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New approaches are needed to screen anti-cancer drugs that can target specific subpopulations of tumor

cells. This study presents a microfluidic chip that enables parallel culture and drug perturbation of five thick

tissue slices from human GBM resections, and removes the slices non-destructively for downstream single-

cell RNA sequencing (scRNA-seq). Importantly, in contrast to methods relying on chemical attachment of

tissue to chip, mechanical clamping of layers allows for positive-pressure perfusion of 3D slices and

nondisruptive dissociation of tissue slices from the microfluidic chip. We ran the dissociable perfusion chip

(DPC) on slice cultures freshly resected from human glioblastoma (within 1 h of surgery), one of the deadliest

forms of malignant brain tumor which exhibits profound intra-tumoral heterogeneity that is challenging to

recapitulate even with patient-derived models. DPC maintained similar fluidic conditions between channels

and high cell viability in slices, and enabled downstream scRNA-seq to confirm that a topoisomerase inhibitor

targets a subpopulation of proliferating tumor cells. Tissues run on DPC showed oxidative stress levels more

similar to uncultured GBM slices compared to Transwell culture, as demonstrated by scRNA-seq, fluorometric

assessment on a separate human patient sample, and assessment of long-term viability in mouse GBM

samples under low and high oxygen tension. Overall, this proof-of-concept work suggests that combining

DPC with off-chip scRNA-seq enables rapid, high-resolution identification of cell type-specific drug responses

directly in GBM tissue from individual patients. Future work will aim to use this approach for screening of

multiple drugs and further validation on additional fresh human GBM slices.

Introduction

Glioblastoma (GBM) is a deadly malignant brain tumor
characterized by profound intra-tumoral heterogeneity,
including the co-occurence of multiple cellular states with
varying degrees of proliferative capacity and neural lineage
resemblance.1,2 While surgical resection is the standard-of-
care at primary diagnosis, recurrence is common due to

diffuse infiltration of GBM cells into the brain and resistance
to chemo- and radiation therapies. Although chemotherapy
can be effective against certain GBM cell populations,
resistant subpopulations may persist and continue to
proliferate, contributing to tumor progression.

Efforts to recapitulate patient-specific GBM heterogeneity
in vitro have included culture of patient-derived GBM cells3–5

and organoids.6–8 However, cell-based models can take days
to weeks to establish, necessitating a long turnaround time
to receive drug screening results for use in a clinical setting.
In addition, cellular expansion favors growth of proliferating
cells, resulting in a loss of native-like brain and immune
microenvironment, which contribute to a range of GBM
phenotypes. A promising alternative approach is acute tissue
slice culture, which involves culturing intact GBM tissue
slices (freshly isolated from patients during surgical
resection) on porous membrane inserts (Transwells) in wells
for perturbation with drugs. We1 and others9 have shown
that GBM tissue slices recapitulate the diversity of GBM
phenotypes and microenvironmental components found in
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the originating tumor tissue through single-cell RNA
sequencing (scRNA-seq), which presents an attractive
analytical readout for drug screening in slice cultures and
enables deconvolution of cell type-specific drug responses. In
addition, scRNA-seq of acute tissue slices facilitates rapid
turnaround, raising the possibility of precision oncology in
clinical treatment. However, culture throughput is low (one
slice per well) and experiments, including frequent media
changes, are labor-intensive (Tables S1 and S2). To increase
the number of drugs for testing, multi-well devices have been
developed,10 but delivery of drugs and nutrients to tissue can
be variable due to the reliance on diffusion. Perfusion has
been attempted to enable automated and controlled fluid
flow through an entire tissue, but such methods have relied
on the use of adhesive proteins (e.g. laminin), are low-
throughput, or otherwise have not been compatible with
removal of tissue from the microfluidic chip for downstream
analysis,11,12 including single-cell analysis.

Here, we develop DPC, a microfluidic chip that provides
automated and reproducible delivery of drug solution to five
tumor tissue slices in one chip simultaneously; the perfusion
can take place over many days without media changes. Tissue
slices are placed into cavities located in channels of a multi-
channel PDMS chip, which is then fastened to a membrane
of fluorinated ethylene propylene (FEP) via screws through
support pieces. The design facilitates perfusion through the
entire thickness of the tissue without paths of lower
resistance. This setup is easily dissociable after culture for
downstream analysis. The device does not require adhesion
molecules to attach tissue, such as laminin, which is
commonly used to bind brain tissues for electrophysiological
studies but requires harsh enzymatic or digestive protocols to

remove a tissue slice. The PDMS and FEP layers facilitate
equilibration of media and tissue with incubator conditions
and enable gas exchange. As a proof of concept, we cultured
human high-grade glioma tumor slices and performed
scRNA-seq which confirmed heterogeneity was captured in
each slice, and compared drug sensitivity to conventional
slice culture methods.

Results
Device design and characterization

We designed the microfluidic chip to perfuse five tumor
slices simultaneously while allowing for easy disassembly
after culture for downstream analysis (scRNA-seq or other
techniques such as whole tissue imaging) (Fig. 1). The chip
allows culture of five tissue slices per chip (compared to one
slice per well in Transwell). Each tissue cavity on the PDMS
chip is equidistant from the inlet and receives media or drug
solution at the same time (Fig. 2A). The tissue cavities fit
tissue slices of 3 mm diameter and 500 μm thickness exactly,
similar to dimensions used in previous studies involving
GBM slice culture.1,13–16 When slices were inserted, the
cavities were designed to contain little to no dead space
around the slice. To fabricate the PDMS layer, we 3D printed
a patterned mold into which PDMS was poured, degassed,
and baked (Fig. 2B). A FEP membrane was placed onto the
patterned side of the PDMS layer, and clamped together via
screws and support pieces to facilitate easy disassembly. This
design is built on previous studies, which used screws to
clamp and seal microfluidic systems.17,18 Flow with dye
confirmed no leakage (Fig. 2C).

