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Abstract DO 10.1039/D5LC00895)
Conventional two-dimensional (2D) culture systems fail to recapitulate the structural and functional
complexity of the tumor microenvironment (TME), limiting their utility for preclinical drug evaluation.
Here, we present a perfusable, high-throughput microfluidic Tumor Spheroid Array (TSA)-Chip that
supports dynamic co-culture of tumor spheroids and vascular networks under perfusable conditions.
The platform enables real-time visualization and quantitative analysis of nanoparticle transport,
therapeutic response, and vascular remodeling. Fluorescent liposome tracking revealed EPR-like,
tumor-selective accumulation, which was absent in 2D or tumor-free models. Liposomal 5-fluorouracil
(5-FU) induced localized cytotoxicity and peritumoral vessel pruning while preserving overall vascular
integrity. Furthermore, combination treatment with Cyramza™ (ramucirumab) enhanced tumor
suppression and barrier normalization. Compared to conventional models, the TSA-Chip offers robust
analytical capabilities for assessing nanocarrier delivery and combination therapy effects in a scalable

and physiologically relevant format, advancing its utility in precision oncology research.
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Abbreviations Terms
TME Tumor microenvironment
TSA Tumor spheroid array
5-FU 5-fluorouracil
2D Two-dimensional
3D Three-dimensional
0OoC Organ-on-a-chip
EPR Enhanced permeability and retention
DMPC 1,2-dimyristoyl-sn-glycero-3-phosphocholine
PBS Phosphate-buffered saline
PS Polystyrene
CAD Computer-aided design
uv Ultraviolet
PSA Pressure-sensitive adhesive
HUVEC Human umbilical vein endothelial cells
LF Human lung fibroblast
EGM-2 Endothelial Growth Medium-2
FGM-2 Fibroblast Growth Medium-2
DMEM Dulbecco’s Modified Eagle Medium
FBS Fetal bovine serum



http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5lc00893j

Open Access Article. Published on 23 December 2025. Downloaded on 12/24/2025 6:07:31 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

37

38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61

62

Lab on a Chip

Page 4 of 30

View Article Online

1. Introductions DOI: 10.1039/D5LC00893]

Despite significant progress in cancer research, conventional two-dimensional (2D) cell
culture models remain inadequate for replicating the complex cellular and biochemical dynamics of the
tumor microenvironment (TME)! 2. These systems fall to capture critical processes such as vascular
transport, tumor angiogenesis, and dynamic vascular permeability, all of which are critical for
understanding cancer progression and evaluating therapeutic efficacy. Consequently, drug screening in
2D systems often overestimates treatment responses and provides limited predictive value for clinical
outcomes>.

Three-dimensional (3D) culture models offer improved physiological relevance*; however,
many still lack essential components such as perfusable vasculature, biomechanical stimulation, or
spatial tissue organization required to emulate in vivo conditions> °. Organ-on-a-chip (OoC)
technologies address these limitations by integrating 3D cultures into microfluidic platforms that enable
controlled fluid flow, tunable microenvironments, and real-time imaging’®. These platforms support
the self-assembly of vascular networks and the maintenance of physiologically relevant gradients of
oxygen and nutrients!%!2. In cancer research, OoC-based models have successfully recapitulated key
TME features such as hypoxia, angiogenesis, stromal interaction, and extracellular matrix (ECM)
stiffness, providing robust platforms for mechanistic studies and therapeutic evaluation'3-'6.

With the rise of advanced drug delivery strategies, particularly nanocarrier-based
chemotherapeutics, there is a growing need for physiologically faithful in vitro models to assess
nanoparticle transport and efficacy!” !8. Liposomal formulations, such as liposome-encapsulated 5-
fluorouracil (5-FU), have demonstrated improved pharmacokinetics, reduced systemic toxicity, and
enhanced tumor-specific accumulation via the enhanced permeability and retention (EPR) effect!*2!.
However, the therapeutic performance of liposomal drugs critically depends on the vascular architecture,
permeability, and interstitial transport properties of the tumor tissue?> 2. Conventional static models
lacking perfusable vasculature fail to replicate these transport phenomena and are thus insufficient for

predicting nanoparticle accumulation, vascular toxicity, and clearance®* 3.
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In this study, we introduce a perfusable TME model integrated into a high-throughfiit® S 2
microfluidic OoC platform, termed the Tumor Spheroid Array Chip (TSA-Chip). Multicellular tumor
spheroids, composed of colorectal cancer (CRC) cells, vascular endothelial cells, and fibroblasts, were
embedded within a fibrin-based hydrogel to promote self-assembled vascularization, enable continuous
media perfusion, and allow real-time imaging?¢. This platform supports quantitative assessment of
vascular permeability and intratumoral drug distribution under physiologically relevant flow conditions.

