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A new paradigm in oncology establishes a spectrum of tumori-
genic potential across the heterogeneous phenotypes within a
tumor. The cancer stem cell hypothesis postulates that a minute
fraction of cells within a tumor, termed cancer stem cells (CSCs),
have a tumor-initiating capacity that propels tumor growth. An
application of this discovery is to target this critical cell population
using chemotherapy; however, the process of isolating these cells
is arduous, and the rarity of CSCs makes it difficult to test poten-
tial drug candidates in a robust fashion, particularly for individual
patients. To address the challenge of screening drug libraries on
patient-derived populations of rare cells, such as CSCs, we have
developed a drug-eluting microarray, a miniaturized platform onto
which a minimal quantity of cells can adhere and be exposed to
unique treatment conditions. Hundreds of drug-loaded polymer
islands acting as drug depots colocalized with adherent cells are
surrounded by a nonfouling background, creating isolated culture
environments on a solid substrate. Significant results can be ob-
tained by testing<6% of the cells required for a typical 96-well plate.
Reliability was demonstrated by an average coefficient of variation
of 14% between all of the microarrays and 13% between identical
conditions within a single microarray. Using the drug-eluting array,
colorectal CSCs isolated from two patients exhibited unique re-
sponses to drug combinations when cultured on the drug-eluting
microarray, highlighting the potential as a prognostic tool to iden-
tify personalized chemotherapeutic regimens targeting CSCs.
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Tumor-initiating cancer stem cells (CSCs) are being in-
vestigated as a promising therapeutic target (1). The rarity of

CSCs, which constitute ∼1% of tumor cells (1, 2), limits their
availability for testing, and traditional screening methods require
substantial cell quantities. Industrial pharmaceutical capabilities
have successfully reduced cell requirements in drug screening,
but such capital-intensive facilities are typically unavailable to
clinicians and pathology laboratories. The past decade has wit-
nessed the emergence of multiple cell-based microarray plat-
forms that address availability and cell source limitations (3–5),
although these systems have inherent shortcomings. Many rely
on immobilizing target molecules (6–9), limiting applicability to
small molecule drug libraries, whereas others rely on robotically
spotting cells (10), a technique not amenable to widespread
adoption. Array platforms capable of capturing single cells have
been established (11, 12), but determination of chemothera-
peutic efficacy is better investigated through methods using
greater cell numbers, which better capture variability in cellular
responses. Furthermore, arrays of drug-loaded polymer films
with an overlying cell monolayer have been developed (13), but
monolayers of cells are susceptible to juxtacrine and paracrine

signaling, which are particularly important for multipotent cells.
In the present work, the provision of differential cell adhesion to
promote seeding onto spotted drug-loaded films against a sur-
rounding nonfouling background (i.e., a surface that resists
protein adsorption and thus cell adhesion) can separate drug-
eluting polymer films to create isolated culture environments.
The use of programmable arraying techniques can then enable
fabrication of uniquely formulated drug-eluting spots that pro-
vide prescribed drug doses and drug combinations to overlying
cells for simultaneous testing on a single device.
It is becoming increasingly evident in cancer treatment that

simultaneously targeting multiple critical pathways using combi-
nations of chemotherapeutic drugs can enhance outcomes (14–17).
Conventional screening of chemotherapeutics uses an estab-
lished panel of cancer cell lines (18) that have been derived from
bulk tumors. A recently developed clinical approach involves
performing in vitro chemosensitivity testing of tumor biopsy
specimens to individualize treatment (19, 20). Unfortunately,
benefits have been limited, with poor correlations between bulk
tumor cell sensitivity and clinical efficacy. This lack of efficacy
has been attributed to patient to patient variability, owing in part
to intratumor heterogeneity (21–23).
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Tumors consist of multiple cell phenotypes. In the CSC model,
a rare cell population of tumor-initiating cells perpetually self-
renew and are responsible for tumor heterogeneity, metastasis,
and disease recurrence (1, 24). Recent identification of unique
cell surface markers that enrich tumor cell isolates for CSCs have
led to novel techniques for isolating enriched colorectal CSC
(CCSC) populations from patient tumor samples (25–28). For
example, xenotransplantation of a single CCSC identified by
high Wnt/Β-catenin signaling activity generates tumors that re-
capitulate the diverse phenotypic heterogeneity of the original
tumor (29). Thus, identifying and isolating CCSCs out of the tu-
mor bulk from an individual cancer patient and determining
sensitivity to chemotherapeutic drugs in vitro is possible (30, 31).
An approach such as the drug-eluting microarray, enabling use
of low cell numbers, could potentiate personalized combination
drug treatment screens for efficacy against patient-specific CSCs.