Fig. 1 Schematic diagram of the tumor perfusion system. Excess tissue from glioblastoma surgeries are taken within 1 h of surgery, and biopsy
punched into slices (3 mm diameter, 500 μm thickness), and placed into cavities with the same dimensions in a PDMS chip flush at the top. A thin,
gas-permeable membrane of fluorinated ethylene polymer (FEP) is placed on top, and screwing together support pieces that sandwich the PDMS–
FEP mechanically seals the FEP to the PDMS. Media or drug solution can be perfused through the slices by connecting the inlet to a pre-filled
syringe in a syringe pump. Each chip can culture 5 tissue slices simultaneously. After 24 h, perfusion is stopped and the system is disassembled,
after which slices can be removed for whole-slice imaging or dissociated for downstream scRNA-seq. Created with http://BioRender.com.
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We first designed a single-channel DPC to optimize flow
rates. Mouse brain tumor slices were placed on several
single-channel perfusion systems attached to syringe pumps
at various flow rates (0, 0.25, 0.5, 1 μL min−1) and cultured
with media for 24 h. After 24 h, the perfusion systems were
disassembled, tissue slices were removed from the DPC, and
dissociated using mechanical and enzymatic digestion on the
gentleMACS™ dissociator, and single-cell viability was
measured. Relative viability was close to 100% at 0.25, 0.5,
and 1 μL min−1 flow rates (Fig. 2D). We proceeded with 1 μL
min−1 for subsequent experiments, since this flow rate yields
a total volume over 24 h (1.44 mL) that is similar to the

amount of media involved in the conventional Transwell
culture assay (1.5 mL). When scaling up to the multiplexed,
five-channel DPC design, we designed the device such that all
five channels received equal flow. We increased the flow rate
to 5 μL min−1 for subsequent experiments on the five-
channel system, to match the 1 μL min−1 flow rate optimized
for the single-channel iteration.

Next, we used finite element analysis (COMSOL) to
validate that fluid velocity profiles within each channel were
consistent when scaling up to the multiplexed design. We
developed a multiphysics simulation of fluid flow through
the device, accounting for brain tissue characteristics and

Fig. 2 Design of the DPC, and characterization of flow conditions and cell viability. A) Workflow for placing tumor slices in the DPC and design of
the DPC. When a patient undergoes a routine tumor removal surgery, excess tumor tissue is sliced and within 1 h, placed on the PDMS chip. The
cavity in each channel is an indent that is 3 mm in diameter and 500 μm in thickness to fit the tissue slice exactly. B) Images of the separated
components of the DPC. A PDMS chip is at the center of the system and has 5 cavities for GBM tissue slices as well as one inlet for connection to
a syringe and syringe pump and one outlet. After tissue slices are placed on the chip, a gas-permeable FEP layer is placed on top, and the system
is sealed by mechanical clamping via screws in an acrylic support piece underneath the chip and a 3D printed support piece on top of the chip.
There are 4 holes at the perimeter of the support pieces, which are filled with M3 screws for sealing. C) Visualization of fluid flow through the DPC
once sealed, with no leaking present. Red food dye in water was perfused through the DPC at 5 μL min−1. D) % viability of mouse GBM tissue slices
after perfusion at various flow rates (n = 2 to 4 per flow rate), relative to Transwell-cultured tissue viability. After perfusion, the perfusion systems
were disassembled, tissue slices were removed and dissociated prior to cell counting. E) COMSOL rendering of fluid velocity within the DPC when
perfused at 5 μL min−1. F) Average fluid velocity during perfusion in the multiplexed chip at each tissue slice cavity within the DPC, measured using
the COMSOL model, n = 10 measurements per condition. Ordinary one-way ANOVA was performed. ns indicates no significant difference. G)
Doxorubicin concentration in 0.6% w/v agarose brain tumor phantom slices after perfusion at 5 μL min−1 with 10 μM doxorubicin (n = 3).
Doxorubicin concentration was measured by melting agarose slices after perfusion and quantifying doxorubicin fluorescence. H) Top-down
microscopy images of one empty tissue slice cavity on the DPC (top) and loaded with a mouse dorsal skin tissue slice that was stained with FITC
(bottom). Scale bar is 1 mm. I) Microscopy images of one tumor slice cavity on the DPC without tissue (top) and loaded with a mouse dorsal skin
tissue slice (bottom). All data are mean ± standard deviation. Created with http://BioRender.com.
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device materials. As expected, fluid velocities were higher at
the inlet and outlet compared to individual channels
(Fig. 2E), with no significant difference in fluid velocity
across different tissue cavities (Fig. 2F), after measuring point
velocity at 10 locations on each of the 5 tissue cavities once
flow was established (quantitative multi-point analysis is
useful for assessing flow uniformity between channels,
especially since at low flow rates, simulation is sensitive to
numerical discretization effects.)

We next characterized the uptake of compounds into
phantom tissue placed into the tissue cavities of the DPC.
Doxorubicin hydrochloride is a chemotherapy drug with a
molecular weight of ∼580 g mol−1 and is inherently fluorescent,
allowing for the monitoring of tissue penetration.19 Therefore,
we chose this as a model small molecule to test drug uptake
across channels of the DPC. 0.6% w/v agarose phantom slices,
known to have similar material properties to brain tissue,20

were biopsy punched to 500 μm thickness and 3 mm diameter,
placed into perfusion chips, sealed, and cultured with 10 μM
doxorubicin hydrochloride. After culturing for 0.5, 1, or 24 h,
slices were removed from perfusion systems, melted, and
sampled for fluorescence. There were no differences in drug
concentration between slices, and concentrations within slices
reached their maximum by 30 min culture (Fig. 2G). There was
no overall difference in drug content uptake offered by
perfusion or Transwell culture at any time point (Fig. S1),
indicating that the DPC does hamper entry of small molecules
into tissues. The maximum concentration in the agarose gels
(∼17 μM) was higher than the input concentration (10 μM),
likely owing to doxorubicin adsorption in the agarose gel slices,
a property which has been exploited for drug delivery
applications.21

Finally, we demonstrated that the dimensions of the
tissue-retaining cavity of the PDMS chip match those of the
tissue slices, enabling perfusion through the tissue and
sealing of the system without tissue damage. As seen in
microscopy images, slices of 3 mm diameter completely fit
the channel cavity in the x–y direction (>98% by cross-
sectional area, Fig. 2H). Similarly, the thickness of the tissue
(500 μm) matches the thickness of the tissue cavity within
the PDMS channels (Fig. 2I). This design reduces paths of
low resistance to fluid around the culture once filled with
tissue and sealed, facilitating fluid to flow through the tissue.
The absence of observed damage or cell detachment at the
periphery of the tissue slices also suggests a lack of high
shear stress caused by large flux around the tissue, and hence
a sizable proportion of flow passing through the tissue.