To demonstrate its utility, we evaluated the delivery efficiency and therapeutic outcomes of both
liposomal and free 5-FU formulations. We hypothesized that liposomal encapsulation would enhance
tumor accumulation and reduce vascular leakage via the EPR effect?’?°. Our findings highlight the
importance of nanocarrier-based drug delivery strategies and underscore the potential of perfusable

TME models to improve preclinical predictability and accelerate the development of precision oncology

therapies30-32,
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2. Materials and Methods DOI: 10.1039/D5LC00893J

2.1. Preparation of 5-FU-Liposomes

5-FU-loaded liposomes (5-FU-Lip) were prepared using the thin-film hydration method,
followed by ultrasonication and membrane extrusion, as previously described’. Briefly, 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and cholesterol were dissolved in chloroform and
mixed at a total lipid concentration of 20 mM in a 60:40 molar ratio. The lipid mixture was transferred
into a scintillation vial, and the solvent was evaporated under a gentle stream of nitrogen to form a thin
lipid film along the inner wall. To ensure complete solvent removal, the film was further dried under
vacuum overnight. The dried lipid film was hydrated with phosphate-buffered saline (PBS, pH 7.4)
containing 1 mM 5-FU at 70 °C for 40 minutes, with intermittent gentle mixing. The resulting
multilamellar vesicles were subjected to probe sonication at 100 W for 15 minutes in an ice bath and
subsequently extruded 10 times through a 0.22 pm polycarbonate membrane filter (Whatman, USA) to
yield uniformly sized unilamellar vesicles. To remove unencapsulated 5-FU, the liposome suspension
was transferred to dialysis tubing (MWCO 10 kDa; ThermoFisher Scientific, USA) and dialyzed against
a ~60-fold excess volume of PBS for 2 hours at room temperature. The final liposomal formulation was
stored at 4 °C until use. The encapsulated drug concentration was quantified by UV-Visible

spectroscopy (Jasco V-770, Japan) by comparing absorbance value before and after dialysis.

2.2. TSA-Chip Design and Fabrication

The TSA-Chip was fabricated via injection molding in polystyrene (PS), based on our
previously developed microfluidic high-throughput 3D cell culture®*. The chip geometry and array
layout were designed using computer-aided design (CAD) software to ensure compatibility with
standard optical imaging and high-content screening workflows. Aluminum alloy molds (Al 7075) were
precision-machined and polished to create smooth channel surfaces for reliable fluid handling. Injection
molding was carried out under following conditions: clamping force of 130 tons, maximum injection

pressure of 68 bar, cycle time of 30 seconds, and nozzle temperature of 230 °C. To define the open
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100 microchannel architecture, a pressure-sensitive adhesive (PSA) film (IS08820, IS Solution), was e <5 aos;
101  applied to the bottom surface of each chip. To improve surface wettability and support consistent
102 hydrogel patterning, the chips were treated with air plasma (PS-100, PLASOL, Korea) at 75 W for 3

103 minutes prior to use. This streamlined manufacturing process enabled scalable production of TSA-

104 Chips with high reproducibility, structural uniformity, and compatibility with automated analysis.
105  2.3. Cell Preparation

106 To establish a perfusable TME, three human cell types were used: human umbilical vein
107  endothelial cells (HUVECS), human lung fibroblasts (LFs), and CRC cells (HCT-116). HUVECs and
108  LFs were purchased from Lonza (Basel, Switzerland) and cultured according to the manufacturer’s
109  protocols in Endothelial Growth Medium-2 (EGM-2) and Fibroblast Growth Medium-2 (FGM-2),
110  respectively. HUVECs were used at passages 4—6, and LFs at passages 6-8. HCT-116 cells (colorectal
111 carcinoma, ATCC® CCL-247™) were maintained in Dulbecco’s Modified Eagle Medium (DMEM;
112 Gibco) supplemented with 10% fetal bovine serum (FBS; Gibco) and 100 U/mL penicillin—
113 streptomycin (Gibco). All cells were incubated at 37 °C in a humidified atmosphere containing 5 %

114  CO, and were subcultured every 2-3 days. Cells were recollected for use in OoC upon reaching 80—

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

115 90 % confluency to ensure optimal viability and performance.

Open Access Article. Published on 23 December 2025. Downloaded on 12/24/2025 6:07:31 PM.

116  2.4. Multicellular Tumor Spheroid Formation

(cc)

117 Multicellular tumor spheroids were generated using HCT-116 CRC cells, LFs, and HUVECs.
118  HCT-116 cells were resuspended in StemFIT 3D hydrogel medium (Fitton, Korea), which promotes
119  uniform spheroid formation under non-adherent conditions. A total of 0.9 x 10° HCT-116 cells in 1 mL
120 suspension was seeded into each well of a low-attachment plate and incubated at 37 °C with 5 % CO,
121 for 24 hours. Following initial spheroid formation, the medium was gently removed and replaced with
122 asuspension of LFs (0.3 x 10° cells per well). The plate was incubated for an additional 24 hours to
123 allow stromal cells to incorporate around the tumor spheroids. Subsequently, HUVECs were added at
124 atotal density of 1.0 x 10° cells, corresponding to 0.3 x 10° cells per well, and co-cultured for another

125 24 hours to establish vascular association. The resulting multicellular tumor spheroids consisted of

7
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cancer cells, fibroblasts, and endothelial cells organized in a layered architecture. Spheroids were geiitlys 7055

harvested and transferred into the pre-conditioned microfluidic chips for subsequent experiments.

