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Real-time morphometric analysis of targeted therapy
for neuroblastoma cells in monolayer and 3D
hydrogels using digital holographic microscopy

Sofia Granados-Aparici,1,2,* Isaac Vieco-Martı́,1,2 Amparo López-Carrasco,1,2 Samuel Navarro,1,2

and Rosa Noguera1,2,3,*

SUMMARY

High-risk neuroblastoma (HR-NB) patient treatment is currently insufficient and challenging due to its high
clinical, morphological, and genetic heterogeneity aswell as the scarcity of available samples for research.
We used a gelatin- and silk fibroin-based hydrogel systemwith cross-linked vitronectin (VN) as an artificial
biomimetic three-dimensional (3D) environment to mirror aggressive neuroblastoma (NB) tumors and
tested long-term cell response to Cilengitide (CLG). Based on our previous studies and others using the
integrin inhibitor CLG as a potential mechanotherapy drug, we show that CLG caused cell detachment
in monolayer cultures of MYCN-amplified SK-N-BE (2) and ALK-mutated SH-SY5Y human neuroblastoma
cell lines. Cell detachment and aggregation were maintained in hydrogel-free monolayer cells whereas
cells embedded in hydrogels presented different responses to treatment, suggesting differential anoikis
resistance between the two cell lines. This underscores the advantages of testing therapeutic approaches
using real-time imaging of tumor cells in 3D biomimetic models and its contribution to precision medicine.

INTRODUCTION

Neuroblastoma (NB) is the most common extra-cranial solid tumor of childhood.1 The survival rate in patients with low- and intermediate-risk

disease is around 85%, and the 5-year survival rate for high-risk (HR) NBpatients is less than 50%.2 TreatingHR-NBpatients is challenging since

they present high heterogenic clinic and tumor biology. To date, the combined use of chemotherapy, surgery, stem cell transplant, radio-

therapy, and immunotherapy (anti-GD2) has been the most appropriate therapeutic approach.3 However, this combination is still insufficient

and causes side effects that often appear as patients get older. Pilot studies are therefore needed to seek new targets and therapeutic ap-

proaches, such as molecular mechanotherapy.4,5

The tumor microenvironment (TME) plays an important role in tumor progression, invasion, metastasis, and therapeutic resistance

and is formed by elements such as the extracellular matrix (ECM), consisting of a dynamic network of structural proteins, glycoproteins,

and proteoglycans6,7 that connect to cells and are essential for mechanotransduction.8 Vitronectin (VN) is a cell-ECM anchorage glyco-

protein that interacts strongly with integrins avb3/avb5, uPAR, PAI-1, and collagens via the arginylglycylaspartic acid (RGD), heparin,

somatomedin B, and two collagen-binding domains,9–11 therefore promoting tissue component adhesion. As an ECM tissue compo-

nent, predominantly secreted into the bloodstream by hepatocytes, VN is mainly expressed in the liver and in smaller amounts in

the ECM of the brain, lung, kidney, and adrenal gland.12,13 Dual sources of VN in human cancer biopsies have been described:

extravasation from the bloodstream followed by ECM accumulation14–16 and/or synthesis and secretion by malignant cells and/or tu-

mor-derived fibroblast-like cells.17–21 In the NB setting, previous studies of NB patient biopsies found high VN expression levels in

the cytoplasm of malignant neuroblasts and in the ECM, which were associated with poor patient outcome.22,23 A recent study has

also reported high VN levels in plasma of NB patients and culture media of 3D models.24 These results point to the potential of this

protein as a circulating ECM biomarker for aggressiveness in HR-NB. Cilengitide (EMD 121974, CLG) is a mechanodrug based on

the cyclic peptide cyclo(-RGDfV-), selective for anb3 and anb5 integrins. Although CLG showed moderate anti-tumor effects in glioblas-

toma phase 1 and 2 clinical trials, this was mainly attributed to high heterogeneity in avb3 levels, unfavorable drug pharmacokinetics,

and its dose-dependent opposing effects.25 Despite these results, CLG and other integrin inhibitors are still in the spotlight for treat-

ment of pediatric and adult cancers,26 and indeed in vitro assessment and preclinical models have shown antiangiogenic, cytotoxic, and

anti-invasive activities.27 Studies specifically assessing the effect of CLG in NB cells are few in number and consist mainly of in vitro

short-term evaluations in monolayer cultures.28–30
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Figure 1. Growth rate morphometric parameters andmovement pattern of SK-N-BE (2) and SH-SY5Y cells in monolayer cultures with and without CLG