Results and Discussion
Drug-eluting microarrays were developed (Fig. 1). Fabrication
(Fig. 1A) was based on a modification of our earlier cell array
(32) and provided cell attachment to drug-loaded polymer is-
lands surrounded by nonfouling surface treatment (Fig. 1B).
Site-specific attachment of cells to polymer islands with minimal
cell adhesion to the background was achieved (Fig. 1C). The
fidelity of fabrication and cell attachment was quantified after
24 h of incubation using the following criteria (with results in
parentheses): poly-D-lysine printing misalignment with polymer is-
lands (<1.3%), proportion of islands with adherent cells (>95%),
proportion of islands with <65% cell coverage (<11%), and
proportion of cells on islands (>94%).
Loading efficiency (i.e., the amount of drug partitioned into

the polymer as a percentage of the total amount of drug initially
loaded) of small molecules from Poly(ethylene-covinyl acetate)
(EVA) polymer films on microarrays was quantified (SI Appen-
dix, Fig. S1). Release kinetics from microarrayed drug-eluting
EVA films demonstrated an initial burst during the first 8–24 h,
followed by a steady rate of release over 5 d (Fig. 2 A and E).
Over the ranges tested, flux from the EVA films was linear in
relation to initial drug loading, allowing controllable delivery of
factors in a dose-dependent manner (SI Appendix, Fig. S2 A and
B). Furthermore, coloading with a second drug did not alter the
flux (SI Appendix, Fig. S2C), and drug release could be delayed

by overspotting unloaded EVA films onto drug-loaded films,
creating a diffusion barrier (SI Appendix, Fig. S2D). Cell seeding
was ∼200 cells per island and was unaffected by drug loading
concentration (SI Appendix, Fig. S3).
The feasibility of eliciting dose-dependent responses to a model

hydrophilic agent, azide, was demonstrated using the HCT116
colon carcinoma cell line (SI Appendix, Fig. S4A). Consequently,
further investigation was carried out using nutlin-3a and
camptothecin, representing two classes of clinically relevant
drugs. Nutlin-3a, a hydrophobic drug that inhibits human double
minute 2 (HDM2), is currently under clinical investigation in
combination with numerous therapeutic agents (33, 34). Nutlin-3a
binding to HDM2 disrupts turnover of the tumor-suppressor
protein p53, increasing p53 protein levels and inducing cells to
enter into either a state of cell cycle arrest or apoptosis at higher
concentrations (35). HCT116 cells were cultured on nutlin-3a–
loaded microarrays for 24 h, and proliferation was quantified.
With increasing concentrations of nutlin-3a, the percentage of
nonproliferating cells increased (Fig. 2 B–D). Correspondingly,
cell numbers were diminished after 72 h of incubation (SI Ap-
pendix, Fig. S4B). Thus, the HCT116 cell line clearly evidenced
dose-dependent cell cycle arrest when cultured on nutlin-3a–
loaded microarrays. Camptothecin, a hydrophobic topoisomerase
inhibitor that induces apoptosis, is also of interest, with various
analogs used in chemotherapy (36, 37). As expected, the proportion
of HCT116 cells undergoing apoptosis was greater with increasing
concentrations of camptothecin after 72 h of incubation on the
microarray (Fig. 2 F–H).
Seminal cell-based microarray studies have demonstrated that

experimental design can control for undesirable interactions
between islands through island spacing, randomized configura-
tions, and robust statistical analysis (4). Previous work on a related
type of microarray configuration has suggested that a 1.5-mm
spacing between islands is sufficient to isolate cell populations
from agents released from neighboring polymer spots (13). To
determine whether paracrine signaling or diffusion of drugs from
adjacent polymer islands was a factor in our drug-eluting micro-
array using this 1.5-mm (center to center) island spacing, we an-
alyzed camptothecin-loaded arrays in various configurations (Fig. 2
I and J). No differences in apoptosis were noted between the
configurations at different drug loading amounts, indicating

