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ABSTRACT: Monitoring dynamic processes in complex cellular
environments requires the integration of uniformly distributed
detectors within such three-dimensional (3D) networks, to an
extent that the sensor could provide real-time information on
nearby perturbations in a non-invasive manner. In this context, the
development of 3D-printed structures that can function as both
sensors and cell culture platforms emerges as a promising strategy,
not only for mimicking a specific cell niche but also toward
identifying its characteristic physicochemical conditions, such as
concentration gradients. We present herein a 3D cancer model that
incorporates a hydrogel-based scaffold containing gold nanorods.
In addition to sustaining cell growth, the printed nanocomposite
inks display the ability to uncover drug diffusion profiles by
surface-enhanced Raman scattering, with high spatiotemporal resolution. We additionally demonstrate that the acquired information
could pave the way to designing novel strategies for drug discovery in cancer therapy, through correlation of drug diffusion with cell

death.
KEYWORDS: surface-enhanced Raman spectroscopy, SERS, nanocomposite scaffold, 3D cell culture, drug diffusion
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H INTRODUCTION the outcome and better mimic the features of a native niche.'”'®

Recent experiments involving hydrogels and scaffold-based
systems successfully reproduced the 3D physiology of selected
human tissues.'” Even though these approaches have revealed
new elements in cell biology,20 the incorporated third dimension
drastically hampered the efficient capture of dynamic aspects,
such as drug or nutrient transport, by optical methods. The

difficult to achieve experimentally. Hence, not only more ability Of, optical mic.roscopy. tq map large .extratcellular
realistic in vitro models are required but also new imaging concentration profiles in 3D is limited, especially if other
technologies should be developed to assess them accurately.*”” fluorescent labels are present, which may B signal overlap,

Although 2D cell cultures have allowed the discovery of many €8 .in combir.lation‘with ce%l-via].)ﬂity dyes.” Oth.er ordinary
biological processes, these systems lack the cell—cell and cell- sensing techniques involve invasive procedures, which prevent

extracellular matrix (ECM) interactions that ultimately generate Eontlrzluous 1.non1tor1ng of gradually evol-vmlg p ro'cessesc.l The;g
specific 3D microenvironments.*” Whereas biomolecules can ore, dynamic parameters are not routinely registered in

diffuse freely in the extracellular milieu of 2D cell culture models, experiments, thus ignoring their p ot.ential eﬁffects on cell
) . . behavior. The development of alternative analytical methods
gradients of soluble molecules are established along tissues by a

combination of cellular activity and restricted extracellular

diffusion.'"”"" Such gradients, along with the 3D internal Received: August 9, 2021

structure, strongly influence cell responses and phenotypes in Revised:  September 3, 2021

solid tissues, including tumors.'>"? Published: October 6, 2021
During the design of in vitro 3D environments, biological

structures can be tailored through the technology used to build

them.'*™'® Different approaches can be combined to improve

The extracellular environment and its impact on cell fitness is a
growing area of research, which has initially focused on
mimicking microenvironments by means of tissue-like cell-
culture systems in three dimensions (3D).'”’ However,
monitoring parameters of interest within these structures, such
as spatiotemporal heterogeneity or molecular gradients, is
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Figure 1. (a) Scheme of a 3D-printed nanocomposite scaffold comprising gelatin and alginate hydrogels, represented by purple and orange fibers,
respectively. The homogeneous distribution of gold nanorods (AuNRs) within the polymer matrix is represented by yellow bars. (b) SERS intensity of
1 uM methylene blue (MB) at 450 cm™" registered by scaffolds (gelatin + 2% alginate) with varying concentrations of AuNRs, from bare scaffolds (no
nanoparticles) to 1000 uM colloidal solution. Error bars show standard deviations from 10 different measurements with three different scaffolds (N =
3,n=10). (c) SERS intensity of 1 M MB obtained from scaffolds with S00 #M AuNRs and an increasing alginate percentage up to 2%, (N =3, n = 10).
(d) SERS intensity (at 450 cm™") as a function of MB concentration. The yellow bar is a linear fit in the quantitative detection regions, including a
regression line (dotted line) and 95% confidence interval. Each data point corresponds to the signal from 10 spectra collected from three different
scaffolds (N = 3, n = 10). (e) SERS spectra of MB at different concentrations (between 10 nM and 10 uM with 10-fold-increase steps) in cell media,
DMEM 10% FBS. (f) SERS intensity of MB (the red line is a linear fit with 95% confidence interval) in the presence of cell media components (N=2,n
=10). An excitation laser line at 785 nm through a 10X objective, with a power of 15.15 mW for 1 s, was used for all measurements. (g) 3D Z-stack
reconstruction of SERS intensity at 450 cm™" upon MB incubation at 10 uM, recorded with a 785 nm excitation laser through a 20X immersion
objective in confocal mode, with a power of 7 mW and 10 ms of integration time.