(A) Holographic micrographs of a representative focus position obtained at 0 h and 20 h with and without CLG treatment of SK-N-BE (2) (right) and SH-SY5Y (left)

cells. The small inset graph represents the optical thickness of the cell aggregate measured along the red and green lines in control and CLG treatment groups,

respectively. The dotted line shows themaximum thickness in each graph. The number of cells isN= 97 (0 h) andN = 150 (24 h) in SK-N-BE (2) andN= 75 (0 h) and

N = 118 (24 h) in SH-SY5Y.

(B) Measurement over time of optical volume (mm3), optical thickness (mm), and irregularity (0 = smooth, 1 = rough) of cell micrographs shown in (A).
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NB is a rare tumor, and scarcity of samples is a reality in research. The use of three-dimensional (3D) artificial tumors represents an efficient

strategy to recreate tissue structure23 and study NB in detail. SK-N-BE (2) and SH-SY5Y neuroblastic cell lines, which express VN in 70% of their

cells with different staining intensity (+++/++), have been efficiently grown in Polyethylene glycol (PEG)- and methacrylated gelatin/alginate

(GelMaAlgM)-basedhydrogels.31,32 Recently, silk fibroin (sf) has emergedas a promisingmaterial for its excellent self-assembly, biocompatibility,

and biodegradation, and the combination of sf with gelatin-tyramine (GTA-sf hydrogels) has shown high crosslinking capacity to any tyrosine-rich

element such as VN,33 providing a potential 3D biomimetic in vitro testing platform to help identify patient-specific therapeutic responses.

Developing detailed image analysis pipelines using digital pathology of histological slides has become essential to study the complex

behavior of tumor cells in a spatial-temporal context.34 However, specimen sections are static snapshots, and specific molecular biomarkers

are needed to better assess cell death, proliferation, and migratory activity. The advent of real-time technologies is proving key to more

comprehensively depicting underlying cell dynamics and response to different ECM environments and mechanotherapies. Holographic im-

aging (HoloMonitor M4, PhI Ab) has emerged as a potential live-cell tracking tool to monitor 3D dynamic behaviors including single-cell mo-

tilities, cell-cell interactions, and cell-surface interactions inside the CO₂ incubator.35,36 This resource has been increasingly used over the last

decade (https://phiab.com/peer-reviewed-publications/) to follow cultured cells and assess changes in size, movement, and migration

without perturbing viability since it permits label-free imaging and the low-energy laser keeps phototoxicity to a minimum.

In this work, we used digital holographic microscopy to characterize the morphometric changes of two NB cell lines, SK-N-BE (2) and SH-

SY5Y, in response to CLG. Moreover, by crosslinking ECM components such as VN to GTA-sf hydrogels, we assessed and compared this

response in 3D VN-rich hydrogels as representative of aggressive HR-NB environments, with the aim of developing a potentially translational

in vitro drug-testing methodology for precision medicine.

RESULTS
Short-term CLG treatment induces rapid cell aggregation in monolayer cultures

We followed the growth rate, irregularity, and movement patterns in monolayer cultures of SK-N-BE (2) and SH-SY5Y human NB cell lines

during a short-term, 20 h culture treatment (Video S1). When untreated cells divide, they proliferate to reach cell confluency, filling the spaces

available from the substrate. If space is not available, a few small cell aggregates are formed over time. In contrast, we observed that CLG-

treated cells mainly aggregated independently of existing space. When optical thickness was measured in a representative cluster from con-

trol and CLG-treated cells after 20 h of live cell tracking (Figure 1A), increased thickness was observed along the surface of CLG-treated cell

aggregates compared to controls over time, reaching a maximum of 22.10 mm (SK-N-BE-2) and 17.66 mm (SH-SY5Y) at 20 h, in contrast to the

