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Abstract. 3D cancer spheroids represent a highly promising model for study of

cancer progression and therapeutic development. Wide-scale adoption of cancer

spheroids, however, remains a challenge due to the lack of control over hypoxic

gradients that may cloud the assessment of cell morphology and drug response. Here,

we present a Microwell Flow Device (MFD) that generates in-well laminar flow around

3D tissues via repetitive tissue sedimentation. Using a prostate cancer cell line, we

demonstrate the spheroids in the MFD exhibit improved cell growth, reduced necrotic

core formation, enhanced cellular structure, and down-regulated expression of cell

stress genes. The flow-cultured spheroids also exhibit an improved sensitivity to

chemotherapy with greater transcriptional response. These results demonstrate how

fluidic stimuli reveal the cellular phenotype previously impacted by severe hypoxia.

Our platform advances 3D cellular models and enables study into hypoxia modulation,

cancer metabolism, and drug screening within pathophysiologically relevant conditions.
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1. Introduction

3D cancer spheroids are valuable in vitro models that have been extensively used in

both fundamental research and industrial settings, ranging from precision medicine

and drug development to cellular therapies [1, 2]. For example, analysis of cellular

growth and migration in in vitro cancer spheroids has revealed mechanistic pathways

underlying invasive tumor development and metastasis [3, 4]. Studies of multicellular

cancer spheroids have also shown that cellular cross-talk plays a role in tumor growth

and tumor-mediated immune suppression [5, 6, 7, 8]. More importantly, reconstructing

the native 3D architecture has led to greater therapeutic insight into radio- and chemo-

sensitivity generated by limited drug penetration and reduced cellular proliferation

[9, 10]. In these studies, the 3D spheroids better recapitulate the cell-cell and cell-matrix

interactions within tumors compared to traditional 2D monolayer culture. [11, 12, 13].

These interactions closely mimic the complex physical cues found in native tissues and, in

turn, lead to in vivo-like gene expression profiles and drug responses [14, 15, 16, 17, 18].

Despite such an improved reconstruction of the tumor microenvironment, there is

still a substantial discrepancy between 3D culture and primary tumors. A fundamental

limitation to 3D spheroids is the development of steep oxygen and metabolite gradients

within spheroid cores, leading to necrosis [19, 20, 21]. Solute transport within avascular

tissues typically relies on passive diffusion, which restricts nutrient exchange to cells

beyond the oxygen diffusion limit of ∼100-200 µm [22, 23]. While a well-controlled

hypoxic condition in in vitro models can be useful to study limited tumor growth,

hypoxia-induced cell invasion, drug resistance development, and cellular adaptations

to oxidative stress [24, 25, 26, 27], conventional 3D spheroid systems usually exhibit

overly severe and physiologically irrelevant levels of necrosis, causing a strongly biased

understanding of therapeutic efficacy for three major reasons [28]. First, the sizeable

necrosis in large spheroids impacts many essential cellular processes such as the

penetration, binding, and bioactivity of therapeutic drugs and drug candidates [29, 30].

Second, most in vivo hypoxic conditions are transient, whereas the hypoxic condition

in spheroids continuously worsens as the sample grows [19]. Lastly, variations in cell

packing and necrotic core size can dominate over cell-specific responses and challenge

high-throughput screening accuracy [31, 32]. Identifying solutions for precise control

over hypoxic gradients and necrotic formation would greatly improve physiological and

clinical relevance in tumor spheroids.

Here, we address challenges of hypoxia-induced necrosis in 3D prostate cancer

(PCa) spheroids by developing a fluidic system, the Microwell Flow Device (MFD), that

generates laminar flow around spheroids in individual microwells. As demonstrated in

other flow culture methods, such as microfluidic devices, bioreactors, and spinner flasks,

the external flow can effectively promote intra-tissue transport of oxygen, nutrients, and

metabolic wastes [33, 34, 35]. By engineering a gas-permeable and liquid-retaining lid,

our MFD repeats 180-degree flipping motion that continually re-suspends spheroids,

creating a sustained external flow field through repeated sedimentation caused by
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natural density differences (∼ 10%) between biological tissue and surrounding media.

Furthermore, the design of the MFD addresses longstanding challenges of 3D flow

culture; in particular, bioreactors and spinner flasks usually demand large quantities of

media, generate non-uniform shear stress, and prohibit culture of independent replicates,

whereas microfluidic systems require cumbersome fabrication and operation procedures

[36, 37]. Our improved and simplified platform is able to administer physiological

fluidic stimuli while maintaining throughput and reproducibility of individual replicates.