2.5. Reconstruction of 3D Perfusable TME

To reconstruct a perfusable TME, multicellular tumor spheroids were embedded within the
central channel of the TSA-Chip along with HUVECs, LFs, and a fibrin-based hydrogel. The hydrogel
was prepared by mixing fibrinogen (12 mg/mL; Sigma-Aldrich) with aprotinin (0.15 U/mL; Sigma-
Aldrich) at a volume ratio of 250:40, yielding a final fibrinogen concentration of 3.0 mg/mL. A total
volume of 7.5 pL of this hydrogel mixture containing HUVECs (6 x 10° cells/mL), LFs (2 x 10°
cells/mL), and pre-formed multicellular spheroids was introduced into the central channel. Thrombin
(1 U/mL; Sigma-Aldrich) was added immediately before loading to initiate fibrin polymerization. On
day 2 of culture, 30 uL of HUVEC suspension was injected into each side channel through designated
inlets to promote endothelial lining along the hydrogel interface. To establish hydrostatic flow, culture
medium was added to the reservoirs, and a physiologically relevant interstitial flow was generated by

adjusting the relative height difference between inlet and outlet wells.

2.6. Bead Assay for Perfusability

The perfusability of the 3D TME model was evaluated on day 6 using a fluorescent microbead
assay. Fluorescent polystyrene microbeads (2.0 um diameter) were suspended in cell culture medium
and introduced into the inlet reservoir of the TSA-Chip. Real-time tracking of bead movement through
the vascular network was performed using confocal laser scanning microscopy. Beads were observed
migrating from the inlet toward the central tumor region, following vessel-like paths formed within the
hydrogel. Z-stack fluorescence imaging confirmed that microbeads localized within the luminal space

of the vascular structures, indicating the presence of open and interconnected channels.

2.7. Permeability Assay

To evaluate endothelial barrier integrity and vascular permeability, a fluorescence-based assay

was performed using fluorescein isothiocyanate (FITC)-conjugated dextran (20 kDa; Sigma Aldrich).

8
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151 Prior to tracer introduction, all medium reservoirs were carefully aspirated to remove residpal flyidsand<s >ios
152 establish consistent flow conditions. A total of 50 uL of FITC-dextran solution was introduced into the
153  inlet reservoir adjacent to the hydrogel region to generate directional flow across the endothelial
154  interface. Time-lapse fluorescence imaging was conducted using a confocal microscope (Eclipse Ti2;
155  Nikon, Japan) under incubated conditions to maintain cellular viability and junctional stability. Images
156  were acquired every 15 seconds over a 3-minute interval, focusing on both the vascularized hydrogel
157  region and the adjoining cellular boundaries. Fluorescence intensity was quantified using Imagel

158  software (NIH, USA). The permeability coefficient was calculated based on the rate of FITC-dextran

159  diffusion across the endothelium, following a previously described method™.
160  2.8. Drug Treatment

161 The therapeutic response of the perfusable TME model was assessed following treatment with
162 5-FU-Lip (100 uM) and ramucirumab (Cyramza™; 10 uM). Drug administration was initiated on day
163 4 of on-chip culture and maintained for 24 hours. For the monoclonal antibody group, ramucirumab
164  was diluted in EGM-2 to a final concentration of 10 uM and added to the media reservoirs. For the

165  chemotherapeutic group, 5-FU-Lip was also prepared in EGM-2 at 100 uM and introduced via the same

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

166  method. All devices were maintained under standard culture conditions (37 °C, 5% CO,) throughout

167  the treatment period.

Open Access Article. Published on 23 December 2025. Downloaded on 12/24/2025 6:07:31 PM.
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168  2.9. Immunostaining

169 For immunofluorescence analysis, cells within the TSA-Chip were fixed with 4% (w/v)
170  paraformaldehyde in PBS for 15 minutes at room temperature. Following fixation, samples were
171  permeabilized with 0.2% (v/v) Triton X-100 in PBS for 20 minutes to allow antibody penetration. To
172 minimize nonspecific binding, blocking was performed using 1% bovine serum albumin in PBS for 1
173 hour at room temperature. Primary staining was conducted using Alexa Fluor 594—conjugated anti-
174  CD31 antibody (1:200 dilution), Alexa Fluor 594—conjugated anti-CD326 (EpCAM) antibody (1:200
175  dilution), and DAPI (1:1000 dilution) for nuclear visualization. All staining solutions were prepared in
176  blocking buffer. Confocal fluorescence imaging was carried out using a spinning disk confocal

9
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microscope (CQI, Yokogawa) to acquire high-resolution z-stack images, enabling visyalizatiofiy 6f<; 7055

vascular networks and tumor spheroids within the microfluidic device.

2.10. Quantitative Image Analysis

Confocal microscopy images were analyzed using ImageJ and custom image processing
pipelines to quantify spheroid morphology and viability. Z-stack images were projected along the Z-
axis using the maximum intensity projection method to generate 2D representations for analysis. Due
to variability in spheroid morphology and contrast, pre-processing steps were applied to improve
segmentation accuracy. These included histogram equalization and signal normalization, implemented
using Python (version 3.7) and the OpenCV image processing library. Spheroid contours were extracted
from the processed images to define regions of interest. Within each identified region, green
fluorescence intensity corresponding to EpCAM staining was quantified to determine total spheroid
area. Red fluorescence from propidium iodide staining was used to identify non-viable regions. These
measurements were used to calculate spheroid size and relative viability for each condition. All
quantified data were analyzed using GraphPad Prism (version 9). Spheroid area and viability were
statistically compared across treatment groups to assess drug efficacy under different experimental

conditions.