14.4 mm (SK-N-BE-2) and 9.67 mm (SH-SYY) of controls. This was observed in various cell aggregates in both NB cell lines and in replicated

experiments using CLG treatment (Video S2). Interestingly, the number of cells in both cell lines counted at 0 h and 20 h increased over

time in control conditions, whereas a decrease was observed in CLG-treated cells, as shown by the higher proportion of cell clusters counted

as ‘‘1’’ by the App Suite software (Figure 1A). While cells in control conditions grew to cover the spaces available from the focus position, cells

treated with CLG preferred to cluster together despite the availability of space. This was further evidenced by measuring the cell-free area

available at 0 h and 20 h of treatment (Figure S1A). Over time (20 h), the average cluster optical volume and thickness for both NB cell lines

showed a steady increase in CLG-treated cells, whereas control cells maintained a plateau. Irregularity remained unchanged in both cell lines

and conditions (Figure 1B). We obtained the relative trajectory profile of detected cells where the position of each cell is normalized by its

initial position (Figure 1C). A rose plot was generated in which a more symmetric plot indicates similar movement patterns between cells.

In contrast to the symmetric profile observed in cells growing in control conditions, cells growing with CLG showed less symmetry in their

movement pattern and some cells reached longer distances than others with slightly higher motility speed across 20 h (Figure 1B). When

following a cell with a long-distance trajectory from each condition over time, we observed that cells in control conditions changed their po-

sition toward an empty space, whereas cells in CLG conditions tended to move toward pre-existing cell clusters (Figure 1C). These results

suggest that NB cells in CLG conditions tend to join to neighboring cells rather than attaching to the substrate.

Long-term CLG treatment maintains cell aggregation at the 3D GTA-sf hydrogel border

Weoptimized a culture system for NB cells in 3DGTA-sf hydrogels as specified in the STARMethods. Thismethodology allows us to studyNB

cell growth over longer periods of time and to introduce specific ECM components like VN into the scaffolds due to the previously mentioned

chemical characteristics of GTA. During hydrogel-induced gelation, some cells are usually not retained and start to grow besides the hydro-

gel. This allows us tomonitor cell growth in 3D and inmonolayers simultaneously. Since GTA-sf hydrogels weremonitored for up to 10 days in

culture, we studied the effect of long-term CLG treatment in monolayered cells located just outside the hydrogel (Figure 2). Cell aggregates

continued to be observed in CLG-treated groups at the hydrogel border in both NB cell lines, whereas a dense flat monolayer was present in

control groups (Figure 2A). Moreover, the number of cells detected was lower in CLG-treated groups, correlating with cell aggregation rather

than spread through the available spaces. When the relative trajectories of cells outside the hydrogels were plotted (Figure 2B), CLG-treated

Figure 1. Continued

(C) Movement of the highlighted cell with long-distance trajectory from each micrograph in control and CLG treatment groups. Rose plots depict relative single-

cell tracking X-Ymigration showing the similarities (more symmetry) and differences (less symmetry) inmovement from all cells. Arrows highlight themovement of

the depicted cell.

The field of view is 567 3 567 mm. The scale bar is 100 mm. Brighter color represents maximum cell height. CLG, Cilengitide.
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clusters showed asymmetric rose plots representing cell aggregatesmoving longer distances than others in contrast to control groups, which

followed a more symmetric movement pattern. Interestingly, cell aggregates often moved toward the surface of the hydrogel (Video S3),

which may be the result of a search for optimal attachment. Altogether, these observations confirm that the effect of densely packed cell

aggregate formation after CLG treatment is maintained after long periods of time without spreading for both NB cell lines.

NB cell lines show different cluster size dynamics over time inside GTA-sf hydrogels

We assessed cell growth inside GTA-sf hydrogels, first detecting a switch toward round cell cluster formation, as previously described in our

PEG- and GelMaAlgM-based hydrogels. Next, clusters inside the GTA-sf hydrogel border were analyzed at days 3, 7, and 10 of culture using

Figure 2. Long-term movement pattern in hydrogel-free 2D-grown SK-N-BE (2) and SH-SY5Y cell lines at the hydrogel border with and without CLG

(A) Representative holographic micrographs from hydrogel-grown SK-N-BE (2) (right) and SH-SY5Y (left) cell lines with selected hydrogel-free-grown cells at the

non-VN-added and VN-rich hydrogel border at day 10 of culture (time point: 24 h). Arrows and arrow heads highlight cells growing in monolayer and cell

aggregates, respectively. The border is highlighted with a dotted line.