DPC enables sc-RNAseq to demonstrate single-cell drug-
sensitivity to etoposide

Next, we compared the performance of conventional Transwell-
based slice culture to DPC for a human GBM surgical specimen,
run within 1 h of tumor removal. We generated 24 tissue slices,
cultured 12 of the slices in Transwells, and loaded the other 12
into the DPC. For both the Transwell and DPC slices, we treated

half with vehicle (i.e., DMSO) and the other half with etoposide,
a small molecule chemotherapeutic and topoisomerase II
poison (Fig. 3A). Topoisomerase II plays a crucial role in DNA
replication during cell division, and its expression is highly
specific to cycling cells in GBM, reproducibly and selectively
targeting proliferating GBM cells as demonstrated across
multiple patients.1

For human GBM tissues, clinically relevant responses to
drugs are observed in 12 to 24 hours.15,16 Here, after 24 hours
of treatment, we dissociated the tissues from the DPC, and
profiled each slice culture with scRNA-seq using a high-
throughput microwell array platform that we have employed in
numerous studies of GBM.1,13–16 Tissue slices were
predominantly comprised of glioma cells, along with
subpopulations of T cells and myeloid cells (Fig. 3B). The
diverse population of transformed GBM cells included cells
resembling multiple neural lineages, such as oligodendrocyte
progenitors (OPC-like), neuronal progenitors (NPC-like), and
astrocytes (astrocyte-like), along with mesenchymal cells
(Fig. 3C and D). This particular patient exhibited a bias towards
a more astrocyte-like and mesenchymal phenotype, two cell
states that often co-occur with high cell frequencies in GBM.22

Most transformed cells were quiescent, with a small
subpopulation (7%) of proliferating cells expressing Ki67
(Fig. 3E), a known marker of proliferation,23 and TOP2A,
another proliferation marker that encodes the molecular target
of etoposide (Fig. 3F); treatment with etoposide reduced this
subpopulation robustly for both Transwell and DPC cultures
(Fig. 3G). Moreover, expression of cell cycle control genes was
reduced (Fig. 3H). Thus, as confirmed by Transwell, DPC
recapitulated the cellular and molecular diversity of GBM slice
cultures as well as cell type-specific response to etoposide.

Interestingly, proliferating tumor cells in DPC exhibited a
less robust response to etoposide (both cell frequency and
cell cycle control gene expression) compared to Transwell
(Fig. 3G and H). To probe the mechanism behind this
difference, we performed gene set enrichment analysis
(GSEA) (Fig. 3I). This large-scale analysis revealed an increase
in expression of hypoxia-related genes in DPC, and an
increase in expression of genes in oxidative phosphorylation
in Transwell, suggesting GBM slices in DPC are less
oxygenated than those in Transwell. We note the native
microenvironment of GBM is hypoxic, and hypoxia and
oxidative stress have been implicated in tumoral metabolism
and drug resistance,24–28 but further evidence is required to
demonstrate the DPC mimics in vivo response better than
Transwell culture.

We then analyzed the relative impact of etoposide on G1/
S-phase markers in comparison to G2/M-phase markers. We
found that the majority of cell cycle markers were
downregulated regardless of cell cycle phase, and that the
median log-fold-changes for G1/S and G2/M markers were
nearly identical (both are −0.51 with no significant difference
in their distributions p = 0.64) (Fig. 3J). Etoposide targets
topoisomerase II in S-phase, leading to some cells to die in
S-phase and others to arrest in G2/M and eventually enter
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Fig. 3 Analysis of cellular heterogeneity and drug screening using DPC and downstream single-cell RNA sequencing. A) Schematic diagram of
experimental workflow. 6 fresh tumor slices resected from a single human subject (3 mm diameter, 500 μm thickness) were cultured for 24 h with
or without etoposide (topoisomerase II inhibitor that targets proliferating glioma cells) on Transwell or in the DPC at 5 μL min−1. B) UMAP
embedding of scRNA-seq profiles from slice cultures using the cell score matrix from joint scHPF analysis of the entire dataset colored by cell type.
C) Same as (B) but colored by culture or perfusion condition. D) Fractional abundance of major tumor cell types in each condition. E) Same as (B)
but colored by expression of Ki67. F) Same as (B) but colored by expression of TOP2A, the gene encoding DNA topoisomerase II, the target of
etoposide. G) Frequency of proliferating glioma cells in each condition. H) Average expression of cell cycle genes before and after drug exposure.
I) Normalized enrichment score (NES) from gene set enrichment analysis (GSEA). GSEA was performed using gene sets to analyze differentially
expressed genes between Transwell-cultured and perfused tissues. Pathways that are enriched are more highly expressed in Transwell, whereas
pathways that are depleted are more highly expressed in perfusion samples. J) Relative impact of etoposide on G1/S-phase markers in comparison
to G2/M-phase markers. K) Relative impact of etoposide on markers of glial progenitors (left) and astrocyte/mesenchymal markers (right). All data
are mean ± standard deviation. Created with http://BioRender.com.
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apoptosis; hence, we expect a global impact on cycling cells
regardless of phase. By contrast, when we performed the
same analysis on markers of glial progenitors (which tend to
have greater proliferative capacity in glioblastoma) in
comparison to astrocyte/mesenchymal markers (which tend
to represent quiescent cells), we saw more contrast. The
median log-fold-change for glial progenitor markers was −0.5
vs. −0.2 for astrocyte/mesenchymal cells ( p = 0.002). These
findings are consistent with our previous reports showing
that etoposide primarily targets proliferating cells and that
glial progenitors-like tumor cells tend to be over-represented
among proliferating cells (Fig. 3K).

DPC exhibits lower oxidative stress and enhances slice
culture viability compared to Transwell

We further assessed oxidative stress in 3D tissue slices in DPC
and Transwell29 by culturing GBM slices freshly resected from a
second human patient for 24 h. As a control, we also fixed
uncultured control slices immediately upon receipt. After 24 h
of culture in DPC and Transwell, the slices were also fixed. We
stained slices for 8-OHdG, an indicator for oxidative DNA
damage30–34 (Fig. 4). The results showed similar and low
8-OHdG staining for native uncultured tissue taken immediately
after surgery and samples cultured in DPCs. By contrast, slices
cultured in Transwell showed high 8-OHdG intensity.