To demonstrate the utility of the MFD culture platform, we generated large (4k

cells/well) spheroid models from the Lymph Node Carcinoma of the Prostate (LNCaP)

cell line. Large spheroids achieve better physiological relevance in terms of growth,

cell function, and drug responses, but have been underutilized in in vitro studies due

to challenges in viability and long-term growth [38, 39]. We investigate that LNCaP

spheroids in the MFD exhibit reduced necrosis and hypoxic stress and maintain cellular

structural integrity throughout the spheroid. Modulation of hypoxia in 3D cell culture

using the MFD can provide a complimentary model to standard protocols and aid in

understanding longitudinal tissue development and drug response dynamics in large

(> 1mm) spheroids. Such a dynamic growth environment can prevent the development

of toxic, irreversible oxygen gradients which may mask important cell phenotypes [11].

Results

Design of a Microwell Flow Device for Individual, Laminar Flow Culture of Spheroids

To facilitate solute transport in the LNCaP tissues, we designed the MFD to provide

uniform shear stress based on spheroid sedimentation. The system is designed to work

with commercial well plates and is composed of a custom lid and clamp mechanism that

is periodically and consistently rotated by a single stepper motor 180 degrees (Figures 1a

and S1). The custom lid is formed by a rigid outer shell, rubber padding, and a 150µm-

thick Polydimethylsiloxane (PDMS) membrane (Figure 1b). PDMS is a widely-used

silicon-based material that is bio-compatible and simple to fabricate [40] (see Figure S2

for fabrication process). Through its porous structure, the PDMS facilitates this flipping

motion by simultaneously retaining liquid and allowing gas exchange to the media. The

rate of gas exchange is thickness-dependent, and is comparable to the rate of exchange

in an open-diffusion plastic lid (Figures 1c and S3).

Additionally, the MFD addresses limitations of conventional fluidic systems.

Compared to a standard 125ml spinner flask or bioreactor, each well in a 96-well plate

requires a maximum of 350 µl of media, which is approximately a 3.5-fold reduction in

total media consumption. The elimination of mechanical stirrers and tubing resolves

unwanted fluidic shear stress gradients, decreases damaging cellular collisions, and

reduces labor-intensive culture maintenance [41, 42, 43]. Moreover, by seeding each

spheroid in its own well, the samples may be kept biologically independent, providing

enhanced statistics and throughput for assays. Using computational fluid dynamics and
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Figure 1: Microwell fluidic device (MFD) for reducing hypoxic stress in 3D

tissues.
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Figure 1: a Major components of the MFD include a stepper motor, clamp assembly,

and mechanical support. b Schematic of the custom clamp design. The custom lid

features rubber padding and a 150 µm PDMS membrane to facilitate gas exchange while

retaining media. The lid and plate are secured by a 3D printed clamp with 10 exterior

screws. c Schematic of spheroid motion and gas exchange through the PDMS membrane

in individual wells. d Timeline of spheroid and 2D monolayer culture. 2D LNCaP

cells are grown until 80-100% confluent over ∼4 days. 3D spheroids are aggregated

in 96 v-bottom plates for three days and cultured in flow or static conditions until

D7. e Spheroids are imaged every 2-3 days to quantify morphology changes. By D4,

brightfield microscopy images show evidence of a pronounced necrotic core in static

culture that is reduced or absent in flow culture. f-g Immmunofluorescent imaging

of Ki67 and clCASP3 reveals increased cellular proliferation and decreased apoptosis,

respectively, in 3DF samples. h From brightfield image analysis, spheroids in flow

culture grow significantly larger after two days and experience a faster growth rate than

static spheroids. i Measurements of the necrotic core to cross-sectional area ratio on D7

demonstrate a 30% mean reduction in the necrotic core in flow spheroids (static n = 96;

flow n = 73).

Stokesian analysis, we estimate a terminal superficial shear stress of∼0.16 dynes/cm2 for

a settling spheroid with radius 500µm (Figure S4), which is consistent with physiological

values, previous experiments, and experimental measurements [44].

To test how our flow culture device improves the phenotype of 3D human cancer

models, we generated spheroids using a metastatic prostate cancer cell line (LNCaP). In

brief, the spheroid samples were first generated by seeding 4k cells per well in v-bottom

plates to allow the cells to aggregate. After 3 days post-seeding (Day 0) we split the

samples into flow (3DF) and static (3DS) conditions and applied flow to the 3DF samples

using the MFD for 7 days (Figure 1d). Overall, the 3DF and 3DS samples demonstrate

substantially different growth and necrotic core formation (Figure 1e). Immunostaining

of Ki67, a marker of cell proliferation, and clCASP3, a marker of cell apoptosis, confirms

a strong accumulation of clCASP3 in the static spheroid cores that is largely reduced in

the flow samples (Figures 1f-g, Figure S6). Furthermore, the 3DF spheroids exhibited

an increased outer proliferative zone, consistent with previous spheroid studies [45, 46].