(B) Rose plots depict relative single-cell tracking X-Y migration showing the similarities (more symmetry) and differences (less symmetry) in cell movement of all

selected cells from up to three different focus positions from each condition. The field of view is 567 3 567 mm. The scale bar is 100 mm. CLG, Cilengitide; VN,

vitronectin.
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optical volume, thickness, and irregularity parameters in the two VN amount-dependent hydrogels or scaffoldings (non-VN-added and VN-

rich) without CLG treatment. Increased cluster size across culture timewas observed in bothNB cell lines (Figures 3A and S2A). However, while

cluster volume and thickness increased abruptly from day 7 (0 h) to day 10 of culture (0 h) in both VN scaffoldings in the SK-N-BE (2) cell line

(VN-rich, mean volume = 13,359 mm3 vs. 10,0785 mm3; p = 0.0208; non-VN-added, mean thickness = 9.09 mm vs. 11.90 mm; p = 0.0081; VN-rich,

mean thickness = 9.00 mmvs. 16.94 mm; p< 0.0001), this increasewas steady and less pronounced in SH-SY5Y cells, without reaching statistical

significance (Figures 3B and 3C, upper graphs). In contrast, whenmeasuring irregularity, a similar steady increasewas observed for the twoNB

cell lines (Figure 3D, upper graphs), although at day 10 of culture in VN-rich conditions, SK-N-BE (2) showed higher irregularity (0–1) than SH-

SY5Y cells (24 h, mean irregularity = 0.32 vs. 0.25, respectively) (Figure 3D). Next, cluster volume and thickness were compared between non-

VN-added and VN-rich conditions to assess the impact of the VN scaffoldings over time.We observed an increase in cluster volume and thick-

ness in VN-rich hydrogels compared with non-VN-added hydrogels in SK-N-BE (2) cells at days 7 and 10 (Figures 3B and 3C, upper graphs),

although without reaching statistical significance (Figures 3E and 3Ei and 3Eii), whereas in the SH-SY5Y cell line the same parameters

(Figures 3B and 3C, upper graphs) exhibited a significant increase in VN-rich relative to non-VN-added conditions at days 3 and 7 of culture

(Figures 3E and 3Ei and 3Eii). A significant increase in cluster irregularity in VN-rich hydrogels was observed from day 3 (0 h) to day 10 (0 h) of

culture in both NB cell lines (Figure 3D, upper graphs). This increase was particularly evident at day 10 of culture in SK-N-BE (2) cells (mean

irregularity = 0.32 vs. 0.22, respectively) (Figure 3D, upper graphs), although without reaching statistical significance (Figures 3E and iii). These

results indicate that NB cell lines experience optimal growth during 10 days in GTA-sf hydrogels, although with different growth dynamics.

Moreover, VN accelerates the growth rate of both NB cell lines, as evidenced by the observed increase in cluster volume, thickness, and ir-

regularity associated with this event.

NB cell lines respond differently after CLG treatment inside GTA-sf hydrogels

We next sought to investigate the effect of CLG treatment on cluster size inside GTA-sf hydrogels at days 3, 7, and 10 of culture. As

observed with the non-VN-added and VN-rich control conditions, increased cluster size over time was observed in both NB cell lines treated

with CLG, with the SK-N-BE (2) cell line showing a more abrupt increase over time than SH-SY5Y cells (Figures 3A and 3B, lower graphs). A

similar steady increase was observed in cluster irregularity for the two NB cell lines (Figure 3D, lower graphs), with higher values in the SK-N-

BE (2) cell line than in SH-SY5Y cells at day 10 of culture in VN-rich hydrogels with CLG (mean irregularity = 0.36 vs. 0.28, respectively) (Fig-

ure 3D). However, we observed a difference in time-related response to CLG treatment between the specific scaffolds in the NB cell lines

(Figure 3E). Analysis of VN-rich hydrogels showed that SK-N-BE (2) clusters treated with CLG increased significantly in volume and thickness

relative to their untreated control counterparts, but only at day 7 of culture (24 h, mean volume = 27 326 mm3 vs. 15 543 mm3, p = 0.0093; 24 h,

mean thickness = 14.64 mm vs. 9.485 mm; p < 0.0001) (Figures 3E and 3Ei and 3Eii), whereas in SH-SY5Y cells a significant decrease was

observed at all time points (day 3 [24 h, mean thickness = 9.21 mm vs. 11.35 mm, p < 0.0001], day 7 [24 h, mean volume = 7,132 mm3 vs.

