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Disease models, including in vitro cell culture and animal
models, have contributed significantly to developing diagnostics
and treatments over the past several decades. The successes
of traditional drug screening methods were generally hampered
by not adequately mimicking critical in vivo features, such as a
3D microenvironment and dynamic drug diffusion through the
extracellular matrix (ECM). To address these issues, we devel-
oped a 3D dynamic drug delivery system for cancer drug
screening that mimicks drug dissemination through the tumor
vasculature and the ECM by creating collagen-embedded micro-
fluidic channels. Using this novel 3D ECM microsystem, we
compared viability of tumor pieces with traditionally used 2D

Introduction

Advancements in drug screening build off a substantial body of work
with ex vivo cell culture models on 2D systems [96-well plates, gelatin
sponge, etc. (1, 2)]. Although these approaches are powerful, they often
resemble physiologic relevant environments (3). Therefore, building 3D
microenvironments that better mimic in vivo conditions has been of great
interest (4-6). Part of these advances is the development of microfluidic
systems for vasculature (7-9). Advancements in drug circulatory diffu-
sion were developed with microfluidic systems to replicate the surround-
ing tumor vasculature (7-9). Polydimethylsiloxane (PDMS) is often used
as a primary material for microfluidic chip fabrication due to its flexibility
and high gas permeability. However, PDMS does not form a biocom-
patible extracellular matrix for 3D cell culture, but rather serves as an
inorganic substrate that lacks physiologic features (10, 11) of biomaterials
of the ECM, such as collagen type I (12). In addition, PDMS has a strong
hydrophobic nature that causes hydrogen bonding or pola—polar inter-
actions negatively influencing drug diffusion (13).

Collagen makes up approximately 30% of protein in the body, while
PDMS does not exist in the body. Thus, combining microfluidic
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methods in response to three different drug combinations. Drug
diffusion profiles were evaluated by simulation methods and
tested in the 3D ECM microsystem and a 2D 96-well setup.
Compared with the 2D control, the 3D ECM microsystem
produced reliable data on viability, drug ratios, and combination
indeces. This novel approach enables higher throughput and sets
the stage for future applications utilizing drug sensitivity pre-
dicting algorithms based on dynamic diffusion profiles requiring
only minimal patient tissue. Our findings moved drug sensitivity
screening closer to clinical implications with a focus on testing
combinatorial drug effects, an option often limited by the amount
of available patient tissues.

collagen-embedded channels with techniques such as sacrificial tem-
plate molding (14) and 3D bioprinting (15, 16) provides advantages
that close the gap between ex vivo cell culture models and animal
models. Clearly, animal models provide much greater physiological
relevance but are less cost effective and can yield responses relevant to
animals but are unintentionally misleading in humans (17, 18). Impor-
tantly, animal models often lack immune system functionality (19) and
species-specific drug response (19, 20) thus, presenting inconsistent
responses compared to clinical trials in human patients (21).

Several tumor-on-a-chip models have been developed in recent
years to overcome limitations of exsiting techniques. For example,
Chang and colleagues (22) developed a PDMS-based drug screening
device on 96-well plates to test xenograft mouse brain tissues.
Although this device offered a high-throughput design compared with
traditional 2D drug screening, the systems were made of non-
physiological PDMS. Skardal and colleagues (23) developed a metas-
tasis-on-a-chip model in which metastatic tumor cell migration was
demonstrated in a circulating microfluidic system that connected a
gut organoid with a liver organoid in two independent chambers.
Although this approach mimicked in vivo conditions with more
complexity, it still utilized an external PDMS-based microfluidic
system. Other material-based approaches such as hydrogels have been
used but not with respect to drug screening. Kolesky and collea-
gues (24) created microfluidic channels in gelatin and fibrinogen using
3D bioprinting, and Nguyen and colleagues (25) fabricated channels in
collagen type I with 400-um needles and coated the channel with
endothelial cells. These designs introduced ECM embedded channels
toward drug screening applications, but the 3D printing method was
limited by channel resolution (26), and the use of needles was not
extendable to more complex channel designs.