Measurement of the cross-sectional area validates the significant size differences between

the two conditions (Figure 1h). By Day 7, the 3DF spheroids had an average fold

increase of 1.5 compared to 3DS, demonstrating high consistency across 4 independent

runs (Figure S5). In addition, 3DS spheroids develop a necrotic core that occupies

roughly 50% of the total cross-sectional area on Day 7, which was reduced by 30% in

the 3DF sample on average (Figure 1i).

We then investigated the importance of continual flow culture by testing the re-

emergence of the necrotic core upon flow cessation. To do this, both flow and static

spheroids were transferred into static wells on D7 and stained with NucGreen and
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Figure 2: 24hr onset of acute hypoxia after stopping flow. a Timelapse of live and

dead staining for flow and static samples placed in static culture for 24 hours. The flow

sample develops a necrotic core starting from 18 hours in static culture. b Quantification

of dead cell area formation in flow to static spheroids validates the 18-hour timepoint

for the onset of acute ischemia.

NucBlue for live/dead imaging (Figures 2a, S7, and Video S1). At roughly 18 hours,

the flow-to-static spheroids began to show an increased dead cell quantity throughout

the sample core. This 18-hour onset of acute hypoxia was validated by quantifying the

dead cell population (Figure 2b). Within 24 hours after being placed in static culture,

the flow spheroids appeared visually similar to the static samples, effectively reverting

the hypooxia-free phenotype generated by flow.

Flow culture preserves cellular structure and behaviors in LNCaP spheroid cores

To further understand how the applied flow influences the spheroid structure and cellular

phenotype, we performed immunostaining of spheroids in both flow and static culture to

compare their corresponding morphological phenotypes (Figures 3a-e). We found that

the cells in 3DF samples exhibit larger nuclei with greater cell-cell separation compared

to the 3DS samples (Figures 3a, d-e). Furthermore, we found that in 3DS samples, only

the peripheral cell layers exhibit well-established intercellular junctions with locally

enriched E-cadherin (E-cad) expression, whereas the cells in the core show minimal

expression with weak local enrichment, indicating compromised intercellular adhesion

(Figures 3b-c). In contrast, we observed well-established E-cad junctions in 3DF samples

across the entire cross-section. Such a finding suggests that the flow culture uniformly

preserves the E-cad-mediated cell-cell interaction, which regulates many cancer-related

biological processes such as cell invasion and transdifferentiation [47]. In addition, both
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Figure 3: Immunofluorescent image quantification of 3D and 2D LNCaP

cultures. a Sectioned LNCaP spheroids immunostained for cellular filament

(ActinRed) and nucleus (Dapi). b-c Immunostained LNCaP sections of E-cadherin

(E-cad) illustrate cell boundaries. In the cortical areas (cor), flow and static samples

appear similar, with strong expression of E-cad present between cells. In the central

region (cen), flow maintains structural integrity of E-cad while cells in the static sample

experience a breakdown of cellular adhesion. d Quantification of distance between

neighboring nuclei (Fiji Image J) shows cells in the flow sample are more distant (flow

n = 50; static n = 50). e Cells in the flow sample additionally exhibit a larger

nuclear area (flow n = 275; static n = 268). Significance stars indicate p<0.001. f-

g Immunostaining of TUFM reveals a breakdown in mitochondrial distribution in 3DS

cen regions compared to the viable 3DS cor regions. 3DF cen and cor TUFM intensity

does not display a visible morphology contrast. h Quantification of TUFM intensity per

nucleus density. 5 regions of interest were analyzed in Image J in each of the cor and cen

regions for flow and static (n=2). The 3DS and 3DF samples exhibit a non-significant

cor intensity difference, and a significant (p<0.001) reduction in 3DS cen intensity.
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3DS and 3DF samples express lipid droplets, FASN, and vimentin (Figure S8), akin to

2D culture (Figure S9). Androgen receptor (AR) and prostate-specific antigen (PSA)

are also expressed in both 3D samples without significant difference (Figure S8).

We next characterized the mitochondrial morphology and distribution by

immunostaining of TUFM (Tu Translation Elongation Factor, Mitochondrial), a marker

of the mitochondrial inner membrane. Between the 3D spheroid cultures, we observed a

reduction of TUFM signal in the central area of the 3DS spheroids, whereas 3DF samples

exhibited a uniform intensity distribution (Figure 3f). Additionally, the mitochondrial

architecture appears spherical or fragmented, characteristic of proliferating cells, across

3DF and in the 3DS cortical region, in contrast to the 3DS central region (Figure 3g).

