies can promote the accumulation of these 
molecules in the extracellular milieu of tumors.[39–42] From the 
unexpected results obtained in the above-described experiments, 
we envisioned the biological value of monitoring variations of 
purine derivatives by SERS, to sense changes in tumor environ-
ment. Initially, we measured a number of representative purine 

derivative metabolites, such as ATP, adenine, adenosine, inosine, 
and hypoxanthine (HX). The recorded SERS spectra provided 
a moderate distinction between adenine and hypoxanthine as 
shown in Figure 3a. In particular, a mild shift was observed in the 
main peak, from 735 cm−1 in adenine-related molecules (black) to 
725 cm−1 in hypoxanthine derivatives (red). This spectral modifi-
cation can be attributed to chemical variations, more specifically, 
the deamination process, between adenine and hypoxanthine 
nitrogenous bases.[43] The molecular structure of both bases (see 
the inset in Figure 3a) reflects that adenine contains an extra 
amino group in the purine ring, compared to hypoxanthine.

Adv. Funct. Mater. 2020, 1910335

Figure 2. a) SERS spectra of cell supernatants after 24 h. Cells were harvested, varying the addition of IFN-ϒ, which induces the expression of IDO-1 
enzyme, and the initial tryptophan concentration. The orange bar tracks the kynurenine peak while the tryptophan signal is indicated by a pink bar. 
The spectra are the average spectrum of 25 measurements from a representative sample. b) Ratio between kynurenine (560 cm−1) and tryptophan 
(760 cm−1) in control and after 3 days of IFN-ϒ conditions (100 ng mL−1) and Trp supplementation from 25 × 10−6 to 200 × 10−6 M, as calculated from 
SERS data. The error bars show the standard deviation of three independent cell assays. c) SERS spectra of cell supernatants extracted at different 
times. Cells were previously activated with IFN-ϒ and incubated with 100 × 10−6 M of Trp. d) SERS spectra of cell supernatant obtained from cells which 
were incubated with 100 × 10−6 M of Trp and varying addition of IFN-ϒ and hemin concentrations (0, 10 × 10−6, and 20 × 10−6 M) e) SERS spectra of cell 
supernatant of IFN-ϒ activated cells and incubated with 100 × 10−6 M of Trp and varying concentrations of hemin (0, 10 × 10−6, 20 × 10−6, 40 × 10−6, 
and 100 × 10−6 M). The brown bar tracks the presence of the peak at 725 cm−1, named U as an undefined event. SERS measurements were performed 
with a 50× objective and 10 s of acquisition time, and the maximum power of the 785 nm laser was 295.13 kW cm−2.
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To demonstrate that SERS can be effectively employed to 
detect the release of these purine bases in the extracellular 
milieu, we exposed HeLa cells to diverse stress conditions, such 
as high concentrations of hydrogen peroxide and staurosporine, 
which are well-defined inducers of apoptosis.[44] We measured 
the SERS spectra from cell supernatants after 24 h under the 
selected conditions. We found that, indeed, SERS signals corre-
sponding to the accumulation of purine derivatives were mark-
edly altered under stress conditions, in an analogous manner as 
previously observed in hemin addition experiments (Figure 3b). 
We finally tested whether drug concentration would correlate 
with the intensity of the peak at 725 cm−1, which can be partly 
attributed to HX (Figure S14, Supporting Information). From 
the results displayed in Figure 3c, we observed a rising trend, 
which reached a maximum at 10 × 10−6 M of staurosporine, 
when a high percentage of the cells were dead (Figure S15a, 
Supporting Information). Interestingly, the percentage of cell 
death obtained from cell viability assays showed a good corre-
lation with the trend observed from the SERS intensity of the 

peak at 725 cm−1 (Figure S15b,c, Supporting Information). 
This similarity, together with the results obtained by HPLC-MS  
analysis (Figures S16 and S17, Supporting Information), 
strengthens the idea that both events are connected.