to rapidly detect gradients in extracellular media is thus required infancy, thus hindering the spatiotemporal resolution in SERS

toward a better understanding of cellular niches and their bioimaging.”> We have recently reported the fabrication of
implications for the effectiveness of therapeutic methods.

In this context, surface-enhanced Raman scattering (SERS), a
highly sensitive vibrational spectroscopy technique, has emerged
as a tool to evaluate changing environments. By enhancing the

SERS-active scaffolds from inks containing plasmonic gold
nanoparticles,”” as highly efficient platforms for SERS
monitoring in 3D. We hypothesized that a similar system

Raman signal of molecules adsorbed onto plasmonic nanostruc- cou?d be employefl to scree.n biorelevant compounds in 3D
tures, SERS enables fast, label-free identification of trace analytes environments while analyzing by SERS the extracellular
upon laser irradiation.””** However, the integration of efficient gradients created upon drug exposure. We selected methylene
Raman signal enhancers inside cellular environments is still in its blue (MB) as a drug candidate because it features a high Raman
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cross-section and has been used as a photosensitizer agent in
antitumor therapy.”* "

We developed a biocompatible gelatin—alginate hydrogel
containing gold nanorods (AuNRs), which could be 3D-printed
to fabricate cell culture scaffolds.’’** Alginate provides a
strongly anionic character, which facilitates SERS detection of
oppositely charged molecules through electrostatic interactions.
The resulting fast and sensitive response to MB provided a
suitable spatiotemporal resolution. Our results demonstrate
real-time monitoring of drug diffusion in 3D cell cultures,
through the detection of MB gradients within different
environments and upon varying drug administration method-
ologies.

B RESULTS AND DISCUSSION

3D-printing strategies are particularly efficient at recreating the
tumor niche, due to their ability to control geometric structures
within milli-/microscale resolution. Direct printing of hydrogel
inks is a common approach toward the design of porous,
aqueous environments, which support nutrients and oxygen
transport for cell culture.**** Consequently, 3D-printing of
purposely designed hydrogels renders such scaffolds suitable for
cell growth, with a tailored physiological architecture, so that
complex in vitro systems can be acurately reconstructed. Among
various natural polymers, gelatin-alginate mixtures are charac-
terized by outstanding water retention and cell adhesion
facilitated by gelatin-binding domains.”® Since our objective
requires SERS-active inks, we incorporated AuNRs within
selected mixtures of gelatin—alginate hydrogels (a representative
extinction spectrum of the nanocomposite inks is shown in
Figure S1). Upon printing, the obtained nanocomposite
scaffolds were cross-linked with CaCl,, so divalent cations
(Ca*) bind anionic blocks in different alginate chains, resulting
in stable 3D networks containing AuNRs, as schematically
depicted in Figure la.