Because oxidative stress can adversely impact cell viability
(and differences in drug screening phenotypes), we assessed
long-term viability of tumor slices in DPC and Transwell under
two different oxygen levels. Recognizing hypoxia can increase the
viability of tumors, including GBM,35 we cultured mouse glioma
slices from a genetically engineered mouse model for up to 7
days on the DPC or on Transwell-culture systems in maintenance
media, in normoxic conditions (∼20% O2) or in hypoxic
conditions (5% O2). Media were changed daily for slices in
Transwell culture, while media flowed at 5 μL/min in DPC. In
normoxic condition, the cells in DPC may be receiving less
oxygen than those in Transwell due to lower oxygen levels in
perfused culture vs. direct air contact (see Discussion). In
normoxic conditions after 7 days, although there was no
significant difference in DPC vs. Transwell at each individual
time point, the cell viability in DPC was higher at both time
points in magnitude and increasing (Fig. 5A). When culturing
under hypoxic conditions (5% O2), the viability of the Transwell
slices was closer to that in DPC than under normoxic conditions
(Fig. 5B).

We further developed a computational model (incorporating
flow, oxygen diffusion, and cellular metabolism of oxygen) to
simulate steady-state oxygen distribution in the tumor tissue
cultured in DPC and Transwell (Fig. 6). A cylindrical tissue disc
of the experimental geometry was modeled as a porous
medium. The microfluidic model subjected the tissue to oxygen
diffusing directly from the top (through the thin FEP layer) and
through the PDMS laterally across the curved cylindrical
surface, while advective flow from the microfluidic channel fed
culture medium into the tissue from one side (Fig. 6A). The

Transwell model featured an air–liquid interface, where oxygen
diffused from the air from the top and sides of the cylinder,
and through the media from the bottom of the cylinder's circle
cross sectional area (Fig. 6A). The simulation shows a greater
percent volume of cells experiencing oxygen levels under 1.5%
(corresponding roughly to the oxygen levels in tumors)54,61 in
DPC, compared to Transwell, under normoxic conditions in the
surrounding gas environment corresponding to that of an
incubator. Under hypoxic conditions of the surrounding gas
environment, the percent volumes of cells experiencing oxygen
under 1.5% DPC and Transwell became more similar.

Discussion

Previously, microfluidic approaches have been explored for the
culture of intact tissue slices, owing to their ability to better

Fig. 4 Oxidative stress effects due to perfusion on human GBM tissue
slices. For each culture condition, n = 4 tissue slices were tested, obtained
from one human subject (different from the subject in Fig. 3). (A)
Quantification of 8-hydroxy-2′-deoxyguanosine (8-OHdG) intensity in
uncultured, DPC-cultured and Transwell-cultured human GBM tissue
slices (n = 4 slices per condition). Immunofluorescence staining for
8-OHdG was quantified as mean fluorescence intensity for areas of the
same size taken across the tumor, normalized to DAPI intensity. Ordinary
one-way ANOVA with Tukey's multiple comparisons was performed. **
indicates p < 0.01 and ns indicates no significant difference. All data are
mean ± standard deviation. (B). Representative immunofluorescence
microscopy images of 8-OhdG (red) and DAPI (blue) in human GBM slices.
Native slices indicate those that were fixed immediately after removal
from human GBM surgery and stained. Transwell-cultured slices indicate
GBM slices that were cultured on Transwell membrane inserts with
standard brain slice media in 6-well plates for 24 h, followed by fixing and
staining. Perfused slices indicate GBM slices perfused with standard brain
slice media at 5 μL min−1 for 24 h, followed by fixing and staining. Scale
bars 100 μm. Prior to staining, fixed slices were further sliced into 10 μm
thick slices to facilitate robust imaging.
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support maintenance of organotypic tissues greater than 400 μm
thickness.55 Early work by Midwoud et al. introduced a
microfluidic-based system for perifusion of precision-cut
intestinal slices, and extended this to a two-compartment co-
culture system enabling sequential perifusion of intestinal and
liver slices for inter-organ studies.56 Shim et al. also developed a
multi-compartment chip to support cross-talk between tumor
and lymph node slices.57 Leveraging microfluidic platforms that
trap samples in a low stress environment, Astolfi et al.
demonstrated a proof-of-principle system for drug testing on live
tumor dissections.58 Similarly, Horowitz et al. developed a
platform using a microfluidic circuit incorporating hydrodynamic
traps to immobilize cuboidal-shaped microdissected tissues
(“cuboids”) for drug testing.59 In this study, we demonstrated a
DPC that cultures five thick slices of a freshly resected human
tumor, enabling downstream analysis for drug sensitivity in
cellular subpopulations. A microfluidic chip made of conformally
sealed PDMS is dissociable, but may not support positive
pressure from a syringe pump; the fluidic resistance, which the
microfluidic chip must support, is also higher in 3D slices.
Mechanical clamping allowed for controllable perfusion through
3D tissues as well as dissociation of tissues from the chip to
enable downstream single-cell analysis (in contrast to use of
adhesive molecules such as laminin which could cause damage
to tissue upon removal). Dimensions of cavities matched those of

slices we routinely obtain from collaborating surgeons. The
results showed the flows were controllable, with no observed low-
resistance paths around the 3D slices. Fresh human and mouse
GBM slices exhibited high viability and were completely intact
after 24 h of culture with media or drugs, and could be analyzed
by scRNA-seq.

Interestingly, large-scale GSEA analysis based on scRNA-seq
revealed an increase in expression of hypoxia-related genes in
DPC and an increase in expression of genes in oxidative
phosphorylation in Transwell, and GBM slices cultured in the
DPC exhibited low levels of oxidative stress compared to the high
oxidative stress levels found in conventional Transwell culture.
These results suggested GBM slices in DPC are less oxygenated
than those in Transwell. A hypoxic environment was estimated by
numerical simulations, and consistent with experimental
measurements by GSEA (where Transwell tissue showed elevated
DNA repair pathway expression, consistent with greater
concentrations of reactive oxygen species and DNA damage),
staining of 8-OHdG on a second freshly resected human GBM
specimen, and a directional increase in cell viability for tumor
slices in Transwell cultures when cultured in hypoxic conditions
(consistent with previous observations that GBM cells exhibit
higher viability when cultured in hypoxic conditions35 as the
native GBM tumor microenvironment is hypoxic36). Moreover,
treatment with etoposide (which causes DNA strand breaks)