2.11. Statistical Analysis

All quantitative data were analyzed and visualized using GraphPad Prism (GraphPad Software,
USA). Results are presented as mean values with standard error of the mean. Statistical comparisons
between groups were performed using unpaired two-tailed t-tests. Significance levels were denoted as
follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Differences without statistical
significance were indicated as not significant (ns). The value “n” means number of individual chips

used for each experimental group, with each chip containing one independently cultured tumor

spheroid and its associated vascular network.

10
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202 3. Results DO 10.1039/D5LC00895)
203  3.1. Development of the TSA-Chip for Functional Modeling of Liposomal Drug Delivery

204 To enable physiologically relevant drug evaluation in a perfusable TME, we developed the
205  TSA-Chip—a microfluidic platform that integrates tumor spheroids with self-assembled vasculature in
206  a high-throughput format. As shown in Fig. 1A, the TSA-Chip comprises eight independent
207  microfluidic units, each featuring a central gel region flanked by two media channels. The design allows
208  for sequential loading process: (1) multicellular tumor spheroids co-embedded with HUVECs and LFs
209  in a fibrin gel; and (2, 3) EC suspensions injected into both side channels to form endothelialized
210  interfaces with the hydrogel. This configuration enables angiogenic sprouting from EC-lined channels
211  into the fibrin matrix, allowing continuous perfusion and direct media exchange throughout the culture
212 period. Following gel polymerization, tumor spheroids are spatially confined within the central matrix,
213 while the adjacent ECs self-organize into lumenized microvessels. The open-channel architecture
214 facilitates spatiotemporal control of hydrostatic flow and enables direct administration of therapeutic
215  agents through the media reservoirs, thereby mimicking systemic drug delivery routes observed in vivo.

216 The conceptual design for functional drug transport is illustrated in Fig. 1B. Liposomes

217  introduced through the endothelialized channels are designed to travel along the lumenized

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

218  microvessels and access vascular gaps near the tumor region in a manner consistent with the

Open Access Article. Published on 23 December 2025. Downloaded on 12/24/2025 6:07:31 PM.

219  EPR effect. After reaching this region, the released 5-FU is expected to induce localized

(cc)

220  cytotoxic stress and reduce angiogenic activity. This schematic outlines the functional
221  principles that the TSA-Chip is built to support and provides a conceptual link between the

222 platform structure described above and the therapeutic analyses presented in later sections.

223

224 3.2. Perfusable Vascular Networks Enable Physiological Transport in the TSA-Chip
225 To establish a functional and perfusable TME, we optimized microvascular network formation
226  within the TSA-Chip by embedding tumor spheroids, HUVECs and LFs. HUVECs were additionally

227  seeded into the adjacent media channels to promote endothelial lining along the gel interface, which

11
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promoted the development of interconnected, lumenized microvessels capable of physiologieal s uss

transport. To determine optimal stromal conditions, LF density was systematically varied from 1.0 to
6.0 x 10° cells/mL while maintaining the HUVEC density at 6.0 x 10° cells/mL. As shown in Fig. 2A,
increasing LF concentrations enhanced vessel formation in a dose-dependent manner. At densities >
3.0 x 10°cells/mL, we observed denser vascular networks and increased complexity; however,
excessive fibroblast proliferation at higher concentrations impaired spatial organization. An
intermediate LF density of 2.0 x 10° cells/mL yielded the most balanced outcome—supporting robust
sprouting, vessel branching, and lumen formation—without fibroblast overgrowth. This condition was

therefore selected for all subsequent experiments.

Under these optimized conditions, interconnected endothelial networks formed within 4 days
of culture. As shown in Fig. 2B(i), HUVECs seeded in the side channels established endothelialized
interfaces that integrated with the central fibrin matrix, enabling media perfusion across the tumor
compartment. Tumor spheroids became surrounded by dense microvascular networks, recapitulating
the spatial arrangement of tumor-vascular network in vivo. 3D reconstruction of the tumor-vessel
interface revealed that CRC spheroids (EpCAM-labeled; red fluorescence) were embedded within and
enveloped by vascular structures (lectin-stained; green fluorescence), forming a continuous and
perfusable TME (Fig. 2B(ii)). Z-stack-based intensity profiling confirmed co-localization of vascular
and tumor signals throughout the matrix depth (Fig. 2B(iii)), validating that the engineered vasculature

penetrated the spheroid region and provided effective transport access.

These results demonstrate that the TSA-Chip reliably supports the formation of
physiologically relevant vascular networks under optimized co-culture conditions. The established
architecture enables direct perfusion and sustained media exchange, providing a reproducible platform

for studying drug transport, delivery efficiency, and therapeutic responses in a biomimetic TME.

3.3 Integration of Multicellular Tumor Spheroids and Characterization of 5-FU-Loaded
Liposomes

12
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254 To assess liposome-based drug delivery within a perfusable TME, we first characterizeth e s
255  physicochemical properties of 5-fluorouracil-loaded liposomes (5-FU-Lip) and subsequently integrated
256  the formulation into a multicellular tumor spheroid model using the TSA-Chip platform (Fig. 3A). The

257  liposomes were synthesized via the thin-film hydration method and purified by dialysis to remove

258  unencapsulated drug.