In view of the sensitivity of the results achieved through 
SERS detection of purine derivative metabolites, we went a step 
further toward the application of SERS for in situ sensing of dif-
ferent analytes in hydrogel-based cancer models. For this pur-
pose, we designed a configurable cancer-on-a-chip system which 
mimicked a more physiologically relevant three-dimensional 
(3D) structure of collagen,[45,46] and then explored the combina-
tion of this platform with plasmonic substrates (Figure 3d). We 
initially cultured a collagen bioink laden with HeLa cells inside 
printed silicone chambers, filled with cell media, up to the 
selected time to make SERS measurements, then, the chamber 
was stacked with the plasmonic substrate and illuminated with 
the 785 nm laser (Figure S18, Supporting Information). We 
found that SERS signals corresponding to the accumulation of 
HX in the extracellular media could still be detected under stress 
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Figure 3. a) SERS spectra of adenine and hypoxanthine derivate metabolites; brown and yellow bars identify the characteristic peak of hypoxanthine 
(725 cm−1) and adenine (735 cm−1), respectively. SERS measurements were performed with a 50× objective, and the maximum power of the 785 nm 
laser was 295.13 kW cm−2 and 10 s of acquisition time. b) SERS spectra of cell supernatants extracted after 24 h of cell culture, under different stress 
conditions. The contribution to the averaged spectra of adenine- and hypoxanthine-related molecules is highlighted by brown and yellow bars, respec-
tively. The spectra are the average of 25 measurements on a representative sample. c) SERS spectra of cell supernatants after 24 h of cell incubation 
with different staurosporine concentrations. The spectra are the average of 25 measurements on a representative sample. d) Schematic view of the 
methodology used to combine a 3D cell culture inside a silicon chamber with SERS measurements. e) Average of SERS spectra recorded under dif-
ferent staurosporine concentrations. f) SERS mapping (725 cm−1) acquired with an excitation laser wavelength of 785 nm,10× objective, and a laser 
power of 115.95 kW cm−2, for 5 s.
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conditions, namely 5 × 10−6 M staurosporine (Figure 3e). On the 
other hand, SERS mapping of control cells (no staurosporine 
addition) did not reveal any significant signal of HX production. 
Interestingly, as shown in Figure 3d, plasmonic monitoring of 
HX molecules could be performed, by following the intensity of 
the peak at 725 cm−1 over large (millimeter-scale) regions of the 
extracellular environment, without disrupting the system. The 
uniformity of HX levels in the maps recorded under stress con-
ditions indicates a suitable diffusion of HX from the hydrogel-
based cancer model to the plasmonic substrate.

2.4. Imaging of Hemin Cytotoxic Effect in 3D Cell Culture

We finally exploited the cancer-on-a-chip system for the in 
situ sensing of hemin concentrations and its cytotoxic effect 

by SERS. Hemin molecules exhibit a broad absorption band 
in the visible, which drops at 700 nm, so that illumination 
of an aqueous solution of commercial hemin with a 633 nm 
laser leads to resonant Raman conditions. Therefore, surface-
enhanced resonance Raman scattering (SERRS) rather than 
SERS spectra of hemin were recorded (Figure S19, Supporting 
Information). Our choice of plasmonic superlattices as SERS 
substrates offers the possibility of varying the lattice parameter 
to obtain a lattice plasmon mode in resonance with the 633 nm 
laser (Figure 4a).[27] The results plotted in Figure 4b illustrate 
the achieved improvement in hemin detection when the lattice 
plasmon wavelength of the substrate matched the 633 nm exci-
tation laser, through the SERRS pyrrole ring vibration signal of 
hemin. As a consequence, we reconfigured the system over the 
course of the experimental protocol (watch Videos S1 and S2 in 
the Supporting Information), alternating plasmonic substrates 
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Figure 4. a) Normalized vis–NIR spectrum and chemical structure of hemin (upper panel) and normalized vis–NIR spectra of plasmonic superlattices 
with different lattice parameters, as labeled. The dotted vertical line indicates the excitation wavelength (633 nm) used for the SERRS measurements of 
hemin. b) SERRS spectrum of hemin and the corresponding intensities of the peak at 755 cm−1 (purple bar), as a function of the lattice parameter. The 
measurements were recorded with a 50× objective, a maximum laser (633 nm) power of 51.87 kW cm−2, and an acquisition time of 10 s. The spectrum 
is the average of 25 measurements. c) SERRS mapping (755 cm−1) after addition of different hemin concentrations: 1 (0 M), 2 (75 × 10−6 M), and 3 
(150 × 10−6 M), acquired under the same conditions. d) Optical image of the hydrogel-based cancer model captured with a cell observer microscope and 
superimposed with the corresponding HX SERS mapping (725 cm−1) of a selected area. Yellow numbers indicate different initial hemin concentrations: 
1 (0 M), 2 (75 × 10−6 M), and 3 (150 × 10−6 M), scale bar: 2 mm. e) Relative SERRS intensities, 725 cm−1, recorded at 0, 5, 15, and 24 h of incubation 
with the highest hemin concentration (150 × 10−6 M); error bars refer to standard deviation of three different measurements. All measurements were 
acquired with an excitation laser wavelength of 785 nm, 10× objective, and a laser power of 115.95 kW cm−2 for 10 s.
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with different lattice parameters (L = 400 or 500 nm), so as 
to efficiently match the different laser wavelengths (633 and 
785 nm), thereby being able to detect both hemin and HX.