Fig. 1. Drug-eluting cellular microarrays. (A) Fabrication. Glass coverslips are robotically printed with amine-terminated silane in isolated spots and then
coated with titanium and gold. Processing exposes silane-grafted islands, whereas the gold region is passivated by the addition of a nonfouling PEG
background (32). Drug-loaded EVA is then printed over the exposed silane islands, and amine groups promote polymer adhesion. Finally, poly-D-lysine is
overspotted on the EVA films to promote cell adhesion before seeding. (B) Schematic of a single spot highlighting the substrate architecture, the chemistry of
the nonfouling PEG coating, and the drug-eluting polymer with cells adherent (not to scale). (C) Fluorescence microscopy mosaic image of a 10 × 11
microarray seeded with HCT116 colon carcinoma cells, illustrating the fidelity of cell adhesion to isolated islands of drug-eluting polymer films. Shown is a
detail of a single drug-eluting island demonstrating adherent cells (phase- contrast image overlay with nuclear staining in blue). The EVA film is fabricated
using a water-oil emulsion to promote uniform film thickness during drying, and has a mottled appearance. (Scale bar: 200 μm.)
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negligible interaction with cells or drugs from neighboring islands
(Fig. 2K).
Chemotherapy for colorectal cancer is often a combination of

two drugs. Dual-drug microarrays were developed to investigate
possible interaction effects of nutlin-3a and camptothecin on the
HCT116 cell line. Ranges of six loading concentrations for the
two drugs were combinatorially encapsulated and printed in ran-
domized microarray configurations, resulting in 36 unique con-
ditions (Fig. 2L). The results demonstrate the feasibility of the
drug-eluting array platform for inducing dose-dependent non-
proliferation (SI Appendix, Fig. S5). Furthermore, hyperbolic
curves were generated to model dose–responses from one drug
in the presence of a fixed amount of a second drug for each
combination (SI Appendix, Fig. S5 B–M) using the equation E =
E0 + Emax ·C/(C + D50), where E0 is the basal response, Emax is
the maximum response obtainable, (1/D50) is the sensitivity (in-
creasing values indicate higher sensitivity; a lower dose is required
to approach Emax), and C is the concentration (38). Using this
model, Emax and sensitivity (1/D50) values can be used to compare
the interaction effects of combined drug administration. It was
observed that for both camptothecin and nutlin-3a, increasing the
loading concentration of one drug increased sensitivity of HCT116
cells to the other drug (SI Appendix, Fig. S6). In addition, re-
liability of the drug-eluting microarray was established, with a
coefficient of variation (CV) of 12% between arrays and 12%
within arrays (SI Appendix, Fig. S7). Apoptotic responses were
also investigated, which revealed an antagonistic relationship
between camptothecin and nutlin-3a (SI Appendix, Figs. S8 and

S9), an expected finding (39). Reliability was confirmed, with a
CV of 15% between arrays and 8% within arrays (SI Appendix,
Fig. S10), and drug-eluting microarray results were corroborated
using soluble drugs in standard 96-well plates (SI Appendix, Fig.
S11). Comparing soluble doses to drug loading amounts at
equivalent cell response values provides an approximation of the
local effective drug concentration to which the cells were cu-
mulatively exposed on the microarrays over 24 h (SI Appendix,
Fig. S12). Comparing cellular responses between 6 × 6 and 4 × 4
microarray configurations revealed comparable trends in Emax
and sensitivity values. Consequently, subsequent experiments im-
plemented smaller (4 × 4) arrays to reduce cell requirements when
using rare cells.
The cancer stem cell hypothesis states that rare tumor-

