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Abstract 

The present study explores the application of X-ray scattering, using synchrotron radiation, to assess the diffusive 
transport of nanomedicines in tumor on a chip devices fabricated by 3D stereolithography using a resin with high 
optical and X-ray transmittance. Unlike conventional methods that require fluorescent labeling of nanoparticles, 
potentially altering their in vitro and in vivo behavior, this approach enables the investigation of the transport proper‑
ties for unlabeled nanoparticles. In particular, the results presented confirm the influence of the porosity of the extra‑
cellular matrix-like microenvironment, specifically Matrigel, on the diffusive transport of oligonucleotide-functional‑
ized gold nanoparticles. The analysis of the scattering patterns allows to create 2D maps showing the nanoparticle 
distribution with high spatial resolution. The proposed approach demonstrates the potential for studying other 
factors involved in nanoparticle diffusion processes. By implementing X-ray scattering to track unmodified nanomedi‑
cines within extracellular matrix-like microenvironments, increasingly accurate models for evaluating and predicting 
therapeutics transport behaviors can be developed.
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Introduction
Cancer has become one of the leading causes of death 
with 19.3 million cases worldwide in 2020 and is pre-
dicted to almost double by 2040 [1]. In the past decades, 
many innovative therapies, such as immunotherapy 
or molecular-targeted therapy, have shown promise in 
improving treatment outcomes and reducing side effects 
[2–4]. It can be anticipated that nanoparticles (NPs) will 
play a fundamental role in cancer theragnostics due to 
their unique properties and versatility as carriers. NPs 

can be engineered to carry therapeutic molecules to can-
cer cells, and at the same time, they can be designed to 
incorporate imaging probes and target moieties, allow-
ing for real-time monitoring and precise tumour target-
ing of the tumour response. Such nanocarriers maximize 
treatment efficacy while minimizing damage to healthy 
tissues [5–8]. However, current nanomedicines evaluated 
in a clinical setting usually present poor efficacy and little 
accumulation in solid tumours [9–11]. Hence, there is a 
quest for more accurate pre-clinical models with better 
predictive power to assess the bioavailability and, ulti-
mately, the efficacy of nanomedicines.

To this end, microfluidic Tumor-on-a-Chip (ToC) 
devices offer a more accurate preclinical model for 
nanomedicine evaluation, mimicking the complex 
tumor microenvironment (TME) better than tradi-
tional 2D cell cultures or animal models [12–16]. They 
provide a dynamic environment and allow the study of 
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nanomedicine transport processes through the TME, 
such as extravasation and penetration of nanomedi-
cines into solid tumour [17–20]. So far, most (if not all) 
of these studies have been performed using fluorescent 
NPs [21–23], as they allow us to visualize and track vari-
ous transport processes within the microfluidic system. 
Nanomedicines primarily comprise organic nanomate-
rials such as liposomes, micelles, dendrimers, and poly-
mers as well as metallic-based nanoparticles such as gold 
or iron-based ones [5, 9, 24, 25]. Labelling these parti-
cles with fluorescent markers may alter their diffusion 
properties, leading to deviations from their behaviour 
at the in  vivo and in  vitro conditions. Thus, additional 
approaches, compatible with ToC devices, are needed to 
comprehensively study the transport processes of actual 
unmodified nanomedicines within the recreated TME.