Fig. 5 Long term mouse GBM slice viability. Schematic diagram of experimental setup (top). Mouse GBM slices were cultured in the DPC or in
Transwells for up to 7 days. In Transwells, mouse GBM slices are completely exposed to incubator conditions, whereas in the DPC, media is
delivered from a syringe containing media to tissue via a syringe pump and tubing. Incubator conditions were set to normoxic or hypoxic.
Quantification of tissue viability expressed as% cell viability on day 0 (fresh tissue) or after culture in DPC or Transwells at day 1, 4 and 7 (n = 2 to
8) in (A) normoxic conditions (∼20% O2) and in (B) hypoxic conditions (5% O2). Slices were dissociated before measurement of viability. All data are
mean ± standard deviation. Unpaired, two-sided Mann–Whitney U t-tests were performed in GraphPad Prism 10, showing no significant difference
for each pair of cell viability values (DPC vs. Transwell) at each individual time point. For Transwell, there is a significant difference in normoxia vs.
hypoxia in day 4 of Transwell, and not for other days. Created with http://BioRender.com.
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produced an exaggerated response in the subpopulation of
proliferating human GBM cells in Transwell, consistent with
higher oxidative stress compounding the cumulative DNA
damage.37,38 We note that cells in the DPC are exposed to cell
culture medium in which dissolved oxygen levels may range from
10% to 20%,39,40 whereas tissue slices in Transwell are directly
exposed to air in an incubator41 of ∼20% O2 (for normoxic
conditions42). Hence, cells in the thick tissue slices in the DPC
may be exposed to oxygen levels somewhat closer to the low levels
found in GBM in vivo (∼1 to 11%) than in Transwell culture,42–44

but direct measurements of oxygen levels in the tissue will be
needed in the future to confirm the oxygen levels.

In the future, work on the DPC would benefit from testing
on additional fresh high-grade human GBM samples (beyond

the two fresh human GBM samples studied here, one on
drug screening, and another for oxidative stress), to
strengthen the conclusions beyond the suggestive trends seen
in this study, and also to represent wider heterogeneity of
cellular populations. In addition, while we tested all tumor
slices in this study with the same drug, more drugs and drug
combinations should be tested in the future to illustrate the
screening capability of the DPC. Also, future studies could
involve scaling up the number of drugs, to test both
commonly used GBM drugs (such as lomustine, carmustine,
temozolomide and bevacizumab) and drugs which are
currently in clinical trials.45 The current protocol from slicing
of tissue to placement on one DPC and exposure to a drug
takes ∼15 min per DPC; to test 8 anti-GBM drugs, multiple

Fig. 6 Schematic diagram and results of mathematical model for steady state oxygen distribution in both the DPC and Transwell, under normoxic
and hypoxic incubator conditions, mimicking the setup in Fig. 5. The top row (Fig. 6A and B) shows the model geometries and oxygen transport
and consumption. The middle row (Fig. 6C and D) shows the oxygen concentration at steady state under normoxic conditions in the surrounding
gas environment, and the bottom row (Fig. 6E and F) under hypoxic conditions. The middle and bottom rows illustrate side views of the
simulation, cut at the centerline, with the black dotted line denoting the cutoff of 1.5% oxygen (approximating that of moderate hypoxia54,61),
illustrating volumes of cells in the tissue experiencing oxygen levels below 1.5%. The DPC models showed greater volumes of cells below 1.5%
oxygen in both normoxic and hypoxic gas environments; the greater hypoxic volume was found on the side of the cylindrical surface away from
the inlet, and at deeper levels of the tissue from the top, reflecting, respectively, oxygen being consumed by cells as media flows through the
tissue and less diffusion of oxygen from the gas environment vertically down deeper into the tissue.
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users or automation can be used to run 8 DPCs to keep total
time to 15 min (Fig. S2). Such a system could be useful for
matching GBM patients to clinical trials for novel drugs
under investigation.

Materials and methods
Fabrication and assembly of the DPC

The molds for the PDMS chip of the DPC were designed on
Solidworks and 3D printed using VeroWhite resin on a
Stratasys Objet 30 Pro. After printing, molds were washed
using a basic solution and baked for at least 2 h at 65 °C.
PDMS was prepared by combining prepolymer base (Sylgard
184, Dow Corning, USA) with the curing agent at a ratio of
10 : 1. After mixing by hand and centrifugation for 5 min at
3000 rpm, PDMS was poured into the mold, degassed for 1 h
and then cured for 3 h at 65 °C. The cured PDMS was then
removed from the mold and inlet and outlet holes were
punched using a 1.25 mm biopsy punch (World Precision
Instruments). The chip was then treated with oxygen plasma
and autoclaved for sterilization prior to setting up the system.
The resultant PDMS chip was 45 × 38 × 12 mm. Each channel
of the central chip of the DPC has one slice cavity of 3 mm
diameter and 500 μm thickness. The inlet, outlet and 5 tissue
cavities were all designed to be 3 mm diameter. The total
area of the indented channel lanes on the PDMS chip is
233.35 mm2. The area separating lanes 1 and 2, and 4 and 5
is 76.8 mm2, and the area separating lanes 2 and 3, and 3
and 4 is 96.35 mm2. The chip was designed such that the
distance from the inlet to the tissue cavity in each lane is
∼13 mm.

We next developed an acrylic (PMMA) support piece
intended to be placed under the PDMS chip, with holes laser
cut to facilitate connection of tubing for the inlet and outlet,
and eventual clamping of the DPC. The piece was designed
on Adobe Illustrator and laser cut (Universal Laser Systems
PLS6.150D). We laser cut a 60 × 50 × 5 mm rectangle into
acrylic, with one circle at each of the four corners of the
rectangle (3.1 mm diameter) to fit screws, and two circles
towards the center of the piece (1.79 mm diameter) for
tubing connection.

A piece of fluorinated ethylene polymer (FEP) of 0.001″
thickness (Holscot Europe) was then placed on top of the
PDMS chip, with four holes biopsy punched at the corners of
the sheet (3 mm diameter). Finally, we 3D printed a top
support piece to “clamp” all components together. This top
piece was designed on Solidworks and 3D printed using
VeroWhite resin on a Stratasys Objet 30 Pro. The piece is 60 ×
50 × 8 mm with one circle at each of the four corners (3.1
mm diameter) for screws. There is an aperture on both sides
of this piece to enable exact fitting of the PDMS chip, to
facilitate perfusion. The bottom face is 45 × 38 mm (same
length and width as the PDMS chip), while the top face is 45
× 30 mm such that the PDMS chip does not fall out of the
support piece.