initiating cells, constituting ∼1% of the tumor, are responsible for
both the heterogeneity and the hierarchy within the tumor (22,
23). Recently, CCSCs have been linked to tumor initiation and
potentiation, as well as to the genesis of metastatic deposits (1).
Such primary tumor cell subpopulations are challenging to
isolate in substantial numbers, and thus are a good target for
determining the feasibility of the drug-eluting microarray by
delineating the potency of chemotherapeutic agent combinations
while using low cell numbers. In brief, CCSCs were isolated and
enriched for high-level aldehyde dehydrogenase (ALDHhigh)
activity, a known stem cell enrichment marker, from patients
with sporadic colorectal cancer. The ALDHhigh cells have the
definitive CSC property of self-renewal, as demonstrated by the
gold standard assay of limiting dilution tumor xenograft analysis

Fig. 2. Cumulative drug release and HCT116 cell responses to drug-loaded microarrays. (A) Nutlin-3a release profile from microarray revealed a burst release
of ∼8 h, followed by a steady release rate over 5 d. Release profiles show mean ± SD of three replicates, and data are fitted using an exponential decay model.
(B) Percent of nonproliferative HCT116 cells on nutlin-3a–loaded microarray increases with increasing drug loading concentration. Proliferation was quan-
tified via BrdU incorporation, and data are normalized to an unloaded control. Significant differences were determined by ANOVA [F(4,138) = 19.068; P <
0.05], followed by Tukey’s post hoc analysis. (C) Representative fluorescence micrographs of nonproliferating cells on a 25 μΜ nutlin-3a–loaded polymer island
(evidenced by low BrdU staining). (D) Representative fluorescence micrographs of an unloaded control island with highly proliferative cells (demonstrating
high BrdU staining). (E) Camptothecin release profile from microarray revealing a burst release of ∼24 h, followed by a steady release rate over 5 d. Release
profiles show mean ± SD of three replicates, and data are modeled using exponential decay. (F) Percent of apoptotic cells on camptothecin-loaded microarray
increases with increasing drug loading concentrations. Apoptosis was quantified by annexin V staining, and significant differences were determined by
ANOVA [F(4,479) = 52.778; P < 0.05], followed by Tukey’s post hoc analysis. (G) Representative fluorescence micrographs displaying high levels of cells un-
dergoing apoptosis on a 10 μΜ camptothecin-loaded polymer island (demonstrating high annexin V staining). (H) Representative fluorescence micrographs of
an unloaded control island with low levels of apoptotic cells (showing low annexin V staining). (I) Schematic of a single factor dosing array layout with
increasing drug loading concentrations. (J) Schematic of a randomized single factor array with loading concentrations configured in randomized fashion.
(K) Statistical comparison of cell apoptosis between randomized and nonrandomized single drug array configurations demonstrating the results are in-
dependent of array configuration (n = 3). This indicates that there is negligible cellular cross-talk and drug interaction between neighboring islands.
(L) Schematic of a randomized two-factor dosing array used in combinatorial microarrays. Patterns represent the 16 different combinations of two drugs (four
concentrations per drug). *P < 0.05 compared with all other conditions; #P < 0.05 compared with control. (Scale bar: 200 μM.)
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(26, 27, 29, 40–43). In addition, tumor heterogeneity is main-
tained, as defined by the ability to recapitulate all cellular aspects
of the primary tumor (27, 29). The CCSC isolates can be serially
propagated as tumor xenografts or as nonadherent spheres in vitro.
Adherent cell growth was established using these CCSC isolates.
We investigated two patient-derived populations of CCSCs,