Here, we tested a 3D ECM microsystem that provides spatial,
temporal and biological controlled microenvironment that resembles
in vivo circulatory diffusion dynamics, which can greatly enhance the
ability of tumor drug screening approaches as it mimics the in vivo
tumor environment (TME; Fig. 1A). Five tumor pieces (1 mm? in size)
were placed next to opposing channels (0.5 mm) and aligned with
the direction of the diffusion and drug gradient. This set-up allows
the implementation of diffusion simulation in an ECM-resembling
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Figure 1. A
3D collagen vascular tumor-on-a-chip
mimetics for dynamic combinatorial
drug screening. A, A microfluidic 3D
ECM-based drug screening device could
fill the gap between ex vivo models and
animal models, with more physiologic
relevance compared with ex vivo mod-
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3D-Vascular Tumor-on-a-Chip for Drug Screening

3D collagen tumor-on-a-chip In vivo
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& |
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Physiologically relevant

els, and more direct controllability than
animal models. B, Design of a 3D ECM
based dynamic tumor-on-a-chip drug
screening device. Tumors were posi-
tioned between two parallel channels.
Microfluidic channels on both ends were
available for drug perfusion. The 3D
dynamic diffusion approach (left) was
designed to mimic in vivo drug delivery
from blood vessels to tumors (right).
Drug molecules were perfused into ECM
embedded microfluidic channels, and
then the molecules physically diffused
into ECM, generating a drug gradient in
the scaffold.

scaffold, provides temporal and importantly, spatial control any 2D
systems lacks. In addition, this 3D ECM microsystem allows for higher
throughput, along with ease of manipulation for combinatorial drug
dosing supported by simulation modelling to interpret responses to
combinatorial dosing.

Results

3D ECM microsystem design and validation

Intravenous drug delivery from the vasculature into local tissue
depends on diffusion profiles of the individual compounds. To rep-
licate this process, we created a 3D collagen type I scaffolding in which
five tumor tissues (1 mm?, derived from MDA-MB-231 human breast
cancer cell line mouse xenografts) could be embedded (Fig. 1B). We
previously developed a micromilling technique to fabricate micro-
fluidic channels directly in a 3D ECM microsystem (14). Circular
microfluidic channels were incorporated on both ends to establish
drug gradients that perfuse across the device and the tumor samples
(Fig. 1B). First, the clinically relevant breast cancer therapeutic drug
adriamycin (doxorubicin; ref. 27) was tested to assess whether drug
diffusion can be reliably predicted in the 3D-collage scaffold. Doxo-
rubicin (30 puL) was injected into the left channel of the device and
allowed to diffuse into the collagen scaffold for 24 hours. As doxo-
rubicin molecules are autofluorescent (28), direct determination of the
diffusion was determined through confocal microscopy imaging
(Fig. 2A). Doxorubicin fluorescent signals were captured and intensity
profiles were measured at 1 and 24 hours. After 24 hours (Fig. 2B), an
approximately linear concentration profile was obtained from the left
to the right channel. This allowed a one-dimensional simulation using
Matlab, by applying Fick’s second law in one dimension (1D), with the
finite difference method as a simplified math model. The obtained
diffusion profile was compared to a mathematically simulated diffu-
sion profile predicted through diffusion equations as described (29, 30).
Notably, experimentally obtained values for the slope of the curve were
not significantly different from mathematically modeled curves
(Fig. 2C). To further examine the accuracy of the 1D simulation in
the 3D collage scaffold, the rhodamine 6G diffusion profile was
predicted by using rhodamine 6G diffusion coefficients (31, 32) and
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comparing these modeling results with experimentally obtained values
(Supplementary Fig. S1). Reassuringly, the 6G rhodamine diffucion
profile matched the simulation as well.

To test the next drug responses of actual tumor tissues in the device,
human breast tumor xenograft fragments were created by injecting
MDA-MB-231 cells into nude mice (33). Tumor fragments were were
dissected into two pieces (1 mm?>) and characterized for viability to
exclude dead tissue samples (Supplementary Fig. S2) prior to screen-
ing. 3D ECM microsystems were prepared with DMEM + 10% FBS to
provide tumor samples with essential nutrients. To first examine
tumor tissue survival over time, tumor tissue viability was examined
up to 6 days with five tumor samples per device. Tumor samples were
then analyzed with a live/dead stain (CalAM and EthD-1) and confocal
microscopy (Fig. 2D and E). To avoid autofluorescence from tumor
tissue, its ECM, and the collagen scaffold (34-36) to alter the analysis
two methods where used to determine cell viability (Supplementary
Fig. S3). First, because tumor autofluorescence is rather uniform
throughout the tumor, image processing software was used (Image]
bundled with Java 1.8.0_172; https://imagej.nih.gov/ij/download.
html) to subtract autofluorescence from tumor tissue images. Sec-
ond, tumors were cut into smaller pieces, gently manually detached
with tweezers and against the coverslip. That way, it was found that
tumor samples maintained over 75% viability in the device com-
pared to initial viability of the tumor being approximately 80%
(Fig. 2D). To get a better sense if tumor viability in the 3D ECM
microsystem differs from the one found in conventional 1D meth-
ods, tumor pieces were seeded in a 96-well plate, immersed in
media, and analyzed in parallel. As Fig. 2E shows, tissue viability
varied from about 76% to 95% in both methods, but was comparable
over time (Fig. 2E).