259 Dynamic light scattering (DLS) analysis revealed a reduction in average hydrodynamic
260  diameter from 153.6 = 10.4 nm (pre-dialysis) to 123.5+29.2 nm (post-dialysis), suggesting successful
261  removal of free 5-Fu and stabilization of liposome size distribution (Fig. 3B). The polydispersity index
262  (PDI) decreased by 22.2 % following dialysis (Fig. 3C), indicating enhanced monodispersity. UV—
263  visible absorbance spectra confirmed 5-FU encapsulation, as evidenced by a characteristic absorption
264  peak near 266 nm (Fig. 3D). Comparison of size distribution profiles between empty liposomes and
265  drug-loaded formulations demonstrated no peak broadening or aggregation upon 5-FU loading (Fig.
266  3E). Furthermore, pre- and post-dialysis profiles of 5-FU-Lip indicated a slight reduction in particle
267  size with preserved monodispersity, confirming that the purification process did not compromise

268  nanoparticle integrity (Fig. 3F).3¢

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

269 The encapsulation efficiency (EE) was calculated using absorbance values at 266 nm before

270  and after dialysis, with EE (%) = (A4 /A;) x 100, where A; and A4 represent the total and retained 5-FU
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271  content, respectively. The resulting EE was 34.9 %, which is slightly higher than values typically

(cc)

272  reported for passively loaded 5-FU (< 30%), given its high aqueous solubility and low lipid bilayer
273 affinity3”-3%. These results validate the physicochemical suitability of the liposomal formulation for use

274  in microphysiological models *.

275 After liposomes characterization, CRC multicellular spheroids were formed by co-culturing
276  tumors with fibroblasts and endothelial cells and subsequently embedded in a 3D fibrin matrix within
277  the TSA-Chip under hydrostatic flow conditions. Vascularization was induced over two days (Day 1-
278  2), and 5-FU-Lip was administered daily from Day 3 to Day 5 under perfusion-based delivery. Live-

279  cell imaging confirmed that spheroids retained their structure and remained well-positioned within the
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chip throughout the treatment period (Day 1 to Day 4), supporting the feasibility of long-term yaskiilat
co-culture (Fig. 3G). The TSA-Chip, though not designed to replicate systemic pharmacokinetics,
enables physiologically relevant evaluation of nanoparticle transport and localized delivery by
combining vascular perfusion, interstitial flow, and dynamic drug exposure. This Model facilitates
functional assessment of nanomedicines, including size-dependent retention and therapeutic effects,

under biomimetic flow conditions relevant to tumor-targeted therapies.

3.4. Liposomal 5-FU Preserves Vascular Function and Demonstrates EPR-like Accumulation in

the Perfusable TSA-Chip

To evaluate tumor-selective accumulation and therapeutic effects of 5-FU-Lip, we employed
the perfusable TSA-Chip that recapitulates dynamic tumor—vasculature interactions under hydrostatic
flow. While the EPR effect is typically observed in vivo due to vascular leakage and impaired drainage,
our in vitro model was designed to emulate its essential mechanisms through continuous perfusion,
microvascular co-culture, and nanoparticle delivery. To visualize drug carrier distribution, Dil-labeled
liposomes (drug-free) were administered to both 2D monolayers and TSA-Chips and tracked for 72
hours. In 2D models, liposomes rapidly diffused and accumulated uniformly across the cancer cell layer,
whereas in the TSA-Chip, liposome uptake was spatially confined and temporally delayed, localizing
specifically around the tumor spheroid (Fig. 4A—B). This accumulation pattern mimics the EPR effect

under in vitro conditions.

To determine whether this behavior was tumor-specific, we compared fluorescence signals in
tumor-free (Tumor—) and tumor-bearing (Tumor+) TSA-Chips. Only Tumor+ chips exhibited
appreciable peritumoral fluorescence after 48 hours (Fig. 4C), confirming that tumor presence

facilitates selective liposome retention, as expected from EPR-like dynamics.

We next evaluated the cytotoxic impact of 5-FU-Lip across platforms. Three conditions—

control, vehicle (empty liposomes), and 5-FU-Lip (10 uM)—were tested in 2D, 3D spheroids, and
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305  TSA-Chips using Live/Dead staining (Fig. 4D). Cell viability quantification revealed that SiEUSTP<S s
306  induced significant cytotoxicity in conventional models, but preserved higher viability in TSA-Chips,

307  indicating reduced off-target toxicity under perfused conditions (Fig. 4E). Moreover, cytotoxic effects

308  inthe TSA-Chip were primarily confined to the peritumoral region.

309 To further explore structural remodeling, confocal imaging was conducted to visualize the
310  vascular network surrounding tumor spheroids after treatment. Control and vehicle groups maintained
311  dense peritumoral vasculature, while 5-FU-Lip treatment led to noticeable pruning or regression of
312 vessels near the tumor (Fig. 4F). This structural effect was quantitatively confirmed by line intensity
313 analysis, which revealed a marked reduction in vascular signal around spheroids only in the 5-FU-Lip

314  group (Fig. 4G), consistent with spatially selective vascular disruption.