We then evaluated the SERS performance of the printed
scaffolds as a function of two key parameters of ink composition:
AuNRs concentration and percentage of alginate. MB was
incubated with the scaffolds at 1 yM concentration. Increasing
AuNR concentrations were found to directly correlate with
higher SERS intensities of the MB vibration at 450 cm™" (C—
N—C skeletal bending’®). The SERS results in Figure 1b
confirm an increase in the number of plasmonic hotspots for
Raman signal amplification so that the MB signal was negligible
for an ink formulation without nanoparticles. On the other hand,
when the percentage of alginate was increased from 0% to 2% at
constant AuNR concentration, the registered SERS intensities
were significantly affected. As illustrated in Figure 1c, scaffolds
containing 2% alginate showed the greatest SERS performance
for MB detection. Although a low MB signal could be measured
from scaffolds lacking alginate, the effect of this polymer
component on signal enhancement was even more intense than
that observed at varying AuNR concentrations. We interpret
these results in terms of electrostatic interactions between
positively charged MB and the anionic alginate-based ink,
facilitating analyte penetration through the scaffold. As a
consequence, MB molecules are more likely to adsorb on
plasmonic nanoparticles, resulting in a higher SERS signal
enhancement.”””® All scaffolds were thus prepared using inks
containing 2% alginate and 1 mM AuNRs, thereby achieving a
fast, sensitive detection of MB signal; no extensive preincubation
times with the analyte were needed, in contrast with previous
studies using different analyte—polymer combinations.”**’
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SERS spectra collected from varying MB concentrations showed
that semiquantitative detection could be achieved in the range
from 1 mM down to 0.1 nM (Figure 1d). Within this range, MB
concentration could be approximated by the SERS intensity,
according to the empirical formula log(Iggrs) = 0.31 X
log([MB]) + 4.48, where [MB] is the molar concentration of
MB and Iggs is the SERS intensity (expressed in counts).
Interestingly, the negatively charged hydrogel additionally
hinders the interaction of large proteins with AuNRs,* which
in combination with the electrostatic attraction effect would
facilitate a reproducible detection of MB in complex cell media
(Dulbecco’s modified Eagle medium, DMEM, with 10% of fetal
bovine serum, FBS). As shown in Figure le, the characteristic
peak of MB at 450 cm™' dominates the SERS spectra, even at
low concentrations and when other biomolecules are present at
orders of magnitude higher concentrations than that of MB. We
propose that our scaffolds can be used for direct, real-time
analysis of biological samples with no need for pretreatment
separation and concentration steps, which are common
requisites for SERS analysis in complex media.*’ Although a
decreased sensitivity was observed as compared to aqueous
samples, semiquantitative measurements could be recorded
between 100 yM and 10 nM, thus covering the therapeutic
window range for MB, ie.,, drug dosage typically used for
therapy.”' Therefore, changes in MB concentration would
correspond to changes in SERS intensity in a quasi-predictable
manner, which was found to follow a slightly different trend:
log(Isgrs) = 0.33 X log([MB]) + 4.39, as illustrated in Figure 1f.

We show in Figure 1g the result of scanning the SERS signal of
10 #M MB (typical concentration for anticancer therapy) in cell
media.””*' A confocal Raman microscope with a 20X water
immersion objective and scanning steps of 13.3, 10, and 20 yum
in X, Y, and Z, respectively, were employed for precise MB 3D
screening throughout a total volume of (2.0 X 1.5 X 0.3) mm”.
The signal recorded along the XY-plane in Figure S2 shows
constant intensity values, accounting for a homogeneous
distribution of AuNRs at this scale. On the contrary, a SERS
intensity decay was registered at deeper imaging planes, due to
laser spot broadening, decrease of collection efficiency, and
other factors (see also Figure S3). SERS images with higher
spatial resolution could be obtained using a 63X water
immersion objective, allowing us to visualize the local AuNR
distribution along the scaffold (Figure S4). However, this
strategy restricted MB monitoring to much smaller (um-sized)
areas, since longer measurement times were required to obtain
high spatial resolution at large scales.