15,543 mm3; p = 0.04; 24 h, mean thickness = 10.59 mm vs. 14.55 mm, p < 0.0001], and day 10 [24 h, mean volume = 13,840 mm3 vs.

15,331 mm3; p = 0.04], [24 h, mean thickness = 11.00 mm vs. 14.82 mm, p = 0.01])(Figures 3E and 3Ei and 3Eii). Comparing the non-VN-added

and VN-rich conditions after CLG treatment on specific days, SK-N-BE (2) cells showed a significant increase in volume and thickness at day 3

(24 h, mean volume = 2,583 mm3 vs. 3,607 mm3, p = 0.0057; 24 h, mean thickness = 6.00 mm vs. 7.84 mm; p < 0.0001), day 7 (24 h, mean

volume = 18,034 mm3 vs. 27,326 mm3, p = 0.0061; 24 h, mean thickness = 10.06 mm vs. 14.64 mm; p < 0.0001), and day 10 of culture (24

h, mean thickness = 10.06 mm vs. 14.64 mm; p < 0.0001) (Figures 3E and 3Ei and 3Eii). In contrast, SH-SY5Y cells showed no differences

at any of the time points ( Figures 3E and 3Ei and 3Eii). With respect to changes in irregularity, similar increases over time were observed

in SK-B-BE (2) with CLG treatment, but in SH-SY5Y cells this increase in VN-rich hydrogels lost significance from day 3 (0 h) to day 10 (0 h) of

culture (Figure 3D, lower graphs). Comparing non-VN-added and VN-rich conditions after CLG treatment at specific time points, increased

irregularity was evident in SK-N-BE (2) cells at day 3 of culture (24 h, mean irregularity = 0.17 vs. 0.21; p = 0.0498). An increasing trend was

also observed in these cells at day 10 of culture (24 h) in non-VN-added hydrogels with CLG compared with non-VN-added controls (mean

irregularity = 0.31 vs. 0.22) (Figure 3D, lower graphs), reaching similar values as in VN-rich conditions (VN-rich CLG vs. control, mean irreg-

ularity = 0.36 vs. 0.32) without statistical significance (Figures 3E and 3Eiii). Altogether, these findings suggest that both NB cell lines respond

to CLG treatment compared to untreated controls. Although the response is different for each cell type, it is often accentuated in VN-rich

conditions.

Figure 3. Comparison of cluster morphometric parameters of SK-N-BE (2) and SH-SY5Y cells over 3, 7, and 10 days of culture in non-VN-added and VN-

rich 3D GTA-sf hydrogels with and without CLG

(A) Representative holographic micrographs from VN-rich hydrogel-grown SK-N-BE (2) and SH-SY5Y cell clusters without CLG at day 3, 7, and 10 of culture. Red,

green, and blue arrows depict the 24 h-length videos taken at 0 and 24 h.

(B–D) Morphometric parameters in SK-N-BE (2) and SH-SY5Y cell clusters at 0 h and 24 h of day 3 (red line), 7 (green line), and 10 (blue line) time points in non-VN-

added and VN-rich hydrogels without CLG (upper graphs) and with CLG (lower graphs). (B) Optical volume (mm)3, (C) optical thickness (mm), and (D) irregularity

(0–1) measurements. Data are represented as mean G SEM.