Quantification of the TUFM intensity per nucleus validates the similar mitochondria

densities in the 3DS and 3DF cortex versus the central mitochondria loss (p < 0.001)

in the 3DS samples (Figure 3h).

Flow culture restores hypoxia-induced transcriptional regulation in LNCaP spheroids

To understand the transcriptional response of spheroids under flow, we analyzed the

RNA expression level of 45 genes comprising markers of prostate cancer, metabolism,

cell viability, and hypoxia (Table S1). By analyzing D7 spheroids, we found that the

three culture conditions (i.e., 2DS, 3DS, and 3DF) formed distinct clusters, indicating

both the model dimensionality (i.e. 2D vs. 3D) and physiological stimulus (i.e. flow vs.

static) impose individual effects on the LNCaP cell behavior (Figure 4a). To highlight

the differential gene expression profile induced by the applied flow in the 3D conditions,

we generated a volcano plot by normalizing 3DF to 3DS (Figure 4b). Our analysis

showed that the flow significantly downregulates hypoxia markers CA9 and CXCR4

by more than 50%. We also observed upregulated expression of SLC1A5, a glutamine

transporter, and NDUFA8, a mitochondrial complex-I subunit, which are involved in

glutamine metabolism and oxidative phosphorylation [48, 49]. Moreover, we found an

inverse differential expression between ENO2, a neuroendocrine marker, and FOLH1,

the prostate-specific membrane antigen gene, which indicates a reduced neuroendocrine

phenotype in 3DF vs. 3DS [50]. Barcharts of the differential gene expression normalized

to the 2D control further illustrate how the gene expression under flow largely recovers

back to the baseline expression levels seen in 2D LNCaP models (Figure 4c, Figure S10).

These findings collectively suggest that the applied flow mitigates the hypoxia condition

and in turn impacts the metabolic and neuroendocrine-like phenotypes of LNCaP cells.

Flow-cultured spheroids enable precise modeling of cellular responses to Docetaxel

The improved phenotype of LNCaP cells in our 3D flow culture allows us to more

accurately characterize the drug response that is masked by hypoxia. Here, we perform

a dosage response assay using Docetaxel, which is routinely used for treating advanced

stages of prostate cancer either alone or in combination with other drugs [51, 52].

We tested four representative concentrations (0, 5, 10 and 20 nMs) by administering
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Figure 4: Gene expression analysis of LNCaP culture conditions. a Principal

Component Analysis (PCA) plot of 3D Flow (3DF), 3D Static (3DS), and 2D Static

(2DS) culture conditions shows clustering based on normalized gene counts for 45

tested genes. Each data point represents one biological replicate. b Volcano plot of

upregulated (orange) and downregulated (purple) genes in 3DF condition normalized to

3DS. Significance was determined at p ≤ 0.05 and fold change ≥ 1.5. c Gene expression

bar charts of six differentially expressed genes normalized to 2DS. 3DF reverses hypoxic

stress seen in 3DS conditions and improves glutamine and mitochondrial activity as

measured by increased expression of SLC1A5 and NDUFA8, respectively. A significant

upregulation in ENO2 and downregulation in FOLH1 markers in 3DS shows a more

neuroendocrine-like phenotype compared to 3DF and 2DS.

Docetaxel to 3DS and 3DF samples on D5 for 48 hours (Figure S11). To visualize dose

dependence in the 3D samples, we performed live/dead cell staining (Figure 5a) for

the dead cell ratio quantification. Even without the drug applied, the static sample

exhibits pronounced cell death due to hypoxia, masking the cell toxicity arising from

the Docetaxel treatment. In contrast, the flow culture exhibited a low dead cell baseline

in the untreated sample, similar to the 2D control, allowing better characterization of

the dosage response (Figure S12). Such a finding is confirmed by quantifying the ratio

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 2, 2022. ; https://doi.org/10.1101/2022.06.28.498007doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.28.498007
http://creativecommons.org/licenses/by-nc-nd/4.0/


10

of live to dead cells between 3DS and 3DF (Figure 5b).

We also found that the 3DF and 3DS samples exhibit drastically different spatial

distributions of dead cells. In static culture, the central necrosis intensifies at higher

concentrations of Docetaxel and spreads outwards, whereas the flow sample begins to

express cell death at the periphery and develops a uniform expression throughout the

spheroid. Such a contrast can be visualized by averaging the NucGreen intensity (i.e.

dead cell) radially outwards from the spheroid center (Figure 5c), in which the static

samples show a steep intensity gradient with the most death present at the core while

the flow samples show a relatively flat intensity. Our cell viability analysis illustrates

the importance of intra-tissue solute transport for uncovering potential confounders in

toxicity assays.