Single drug screening

To better mimic dynamic in vivo diffusion profiles and to identify
drug concentrations that would fit best with COMPUSYN algo-
rithms (37, 38), drug concentration simulation was used through
Matlab coding to compare one-time dosing vs. constant-flow dosing
(replenish drugs every 12 hours) over 3 days (Supplementary Fig. S4).
The one-fill mode will cause a drop of initial high dose at the left
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channel, and the multiple-fills mode will cause a continuous increasing
dose over the whole device. The constant-flow dosing mode suggested
that compared to one-time dosing, higher max/min dose differences
occur especially after 72 and 48 hours compared with 24 hours, which
is preferable for more accurate simulation and estimation of a dose-
effect curve using COMPUSYN.

To next correlate simulation with tumor viability, five tumor
samples were placed in the 3D collage scaffold and 30 pL of media
containing 100 umol/L of doxorubicin was introduced into the left
channel. To achieve a constant channel drug concentration and
match the simulation of constant-flow mode, drug-containing
media was replenished every 12 hours. As a control, five tumor
samples were placed individually in 96-well plates, and treated
directly with 100-uL media (DMEM + 10% FBS) with doxorubicin
(every 12 hours) doses corresponding to a 48-hour drug concen-
tration simulated by Matlab for each tumor piece in the 3D device
(Fig. 3A). The 48-hour drug concentration was chosen to create a
comparable dosing scheme between the two devices. After 3 days, all
10 samples (device and 96-well plate) were analyzed by live/dead
staining and tissue viability was determined (Fig. 3B). As expected,
a dose-dependent decrease in viability that correlated with the
drug dose gradient was observed in both 2D controls as well as
3D ECM microsystem. Notably, the 3D ECM microsystem samples
showed lower viability compared to 2D controls. As a reference,
tumor samples from the 3D ECM microsystem were also analyzed
for proliferation and apoptosis by immunofluorescence staining
for Ki-67 and caspase-3, respectively (Fig. 3C). As expected, a
dose-dependent increase in Ki-67 (proliferation) and decrease in
caspase-3 (apoptosis) was observed, which was quantified and
consistent with the live/dead staining results (Fig. 3D). Doxorubi-
cin intrinsic fluorescence decreased as well across the spatially
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intensity without the presence of
doxorubicin. C, 1D simulation of
doxorubicin diffusion profile gene-
rated by applying the diffusion
coefficient of doxorubicin from lit-
erature data. The simulation was
similar to experimental results for
the 1- and 24-hour diffusion profiles.
D, Viability tests for tumor samples
cultured in 96-well plates and in
our ECM tumor-on-a-chip device.
E, Live/dead staining of tumor sam-
ples from day O to day 6, in 96-well
plates and in our device. Scale bar,
200 um.

Distance (mm)

Day 6

Day 2

Day 4

distributed samples, which correlated with the drug simulation
analysis (Fig. 2A-C).

Tumor viability during combination treatment

Drug synergism is an essential determinant in evaluating drug
combination therapies. The advantage of syngergistic drug effects,
when compared with additive effects, is that a specific drug
ratio generates higher effects than the combined individual drug
responses (additive). Thus, drug synergism is a desired factor in
evaluating combinatorial drug schemes. The Chou-Talalay meth-
od (39) is frequently used to determine if two drugs act syngergistic,
additive, or antagonistic. This method uses the combination index
(CI) as a readout. Here, CI values, where CI < 1 marks synergistic,
CI = 1 additive and CI > 1 antagonistic drug effects, were calculated
using COMPUSYN software that is based on the Chou-Talalay
method (39). The power of this method lies in determining optimal
(less toxic) and efficacious drug ratios for combination treatments.
In general, CI analyses are done in vitro using cell lines that allow
testing of many different drug concentrations, but often lack in vivo
reproducibility.