Aiming at the integration of the nanocomposite scaffolds into
3D cell environments, we characterized the rheological behavior
of the hydrogels to be used as inks for 3D printing, followed by
the biocompatibility and mechanical stability of the scaffolds for
extended periods of time (more than 1 week in vitro). The
results (Figure SS) demonstrate a shear-thinning behavior of the
inks within the usual shear rate range for 3D printing, thus
enhancing their printability. By use of these inks, grid-like
scaffolds with holes of around 700 yzm were obtained, according
to scanning electron microscopy (SEM) images (Figure SSg).
Regarding the stability of the printed scaffolds, maximum
swelling was recorded after 7 days of incubation in complete
media (cDMEM) and hydrolytic degradation was noticeable
after 14 days of incubation (Figure SSf). MCF-7 cancer cells,
which exhibit features of mammary epithelium, were selected as
the biological model owing to their well-described behavior in
3D cell cultures and their sensitivity to MB therapy.””** Using a
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Figure 2. (a) Scheme of a custom-made device to integrate nanocomposite scaffolds within a 3D tumor cell environment, comprising MCE-7 cells and
Matrigel. The presence of a lateral reservoir (see inset) allows for controlled MB delivery. (b) 3D reconstruction of confocal images of growing MCF-7
cells embedded in Matrigel within the supporting scaffold. Dimensions XYZ = 2700 gm X 2700 pm X 300 um. (c) Higher magnification image showing
cancer cell clusters formed under these conditions. Dimensions XYZ = 900 ym X 900 pgm X 300 ym.

tailored cell culture device was essential toward successfully
implementing a homogeneous cell distribution within 3D-
printed plasmonic scaffolds. The system (Figure 2a) comprised
a central chamber where the supporting scaffolds could be fixed
while using a commercial extracellular matrix (Matrigel) to
uniformly sustain the cells (Figure 2b). A lateral reservoir was
incorporated into the device (Figure 2a, inset) to challenge the
3D cell environment with reproducible MB gradients. Mean-
while, the media well, located above the scaffold/hydrogel
chamber, provides the necessary nutrients to the 3D culture and
supports the use of dip-in immersion objectives during SERS
measurements (dimensions indicated in Figure S6). Following
this approach, MCF-7 cells were efficiently seeded in the device
and remained viable for several days, forming tumor-like cell
aggregates after 3—4 days in vitro, throughout the entire 3D
extracellular matrix (see confocal microscopy images in Figures
2c and S7).

As a first example of application, we monitored drug delivery
using poly lactic-co-glycolic acid (PLGA) capsules containing
MB. On account of the well-known spontaneous PLGA
degradation in cell environments,*”** encapsulated MB was
gradually released into the medium, where it could be detected
by SERS. As shown in Figure S8, we first confirmed that drug
monitoring could be performed over time, within 3D-printed
nanocomposite scaffolds. Subsequently, we assessed the
potential of the system to visualize MB diffusion. In these
experiments, scaffolds were placed within our homemade
devices, followed by addition of MB from the lateral reservoir