To further understand how the culture condition impacts the cellular response to

drug treatment, we visualized corresponding gene expression changes in 10nM Docetaxel

treated vs. untreated samples using volcano plots (Figure 5d). Compared to the 2DS

and 3DS samples, the 3DF spheroids reveal a more substantial transcriptional change. A

total of 17 genes were significantly down- or upregulated due to the Docetaxel treatment

in the 3DF sample, whereas the 3DS and 2DS conditions only display 3 genes. To

identify the effect of flow on Docetaxel-induced transcriptional response, we generated a

comparison of the gene expression fold change between treated and untreated conditions

in flow and static (Figure 5e). This analysis shows that the Docetaxel treatment

upregulates essential hypoxia (i.e. CA9, CXCR4, and HMOX1) and neuroendocrine

(i.e. ENO2) markers in the flow sample. This result, however, is masked in the static

sample, since these hypoxia-related markers readily exhibit a high baseline expression

level in untreated spheroids. Together, our results suggest accurate interpretations of cell

response to drug treatment heavily relies on physiologically relevant growth conditions.

Our flow-cultured samples address a number of limitations of 3D cell models, primarily

by mitigating the hypoxic condition within 3D samples.

Discussion & Conclusions

3D tissues better recapitulate in-vivo tissue growth and therapeutic response compared

to 2D culture, however there are technical hurdles that prevent widespread adoption.

First, the insufficient solute transport causes overwhelming hypoxia-induced necrosis

in the core of spheroids, generating steep metabolite and oxygen gradients across the

sample, clouding the assessment of cell phenotype and drug response [53, 54]. In this

study, we report a Microwell Flow Device (MFD), a scalable system that generates

physiologically-relevant fluidic stimuli that drives nutrients toward the tissue core, which

in turn maintains central tissue structure and cellular behaviors. Overall, our system

generates laminar flow and individual replicates, two qualities that have been difficult

to achieve simultaneously in 3D flow culture. The MFD can be tailored to any plate

dimension and, in future work, may be scaled up to accommodate mid-throughput

(>1000 sample) assays. These properties serve to improve tissue quality and uniformity
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Figure 5: Differential gene expression of Docetaxel in static vs. flow

cultured spheroids. a Dose response of static and flow spheroids for 0, 5, 10 and

20nM concentrations of Docetaxel. Static spheroids display necrosis prior to drug

administration and localized cell death at the core at all drug concentrations. In

contrast, flow spheroids display a more uniform expression of cell death. b Measurement

of the ratio of dead cells to the entire spheroid area. 3DF samples show increased

sensitivity to varying drug concentrations (static n = 5; flow n = 5). c Quantification

of cell death by radial integration of dead cell count from the center to the perimeter

of the spheroid. Flow spheroids show less cell death in the center and a more uniform

expression from the center to edge. d Volcano plots of 2DS, 3DS and 3DF differential

gene expression for treated samples normalized to corresponding untreated samples. Red

dots are upregulated after treatment with 10nM Docetaxel and green are downregulated

after treatment. Significance was determined at p ≤ 0.05 and fold change ≥ 1.5. Each

assay was performed in triplicate. e Comparison of mean fold change between 3DS and

3DF treated vs. untreated samples. Genes in the second quadrant indicate upregulation

in flow samples and downregulation in static samples post treatment.

as well as compatibility with high-throughput screening platforms, thereby encouraging

use of 3D tissue models for both basic research and therapeutic development.

As demonstrated in LNCaP spheroids, flow-cultured samples are able to grow larger

for longer periods of time without excessive central necrosis. On the cellular level,

we observed reduced hypoxia-induced apoptosis throughout the spheroid and increased

cellular proliferation near the sample periphery. Immunofluorescence microscopy reveals

restoration of cell packing, intercellular adhesion, and mitochondrial morphology in flow

samples. Furthermore, we commonly observed a lack of immunofluorescent expression

in the core of static samples, likely affected by hypoxia and cellular necrosis. This

observed expression pattern may skew interpretation of experimental readouts, such as
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bulk analyses like Western Blot. Furthermore, our gene expression measurement shows

that the applied flow reverts the expression of hypoxia, metabolic, and neuroendocrine-

related markers that were altered in conventional static culture. Lastly, the flow culture

model exhibits increased sensitivity to Docetaxel, with a uniform cell death distribution

and higher differential transcriptional response. This finding is consistent with previous

studies which suggest that removing hypoxia-induced cellular drug resistance could

increase the cellular response to chemotherapy [55, 56, 57], and which show flow culture-

derived spheroids can show reduced sensitivity compared to 2D models [58].