To test the feasibility of the 3D ECM microsystem, a drug combi-
nation was chosen that is commonly used to treat breast cancer:
doxorubicin and cyclophosphamide act synergistically to kill tumor
cells through different mechanisms (40). Doxorubicin kills cells by
intercalation of DNA, topoisomerase II inhibition and free radical
formation (41, 42). Cyclophosphamide metabolites (e.g., 4-hydroxy-
cyclophosphamide) mediates cell death by alkylating and crosslinking
DNA in cancer cells (41, 43-45). Four sample setups were used as
illustrated in Supplementary Fig. S5 to analyze the known synergistic
effect of both drugs in the 3D ECM microsystem: doxorubicin alone
(denoted as doxo), 4-hydroxycyclophosphamide alone (denoted as
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Figure 3.

Doxorubicin dose (pmol/L)

Tumor-on-a-chip response to single drug exposure. A, 3D devices versus 2D controls setup. Top: five tumors were inserted in series into the system. Middle:
simulation of drug diffusion profile for 24, 48, and 72 hours. Bottom: In a 2D control, tumors were cultured in 96-well plates and treated directly with constant drug
doses equal to the drug dose in the 3D device at 48 hours. B, Doxorubicin drug screening results for the device and control. Note that both presented similar trends,
yet the absolute drug effect was different. For doxorubicin, 1,000 units =100 umol/L. Experiments were done in triplicates. C, Immunofluorescent staining for DAPI,
Ki-67, and caspase-3, and autofluorescence of doxorubicin, in tumor samples treated with doxorubicin. Expression of caspase-3 increased and Ki-67 decreased with
higher dosing, which agreed with the live/dead staining results. Allimages are 700 x 700 um. D, Quantification of immunofluorescent staining intensity of caspase-3

and Ki-67. The lines are polynomial interpolations.

cyclo), doxorubicin and 4-hydroxycyclophosphamide in opposite
directions (denoted as oppo), and both drugs diffusing in the same
direction (denoted as para for parallel). For oppo, doxorubicin and
4-hydroxycyclophosphamide were injected from the left and right
channels, respectively; and for para, both drugs were injected from
the left channel. Similar to the one-drug screening approach,
96-well controls were prepared, with drug doses matching 48-hour
dosing in the 3D ECM microsystem (Supplementary Fig. S5). In the
3D device, the concentration of the drugs at each tumor sample
location was again determined through 1D simulation as before
(Supplementary Fig. S6A). The simulations revealed that compared
with doxorubicin, 4-hydroxycyclophosphamide (277g/mol) dif-
fused faster than doxorubicin (543 g/mol), as expected with its
lower molecular weight (Supplementary Fig. S6B). Based on this
and the median effect dose (Dm) of doxorubicin being previously
reported as much lower than 4-hydroxycyclophosphamide for
MDA-MB-231 cell treatment (46), we selected 100 pmol/L of
doxorubicin and 100 mmol/L of 4-hydroxycyclophosphamide as

AACRJournals.org

the initial injection dose for each channel. Single drug treatments
showed reduced tumor viability (one-effect; Supplementary Fig. S7A
and S7B, where viability is one-effect) as the drug dose increased in
the 96 well control and 3D ECM microsystem (Fig. 4C and D, blue
and red lines).

As expected, treatment with both drugs at the same time in para
showed lower tumor tissue viability than either of the single drugs
alone, which indicated that the addition of either drug increased the
overall effect (Fig. 4A top, 4C and 4D, gray lines). In both oppo
treatment schemes, 2D and 3D, the tissue viability after drug combi-
nation was dominated by the highest dose of doxo (Fig. 4A bottom, 4E
and 4F, gray lines). For the 3D ECM microsystem this suggests that the
initial increase in tissue viability was due to a rapid drop of the
dominating doxo effect, and that the subsequent decrease was mainly
caused by synergistic combination effect of doxo and cyclo. The tissue
viability curve (for both 2D control and 3D device) fluctuated from one
side to the other, and reached a local minimum at double median
dosing in the 3D ECM microsystem.
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Figure 4.