A promising alternative is the use of synchrotron light. 
X-ray scattering techniques, such as Small and Wide 
Angle X-ray Scattering (SAXS-WAXS), provide valuable 
information into NP size, shape, aggregation, crystallinity, 
or composition [26–30]. In particular, SAXS is a versatile 
and robust technique that can provide direct and rapid 
structural information, across nanoscale to mesoscale. 
It can be applied to a broad range of materials, includ-
ing polymers, biological molecules, or inorganic nano-
particles studied under different environments (solution, 
vacuum, variable pressure, flow or temperature, etc.). 
Furthermore, SAXS does not require crystalline samples, 
since it relies on the electronic density contrast between 
the nanoparticle and the background environment and, 
importantly, it can be easily integrated with microfluidic 
devices. This technique’s capabilities were successfully 
showcased, for instance, by Coral et  al., who employed 
SAXS to determine the disposition of nanoparticles 
inside endosomes of the cell cytoplasm [29]. Similarly, 
Le Goas et  al. evaluated the diffusion of nanoparticles 
through Matrigel-filled borosilicate glass capillaries [31]. 
The well established integration of scattering techniques 
with microfluidics enables dynamic studies of nanoparti-
cles under flow conditions, leveraging the high brilliance 
and penetrating power of synchrotron radiation and pro-
viding high spatial and time resolution. In brief, synchro-
tron radiation is emitted when charged particles, such as 
electrons, are accelerated to nearly the speed of light and 
forced to travel in curved paths by magnetic fields. Syn-
chrotron radiation covers a broad wavelengths range and 
is characterized by its high intensity, orders of magnitude 
higher than conventional in-house X-ray sources. To date, 
the use of synchrotron radiation in microfluidic environ-
ments has been used primarily for real-time in situ syn-
thesis and characterization of NPs [32–34]. In the present 
work, we demonstrate how X-ray scattering and absorp-
tion measurements, using synchrotron radiation, can be 

exploited to study the diffusion of non-fluorescent NPs in 
microfluidic devices in real-time. The results presented 
here pave a promising path for future research endeav-
ours. By leveraging the unique synchrotron light capa-
bilities with the design flexibility of ToC models, valuable 
new insights into the dynamics and biodynamics [35] of 
non-fluorescent NP-based therapeutics can be revealed, 
ultimately serving to improve future nanomedicines.

Results and discussion
The microfluidic devices employed in this work were 
fabricated using a 3D stereolithographic printer (Asiga 
MAX X27 UV). The device was designed to have 
two channels embedded within the 3D printing resin 
(Fig.  1a). The channels design had a nominal height of 
1  mm and a width of 750  µm and were separated by a 
200 µm wall (cf. SEM image Fig. 1a). The channel´s size 
was selected with the consideration that measurements 
would be performed with a beam size of ca. 100 microns. 
Based on this, the channel size was designed to be large 
enough so that the beam size would allow for 2D map-
ping, avoiding X-ray overexposure. The channel aperture 
size increases from 200 µm on the NPs side to 800 µm on 
the hydrogel side (cf. Fig.  1a). The connection between 
the channels was designed with a trapezoidal shape to 
ensure that the extracellular matrix employed (Matrigel), 
when filled, is effectively pinned to the channel and pre-
vents it from spreading out into the NPs channel [36]. 
Two reservoirs were included in the Matrigel channel to 
introduce the fluids, and two connectors were designed 
in the NPs channel to connect microfluidic tubing. The 
chip was fabricated using a biocompatible optical trans-
parent resin (3D-printing proc3dure GR10). A picture 
of the microfluidic device can be seen in Fig. 1b, where 
a blue colorant has been filled to better visualize the NP 
channel and let it diffuse into the Matrigel-filled chan-
nel. A 2 × 2 mm2 thin observation window (400 µm thick) 
was implemented to further minimize the X-ray absorp-
tion. In terms of X-ray transparency, the resin employed 
is equivalent to that of thermoplastic polymers such as 
polycarbonate or polystyrene, and far superior to other 
materials employed in microfluidics, such as PDMS or 
glass derivatives. Furthermore, it provides the benefits 
inherent to 3D printing such as excellent design flexibility 
and fast fabrication.

The X-ray transmittance of the different materials 
was initially assessed by measuring 1.5  mm thick films 
using a laboratory X-ray source (SAXSpoint 5.0, Anton-
Paar, λ = 1.54 Å). Figure 1c shows the transmittance val-
ues obtained, including, for comparison, those obtained 
using synchrotron light (λ = 0.99  Å). In addition, The 
X-ray transmittance of the 3D resin was evaluated in a 
400 µm thick film, equivalent to the chip windows total 
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thickness. Notice that the y-axis is represented in loga-
rithmic scale. These results confirm that the microfluidic 
device fulfils the main requirements in terms of optical 
and X-ray transparency and, at the same time, is cost-
effective and easily fabricated [37].