Our culture platform further provides a foundation for mechanistically investigating

longstanding questions in PCa metabolism. Metabolic activity in cancer cells plays a

pivotal role in tumor growth, metastasis, and drug response. [25, 59, 56]. However,

traditional 3D static culture often exhibits a metabolic phenotype that is strongly

affected by hypoxia, potentially skewing experimental readouts. As shown in this

work, our MFD effectively restores the cellular behavior in 3D spheroids, providing

an improved platform for metabolic assays. The MFD could also be used for long-

term study of metabolic shifts in thick (>1mm) tissues without significant necrosis. In

addition, our system allows the modulation of the hypoxic onset, which opens the door

for modeling acute ischemia and temporal oxygen availability on cellular metabolism

and drug response.

By increasing the complexity of the spheroid microenviroment, such as co-culture

with stromal cells or implementation of circulating tumor cells, our culture system can

enable future studies that provide critical insights into intercellular signaling and how

it dictates tumor remodeling and cell invasion. Similarly, vascularized multicellular

spheroids, organoids, and patient-derived explants, which have been shown to exhibit

in vivo-like structure and function [60], can be directly implemented in our platform

to better recapitulate the responses akin to native tissue. By growing independent

replicates, our culture device provides an unprecedented and scalable platform to

conduct mid to large-scale screening of compounds and signaling factors, accelerating

developments of combinatorial therapy and precision medicine.

2. Methods

MFD Manufacturing All components of the MFD were 3D printed (Formlabs Form

3). The custom 96 well plate lid consisted of a PDMS membrane and a laser-cut

silicone rubber sheet (McMaster-Carr, 9010K11) adhered to the lid using silicone sealant

(Loctite, 908570). For the PDMS membrane, 10g of Sylgard 184 (Dow Corning, 11-

3184-01 C) was mixed with a 10:1 monomer:catalyst ratio, spin coated to a thickness

of 150µm, and cured at 150oC for 35 minutes. Prior to use, all lid components were

sterilized by soaking in 70% ethanol for a minimum of 10 minutes before use and air

dried. Device rotation was controlled by a NEMA 17 stepper motor connected to an

A4988 stepper motor driver and Arduino UNO microcontroller, programmed to flip 180o

every 10 seconds.
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Cell Culture Human prostate adenocarcinoma-derived LNCaPs were cultured accord-

ing to the ATCC thawing, propagating, and cryopreserving protocol [61, 62]. The

culture media for LNCaP comprised of RPMI 1640 (Gibco), 10% fetal bovine serum

(Gibco), and 1% Penicillin/ Streptomycin (Gibco). LNCaP culture was incubated at

37°C, 5% CO2, and 90% relative humidity. Media change was performed every 24 to

48 hours. Subculture of LNCaPs was performed at ∼ 80% confluency, in which the

cells were washed with 1X PBS -/- twice, and incubated with 0.5% Trypsin-EDTA at

37◦C for cell detachment. The dissociated cells were then centrifuged at 250g for 3

minutes, and re-suspended in warmed culture media. In 2D culture, the seeding density

was 10,000 cells/cm2 on poly-l-sine (Sigma-Aldrich) coated surface. For 3D culture,

LNCaPs were seeded into Greiner Bio-One™ CellStar™ 96-Well, Cell Repellent-Treated,

V-Shaped-Bottom Microplate at 4K cells/well. For better aggregation of LNCaP, the

96-well plate is centrifuged at 300g for 10 minutes. Before introduction of the flow or

drug conditions, the spheroids were allowed to grow for 72 hours post seeding. For

experiments, LNCaP spheroids were transferred into Corning 96 Well Clear Ultra Low

Attachment Microplates. To monitor the growth of monolayer and spheroid culture,

phase contrast images were taken right after media change on an Olympus CKX41 at

4x magnification.

Spheroid Sectioning & Immunofluorescent Imaging Spheroids for cryosectioning were

fixed in 4% Paraformaldehyde (PFA) in Phosphate Buffered Saline (PBS +/+) for

20 minutes on ice and then washed three times in PBS +/+. Spheroids were then

placed in 30% sucrose in PBS +/+ for 1-3 hours on ice until completely submersed.

The spheroids were embedded and frozen in Tissue-Tek Optimal Cutting Temperature

(O.C.T., Sakura) compound, cryosectioned at 12µm thickness, and collected onto

Superfrost Plus slides (Fisher Scientific).