Double drug screening with doxorubicin (doxo) and cyclophosphamide (cyclo). A, COMPUSYN analysis of 2D 96 well-plate control. B, COMPUSYN analysis of 3D ECM
microsystem. C, Drug screening results for cyclo and doxo in para dosing in 2D control. The blue and orange curves indicate single drug treatments, and the grey
curves indicate parallel direction drug combination results. Combination index values are labeled at each data point. D, Drug screening results for cyclo and doxo in
para dosing in 3D ECM microsystem. E, Drug screening results for cyclo and doxo in oppo dosing in 2D control. F, Drug screening results for cyclo and doxo in oppo

dosing in 3D ECM microsystem. Experiments were done in triplicates.

Comparison of synergistic and antagonistic combination
indeces in 2D and 3D

Analyzing the CI values (Fig. 4A and B, and placed below each
combination data point Fig. 4C to F), it was noticed that while CI
values of 2D and 3D analyses were mostly comparable in para and
oppo, some subtle differences stood out. For example, the 2D midpoint
CI value for para treatment (doxo and cyclo) started at 0.88 for high
doses of doxo and cyclo and decreased to 0.46 for median doses, and
then increased to 1.65 for low doses, suggesting better synergism, at
midpoint (Fig. 4C). Similar trends with a 2.4-fold lower CI value of
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0.19 were observed in the para 3D ECM microsystem (Fig. 4D).
Importantly, for oppo combinations, maximum synergy occurred at
“double-median” dosing in both the 2D control with a CI value of
0.53 and more convincingly in the 3D ECM microsystem with a CI
value of 0.19 (Fig. 4E and F). This suggests that the dynamic drug
delivery in the 3D ECM microsystem provides a more robust synergy
effect compared to the 2D analysis.

To examine a broader applicability of the 3D ECM microsystem,
another drug combination common in breast cancer treatment was
used: cisplatin and paclitaxel (cis and pac). Unlike the doxo and cyclo
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combination, the clinical outcomes using this drug combination are
mixed for drug synergy and effectiveness (47, 48). Although one study
reported an 85% response rate with the cis and pac combination
treatment (49), a response rate of only 21% was found in another
similar study (50). As before, drug diffusion profiles were determined
for cis and pac individually (Supplementary Fig. S8), before viability
and CIs were examined. As shown in Supplementary Fig. S9, similar
trends although less distinct were observed as for the doxo and cyclo
combination, with a dominance of high cis doses in viability and lower
midpoint CIs in the 3D ECM microsystem compared with the 2D
control. As expected, given the clinical outcomes mentioned above, CI
values were overall higher than found with the doxo and cyclo
combination.

Finally, a known antagonistic drug combination (paclitaxel and
vincristine) was examined (38, 51). Both combination curves showed
significantly different profiles. For the para combination in 2D and 3D
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(gray lines in Fig. 5A and B), the tumor viability was relatively high and
stable even with an increasing dose of both drugs, with CI values. In
oppo combinations, tissue viability at both ends (high pac or high vin)
was lower and only one of the two drugs affected the response as the
other drug, as observed in the diffusion simulation (Supplementary
Fig. $10), could not effectively diffuse to the far end. This finding is an
important distinction compared to the 2D model as in in vivo diffusion
through the ECM defines drug efficacies and thus the 3D ECM
microsystem provides a more accurate resemblance of drug effects.
Comparing then the midpoint para and oppo CI values for these
three drug combinations (Fig. 5E) showed a stronger synergistic effect
for the doxo and cyclo compared with cis and pac, while pac and vin
presented an antagonistic effect. The CIs identified for the 3D ECM
microsystem were comparable with CIs found in the 2D system.
However, 3D CIs demonstrated lower CI values for the syngerstic
drug combinations, where the dox and cyclo CI was distinctively lower
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B Vin & pac

Comparison of a known antagonistic drug interaction in 2D and the 3D ECM microsystem. A, Drug screening results of paclitaxel (pac) and vincristine (vin) in para
dosing in 2D 96-well plate control. The blue and orange curves indicate single drug treatments, and the gray curves indicate parallel direction drug combination
results. Combination index values are labeled at each data point. B, Drug screening results for pac and vin in para dosing in 3D ECM microsystem. C, Drug screening
results for pac and vin in oppo dosing in 2D control. D, Drug screening results for pac and vin in oppo dosing in 3D ECM microsystem. E, Cl comparison between all
three drug combinations (doxo and cyclo, cis and pac, and pac and vin) at double-median dosing.
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than the cis and pac CI, compared with the 2D analysis where both CIs
appeared similar, thus better reflecting reported success of both
combinations in human trials (52).