Finally, the DPC is sealed by screwing the 3D printed top
piece through to the FEP through to the bottom acrylic piece
using M3 screws and washers (McMaster Carr). When using
tissue samples, PDMS chips were plasma cleaned and
autoclaved and all ancillary components were sprayed with
70% ethanol and dried prior to insertion of tissue samples.
For all experiments, the inlet tubing was connected to a
syringe containing media or drug solution, positively
displaced by a syringe pump (GenieTouch, Kent Scientific)
located outside of the incubator.

Flow rate experiments

A previous iteration of the system could retain one tissue
slice in which a single-plexed PDMS chip connected to
smaller components. This chip was initially used to
determine ideal flow rates for maximal viability after 24 h.
Tubing (Liquid Flows Tygon Tubing Coil 1/16″ OD × 0.02″ ID,
Darwin Microfluidics) was connected to a syringe containing
maintenance media (F12/DMEM (Gibco) supplemented with
N-2 Supplement (Gibco) and 1% antibiotic–antimycotic
(ThermoFisher)) and needle and positively displaced using a
syringe pump (GenieTouch, Kent Scientific) located outside
of the incubator, into the chip inlet. Mouse brain tumor
slices (3 mm diameter, 0.5 mm height) were placed on
several perfusion systems attached to syringe pumps at
various flow rates (0, 0.25, 0.5, 1 μL min−1) and cultured for
24 h. Tissue slices of the same dimension were also cultured
for 24 hours on Transwell. Media was changed daily for slices
in Transwell culture by transferring the porous membrane
insert containing the tumor slice to a new well containing 1.5
mL fresh media, as well as adding 10 μL of media on top of
the slice. Slices were removed and dissociated after 24 hours
of culture and single-cell viability was measured using an
automated cell counter (Countess 3, Invitrogen). Dissociation
and cell counting is a reliable approach to measure slice
viability on this timeline (∼24 hours)1,13,14,16 (with direct
comparisons of dissociation/cell counting, scRNA-seq, and in
situ mRNA hybridization for assessing viability in intact
tissue1), compared to histopathological assessments which
are appropriate for long-term studies, since cellular material
originating from dead cells remains trapped in place in the
intact tissue on this short timescale.

Drug uptake experiment

To confirm drug uptake owing to perfusion culture, we
cultured 0.6% w/v agarose tissue slices with a solution of 10
μM doxorubicin hydrochloride (Sigma Aldrich), an inherently
fluorescent anticancer compound, for up to 24 h. The
molecular weight of this compound (579.98 g mol−1) is
similar to that of etoposide (588.557 g mol−1) which was used
for drug screening experiments. After 30 min, 1 h, and 24 h
of culture, devices were disassembled and slices were
dissociated using a tissue grinder (DWK Life Sciences). Once
completely dissociated, the fluorescence intensity of the
resultant solution was measured using a plate reader
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(Synergy H1 hybrid multi-mode reader (BioTek, Winooski,
VT)) at an excitation wavelength of 470 nm and an emission
wavelength of 585 nm. The resulting data was expressed as
arbitrary units (AU); and we calculated concentration using a
standard curve.

Human GBM specimens

Approval was obtained from the Columbia University Irving
Medical Center Institutional Review Board (IRB) before
commencing the study. We strictly adhered to regulations
imposed by the IRB. Informed consent was obtained from all
participants. Tumor specimens were procured from surgeries
at New York Presbyterian Hospital/Columbia University Irving
Medical Center and tissue samples were de-identified prior to
being delivered to the laboratory for processing. Acute tissue
slices were generated as previously described.1 For drug
screening experiments (Fig. 3), slices from human
glioblastoma, IDH wildtype, CNS WHO grade 4 (male, age
range 70–74) were used. For oxidative stress staining
experiments (Fig. 4), slices from human glioblastoma, IDH
wildtype, CNS WHO grade 4 (female, age range 65–69) were
used. In both cases, tissue was transported back to the
laboratory in saline from the operating room on ice. Tissues
were then sliced to 500 μm thickness and placed into
artificial cerebrospinal fluid (aCSF). Once slices were ready,
they were plated onto Transwell inserts first in incomplete
DMEM/F12, then into complete DMEM/F12 (supplemented
with N2 and antibiotic/antimycotic). The time from excision
to plating is approximately 30 min. These slices were then
transported to another laboratory on ice until biopsy
punched into 3 mm diameter slices and fixed (5 min), or
placed into the DPC or Transwell (30 min). Two freshly
resected high-grade GBM specimens were obtained.

Mouse GBM specimens

All animal procedures were approved by Columbia University
Institutional Animal Care and Use Committee (IACUC)
(protocol AC-AABN6552) and were carried out in accordance
with the approved guidelines. Mice of both sexes (6–8 week-
old) were used throughout the study. We generated gliomas
by injection of 1 μL of PDGF-BB – IRES – Cre retrovirus (106

per mL titer) into the subcortical white matter of P53fl/fl/
PTENfl/fl/Luciferasestop-flox mice in the following coordinates
(with bregma as reference): 2 mm lateral, 2 mm rostral and 2
mm deep, at a flow rate of 0.33 μL min−1.46 Tumor growth
was monitored by bioluminescence imaging on an IVIS
spectrum optical imaging system (Caliper) as detailed in ref.
46. When photon flux reached a radiance of 106–107 (p s−1

cm−2 sr−1), animals were euthanized, the brain was excised
and 500 μm – thick brain slices were obtained on a tissue
chopper (McIlwain) as detailed in ref. 1. Presence of tumor in
the brain sections was confirmed by ex vivo bioluminescence
imaging. For placement onto DPCs, a 3 mm biopsy punch
(World Precision Instruments) was used to gently press and
excise slices of 3 mm diameter for further experiments.

Characterization of tissue placements in chip

To confirm that the tissue cavities on the PDMS chip were
the same as the tissue slices we use, microscopy images were
taken of the PDMS chip before and after addition of tissue
slices (Leica DMI6000 B). Tissue slices were immersed in 1
mg mL−1 fluorescein for 30 min to enable fluorescence. To
calculate the percentage fitting of tissue slices in the tissue
cavities, microscopy images were uploaded to ImageJ. The
areas of n = 5 empty tissue cavities and corresponding
cavities with tissues included were measured, and an average
% filling was calculated.