The LNCaP samples were first blocked using a mixture of 2% donkey serum

(Sigma-Aldrich, D9663-10ML) and 0.5% Triton X-100 (Sigma-Aldrich, T8787-50ML)

in PBS +/+ for 30 minutes (2D) or 60 minutes (whole & cryosectioned spheroids).

After blocking, the slides were washed with PBS twice, and then incubated with the

primary staining solution (0.5% BSA, 0.25% Triton X-100, and the primary antibody

(SI Table 2)). The samples were left in the staining solution for 30 minutes (2D),

overnight (cryosectioned slides), or for 24 hours (whole spheroids), followed by two

washes with 1X PBS. Afterwards, the secondary staining solution (with NucBlue and

the secondary antibody (SI Table 2)) was added for 30 minutes (2D), 60 minutes

(cryosectioned spheroids), or 24 hours (whole spheroids). 2D and whole mount spheroids

were washed twice with PBS and stored in 0.1% Tween 20 (Sigma-Aldrich, P9416-50ML)

at 4oC. Sectioned slides were mounted with cover slips using Prolong Diamond antifade

mountant (Thermo Fisher Scientific, P36970) and stored at 4oC.

Gene Expression Measurements To prepare 3D LNCaP spheroids for RNA extraction,

30 spheroids/biological replicate of 3DS and 10 spheroids/biological replicate of 3DF
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were collected in triplicate and washed twice with PBS +/+ (Gibco). For 2D LNCaP

culture, samples were washed twice with PBS +/+. LNCaP samples were lyzed with the

TRI Reagent (ZYMO Research). RNA extraction is then performed using the Direct-

zolTM RNA MiniPrep Plus kit (ZYMO Research). Quality and Concentration of the

extracted RNA solution were assessed with Thermo Scientific™ NanoDrop™ 2000/2000c

Spectrophotometers. Triplicate RNA samples from each condition were diluted to

20 ng/µl with DNase/RNase-Free Water (ZYMO RESEARCH). 15µl RNA solution

of each replicate were sent to the UCLA Center for Systems Biomedicine for RNA

expression assay with the Nanostring™ nCounter. Expression of 45 genes related to

metabolic pathway, androgen receptor signaling, hypoxia, viability, are neuroendocrine

differentiation were analyzed. The results was normalized with gene expression of three

housekeeping genes. Consistency of triplicates was assessed by Principal Component

Analysis in Origin Pro software. The results of the gene expression measurements are

visualized with volcano plots (Origin Pro).

Transmitted Light Microscopy and Fluorescent Imaging All stained LNCaP samples,

shown in figures 1 and 3, were imaged using an Confocal microscope with a 10x

or 40x objective. Cell viability images (figures 2 and 5) were acquired with an

inverted microscope (Etaluma LS720) with a 4x phase contrast objective (Olympus,

CACHN10XIPC) inside an incubator. For each well of the 96 wells, one image for

each channel (i.e., phase contrast, 405 nm, and 488 nm) was obtained with a field of

view ∼ 770µm×770µm. To conduct the time-lapse experiment, every well was imaged

every 20 minutes over a period of 48 hours. While all of our selected antibodies have

been previously validated, we also examined the non-specific binding by measuring the

fluorescent intensity in samples that were only stained with secondary antibodies. Prior

to further analyses, the background of the fluorescent data was evaluated and subtracted.

Image analysis was performed using Fiji Image J.

Statistical Analysis Data are reported as mean values ± standard deviation (SD).

Statistical analysis was performed using Microsoft Excel, and statistical significance was

determined using 2-tailed paired t-tests. Significance levels are indicated with asterisks

in each figure caption. P values ≤ 0.05, 0.01, and 0.001 are indicated with one, two, or

three asterisks, respectively. PCA was performed in Origin Pro.
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[13] Elisabete C Costa, André F Moreira, Duarte de Melo-Diogo, Vı́tor M Gaspar, Marco P Carvalho,
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Hernández, Liliana Carreño-Fuentes, Vilma Maldonado-Lagunas, and Rafael Moreno-Sánchez.

Energy metabolism transition in multi-cellular human tumor spheroids. Journal of cellular

physiology, 216(1):189–197, 2008.

[26] EM Hammond, M-C Asselin, Duncan Forster, James PB O’Connor, JM Senra, and KJ Williams.

The meaning, measurement and modification of hypoxia in the laboratory and the clinic. Clinical

oncology, 26(5):277–288, 2014.

[27] Geeta Mehta, Amy Y Hsiao, Marylou Ingram, Gary D Luker, and Shuichi Takayama.

Opportunities and challenges for use of tumor spheroids as models to test drug delivery and

efficacy. Journal of controlled release, 164(2):192–204, 2012.