Discussion

Here, we introduce a novel 3D collagen tumor-on-a-chip approach
with microfluidic channels applicable to combinatorial drug screening.
The device permits 3D collagen-embedded tumor samples to be
rapidly evaluated for drug sensitivy employing drug diffusion profiles
from vessel-mimicking channels, which simulate in vivo dynamic drug
delivery. Based on mathematical simulations of drug diffusion profiles,
local drug concentrations for each tumor sample in the 3D ECM
microsystem were determined in a time dependent manner and
applied to the 2D controls. Comparison between the 3D ECM micro-
system and the commonly used 2D 96-well approach confirmed the
appropriateness of the 3D ECM microsystem that provides a much
needed physiologically-relevant experimental environment, in deter-
mining tissue viability, useful drug ratios and combination indeces.
Within a tissue, concentration gradients exist not only for oxygen, pH,
nutrients and effector molecules, but also for drugs. Therefore, prox-
imity of a blood vessel, ECM compositions are important factors
determining drug concentrations in tumor tissues. As 2D approaches
fail to build meaningful gradients, it has long been realized that drug
screening in 3D is far superior in high-throughput drug screening;
however, cost and limited tissue availability often restrict drug screens
in 3D (53). The 3D ECM microsystem presented here helps to
overcome these hurdles by offering blood vessel like structures (chan-
nels) embedded in collagen and diffusion gradients. Besides single
drug gradient generation, we specifically designed and examined
parallel dosing and opposite dosing strategies. Thus, the parallel setup
mimicked intravenous chemotherapy delivery as a simplified version.
As the opposite setup does not represent any in vivo application
specifically, it offers an efficient way to test drug combinations in
different dose ratios, which can only be achieved by manually adding
different doses in parallel. This would require many more devices and
tumor tissue pieces. In addition, we presented evidence here that the
placement of five tumor pieces in series between two channels enables
reliable testing of drug combinations to derive relevant drug ratios and
thus, combination indeces.

Adressing tumor heterogeneity through the 3D ECM
microsystem

Although 3D cell culture models, such as organoids, allow cell-to-
ECM contact, they fail to reflect intratumoral tumor heterogeneity. For
example, fibroblasts, adipocytes, immune cells a part of the tumor
microenvironment (TME) and modulate the response of cancer cells
to chemotherapies and targeted therapies through production of
secreted factors (52). Therfore, analyzing tumor tissue that contains
all TME cell types is necessary for valuable drug screening. We provide
evidence that tumor tissues show decent viability up to 6 days.
However, although that can be useful for some research purposes, in
drug sensitivity testing such long time periods are not advisable, as
prolonged interactions of tumor cells with the collagen scaffold
induces cells to migrate out of the tumor that way resulting in different
drug responses found in tumors with intact architecture. Another
important factor requiring terse analysis time comes from the relative
short viability of immune cells ex vivo, compared to cancer cells (54).
As we show here in overall tumor viability, future studies are needed to
examine individual cell type viabilities in 3D ECM microsystem.
Intratumoral heterogeneity is also a result of clonal heterogeneity that
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influences drug responsiveness and has been addressed by emerging
computational prediction models used to optimize cancer thera-
pies (55). Intertumoral heterogeneity which describes genomic
differences of the same cancer between two or more patients as
well as clonal differences of metastases within one patient, is an
equally pressing issue difficult to address in conventional drug
screening aproaches (56). Clearly, the 3D ECM microsystem pre-
sented here offers a personalized way to screen for effective drug
combinations of the tested tissues.