We first challenged the 3D cell cultures with two dif-
ferent hemin concentrations (75 × 10−6 and 100 × 10−6 M) and 
monitored them in the cancer-on-a-chip platform by SERRS 
(633 nm laser; L = 400 nm), as shown in Figure 4c and in the 
SERS/SERRS spectra shown in Figure S20 (Supporting Infor-
mation). After 24 h, we reconfigured the system by replacing 
the plasmonic substrates (L = 500 nm) and illuminated with 
the 785 nm laser. The results shown in Figure 4d illustrate the 
effect of hemin on the extracellular HX concentration, again 
confirming that higher hemin concentration results in higher 
release of HX (Figure S21a, Supporting Information). Thus, 
we evaluated the effect of the highest hemin concentration 
over time. Notably, the SERS fingerprint of HX was clearly 
identified as early as 5 h after initiating the treatment, and the 
signal intensity increased over time, as shown by the SERS 
spectra recorded at 15 and 24 h (Figure 4e). This indicates 
that hemin can have an early cytotoxic effect on cancer cells, 
by altering the extracellular milieu (Figure S21b, Supporting 
Information).

3. Conclusions

The present study demonstrates the application of surface-
enhanced Raman scattering to the detection of extracellular 
tumor metabolites under diverse cell culture conditions. IDO-1 
activity in tumor cells was monitored by SERS, measuring 
simultaneously extracellular changes in both the substrate 
and the product of the enzymatic activity (Trp and Kyn, respec-
tively). By using highly efficient nanostructured plasmonic 
substrates we were able to estimate by SERS the Kyn/Trp ratio, 
which is well known to correlate with bad prognosis in cancer 
patients. On the other hand, we observed that the co-factor 
of IDO-1 enzyme, hemin, affects the SERS profile in a dose-
dependent manner, and this SERS signal was further associ-
ated with the induction of cell death at toxic concentrations 
of hemin. Additionally, we observed that the levels of purine 
derivative metabolites were directly related to cell death induc-
tion, working as a suitable biomarker of cell death. Finally, the 
reported approach provided an additional tool for the spati-
otemporal analysis of metabolite alterations and their response 
under different conditions. We demonstrated that these label-
free studies can be extended to in situ imaging of metabolite 
exchange in tumor microenvironments, without disturbing the 
samples under investigation. This sensitive and cost-effective 
plasmonic substrate was effectively combined with 3D cell cul-
ture models, which more closely recreate the biochemical and 
biophysical factors in the tumor microenvironment, toward a 
real-time imaging of heterogeneous metabolic alterations and 
cytotoxic effects on tumor cells, which will have significance in 
diagnosis and therapy. Additionally, the development of stand-
ardized protocols and data-processing programs for multiple 
metabolite quantification in complex environments appears 
as a crucial advancement to extend these SERS-based metabo-
lomics studies to a greater variety of metabolites from different 
diseases in vivo.

4. Experimental Section

Materials: Hexadecyltrimethylammonium chloride (CTAC, 25% W/W),  
L-ascorbic acid (≥99%), sodium hypochlorite solution (10−15% 
available chlorine), sodium borohydride (NaBH4, 99%), poly(ethylene 
glycol) methyl ether thiol 6000 average molar mass (PEG-6K-SH, 
Mn = 6000 g mol−1), poly(diallyldimethylammonium chloride) (PDDA, 
average Mw = 100 000−200 000), poly(acrylic acid sodium salt) (PAA, 
Mw = 15 000), hydrogen peroxide (H2O2, 28%), sulfuric acid (H2SO4, 
98%), ethanol (EtOH, 99.8%), commercial samples of kynurenine 
(25 mg), tryptophan (1 g), ATP (1 g), adenosine (1 g), adenine (1 g), 
hypoxanthine (1 g), inosine (1 g), IFN- ϒ, and staurosporine drug were 
supplied by Sigma–Aldrich. Hydrogen tetrachloroaurate trihydrate 
(HAuCl4·3H2O, ≥99.9%) from Alfa Aesar was employed without further 
purification. Polydimethylsiloxane (Sylgard 184) was bought from Dow 
Corning. Water purified with a Milli-Q system was used in all experiments

Synthesis of Au Nanoparticles and Fabrication of Plasmonic Substrates—
LbL Methodology: Citrate-stabilized Au NP (30 nm in diameter) 
were synthesized according to a previously reported seeded growth 
method.[47] The production of randomly deposited AuNP multilayers 
was based on the well-known LbL assembly methodology. Following 
this protocol, glass slides were sequentially immersed in polyelectrolyte 
solutions of PDDA (1 mg mL−1, 0.05 M NaCl), PAA (1 mg mL−1, 0.05 M 
NaCl), and (PDDA 1 mg mL−1, 0.05 M NaCl) for 15 min. AuNP layers 
were then formed by immersing the polyelectrolyte-coated glass slides 
in a 0.9 × 10−3 M AuNP solution for at least 3 h, followed by rising with 
water and drying under nitrogen flow. For the deposition of the second 
and third AuNP layers, the same procedure as described above was 
repeated.