315 To functionally assess vascular integrity, we performed a FITC-Dextran permeability assay
316 (20 kDa) (Fig. 4H-T). Tumor-bearing TSA-Chips showed increased permeability compared to tumor-
317  free controls, indicative of tumor-induced leakiness. Remarkably, 5-FU-Lip treatment restored barrier
318  function in a dose-dependent manner. At 10 uM, permeability was reduced to levels comparable with

319  tumor-free chips, and further decreased at 100 uM, suggesting partial normalization of the tumor-

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

320  associated endothelium. Together, these results highlight the capability of the TSA-Chip to model the

321  spatiotemporal dynamics of nanocarrier delivery and therapeutic outcomes. Liposomal 5-FU

Open Access Article. Published on 23 December 2025. Downloaded on 12/24/2025 6:07:31 PM.

322  demonstrated EPR-like accumulation, peritumoral cytotoxicity, and vascular remodeling, while

(cc)

323 preserving systemic vessel function. This dual performance—localized efficacy with vascular
324  sparing—demonstrates the translational relevance of TSA-Chip platforms in evaluating tumor-targeted

325 nanomedicine.

326

327  3.5. Liposomal Combination Therapy Enhances Tumor Suppression While Preserving Vascular
328  Integrity in the Perfusable TSA-Chip
329 To assess the efficacy of single and combination anticancer drug regimens under biomimetic

330  flow conditions, we applied both free and liposomal formulations of 5-FU, with or without the VEGFR-
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2 antagonist ramucirumab, in the TSA-Chip platform. Ramucirumab is a monoclonal anfibody ithat<s o

inhibits endothelial development by blocking VEGFR-2 activation by VEGF-A, VEGF-C, and VEGF-
D%, Because VEGFR-2 is predominantly expressed in nascent vessesls, ramucirumab selectively
suppresses tumor-induced angiogenesis while sparing mature, quiescent vasculature. In contrast, 5-FU
is a cytotoxic antimetabolite that disrupts DNA synthesis in proliferating tumor and endothelial cells.

5-FU-Lip prolongs circulation time and leverages the EPR effect to promote tumor-selective delivery*!.

On day 4 of culture, drugs were perfused through the endothelialized chip channels and
maintained for 72 hours. Experimental groups included: untreated control (Fig. 5A), 5-FU monotherapy
(Fig. 5B), 5-FU-Lip monotherapy (Fig.5C), combination therapy with free 5-FU and ramucirumab

(Fig. 5D), and combination therapy with 5-FU-Lip and ramucirumab (Fig. 5E). Tumor spheroids were

visualized with EpCAM staining (magenta) and the surrounding vasculature with lectin staining (green).

A schematic summary of the drug formulations and mechanisms is provided in Fig. 5F. Monotherapy
with 5-FU (free form) reduced tumor spheroid size but caused some collateral vascular damage.
Ramucirumab alone disrupted neovascularization while preserving the existing vasculature. In contrast,
5-FU-Lip monotherapy produced a more confined and pronounced tumor suppression effect, while
maintaining surrounding vascular structure. The most substantial antitumor response was achieved with
the liposomal combination therapy (5-FU-Lip + ramucirumab), which resulted in both reduced tumor
diameter and suppressed angiogenic sprouting, indicating a synergistic interaction between the

cytotoxic and anti-angiogenic mechanisms.

Quantitative image analysis supported these observations. Tumor diameter significantly
decreased in the 5-FU-Lip monotherapy group compared to control (p < 0.05), with even greater
reduction in the liposomal combination group (p <0.001, Fig. 5G). Vascular coverage analysis revealed
a significant drop in endothelial area in the combination treatment groups, particularly with 5-FU-Lip
+ ramucirumab, which showed over 60 % reduction compared to control (p < 0.0001, Fig. 5H). In
contrast, combination therapy using free 5-FU did not yield significant improvements in tumor
suppression or vascular remodeling. To directly compare liposomal versus free drug formulations,
tumor size and vascular area were normalized to untreated controls. Liposomal monotherapy

16
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consistently outperformed free 5-FU in tumor suppression (p < 0.001, Fig. 5I), and this advanfdge<: "
persisted in the combination setting (p < 0.01). Vascular preservation was significantly higher with 5-

FU-Lip compared to its free form (p < 0.05, Fig. 5J), although no additional improvement was observed

when combined with ramucirumab.

These results demonstrate that liposomal 5-FU enhances therapeutic efficacy while
minimizing vascular damage, and that dual targeting with ramucirumab further reinforces tumor
suppression*>*3. The TSA-Chip enables spatially resolved, multiparametric analysis of drug effects on
tumor and vascular compartments, supporting its utility as a preclinical screening platform for

combination therapies in a perfusable tumor microenvironment.
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4. Discussion DOI: 10.1039/D5LC00893J