Comparisons of time-dependent effects or dosing frequencies offer
important pharmacologic insight into how dosing regimens influence
diffusion profiles, drug dosing range, and can lead to variations in drug
treatment outcomes. For example, comparisons between the 2D and
the 3D ECM microsystem showed that all four different drug appli-
cation methods generated similar trends with dose-effect patterns in
2D and the 3D ECM microsystem that mostly agreed with each other:
fluctuations and curve inflections. However, absolute cell death
amounts differed between 2D and 3D, probably due to differences in
the actual drug delivery profile over time: constant dosing in 2D versus
dynamic dosing 3D. In the control (96-well plates), tumor fragments
were soaked in drugs, and thus experienced constant drug dosing, with
12 hours replenishing over a 3-day period. In the 3D device, the tumor
fragments were exposed to drugs through diffusion in the 3D ECM
microsystem and experienced a dynamic and nonlinearly increasing
dose profile, which is physiological more relevant as drug delivery in
2D. Therefore, in vitro drug screening by constant dosing is an overly
simplified model that provides an inaccurate reference to in vivo drug
treatment. With the development of computational models and
accuracy in simulations, a more reliable in vitro reference can be
provided. Our study is merely a first step in dynamic diffusion
simulation, but already presents different drug effects especially in
combination index values. For example, our Matlab simulation in 1D
applying Fick’s second law was a simplified tool to calculate spatia-
temperal distribution of all drugs in the device, while a 3D simulation
optimized by experimental data are preferrable for more accurate
determination in the future.

Other important advantages of the 3D ECM microsystem are: (i)
Ease of experimental manipulation: single dosing for the channels for
each five-tumors in the device is easier than diluting and combining
drug doses multiple times as requied for the traditional 2D approach.
(ii) Low drug consumption: the micrometer scaled fluidic system
requires only small volumes of reagents. As some drugs (especially
new drugs in development) are expensive or initially only synthesized
in small batches, our approach provides useful insight early in the drug
development process.

In conclusion, we developed an effective and convenient new 3D
collagen tumor-on-a-chip approach that offers microfluidic channels
to mimic tumor vasculature in vivo for drug screening and a cancer
appropriate ECM. Our device enables 3D embedded tumor samples to
be examined with single/double drug combinations in a physiologi-
cally meaningful way as it enables drug diffusion through the ECM,
which simulates in vivo dynamic drug delivery. The 3D ECM micro-
system can be adapted depending on individual ECM requirements,
availability of tumor tissues, etc., to provide personalized patient
treatment.

Materials and Methods

Tumor preparation
All animal experiments were approved by the University of Pitts-
burgh IACUC. MDA-MB-231 cells were injected into the mammary
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fat pad of 3- to 4-week-old female nude immunocompromised
SCID-Beige mice and the tumors were harvested 8 weeks after
implantation. The tumors were stored in liquid nitrogen (33).
Before drug testing, tumor samples were thawed and immediately
sliced with a scalpel into roughly 2 mm® (1 mm*1 mm*2 mm)
fragments. Tumor sections close to the necrotic core and the surface
were removed. Each fragment was divided into two 1 mm? frag-
ments, one for live/dead staining to ensure the fragment had over
70% viability. Fragments that were viable were embedded into the
3D ECM microsystems for drug screening.

Tumor device fabrication

Building off our previous work (57), the device chamber was
fabricated by cutting PMMA boards (TAP Plastic, 2.4 cm in thick-
ness) into chamber walls (inner: 40*16 mm, outer: 44*20 mm)
through a laser cutting system (Epilog). Then, the chamber was
attached to a 5022 coverslip with optical adhesive (NOA 81,
Norland products Inc.). The device was cured with UV for 2 minutes
and rinsed with 70% ethanol under UV light for 2 hours, then rinsed
twice with 1x PBS to remove residual ethanol. The gelatin template
was prepared as described in our previous work (57), then positioned
in the chamber. Three or five tumor samples were placed between
the parallel channels, with equal distance between each sample, or
any other locations for desired local dosing, based on our 1D
simulation. Collagen with 3 mg/mL concentration (10% 10x PBS,
high concentration collagen type I with corresponding concentration
ratio, 1 N NaOH = 0.023*collagen, and DMEM + 10% FBS) was
injected into the chamber and covered the tumor samples. Then, the
device was maintained at room temperature for 30 minutes, followed
by incubation at 37°C for 30 minutes. The gelatin template was then
removed with a syringe.

Doxorubicin drug gradient characterization

Doxorubicin (Selleckchem, in DMSO) was first diluted by DMEM
+ 10% FBS to 100 umol/L, then injected into the left channel of one
blank device (without the presence of tumor samples). The device was
next imaged using confocal microscopy. Doxorubicin had an excita-
tion/emission wavelength of approximately 480/560 nm. Images were
captured moving spatially across the device from the left channel to
right channel, at 1-mm intervals. The average intensity of the images
(intensity of doxorubicin fluorescence) was determined through image
analysis of the confocal microscope images (Axio Observer Z1 Micro-
scope System, Zeiss). The sample was incubated at 37°C for 24 hours,
then removed and another set of images was capture. A baseline
intensity was also determined by imaging a blank device without the
doxorubicin injection.