[28] Peter Vaupel and Arnulf Mayer. Hypoxia in cancer: significance and impact on clinical outcome.

Cancer and Metastasis Reviews, 26(2):225–239, 2007.

[29] Franziska Hirschhaeuser, Heike Menne, Claudia Dittfeld, Jonathan West, Wolfgang Mueller-

Klieser, and Leoni A Kunz-Schughart. Multicellular tumor spheroids: an underestimated tool

is catching up again. Journal of biotechnology, 148(1):3–15, 2010.

[30] Moriah E Katt, Amanda L Placone, Andrew D Wong, Zinnia S Xu, and Peter C Searson. In vitro

tumor models: advantages, disadvantages, variables, and selecting the right platform. Frontiers

in bioengineering and biotechnology, 4:12, 2016.

[31] Se Jik Han, Sangwoo Kwon, and Kyung Sook Kim. Challenges of applying multicellular tumor

spheroids in preclinical phase. Cancer Cell International, 21(1):1–19, 2021.
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Stephane Oudard, Christine Théodore, Nicholas D James, Ingela Turesson, et al. Docetaxel

plus prednisone or mitoxantrone plus prednisone for advanced prostate cancer. New England

Journal of Medicine, 351(15):1502–1512, 2004.

[53] Maria Vinci, Sharon Gowan, Frances Boxall, Lisa Patterson, Miriam Zimmermann, Cara Lomas,

Marta Mendiola, David Hardisson, Suzanne A Eccles, et al. Advances in establishment and

analysis of three-dimensional tumor spheroid-based functional assays for target validation and

drug evaluation. BMC biology, 10(1):1–21, 2012.

[54] Michele Zanoni, Filippo Piccinini, Chiara Arienti, Alice Zamagni, Spartaco Santi, Rolando Polico,

Alessandro Bevilacqua, and Anna Tesei. 3d tumor spheroid models for in vitro therapeutic

screening: a systematic approach to enhance the biological relevance of data obtained. Scientific

reports, 6(1):1–11, 2016.

[55] Natalie Landon-Brace, Jose L Cadavid, Simon Latour, Ileana L Co, Darren Rodenhizer, Nancy T

Li, Nila C Wu, Eryn Bugbee, Aleks Chebotarev, Ji Zhang, et al. An engineered patient-derived

tumor organoid model that can be disassembled to study cellular responses in a graded 3d

microenvironment. Advanced Functional Materials, 31(41):2105349, 2021.

[56] Rui-hua Xu, Helene Pelicano, Yan Zhou, Jennifer S Carew, Li Feng, Kapil N Bhalla, Michael J

Keating, and Peng Huang. Inhibition of glycolysis in cancer cells: a novel strategy to overcome

drug resistance associated with mitochondrial respiratory defect and hypoxia. Cancer research,

65(2):613–621, 2005.

[57] Weranja KB Ranasinghe, Lin Xiao, Suzana Kovac, Mike Chang, Carine Michiels, Damien Bolton,

Arthur Shulkes, Graham S Baldwin, and Oneel Patel. The role of hypoxia-inducible factor 1α in

determining the properties of castrate-resistant prostate cancers. PloS one, 8(1):e54251, 2013.

[58] EO Mosaad, KF Chambers, Katarzyna Futrega, JA Clements, and MR Doran. The microwell-

mesh: A high-throughput 3d prostate cancer spheroid and drug-testing platform. Scientific

reports, 8(1):1–12, 2018.

[59] LH Higgins, HG Withers, A Garbens, HD Love, L Magnoni, SW Hayward, and CD Moyes.

Hypoxia and the metabolic phenotype of prostate cancer cells. Biochimica et Biophysica Acta

(BBA)-Bioenergetics, 1787(12):1433–1443, 2009.

[60] Gail P Risbridger, Roxanne Toivanen, and Renea A Taylor. Preclinical models of prostate

cancer: patient-derived xenografts, organoids, and other explant models. Cold Spring Harbor

perspectives in medicine, 8(8):a030536, 2018.

[61] Julius S Horoszewicz, Susan S Leong, Elzbieta Kawinski, James P Karr, Hannah Rosenthal, T Ming

Chu, Edwin A Mirand, and Gerald P Murphy. Lncap model of human prostatic carcinoma.

Cancer research, 43(4):1809–1818, 1983.

[62] ATCC Thawing. Propagating, and cryopreserving protocol. Technical report, NCI-PBCF-HTB81

(DU 145), Prostate Carcinoma (ATCC® htb-81), Version 1.6, 2012.

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 2, 2022. ; https://doi.org/10.1101/2022.06.28.498007doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.28.498007
http://creativecommons.org/licenses/by-nc-nd/4.0/