Advancing nanoparticle-based therapies requires physiologically relevant in vitro models that
recapitulate the structural and transport complexity of the TME. The TSA-Chip introduced in this study
integrates a perfusable microvascular network with engineered multicellular tumor spheroids to enable
spatiotemporally resolved, multiparametric evaluation of nanomedicine behavior under biomimetic
flow**. Compared to conventional spheroid-on-chip platforms*-47, the TSA-Chip incorporates three key
innovations that enhance its utility for translational drug screening. First, the tumor spheroids are
engineered through concentric co-assembly of CRC epithelial cells, fibroblasts, and endothelial cells,
forming a spatially organized construct that better reflects the stromal architecture and tumor-vascular
interface. This design enables biologically relevant crosstalk and a more accurate assessment of
nanocarrier penetration and microenvironmental remodeling than passive aggregation approaches.
Second, this study applies the platform to evaluate liposomal nanocarrier transport, accumulation, and
therapeutic impact—a relatively underexplored area in dynamic TME models. Using Dil-labeled
liposomes, we observed delayed but tumor-selective accumulation in the TSA-Chip, demonstrating
EPR-like behavior that was absent in 2D cultures and tumor-free controls. Encapsulation of 5-FU into
liposomes resulted in peritumoral cytotoxicity and vascular preservation, highlighting the ability of
liposomal delivery to achieve localized therapeutic effects while maintaining systemic vessel function.
Confocal imaging further revealed selective pruning of peritumoral vasculature, a process not detectable
in static models. These findings emphasize the importance of vascular perfusion in modeling
nanoparticle behavior and tumor—vascular interactions®. Third, the platform accommodates
combination therapy evaluation, integrating 5-FU with ramucirumab, an anti-angiogenic agent. The
combination produced synergistic effects, characterized by enhanced tumor suppression and
suppression of endothelial expansion, supporting the TSA-Chip’s capacity to dissect multi-drug

mechanisms and optimize scheduling strategies relevant to clinical regimens*® 4.

The perfusion offered by the TSA-Chip plays a pivotal role in recapitulating physiological
transport and retention’” 3!, which static models inherently lack. Real-time imaging of fluorescent

nanoparticle accumulation, tumor viability, and vascular dynamics under flow allows for high-
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394 resolution mapping of drug delivery kinetics and treatment response. This is particularly crjtical Whefi<s %S
395  evaluating agents that rely on temporal coordination, such as those inducing vascular normalization
396  followed by cytotoxic delivery>?. The platform’s side-channel-based loading architecture enables

397  reproducible multi-spheroid culture while maintaining spatial resolution for region-specific analysis,

398  making it adaptable to both mechanistic studies and medium-throughput screening.

399 Importantly, the system distinguishes tumor-targeted cytotoxicity from off-target vascular
400  effects, a longstanding challenge in preclinical drug evaluation. The ability to observe peritumoral drug
401 retention, functional barrier restoration, and localized vessel remodeling enables more accurate
402  predictions of in vivo performance and therapeutic index. Moreover, the differential response profiles
403  observed across free drug, liposomal formulations, and combination therapies demonstrate the TSA-
404  Chip’s capacity for mechanism-specific efficacy deconvolution. The TSA-Chip advances the current
405  state of microphysiological tumor models by integrating vascular perfusion, tumor architecture, and
406  nanoparticle tracking into a single, scalable platform. It supports high-content, flow-relevant analysis
407  of nanocarrier distribution, therapeutic selectivity, and combination outcomes—positioning it as a

408  powerful tool for precision nanomedicine development and translational oncology research.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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5. Conclusions DOI: 10.1039/D5LC00893J

This study introduces a perfusable tumor spheroid assay chip (TSA-Chip) that enables high-content
evaluation of nanocarrier-based cancer therapies within a biomimetic 3D microenvironment. By
integrating engineered tumor spheroids with perfused vascular networks, the TSA-Chip supports
spatially resolved, real-time analysis of nanoparticle accumulation, therapeutic response, and vascular
remodeling under flow. Fluorescent liposome tracking revealed EPR-like tumor-selective accumulation,
which was absent in 2D or tumor-free controls. Liposomal 5-FU treatment induced localized
peritumoral cytotoxicity while preserving systemic vascular integrity, with confocal imaging and line
profiling confirming vessel pruning and partial barrier normalization. Furthermore, combination
treatment with ramucirumab produced synergistic tumor suppression and anti-angiogenic effects.
Compared to conventional static models, the TSA-Chip advances functionality by replicating
physiologic transport dynamics and enabling simultaneous monitoring of drug distribution, cytotoxicity,
and vessel response. These capabilities position the TSA-Chip as a robust and scalable tool for
translational oncology, facilitating precision nanomedicine screening and mechanism-driven

therapeutic development.
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A Tumor Spheroid Array Chip “TSA-Chip”
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Fig. 1. Design of the TSA-Chip and mechanism of liposomal drug delivery in a perfusable TME.

(A) Schematic of the TSA-Chip illustrating the sequential loading of tumor spheroids, fibroblasts (Fbs),

and endothelial cells (ECs) into a fibrin matrix to construct a perfusable 3D TME. The chip supports

eight independent microfluidic samples per unit and allows for drug administration through

endothelialized channels. (B) Conceptual diagram of liposomal 5-FU delivery through the tumor-

associated vasculature. Liposomes accumulate at the tumor site via the EPR effect, enabling localized

drug release, cancer cell death, and anti-angiogenic effects.
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Fig. 2. Robust formation of perfusable vascular networks under optimized co-culture conditions
in the TSA-Chip. (A) Fluorescence images showing perfusable vascular network. Vessels were labeled
with lectin (green), and LFs were visualized with a red cell tracker. White dashed boxes indicate regions
shown at higher magnification. Scale bars: 300 pm. (B-i) Confocal image of the perfusable TME at day
4, showing endothelialized side channels and tumor spheroid (red, EpCAM) embedded in a vascularized
fibrin matrix (green, lectin). Scale bar: 200 pm. (B-ii) 3D reconstruction illustrating spatial organization
of a tumor spheroid (red) within surrounding vascular networks (green). (B-iii) Depth-resolved intensity
profiles showing accumulated fluorescence signal (top), vascular distribution (middle), and tumor