Viability test for tumor samples

Tumors embedded in the device were stained with 100 UL of CalAM
+ EthD-1 solution (adding droplets directly on top of tumors in the
device) for 1 hour, then rinsed with 1x PBS twice (10 minutes each).
Next, the device was imaged with a confocal microscope. This test
is destructive to tumor samples, so multiple samples were needed for
day 0 up to day 6 for viability tests. For tumors cultured in 96-well
plates, the media was removed, and 100 pL of CalAM + EthD-1
solution was added per well for 30-minute staining followed by 1x PBS
rinse twice (10 minutes each). Then, the tumors were imaged with
confocal microscopy. Images were then analyzed with Image] (Image].
nih.gov) to count green (live) and red (dead) cells. Viability was
determined by their ratio.
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1D-simulation of the drug profile

To demonstrate the feasibility of the model-based data-fitting
approach, we simulated and predicted the diffusion profile of drugs
through a simplified 1D diffusion equation (29). Because the double
channels in our current design were parallel to each other, the diffusion
profile along with the device was approximately parallel as well. We
simulated the model by integrating the 1D diffusion equation:

d%¢;
Ox?

ac;

afDi(X)

using a fixed time step forward Euler method, and second order center
difference approximation to the Laplacian. The simulation used
Matlab (ver. R2018b; www.mathworks.com).
code:
clear all;
range =40; % lengthbetween twoparallel channels
dx =0.1;% distance interval
pi=3.1415;
C=zeros (1, range/dx) ; $vector fordrug concentration
dt =0.001;%time interval
D=1.635;%Diffusion coefficient of drug
coe = D*dt/ (dx*dx) ;% diffusion coefficient
tumorp =[1,100,200,300,400] ; $tumor positions
C(l) =10;%initial concentration value
T=1/dt;
P =[48]; $time range, 48 indicates 48 hours
m=1;
for i=1:TP(m)

C(l) = 10; %iteration for initial point,
constant injection; for one time injection, C(1)
= C(1)-D*dt*(C(1)-C(2))/dx;

for j = 2:range/dx-1

C(3)=C(3)+coe’ (C(3+1)-2"C(3)+C(I-1));
%general iteration, Forward Euler
C(j) =C(3)-0.000001;
if C(j)<0
C(j) =0; %ensure concentration stays
positive.
end

end

C(range/dx) = C(range/dx)-+D*dt* (C (range/
dx-1)-C(range/dx)) /dx; $iteration for endpoint

end
forl=1:5
tumorC (1) = C(tumorp(l)); $Sconcentration at
each tumor position
end
plot (C); %concentration profile

Tumor drug testing
Single drug testing

In the device, 30 UL of doxorubicin (100 pmol/L) or 4-hydro-
xycyclophosphamide (Toronto Research Chemicals, dissolved in
DMSO, 100 mmol/L) diluted in DMEM + 10% FBS was injected
into one channel and the device was stored in a 5% CO, 37°C incubator
for up to 3 days. Every 12 hours, the device was taken out, the drug
was removed from channel, and the media in the channels was
replenished with fresh drug solutions. In the 2D 96-well control,
100 UL of doxorubicin/4-hydroxycyclophosphamide with a designated
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concentration was added per well. The samples were stored in
the incubator for 3 days. The solutions were refreshed every
12 hours.

Double drug testing

Opposite drug administration in the device: 30 UL of doxorubicin
(100 pmol/L) solution was injected into the left channel; then, 30 uL
of 4-hydroxycyclophosphamide (100 mmol/L) solution was injected
into the right channel. The solutions were refreshed every 12 hours.
Parallel drug administration in device: The mixture of doxorubicin
(100 pumol/L, final concentration) and 4-hydroxycyclophosphamide
(100 mmol/L, final concentration) was injected into the left channel.
The solutions were refreshed every 12 hours. Opposite/parallel drug
administration in 96-well plates: The mixtures of doxorubicin and
4-hydroxycyclophosphamide with designed concentrations were add-
ed per well.

All samples were incubated for 3 days, removed, washed twice with
PBS, and stained with CalAM and EthD-1 for viability imaging. The
same approach was applied to cisplatin + paclitaxel, and paclitaxel +
vincristine drug combinations.
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