(E) Heatmap of statistically significant differences of SK-N-BE (2) and SH-SY5Y cell clusters at 3, 7, and 10 day time points between non-VN-added and VN-rich

hydrogels without CLG and with CLG. (i) Optical volume (mm)3, (ii) optical thickness (mm), and (iii) irregularity (0–1) measurements. SK: SK-N-BE (2), SH: SH-SY5Y,

nVN-C: non-VN-added Control, nVN-CLG: non-VN-added CLG, VN-C: VN-rich-Control, VN-CLG: VN-rich-CLG. Statistical analysis using non-parametrical

Kruskal-Wallis test, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. SEM, standard error of the mean. Significant differences discussed in the text are

highlighted in bold. The field of view is 567 3 567 mm. The scale bar is 100 mm. D, day, CLG, Cilengitide, VN, vitronectin.
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DISCUSSION

We employed digital holographic microscopy to examine the effect of CLG on NB cells grown in monolayers as well as inside 3D GTA-sf

hydrogels and its borders. Preclinical therapeutic studies by our group have reported a direct anticancer activity of CLG in HR-NB cell mono-

layer cultures and showed its synergy with free and nano-encapsulated etoposide (ETP), particularly in SK-N-BE (2) cells.30 Moreover, a

synergic reduction in tumor volume and VN expression was observed in a small trial with murine models of NB treated with CLG and ETP

combined.37 However, until now the morphological effect of CLG alone on NB cells in vitro and the response in GTA-sf hydrogels have re-

mained uncharacterized.

Our detailed study of the effect of CLG using short-term exposure in NBmonolayer cultures revealed cell detachment and aggregation, a

phenotype previously described for NB and pediatric glioma cell lines using CLG,29,38 suggesting the possibility of anoikis (cell detachment-

associated cell death). Similarly, the CLG-induced cell detachment observed in this work during 20 h of monolayer culture could precede NB

cell death. To study long-term exposure to CLG, we followed cells grown outside the GTA-sf hydrogels during 10 days of culture. While a

dense monolayer was observed covering the empty spaces from the substrate in controls, cells in CLG-treated groups showed a few aggre-

gates that migrated over the hydrogel surface. The persistence of cell aggregation in small numbers without cell confluency may suggest that

cell detachment in NB cell lines results in decreased cell growth in addition to the classical cytotoxic effect triggered by anoikis.

Whencomparingenvironmentswithonly theVNsecretedbycells (non-VN-added) versus thosewithaddedVN(VN-rich) inGTA-sfhydrogels,

clusters increased in sizewith theadditionof VN, suggesting that this protein couldenhanceproliferation over cell death similarly inbothNBcell

lines, concurring with as has been previously reported.17,39,40 However, in CLG-exposedGTA-sf hydrogel-embedded cells, cluster size showed

different time-dependent dynamics in the two NB cell lines studied. It is well known that cancer cells develop anoikis resistance due to several

mechanisms that enhance cancer progression andmetastasis.41,42Within cell clusters, leader cells initiatemovementby remodeling theECM to

create a low-resistance invasionpath for follower cells.43 Attachment to anddetachment fromECMcomponents such asVNare essential for this

process in some cancers, such as ovarian cancer.44 Similarly, VN secretion is greater in the SK-N-BE (2) than in the SH-SY5Y cell line,22 whichmay

confer an intrinsic difference in migration dynamics. The increased cluster size under CLG treatment in SK-N-BE (2) cells relative to untreated

controls at 7 days of culture may be the result of transient anoikis resistance; this may not occur in SH-SY5Y cells, where decreased cluster

size was instead observed. Differences in anoikis resistance and drug response have been reported in many cell lines such as pleural mesothe-

lioma, where the lack of CLG effect in anoikis-resistant cells points to anoikis susceptibility as a prerequisite for CLG-induced growth inhibition

andmigration.45 An alternative explanation for the increased cluster size under CLG treatment in SK-N-BE (2) cellsmay be the higher number of

cells remaining inside the clusters due to decreased migration activity to other hydrogel locations. It is interesting to note that exogenously

cross-linked VN accentuated these effects, particularly in SK-N-BE (2) cells, suggesting the possibility that integrin expression is increased after

VN is added and therefore a greater number of CLG binding sites become available with a subsequent increased response to CLG.

By exploiting the advantages of combining 3D biomimetic GTA-sf hydrogels with digital holographic microscopy, this work has shown an

enhanced growth rate in both HR-NB cell lines with VN, pointing to this glycoprotein as a relevant prognostic predictor in HR-NB. In addition,

the observed differences in cluster size between cell lines after CLG treatment are key to shedding light on the response that HR-NB patients

may encounter and therefore are paramount for guiding patient selection and optimal timing of mechanotherapy.