Drug screening

High WHO grade 4 glioma, IDH wild type tissue samples
were biopsy punched and placed onto perfusion chips and
Transwell inserts (n = 6 each) and cultured for 24 h with 2.5
μM etoposide hydrochloride dissolved in dimethyl sulfoxide
(DMSO) (Sigma-Aldrich) or DMSO (drug vehicle) control. After
24 h, samples were removed from perfusion systems or
Transwells, dissociated, and processed for single-cell RNA
sequencing (scRNA-seq).

Dissociation of tissue and slices

Collected tissue slices were dissociated as performed previously1

using the Adult Brain Dissociation kit (Miltenyi Biotec) on
gentleMACS Octo Dissociator with Heaters (Miltenyi Biotec)
according to the manufacturer's instructions.

Microwell scRNA-seq

Dissociated cells from each slice were profiled using microwell-
based single-cell RNA-seq47 as previously described.1,48,49 A
countess live-dead assay was used to measure the viability of
our single-cell suspension. Briefly, libraries with unique
Illumina sample indices were pooled for sequencing on (1) an
Illumina NextSeq 500 with an 8-base index read, a 21-base read
1 containing cell-identifying barcodes (CB) and unique
molecular identifiers (UMIs), and a 63-base read 2 containing
the transcript sequence, or (2) an Illumina NovaSeq 6000 with
an 8-base index read, a 26-base read 1 containing CB and UMI,
and a 91-base read 2 containing the transcript sequence.

scRNA-seq data preprocessing

Raw data obtained from the Illumina NextSeq 500 was
trimmed and aligned as described previously.1,48 Briefly, for
each read with a unique, strand-specific alignment to exonic
sequence, we constructed an address comprised of the CB,
UMI barcode, and gene identifier. Raw data obtained from
the Illumina NovaSeq 6000 was first corrected for index
swapping to avoid cross-talk between sample index sequences
using the algorithm described by Griffiths et al.50 before
assigning read addresses for each sample. For samples that
had been sequenced on both Illumina NextSeq 500 and
NovaSeq 6000, we combined the addresses from the NextSeq
500 and the corrected addresses from the NovaSeq 6000 for
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data processing as described previously.1,48,49 Briefly, reads
with the same CB, UMI, and aligned gene were collapsed and
sequencing errors in the CB and UMI were corrected to
generate a preliminary matrix of molecular counts for each
cell.

We applied the EmptyDrops algorithm to recover true cell-
identifying barcodes in the digital gene expression matrix.51

We then removed CBs that satisfied any of the following
criteria: (1) fractional alignment to the mitochondrial
genome greater than 1.96 standard deviations above the
mean; (2) a ratio of molecules aligning to whole gene bodies
(including introns) to molecules aligning exclusively to exons
greater than 1.96 standard deviations above the mean; (3)
average number of reads per molecule or average number of
molecules per gene >2.5 standard deviations above the mean
for a given sample; or (4) more than 40% of UMI bases are T
or where the average number of T-bases per UMI is at least 4.

Unsupervised clustering, differential expression, and
visualization

Clustering, visualization, and identification of cluster-specific
genes were performed as described previously (http://www.
github.com/simslab/cluster_diffex2018).1,48,49 We used Louvain
community detection as implemented in Phenograph for
unsupervised clustering with k = 20 for all k-nearest neighbor
graphs. For all clustering and visualization analyses of merged
datasets, we identified marker genes using the drop-out curve
method described in Levitin et al.49 (http://www.github.com/
simslab/cluster_diffex2018) for each individual sample and took
the union of the resulting marker sets to cluster and embed the
merged dataset. We projected drug-treated cells onto vehicle-
treated cells with UMAP in Fig. 3 as described in Szabo et al.
and Levitin and Sims (code available at http://www.github.com/
simslab/umap_projection).52

Cell-type-specific differential expression analysis

To identify differentially expressed genes for drug- vs. vehicle-
treated cells, we first randomly sub-sampled the condition
with a greater number of cells in each comparison to have
the same number of cells as the condition with fewer cells.
Next, we subsampled the count matrices for the two
conditions such that they had the same average number of
molecules per cell and normalized the resulting count matrix
using scran.53

Immunohistochemistry

To investigate whether or not the perfusion system protects the
tumor slices from oxidative stress compared to Transwell
culture, we cultured human high-grade glioma slices for 24 h in
the DPC at 5 μL min−1, or on top of a porous membrane insert
(0.4 μm, Millipore). For Transwell, the membrane inserts were
placed into 6-well plates containing 1.5 mL of maintenance
media, and added 10 μL of culture medium on top of each slice
to prevent the slice surface from drying. In both cases,
maintenance media was used: F12/DMEM (Gibco)

supplemented with N-2 supplement (Gibco) and 1% antibiotic–
antimycotic (ThermoFisher). Both the perfusion and Transwell
culture setups were placed into an incubator at 37 °C and 5%
CO2. We also fixed control slices immediately upon receipt in
4% paraformaldehyde overnight at 4 °C before storing in PBS at
4 °C until staining. Immunohistochemistry was performed on
4% paraformaldehyde-fixed paraffin-embedded tissue sections
(10 μm thick) to analyze 8-OHdG levels from tissue cultures
grown under the indicated conditions. Tumors were sliced and
embedded by the Columbia University Molecular Pathology
Shared Resource (MPSR) facility. Sections were deparaffinized in
xylene (3 × 5 min), followed by rehydration in 100% ethanol (2 ×
5 min), 95% ethanol (2 × 5 min), and 75% ethanol (1 × 5 min).
Slides were washed in water and antigen retrieval was
performed in a 10 mM citrate buffer (pH 6) in a pressure cooker
for 10 min. After cooling for 30 min, slides were washed in
phosphate-buffered saline (PBS; pH 7.4) and blocked in 10%
normal goat serum for 30 min. Primary antibody incubation
was performed overnight at 4 °C using the anti-DNA/RNA
damage antibody (Abcam, catalog number ab62623), and
counterstained with an Alexa Fluor 568 conjugated goat-anti
Mouse IgG2b secondary antibody (Thermo Fisher Scientific,
catalog number A21144) and DAPI.