In terms of the nanomedicines employed for the study, 
we selected gold NPs densely functionalized with oligo-
nucleotides, which are known as Spherical Nucleic Acids 
(SNAs) and present interesting properties for the devel-
opment of nanomedicines [38–40] and diagnostic tools 
[41, 42]. Particularly, Au-based SNAs are easy to prepare, 
non-toxic, very stable, and internalize easily in a wide 
variety of cell types. For this work, Au NPs were chemi-
cally functionalized using an oligonucleotide contain-
ing a thiol derivative at the 3’-end. The model sequence 
selected for this study was a 22 nt-long polythymidine 

(PolyT), which can be used to obtain very stable SNAs. 
Gold NPs were synthesized by the Turkevich method 
[43]. Briefly, a solution of hydrogen tetrachloroaurate 
(III) hydrate (FisherScientific) 0.23  mM in RNAse-free 
water was stirred and heated to reflux. Then, a solution 
of sodium citrate tribasic dehydrate 3.62 mM of citrate, 
dissolved in the same water, was added, and the mixture 
was stirred for 15 min. After that time, the solution was 
allowed to cool down at room temperature, and the Au 
NPs obtained were filtered through a 20–40 µm glass fil-
ter plate with the help of a vacuum pump to get rid of 
large aggregates, followed by a second filtration with a 
PES syringe filter of 0.22 μM (Millipore).

Diffusion measurements were performed at the NCD-
SWEET BL11 Beamline at the ALBA synchrotron. Fig-
ure 2a shows the easy-to-implement experimental setup. 

Fig. 1  a General view of the digital 3D design (left) and details of the microchannel’s region of interest for diffusion measurements and SEM 
image of the chip cross-section (right). The dashed rectangle indicates the nominal channel dimensions. A residual layer of resin can be observed 
at the bottom of the channel. b Operating 3D printed device with blue colorant diffusing through Matrigel (pink). Matrigel reservoirs and plugins 
outlets are indicated. c X-ray transmittance values were obtained from different materials (1.5 mm thick) at two different wavelengths. Notice 
that the vertical axis is presented in logarithmic scale. The X-ray transmittance of the 3D resin measured using a λ = 0.99 Å was also evaluated 
in a 400 µm thick film, equivalent to the chip windows thickness
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The chip was vertically mounted in such a way that the 
NPs channel was on top, and so, the monitored NPs dif-
fused downwards to the Matrigel channel. The micro-
fluidic devices were filled with Matrigel (Corning, ref: 
354324) at the stock concentration (10.2  mg/ml), or 
diluted to a concentration of 6.0 mg/ml using Dulbecco’s 
Modified Eagle Medium Low Glucose (DMEM, Biowest 
ref: L0060). Both the ECM channel and correspond-
ing reservoirs were filled with Matrigel. The device was 
then incubated at 37 °C for 30 min to allow the Matrigel 
matrix to become a gel.

To conduct the real-time diffusion measurements, 
precise alignment of the chip’s observation window, the 
Region of Interest (ROI) where the nanoparticles perme-
ate through the aperture, was meticulously carried out to 

coincide with the path of the X-ray beam. The ROI was 
identified through 2D intensity maps created using the 
absorption values of the empty chip. A beam size of ca. 
40 × 100 µm2 (vertical x horizontal dimensions) allowed 
to perform 2D mesh scans with 100 µm steps. Spatial res-
olution can be further improved by using smaller beams, 
such as those available at nano/microfocus beamlines. 
However, in these cases extreme caution is required to 
prevent matrix changes from sample heating or radiation 
damage due to the high beam intensity achieved. The var-
iations in absorption values, caused by the different chip 
thickness at various positions, allowed to create a 2D 
absorption map after normalizing the photodiode cur-
rent. The absorption map is shown in Fig.  2b (bottom). 
After the microfluidic device’s alignment, the Au NPs 

Fig. 2  a Experimental setup used at the NCD-SWEET BL11 beamline of the ALBA synchrotron and schematic of the arrangement of the channels 
relative to the incident X-ray beam. b X-ray transmittance map of the empty chip, obtained by plotting the normalized photodiode current, used 
for the alignment of the ROI of the microfluidic device. Axes were included to ease scan direction identification with respect the X-ray beam (Y axis)
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dispersion in water (6 nMol) was injected into the corre-
sponding channel with a micropipette using the plugins 
designed as inlets, taking this as the initial experimen-
tal time. The experiments were then performed in static 
conditions.