Limitations of the study

Although the use of digital holography has permitted a more thorough assessment of cell and cluster growth dynamics, the exact molecular

mechanisms underlying the observed effects are still not fully understood. This highlights a need for future studies in immunohistochemically

stainedGTA-sf hydrogel sectionswith proliferation and survival biomarkers such as ki67 andBCL246,47 and VN secretion profiles. Furthermore,

additional experiments with a greater number of cell lines, including those derived from patients and patient-derived xenografts, are neces-

sary to guarantee the methodology’s broad applicability and to enhance the value of the presented work. Given the restrictions on image

acquisition with digital holography on larger imaging objects, the use of formalin-fixed paraffin-embedded (FFPE) GTA-sf hydrogel sections

may also allow us to assess VN and other anchorage glycoproteins as well as the effect of CLG treatment over 10 days culture. Finally, inte-

grating live imaging and digital pathology analyses with genomic strategies such as next-generation sequencing48 and gene expression

profiling (high throughput genomic [HTG] EdgeSeq) tools can help obtain a complete understanding of NB cell behavior in these contexts.
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Garcı́a-Lizarribar, A., Burgos-Panadero, R.,
Navarro, S., Samitier, J., and Noguera, R.
(2020). A three-dimensional bioprinted
model to evaluate the effect of stiffness on
neuroblastoma cell cluster dynamics and
behavior. Sci. Rep. 10, 6370.

32. Monferrer, E., Dobre, O., Trujillo, S., González
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KEY RESOURCES TABLE

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines

MYCN-amplified SK-N-BE (2) and ALK-mutated SH-SY5Y human NB cell lines were chosen from a variety of available cell lines, sinceMYCN-

amplified andALK-mutated tumors represent 64% of high-risk neuroblastoma [50 and 14%, respectively].49,50 Cells were acquired fromAmer-

ican Type Culture Collection (ATCC, Manassas, VA, USA) and cultured in IMDMmedium (Gibco, Life Technologies, Waltham, MA, USA) sup-

plemented with 10% FBS, 1% insulin/transferrin and 1% Penicillin/streptomycin at 37�C in 5% CO2 atmosphere. Two-dimensional (2D) cell

cultures were grown in T75 flasks until they reached 80% confluence for 3D-hydrogel fabrication. Cell line authentication was performed

by assessing morphology and growth rate on a Leica Inverted Phase Contrast microscope and genetic profile was confirmed by using Fluo-

rescence in situ hybridization (FISH) and single nucleotide polymorphism (SNP) array before conducting the experiments. To prevent and con-

trol for mycoplasma contamination, 0.2% Plasmocin (InvivoGen) was added to the culture medium and tested with the Rapid Mycoplasma

Detection Kit (AssayGenie) after the cells were thawed and frozen for long-term storage.

METHOD DETAILS

Gelatin/silk-fibroin (GTA-sf) 3D hydrogel fabrication

First, tyramine-modified gelatin (GTA) was obtained as previously described (Shinji Sakai et al., 2009). Briefly, gelatin (Sigma-Aldrich, St. Louis,

MO) was melted in 50 mL of 0.05 M 2-(N-morpholino) ethane sulfonic acid buffer at 60�C and then 500 mg of tyramine (Sigma-Aldrich, St.

Louis, MO) was added after the temperature reached 25�C the carbodiimide-mediated reaction was facilitated by adding 184 mg of carbo-

diimide hydrochloride (EDC) and 57 mg of N-hydroxysuccinimide (NHS) to obtain GTA after 18 h of agitation at room temperature, followed

by dialysis in 3.5 MWCO membrane in distilled water and lyophilization. Once ready, GTA was kept at �20�C until use.