Microscopy

To detect changes in situ of 8-OHdG, images (1024 × 1024,
Voxel size: 0.3120 × 0.3120 × 1 μm3) were captured on a Zeiss
LSM 900 confocal microscope using a 20×/0.8 NA Plan-Apo
Air objective. Fluorophores were excited using 405 and 561
nm lasers and captured on GaAsP detectors. Images were
exported to Fiji for further analysis. Immunofluorescence
staining for 8-OHdG was quantified as mean fluorescence
intensity for areas of the same size taken across the tumor.
While nuclear density varies between conditions, and even
between images in each condition (including fresh tissue),
this is in line with native GBM spatial heterogeneity,
including hyper- and hypocellular regions. We analyzed
8-OHdG expression by dividing integrated density owing to
8-OHdG (red) by DAPI (blue) within each image, on n = 4
images per condition, using images from various regions of
the tissue slice. To this end, intensity is normalized across
images, accounting for any changes in nuclear density.

Long-term viability

Mouse tumor slices (n = 3) were dissociated immediately on
day 0 and single-cell viability was measured using an
automated cell counter (Countess 3, Invitrogen). Mouse brain
tumor slices were cultured for up to 7 days on the DPC or on
Transwell-culture systems in maintenance media (F12/DMEM
(Gibco) supplemented with N-2 supplement (Gibco) and 1%
antibiotic–antimycotic (ThermoFisher). For “normoxic”
conditions, both the DPC and Transwell-culture systems were
placed in a regular incubator (set to 20% O2). For “hypoxic”
conditions, both the DPC and Transwell-culture systems were
placed in an incubator set to 5% O2 (for DPC, in the future,
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placing syringe pumps and media source in the incubator
may be interesting to produce even greater hypoxia). Media
was changed daily for slices in Transwell culture by
transferring the porous membrane insert containing the
tumor slice to a new well containing 1.5 mL fresh media, as
well as adding 10 μL of media on top of the slice. Media was
constantly flowing at 5 μL min−1 in the DPC. Slices were
removed and dissociated after 1, 4 and 7 days of culture and
single-cell viability was measured using an automated cell
counter (Countess 3, Invitrogen). Again, dissociation and cell
counting is a reliable approach to measure slice viability on
this timeline since cellular material originating from dead
cells remains trapped in place in the intact tissue on this
timescale.

Computational model of steady-state oxygen levels in DPC
and Transwell

To characterize the oxygen microenvironment within the
tissue samples, we developed a custom 3D finite difference
model to simulate the reaction–diffusion–advection physics
for the microfluidic DPC chip and Transwell (this
combination of physics is not found in standard packages;
our source code is available upon request). The mathematical
model was implemented in Python (Python 3.12.10) using a
custom finite difference solver. The domain was discretized
into a structured Cartesian grid (60 × 60 × 20 voxels), which
yielded a spatial resolution of 50 micrometers in the xy-plane
and 25 micrometers in the z-direction. The system was solved
using an explicit forward-Euler time-stepping scheme (dt = 5
ms) for 5000 time steps, once a steady state condition was
reached (convergence criterion of <0.1% change over 100
steps). The simulation represented the geometry of the
experimental tumor tissue geometry (cylindrical tissue disc of
d = 3.0 mm, h = 0.5 mm) modeled as a porous medium.

Oxygen transport was modeled accounting for diffusion,
advective flow from the inlet, and metabolic consumption by
the tumor cells. Key parameters were chosen based on
literature values for tumor microenvironment:

● Porosity (phi): porosity was set to the porosity of brain
tissue, 0.2.60

● Diffusivity (D_tissue): oxygen diffusivity in the tissue
was set to 1.5 × 10−3 mm2 s−1, reflecting the nature of the
tumor tissue.62

● Metabolic consumption (V_max): cellular oxygen
consumption was modeled using Michaelis–Menten kinetics
with a maximum consumption rate (Vmax) of 13.0 mmHg s−1

and a Michaelis constant (Km) of 2.5 mmHg.63,64 The V_max
value was calibrated to bound the upper limits of
experimentally observed viability as shown in Fig. 5.

We simulated two physical configurations for DPC and
Transwell:

○ DPC: the geometry (Fig. 6A) accounts for oxygen diffusion
through the gas-permeable PDMS side walls, as well as diffusion
of oxygen directly from the gas environment through a cross-
sectional top circle area. Diffusion through PDMS was modeled

as a resistive flux boundary condition (k_transfer = 0.15) driven
by the gradient between the tissue edge and the incubator
environment. Advective flow rates corresponded to experimental
values: 5 μL min−1 for the chip (with each of the 5 lanes around
∼1 μL min−1).

○ Transwell: the geometry (Fig. 6B) simulates a static (i.e.
with no advective flow) air–liquid interface culture. The top
and side surfaces were exposed directly to the gas
environment.

○ Environmental conditions: simulations were performed
for both normoxic and hypoxic incubator conditions. In the
normoxic condition, inlet air and incubator air were set to 76
mmHg (10% oxygen) and 152 mmHg (20% oxygen)
respectively. In the hypoxic condition, to match the
experimental hypoxic chamber, the inlet air and incubator air
were set to 53.2 mmHg (7% oxygen) and 38 mmHg (5%
oxygen) respectively. For DPC, we modeled the inlet oxygen
concentration in normoxic environment to be 10% (an
estimate of dissolved oxygen levels, see Discussion), and in
hypoxic environment to be 7% to reflect partial adjustment
to the 5% oxygen as the culture medium passed through the
incubator (within Tygon tubing, which is gas-permeable)
before flowing through the tissue.

Statistics and number of mouse and human GBM specimens
tested

All statistical analysis was performed using GraphPad Prism
10. Data shown are mean ± standard deviation unless
otherwise noted. Mouse tumor slices were used for viability
testing (Fig. 2D and 5). For the initial flow rate vs. viability
study, mouse tumor slices were obtained and n = 2–4 slices
were cultured on both the DPC and Transwell. For the long-
term viability study, mouse tumor slices were obtained and n
= 2–8 slices used per condition (day 0, and days 1, 4, 7 for
both DPC and Transwell). For the drug screening experiment
(Fig. 3), slices were obtained from one human high WHO
grade 4 glioma, IDH wild type case. N = 6 slices (3 mm
diameter, 500 μm thickness) were cultured for each of the
four conditions (DPC etoposide, DPC without, Transwell
etoposide, Transwell without drug). For oxidative stress
staining (Fig. 4), slices were obtained from a second human
glioma, with n = 4 slices tested per condition (uncultured,
DPC, and Transwell). For future validation of this platform
for drug screening, it will be necessary to test more than two
human specimens. Enough tissue slices must be derived
from one patient to test the range of targeted conditions (4
in this study, with DPC and Transwell with and without drug,
but more conditions with multiple drugs), and the surgery
must be coordinated with the running of the chip within
hours.
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