Preliminary characterization of gold NPs in borosilicate 
glass capillaries provided both SAXS and WAXS charac-
teristic scattering patterns. 1D scattering intensity pro-
files, as a function of the scattering vector (q = 4π·sinθ/λ), 
were obtained by radial integration of the 2D patterns 
recorded by a Dectris Pilatus 1 M 3S (SAXS) and a Rayo-
nix LX255-HS (WAXS) detectors, respectively, by using 
data reduction routines implemented at the BL11 beam-
line site. The SAXS curve of the raw NPs dispersion (blue 
line Fig. 3a) displays the typical profile of a colloidal dis-
persion of spherical nanoparticles [27]. The scattering 
curve was best fitted to a sphere model with lognormal 
size distribution using the SASfit software package [44, 
45], resulting in a nanoparticle diameter of ca. 22  nm. 
This result is in good agreement with the 22.1 ± 2.9  nm 
measured by TEM (JEM-1400 Flash 120 keV, Jeol) as can 
be confirmed in the bottom-left inset in Fig.  3a. WAXS 
profile (top-right inset in Fig. 3a) allowed confirming the 
crystalline nature of the Au NPs.

The diffusion of nanoparticles into the Matrigel matrix 
was initially assessed by performing vertical scans along 
the interphase between the two channels. The penetra-
tion of NPs can be inferred from changes in the X-ray dif-
fractogram. Figure 3a shows the SAXS patterns recorded 
at a point in the Matrigel channel, far away from the 
interface with the NPs channel, at the beginning of the 
experiment (green curve) where no NPs were present, 
and the SAXS pattern obtained at a point located 150 
microns approximately below the interface after a time of 
25 min (orange curve). As it can be observed, at this loca-
tion, the profile of the SAXS pattern becomes dominated 
by that characteristic of the Au NPs confirming, on the 
one hand, their ability to penetrate the interface, and on 
the other hand, the ability of the NP coating to prevent 
their aggregation. Agglomeration of NPs would induce 
changes in the X-ray diffractogram, such as broadening 
or shifting of the characteristic scattering peaks, which 
are not observed [46].

The scattering profile shows a characteristic peak cen-
tered at q = 0.55 nm−1. The area under the curve (AUC), 
being proportional to the number of scatters (quantity 
of NPs), was calculated and used to plot the NPs distri-
bution maps. Data processing was accomplished using 
a custom-made Python script (Spyder IDE v. 5.4.3). To 
simplify the analysis, the background was subtracted 
from the NPs’ characteristic peak as follows: log10I(bac
kground) = m·log10(q) + a, where m is the slope of a line 
in the log–log plot and a its intercept. This approach 