Template-Assisted Self-Assembly: All nanostructured substrates were 
prepared on glass cover slips (Menzel-Gläser, Nr 1.5) precleaned 
with a dilute solution of Helmanex III. AuNPs were synthesized and 
functionalized with PEG-6K-SH (Sigma—Aldrich), by adding 1 mg of 
PEG-6K-SH per milliliter of 5 × 10−3 M solution of AuNPs, following a 
previously reported seed-mediated approach.[48] An optimized cleaning 
procedure was required prior to the SERS measurements. To this end, 
the nanoparticle assemblies were treated first with oxygen plasma 
(Diener PICO, 0.4 mbar O2, 200 W) and then exposed to UV−O3 
treatment. It was observed that these cleaning treatments may alter 
the final SERS results, so it is crucial to optimize the exposure time and 
check the absorbance spectra of the substrate before and after cleaning 
(Figure S22, Supporting Information).

Cell Culture: HeLa cells were cultured using Dulbecco’s modified 
Eagle medium (DMEM) supplemented with 10% fetal calf serum 
(FCS). Cells were passaged or used for experiments when they reached 
80% confluence. HeLa cells were harvested in a 12-well plate at the 
concentration of 6 × 104 cell mL−1.

Induction of IDO-1 Enzyme Expression in HeLa Cells: In order to 
control the activation of IDO-1 in HeLa cells, HeLa cells were harvested 
in the presence or in the absence of IFN-ϒ (100 ng mL−1) for 48 h. 
This activation process was reported to correlate with the expression 
of high amounts of IDO protein.[49] As soon as the activation process 
finished, the cell media were exchanged and defined concentrations 
of diverse metabolites were added. This cell media contained varying 
concentrations of Trp depending on the cell experiment, 10 × 10−6 M 
of hemin, 2% FCS, and 20% of DMEM diluted in hanḱ s balanced salt 
solution (HBBS) buffer. After 24 h of cell culture under these conditions, 
the cell supernatant was collected and measured by SERS.

Q-RT_PCR: With the aim of studying the IDO-1 induction by IFN-ϒ 
activation, HeLa cells were harvested in the presence or the absence 
of IFN-ϒ (100 ng mL−1) for 72 h. RNA was extracted using NucleoSpin 
RNA isolation kit from Macherey-Nagel (Ref: 740 955.240C). 1 µg of 
total RNA was used for complementary DNA (cDNA) synthesis using 
qScript cDNA Supermix from Quanta (Ref: 95 048). Quantitative 
real-time polymerase chain reaction (qRTPCR) was performed as 
previously described.[50] Universal Probe Library (Roche) primers 
and probes employed are as follows: For: gtgtttcaccaaatccacga, 
Rv: ctgatagctgggggttgc; probe: 20. All qRTPCR data presented 
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were normalized using glyceraldehyde-3-phosphate dehydrogenase 
(Hs 0 275 8991_g1 from Applied Biosystems).

Stress Condition Cell Assays: Cells were first harvested in a 12-well plate, 
at the concentration of 6 × 104 cell mL−1 and let 24 h for cell attachment. 
Consecutively, cell media were exchanged to recreate the stress 
conditions. About 50 × 10−6 M of H2O2 or 5 × 10−6 M of staurosporine 
drug was added to a control cell medium containing 2% FCS and 20% of 
DMEM diluted in HBBS buffer or to a starvation medium not containing 
amino acids, such as HBBS buffer. After 24 h of cell culture under these 
conditions, the cell supernatant was collected, centrifuged (3500 rpm, 
5 min) and measured by SERS.