spheroid localization (bottom) along the z-axis.
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Fig. 3 Characterlzatlon of liposomal 5-FU and its application in a perfusable TSA- Chlp for
tumor-targeted therapy. (A) Experimental timeline illustrating the formation of multicellular tumor
spheroids (Day —3 to Day 0), vascularization within the TSA-Chip (Day 1-2), and initiation of
liposomal drug administration (Day 3—5). Representative confocal images show tumor spheroid without
(left) or with fibroblast and endothelial cell coating (right); CD31 (green), EpCAM (red), and DAPI
(blue). Liposomal 5-FU was administered daily under perfusion-based drug transport conditions. (B)
Hydrodynamic diameter of liposome formulations (empty, pre-dialysis, and post-dialysis) measured by
DLS. (C) Polydispersity index (PDI) of liposomes showing improved monodispersity after dialysis. (D)
UV-visible spectra confirming successful 5-FU encapsulation with a characteristic absorbance peak
near 266 nm. (E) Comparison of size distributions between empty liposomes and 5-FU-Lip (post-
dialysis), showing no structural disruption after drug loading. (F) Size distribution of 5-FU-Lip before
and after dialysis, indicating removal of unencapsulated drug without compromising nanoparticle
stability. (G) Bright-field images showing stable positioning and morphology of tumor spheroids co-
cultured with vasculature in the TSA-Chip over four days. Red arrowheads indicate spheroid locations.

Scale bars: 300 pum.
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Fig. 4. Visualization of EPR-like accumulation, peritumoral cytotoxicity, and vascular

remodeling induced by liposomal 5-FU in the TSA-Chip. (A) Time-lapse fluorescence imaging of

Dil-labeled liposomes perfused into 2D monolayers and 3D TSA-Chips over 72 hours. Liposomes

accumulated in 2D cultures, whereas spatially confined and delayed accumulation was observed around

tumor spheroids in the TSA-Chip. Yellow dashed circles indicate spheroid positions. (B) Quantification

of fluorescence intensity over time, demonstrating enhanced peritumoral retention in the TSA-Chip
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compared to uniform uptake in 2D cultures. (C) Tumor-specific liposome accumulation, assessed By 7os;
comparing tumor-free (Tumor—) and tumor-bearing (Tumor+) TSA-Chips. Accumulation was observed
only in the presence of tumor spheroids after 48 hours, confirming EPR-like, tumor-selective delivery.
(D) Live/Dead fluorescence staining showing treatment-induced cytotoxicity in 2D, 3D spheroids, and
3D TSA-Chips under three conditions: control, vehicle (empty liposomes), and 5-FU-Lip (10 uM).
Scale bars: 200 um (E) Quantitative analysis of cell viability across all platforms. TSA-Chip showed
higher viability under 5-FU-Lip treatment compared to conventional models, indicating reduced off-
target toxicity under perfusion. (F) Confocal imaging of vascular networks (green) and tumor spheroids
(magenta) after 48 hours of treatment. Control and vehicle groups maintained dense peritumoral
vasculature, while 5-FU—Lip treatment resulted in peritumoral vessel pruning. (G) Line intensity
profiles across vascular and tumor regions extracted from panel F. A marked reduction in peritumoral
vascular signal is observed in the 5-FU—Lip group, indicating spatially selective vessel remodeling. (H)
Schematic illustration of the TSA-Chip perfusion setup and FITC-Dextran leakage assay to evaluate
barrier function. (I) Quantified permeability coefficients showing elevated leakage in tumor-bearing
chips, which was significantly reduced by 5-FU-Lip treatment in a dose-dependent manner. Scale bars:

200 pm. *p < 0.05, **p < 0.01.
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605  Fig. 5. Liposomal combination therapy enhances tumor suppression while preserving vascular

606  integrity in the TSA-Chip. (A—E) Confocal fluorescence images showing tumor spheroids (magenta,
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607 EpCAM) and endothelial networks (green, lectin) after treatment in the TSA-Chip. (A) Untreated
608  control. (B) 5-FU monotherapy (100 uM, free form). (C) 5-FU-Lip monotherapy. (D) Combination
609  therapy with free 5-FU and ramucirumab (10 uM). (E) Combination therapy with 5-FU-Lip and
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610  ramucirumab. Yellow dashed boxes indicate representative tumor—vessel regions. Scale bars: 300 um.
611 (F) Ramucirumab monotherapy. (G—-J) Quantitative image analysis comparing treatment responses
612  across groups. (G) Tumor diameter. (H) Normalized vascular area. (I) Relative tumor diameter
613  normalized to control. (J) Relative vascular area normalized to control. Liposomal groups include 5-
614  FU-Lip and 5-FU-Lip + ramucirumab; liposome-free groups include 5-FU and 5-FU + ramucirumab.
615  Data are presented as mean + SD (n = 4 chips). Statistical analysis was performed using unpaired two-

616 tailed t-tests. *p < 0.05; **p < 0.01; ***p <0.001; ****p <0.0001; ns, not significant.
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