allows avoiding the use of different backgrounds for the 
different regions scanned, including those with spurious 
reflections resulting from the X-ray beam impinging on 
channels walls. Afterwards, the area below the curve was 
calculated and used to plot the maps, which were finally 
normalized to their maximum value. Figure 3b shows the 
NPs distribution maps obtained by scanning a 1 × 1 mm2 
area centered in the ROI of the microfluidic device. As 
mentioned before, X-ray patterns were recorded every 
100 µm both, in horizontal and vertical directions, pro-
viding a virtual pixel size of 100 × 100 µm2 in the 2D maps 
presented. Higher resolution could have been achieved by 
using smaller step size. Nevertheless, the relatively large 
step employed during the scans was intended to reduce 
the X-ray exposure and, so, changes in the matrix due 
to radiation damage. The 2D scans that were recorded 
after a diffusion time of two hours, along with the low 
exposure time employed (30  s), allowed us to prevent 
any possible radiation damage to the matrix. Depend-
ing on the nature of the studied system, time-resolved 
imaging could be further improved by optimizing the 
exposure time or using fly-scan type measurements [47]. 
Compared to the step-scan method employed in this 
work, during fly-scan measurements the sample moves 
smoothly while the detector captures scattering pat-
terns in real-time, avoiding stopping the sample stage 
or detector at each measurement point. Two Matrigel 
concentrations (6.0 and 10.2 mg/ml) were tested, show-
ing clear differences regarding the NPs permeability, as 
can be appreciated in the maps. The map corresponding 
to the NPs diffusion throughout the high-concentration 
Matrigel (left) shows a limited penetration, with the NPs 
concentrated near the channels interface, ca. 200 µm far 
from the aperture. On the other hand, the diffusion of 
NPs through the low-concentration Matrigel is favoured, 
with NPs reaching locations hundreds of micrometres 
away from the channels interface. In the latter case, a 
certain preferential direction can be detected, suggesting 
that some kind of convection flow occurred, probably due 
to hydrostatic pressure variations arising from the differ-
ences in height between the NPs channel and the ECM 
channel. Considering the hydrodynamic diameter of the 
Au NPs, 57 ± 26 nm, according to dynamic light scatter-
ing measurements performed in a 1 nM solution (Zeta-
sizer Nano ZS, Malvern Instruments), this difference in 
penetration length can be tentatively explained based on 
the different pore size of the Matrigel matrix, controlled 
by the initial Matrigel concentration used before gelation. 
The pore size of raw Matrigel has been estimated before 
to be ca. 140–350 nm [48]. Under these conditions, inter-
actions between the NPs and the matrix, either through 
direct collision with fibres or electrostatic or hydrody-
namic interactions can be anticipated, hindering the NPs 
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diffusion [49, 50]. On the contrary, in the case of diluted 
Matrigel, the gel matrix pore size is expected to be 
larger, and as a result, the number of interactions of the 
NPs with the matrix is expected to be reduced, thereby 

favouring their diffusion. As an indirect confirmation, the 
beam intensity measured by the beam-stop photodiode 
was higher for the more porous matrix, providing direct 
evidence of the differing porosities. These results are in 
good agreement with those previously reported [51].

Fig. 3  a SAXS scattering curves corresponding to the Au NPs dispersion measured in borosilicate glass capillary (blue), Matrigel channel 
with no nanoparticles present (green), and in another position after the diffusion of the nanoparticles (orange). Insets show a TEM image of the Au 
nanoparticles and the 1D WAXS diagram including the Miller indices of the main Bragg peaks of the Au. b Normalized NPs concentration map 
diffusing into Matrigel at a concentration of 10.2 mg/ml (left) and 6 mg/ml (right). Nanoparticles and Matrigel channels are indicated with red lines 
revealing the channels´ separation aperture with a trapezoidal shape
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Conclusions
The results presented here demonstrate that the inte-
gration of microfluidics with X-ray scattering tech-
niques using synchrotron radiation holds great promise 
for advancing our understanding of diffusion processes 
of nanomedicines within tumour-on-a-chip devices.

The approach overcomes the limitations of incor-
porating fluorescent labels, which can alter the inter-
action of NPs with biological matrix and so their 
diffusive properties. Microfluidic chips fabricated by 
stereolithography 3D printing offer significant design 
flexibility, while synchrotron radiation allows real-time 
mapping of the diffusive transport of NPs in recreated 
tumour microenvironments with high spatial resolu-
tion. It can be predicted that, in the future, equivalent 
measurements will be performed using smaller X-ray 
beams at nano/microfocus beamlines, in combination 
with more complex microfluidic devices that could be 
fabricated with higher resolution.

The present study specifically reveals the impact 
of matrix porosity on the diffusive transport of oligo-
nucleotide functionalized gold NPs and holds a great 
potential to perform studies regarding other factors 
influencing NP’s diffusion processes depending both, 
on the nature of the nanomedicine (size, shape, con-
centration) or the matrix (temperature, pH, composi-
tion, etc.). Further work will allow for the identification 
of nanomedicine key transport parameters in complex 
biological matrices, such as diffusion coefficients, effec-
tive diffusion length or effective diffusion time.
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