Hydrogels were built modifying a previously reported protocol51 with double amount (20U/ml) of horseradish peroxidase (HRP). Briefly, the

necessary amount to obtain 1% GTA was weighted, UV-sterilized for 10 min and mixed with serum-free cultured medium to dissolve at 50�C.
Once dissolved, the necessary amount of silk fibroin (sf) was added to obtain a final composition of 3% SF. In hydrogels containing VN,

400 mg/mL of recombinant VN (PrepoTech, London, UK) was added. After tripsinizing and counting live cells using a TC20 automated cell

counter (BIO-RAD), cells were resuspended in serum-free culture medium and then added to the GTA-sf solution. Approximately 120,000

cells were used per hydrogel. Drops of HRP and H202 (1,25 and 2mL, respectively) were added to each 24-well plate well and approximately

60mL drops of the GTA-sf cell solution were added gently on top. Hydrogels were allowed to gelify at 37�C for 1 h followed by the addition of

1–2 mL supplemented medium. Hydrogels were kept at 37�C with medium changes every two-three days, with and without the addition of

CLG (100mM). Cell cluster growth within hydrogels was assessed during 24 h at days 3, 7 and 10 of culture inside an incubator at 37�C in 5%

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Gelatin from porcine skin Sigma-Aldrich G2500

2-(N-morpholino) ethane sulfonic acid Sigma-Aldrich M3671

Tyramine Sigma-Aldrich T2879-5G

Carbodiimide hydrochloride Sigma-Aldrich 03450

N-hydroxysuccinimide Sigma-Aldrich 130672

Horseradish peroxidase Sigma-Aldrich P8375

Silk fibroin solution Sigma-Aldrich 5154

Recombinant vitronectin PrepoTech AF-140-09

Cilengitide Sigma-Aldrich SML1594

Experimental models: Cell lines

SK-N-BE (2) cells ATCC CRL-2271

SH-SY5Y cells ATCC CRL-2266

Software and algorithms

App Suite 4.0.1 Phase Holographic Imaging PHI AB https://phiab.com/holomonitor/cell-imaging-software/

GraphPad Prism 8.0.1 GraphPad https://www.graphpad.com/
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CO2. Four groups were obtained in total: hydrogels without VN added (non-VN-added), containing cell-secreted VN only, hydrogels with VN

added (VN-rich), hydrogels without VN added and CLG (non-VN-added-CLG) and hydrogels with VN added and CLG (VN-rich CLG).

Live cell imaging

Cell cluster growth, morphology and movement were assessed with the Holomonitor M4 live cell imaging system from Phase Holographic

Imaging (Lund, Sweden). Before monitoring, a capture pattern of focus positions was selected for each well and time lapse imaging was

set to acquire one image every 15 min over specific periods of time. To assess cell cluster growth in 2D, a total of 17 images spanning 1 h

and 15 min were extracted from a single focus position of control and CLG-treated groups. To evaluate cluster growth embedded in the hy-

drogel border, a total of 72 images were analyzed for each NB cell line, corresponding to frames 0 h and 24 h of each of the three focus po-

sitions in all groups. For cell cluster growth assessment in 2D at the hydrogel border, a total of 17 images spanning 1 h and 15 min were

selected from each of the three focus positions in all groups. The total number of clusters analyzed is shown in Figure S2B. Time lapse image

quantification was carried out using parameters of App Suite, a software systemprovided by theHolomonitorM4 designed for reconstruction

and analysis of the holographic microscopy images of unlabeled cells. For automated cell/cluster tracking, the same settings and thresholds

were used for all groups. The following parameters were evaluated: ‘‘Optical volume (mm3)’’, which represents single cell/cluster volume and is

calculated from the phase shift, irrespective of cell/cluster shape; and ‘‘optical thickness (mm)’’, representing themaximum thickness obtained

from the phase shift and independently of cell/cluster shape and irregularity, which measures the degree of deviation of the cell/cluster

circumference from the circumference of a perfect circle. The value 0 indicates a circular cell/cluster, approaching 1 when the irregular outline

of the cell/cluster increases. To monitor and depict the movement of cell clusters, single cell X-Y position plots were used to show overall cell

migration trajectory (mm). The Export Movie module was used to generate approximately 60 MB movies, using 6 frames per second (fps).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

Data are presented as meanG standard error of mean (SEM) and were analyzed and represented using GraphPad Prism 8.0.1 software. Sta-

tistical significance was evaluated using non-parametrical Kruskal Wallis with Dunn’s test for multiple comparisons between groups.
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