8788

(Figure 2a). As illustrated in Figure 3a, the localized drug
delivery created a MB gradient that could be imaged by SERS.
We initially selected two neighboring areas in the plasmonic
scaffold, separated by 1 mm from each other, to register SERS
intensity upon MB administration (10 4uM). The area located
closer to the compound reservoir (labeled as 1) showed a rapid
response to MB (fewer than 30 min), whereas the farthest area
(labeled as 2) reached a comparable level with an 1 h delay.
These results, in addition to those presented in Figure S9,
demonstrate a suitable spatiotemporal resolution in SERS
imaging, which may account for MB gradients along the scaffold,
in three dimensions. We then analyzed the impact of the ECM,
in this case Matrigel, and of the presence of cells, on MB
diffusion. To this end, we performed a similar experiment
(localized drug delivery from the compound reservoir), but
incorporating Matrigel, either with or without embedded MCEF-
7 cells. Upon MB administration, we scanned sufficiently large
areas (8 mm X 3 mm) of the scaffold at different incubation
times (1, 2, and 24 h). The corresponding maps (Figure 3b)
confirm the formation of MB gradients (at different conditions
and times) with meaningful and varying SERS profiles. In
contrast to the control conditions, significantly restricted MB
diffusion occurred in the presence of both Matrigel and MCF-7
cells. We observed (Figure S10) that hindered diffusion strongly
affected MB distribution at early time points (1 and 2 h) whereas
a similar equilibrium situation was reached for all experimental
conditions within 24 h. Similar effects are shown in Figure 3¢, in
which the administration of MB was performed from the top of
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Figure 3. (a) Schematic view of the experimental setup to monitor MB diffusion by SERS. Two neighboring areas of the plasmonic scaffold, separated
from each other by 1 mm in X, were selected to register the SERS intensity at successive times upon MB administration. Maps were recorded with a 785
nm laser through a 20X objective with laser power of 15 mW, 10 ms integration time, and a step size of 16 ym. Scale bars: 200 um. (b) MB diffusion
patterns along the X-axis in pristine nanocomposite scaffolds, scaffolds embedded in Matrigel, and Matrigel loaded with high cell density (2 X 10° cells/
mL). The SERS signal (at 450 cm™") was acquired at indicated times (1, 2, and 24 h) after MB delivery from the lateral reservoir. An excitation laser at
785 nm through a 10X objective, with a power of 15.15 mW for 0.1 s, was used for all measurements. Scale bars: 600 gm. (c) SERS profile maps (XZ
plane) of the nanocomposite scaffold within Matrigel and cell-containing Matrigel, after MB administration from the top media well. Confocal SERS
mappings were recorded with a 785 nm excitation laser through a 20X water immersion objective, 7 mW power, S0 ms integration time, and a step size
of 10 ym. Scale bars: 200 ym. (d) Flow cytometry analysis of the uptake of MB by cells retrieved from the 3D culture. The fluorescence from MB
increased in a dose-dependent manner. The gating indicates positive and negative cell populations after applying the PerCP-Cy5.5 emission filter
(670/40).

the scaffold chamber so as to establish a gradient along the Z- plane (control condition shown in Figure S11). Besides, the
axis. Using the confocal microscopy mode, we observed that the total SERS intensity at 24 h was consistently lower in
presence of MCF-7 not only hindered MB diftusion but also experiments with cells (Figure S10b,c). To clarify these results,

originated a more heterogeneous distribution along the XZ- we investigated whether MCF-7 cells were effectively taking up
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Figure 4. (a) SERS intensity at increasing doses of MB (control, 1 4M, and 20 uM), registered by scaffolds at different points from the reservoir after 2
h (upper panel) and 24 h (lower panel). Gray lines represent the standard deviation from six spectra (N = 2 samples, n = 3 spectra). An excitation laser
at 785 nm through a 10X objective, with a power of 15.15 mW for 1 s, was used for all measurements. (b) Luminescence output 24 h after MB
administration monitored with CellTiter-Glo 3D cell viability assay. Error bars indicate the standard derivation of multiple wells measured from the
same experiment. (c) Flow cytometry analysis representing quantified single cells labeled with propodium iodide (PI) after treatment with 1 4M and
20 uM MB. The gating indicates the positive and negative cell population after applying a PE emission filter (585/42). (d) Maximum intensity
projection (XY) images of a representative live confocal image. 3D cells growing in Matrigel and within the nanocomposite scaffold were labeled with
PI for visualizing cytotoxic effects 24 h after dispensing 1 4M MB. Images correspond to a 400 um thick Z-stack. Scale bar: 500 ym. (e) Two-
dimensional representation of the Z-stack projection of 3D live confocal images. Analysis was performed after a 2 h MB treatment to visualize the
cytotoxicity gradient. Lines indicate columns into which the images were divided to study the distribution of PI (red) and GFP signals (green). (f)
Automated quantification of cell death percentage for control and 20 yM samples, segmented by columns. Dotted line indicates the profile of cell death
with the distance.