SERS Measurements: Cell supernatant derived from different 
biological assays was sampled, and 100 µL of the liquid was 
deposited on a plasmonic substrate surrounded using a hydrophobic 
pen (Sigma), which prevented from liquid spreading. All biological 
studies were performed in three independent cell assays, which 
were spiked on three independent plasmonic substrates. Finally, 
SERS spectra were recorded under a 785 nm laser line, obtaining 
bands’ characteristic of metabolite vibrations. As a rule, 25 points 
from different substrate areas were measured every time. For data 
processing, the background of SERS spectra following a polynomial 
curve was removed, and the average spectrum of the 25 points for each 
condition was obtained by using Renishaw’s WiRE software. Then, the 
characteristic bands of the molecules of interest (Trp 760 cm−1, Kyn 
560 cm−1, and HX 725 cm−1) were identified and their intensities were 
acquired. In Figure 2, the ratio between kynurenine and tryptophan 
(760 cm−1) was calculated as the division between the intensities at 
Kyn 560 cm−1 and Trp 760 cm−1. Mean ± standard deviation (SD) 
values were calculated from the three independent cell assays. SERS 
mapping demonstrated the SERS-enhancing ability of the organized 
discrete AuNP assemblies in the nanostructured substrate (Figure S3,  
Supporting Information).

Cell Viability Assay: Cells were seeded at a density of 6 × 104 cell mL−1 
in 12-well plates and let 24 h for cell attachment. Subsequently, cell 
media were exchanged to recreate stress conditions, varying either 
hemin or staurosporine concentrations. After 24 h, cells were fixed in 
formalin (1 mL per well) and washed with PBS. Then, 0.5 mL of 0.1% 
crystal violet was added, which bound to the cells in 20% methanol. 
The plate was cleaned with deionized (DI) water and crystal violet 
interacting with the cells was resuspended in 10% acetic acid. Finally, 
this volume was transferred to a spectrophotometer cuvette to measure 
the absorbance at 595 nm, which correlates with the number of live 
cells.

HPLC: Kynurenine and tryptophan samples’ separation was 
performed in reversed-phase chromatography using an ACQUITY UPLC 
BEH C18 1.7 µm (2.1 × 100 mm) column (Waters, Manchester, UK), 
which was maintained at 30 °C. For hypoxanthine and inosine, ACQUITY 
UPLC BEH Amide 1.7 µm (2.1 × 50 mm) columns were used. The 
injected sample volume in all cases was 10 µL, and the autosampler 
was set at 4 °C. For kynurenine and tryptophan, the mobile phase was 
designed as phase A, consisting of a mixture of 0.1% formic acid–H2O 
and phase B, acetonitrile. The method used a gradient at constant flow 
rate (0.3 mL min−1) combining solvent A and solvent B, programmed 
as follows: 0–0.5 min, linear change from A–B (95:5 v/v) to A–B 
(1:99 v/v) in 2.5 min and finally returning to 95% A at 3.7 min for column 
re-equilibration, which was completed at 5 min. For hypoxanthine and 
inosine, the same mobile phase was used at 0.5 mL min−1 with the 
following gradient: 0–0.5 min, linear change from A–B (5:95 v/v) to 
A–B (50:50 v/v) in 2.5 min and finally returning to 5% A at 4.1 min. The 
peaks were characterized by comparing the retention time and UV–vis 
absorbance at λ = 363 nm for kynurenine, λ = 277 nm for tryptophan 
and λ = 249 for hypoxanthine and inosine.

Cancer-On-A-Chip Assays: To print the cancer-on-a-chip device, silicone 
ink was prepared using an elastomer base (Shin-Etsu Silicone) with a 
curing agent at a 10:1 volume ratio and the mixture was loaded into 
a 10 mL clear syringe (PSY-E; Musashi Engineering, Ltd.) and printed 
with a diameter of 2 cm by a multiheaded 3D Discovery bioprinter 
(RegenHU, Switzerland) on a glass microslide (26 × 76 mm). HeLa 

cells were seeded into collagen-based hydrogels, 3 mg mL−1 of collagen 
final concentration, after sequential trypsinization and centrifugation. 
Consecutively, 80 µL of the mixture formed by cells with collagen 
solution was laden inside the silicon chamber, and the gel-filled devices 
were then placed in prepared humid chambers in a CO2 incubator to 
allow collagen to polymerize at 37 °C for 20 min. Next, The cell media 
(2% FCS and 20% of DMEM diluted in HBBS buffer) were added 
with different staurosporine/hemin concentrations and the samples 
were incubated for 24 h. The cell device was then assembled with the 
plasmonic substrate, placing the gold nanoparticle assembly directly in 
contact with the extracellular milieu. All noncommercial substrates were 
thoroughly cleaned and exposed to the UV lamp for 20 min, to reduce 
the risk of biological contamination. Finally, the plasmonic substrate 
was illuminated with a 785 nm laser to record SERS spectra. For cell 
viability imaging, cells were incubated with CytoCalcein for 30 min, and 
the samples were then washed three times with 1×PBS and imaged with 
a Cell Axio Observer microscope.
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from the author.
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