MB from the extracellular milieu, thereby affecting its diffusion. sensitizer (MB molecules) would start generating reactive
In this context, MB could also serve as a fluorophore probe with oxygen species (ROS), eventually inducing cell death. In the
emission around 690 nm so that cells uptaking MB would experiments discussed so far, MB was applied without light
display higher emission intensities at this wavelength. We activation (dark conditions) so that no significant cytotoxic
interrogated MCF-7 cells upon Matrigel depolymerization and activity was observed (Figure S12). In this case, we monitored
subsequent cell retrieval, via flow cytometry (Figure 3d), which both the distribution of MB and its cytotoxicity by challenging
confirmed intracellular accumulation of MB in a dose-depend- 3D cell cultures with increasing doses of photoactivated MB
ent manner. We thus interpret the creation of different diffusion solution (control, 1 uM, and 20 uM). This means that free MB
profiles as the result of three main factors: drug diffusivity, was illuminated by a red light lamp prior to administration from
extracellular matrix permeability, and intracellular accumulation the lateral reservoir of the cell culture device. Subsequently, drug
of MB.** diffusion was imaged through the SERS fingerprint of MB at two
We finally sought to monitor the SERS signal at different MB different time points (2 and 24 h), followed by evaluation of cell
concentrations over time, correlating with the cell viability viability at the end of the experiment (24 h). The patterns of MB
resulting from treatments with the selected MB doses. It should distribution through the scaffold at selected times are plotted in
be noted that the use of MB as a drug against tumors requires a Figure 4a. As expected, the amount of MB was found to dictate
drug activation step by illumination at an appropriate wave- both the recorded SERS intensities and the number of dying
length (~640 nm)."” Upon exposure to light, the photo- cells. For example, whereas at 1 uM MB no SERS signal was
8790 https://doi.org/10.1021/acs.nanolett.1c03070
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detected at areas far away (more than 5 mm) from the lateral
reservoir during the first 2 h, a high SERS intensity could be
readily registered when 20 M MB was used. Quantification of
cell viability by CellTiter-Glo test (Figure 4b) and flow
cytometry (Figure 4c) after recovery of cellular aggregates
from Matrigel demonstrated the dose-dependent cytotoxic
effect of MB on the entire cell population and for single-cell
measurements. Likewise, live confocal imaging (Figure 4d) was
conducted by following dead cells labeled with propidium iodide
(PI). Images of the entire culture volume around the scaffold
were captured to examine the spatiotemporal distribution of
affected cells and to correlate drug gradients with the spatial
distribution of dead cells in 3D.

Imaging of cytotoxicity gradients was attempted 24 h after the
addition of photoactivated MB. However, homogeneous cell
death across the 3D culture was observed at this time by confocal
microscopy imaging (Figure S13). This result is in agreement
with SERS results for drug distribution over 24 h (Figures 3b and
4a), which show uniform drug distribution throughout the
scaffold. Therefore, we developed an alternative approach to
enhance the cell death gradient, based on our previous MB
transport studies. The new strategy consisted of replacing cell
media at 2 h after MB administration from the lateral reservoir,
thereby rinsing extracellular MB from the 3D culture. By
subsequent irradiation with the red lamp, we photoactivated
primarily MB that had been uptaken by cells, as well as any
remaining MB present in the area closest to the reservoir.
Automated quantification of fluorescence images after 24 h
(Figure 4e) revealed a well-defined gradient of dying cells along
the X-axis (Figure 4f), in contrast to results obtained under
control conditions or without extracellular drug removal (see
Figure S14 for statistical analysis).

Bl CONCLUSIONS

In summary, the present study provides compelling evidence
supporting the use of plasmonic scaffolds as suitable SERS
platforms for drug transport monitoring. By integrating 3D-
printed composite scaffolds within a customized cell culture
device, we could achieve a closer recreation of different
compound gradients. The same system allowed us to monitor
the impact of drug diffusion and to better understand its
cytotoxic effect on a 3D cell culture model. The selection of MB
as a proof-of-concept drug candidate allowed us to demonstrate
that label-free SERS studies can be performed in 3D, under
various conditions, which may enable the calculation of diffusion
coefficients in future studies. The real-time images obtained
regarding these processes evidenced the value of this system to
study the extracellular environment in vitro, thereby deciphering
the biochemical and biophysical factors involved in drug
transport, which might harbor therapeutic relevance.
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