one from a 70-y-old patient with stage IV cancer, labeled CA1,
and the other from a 60-y-old patient with stage III colorectal
cancer, labeled CA2. In contrast to the HCT116 cell line, which
expresses wild type p53, CA1 and CA2 each have a single base
pair transition substitution at amino acid 273 of the DNA-
binding domain (arginine to histidine) (SI Appendix, Fig. S13).
For compatibility with drug-eluting microarrays, adherent cell
growth was established and serially propagated. Phenotypes were
compared with those maintained as spheroid cultures with
regard to expression of ALDH, CD44 (a commonly used stem
cell marker) (43, 44), and mucin 2 (MUC2, which delineates dif-
ferentiation along the goblet cell lineage) (SI Appendix, Fig. S14).
ALDH, CD44, and MUC2 expression was maintained in adherent
monolayer culture at levels equivalent to spheroid culture in CA1
cells. In contrast, there was a detectable change in expression of
phenotypic markers for adherent CA2 cells compared with
spheroid culture. The proportion of CA2 cells expressing ALDH
declined in adherent cells, and MUC2 expression increased
somewhat compared with spheroid, whereas CD44 expression
was maintained.
Microarrays used to screen CCSCs were seeded with ∼200

cells per island, and cell counts after 24 h across all drug com-
binations did not change significantly (P > 0.1). Different levels
of antiproliferative efficacy were observed for the CCSCs from
each patient when exposed to combinations of camptothecin and
nutlin-3a on the microarrays (Figs. 3A and 4A), with both dis-
playing adequate consistency (CV of 13% between arrays and
15% within arrays for CA1, and CV of 17% between arrays and
17% within arrays for CA2) (SI Appendix, Figs. S16 and S18).
Both CA1 and CA2 cells exhibited decreasing proliferation with
increasing exposure to either nutlin-3a or camptothecin alone
(Figs. 3A and 4A; data expressed as percentage of nonproliferating
cells with accompanying curve fits in Figs. 3 B and F and 4 B
and F). However, response curves and associated fit parameters
Emax and sensitivity (1/D50) indicate sizable differences between
CA1 and CA2 in terms of efficacy of drug combinations (Figs. 3
B–I and 4 B–I, and SI Appendix, Figs. S15 and S17).
Drug combinations were more effective for CA1 cells. Nota-

bly, sensitivity increased by 75% when 10 μΜ camptothecin was
present compared with nutlin-3a alone (50.0 vs. 28.6) (SI Ap-
pendix, Fig. S15). In contrast, Emax (the maximum percentage of
nonproliferating cells) for the nutlin-3a concentration response
curve remained unchanged by the addition of camptothecin.
Trends were observed in the Emax and sensitivity values to
camptothecin in the presence of fixed amounts of nutlin-3a that
suggest increasing antiproliferative effects, but these values were
not significantly different. In stark contrast, for CA2 cells, com-
bining drugs decreased efficacy. A significant interaction effect
between drugs was observed [F(9,329) = 2.382; P < 0.05]. Spe-
cifically, there was a decrease in the Emax values for the con-
centration response curve to nutlin-3a with the addition of
camptothecin compared with nutlin-3a alone (P < 0.1 for 10 μM
campothecin and P < 0.05 for 50 μM campothecin) (SI Appendix,
Fig. S17). Differences in sensitivity to nutlin-3a owing to the
addition of camptothecin were undetectable; however, the ad-
dition of 1 μΜ nutlin-3a decreased the sensitivity of CA2 cells to
camptothecin by 100-fold. At the highest concentration, Emax
decreased to a negative value, signifying that addition of the sec-
ond drug actually increased proliferation. These results are in-
dicative of an antagonistic effect of combination treatments, given
that the antiproliferative effect was less than that seen with ei-
ther drug alone. The differential responses to drug combinations

measured for these two patient-derived CCSCs support the premise
that personalizing chemotherapeutic treatment will be valuable.
While the focus of the present study was on technology de-

velopment, mechanisms for these patient-specific differences in
combination drug responsiveness need to be explored separately.
It is interesting that both CA1 and CA2 CCSCs were sensitive to
nutlin-3a, which could suggest either that the p53 mutation in
these cells (SI Appendix, Fig. S13) did not interfere with drug
action, or that p73 (a p53 family member that can similarly induce
cell cycle arrest, senescence, and apoptosis) could be involved, as
has been shown previously (45). Differences in stemness markers
seen on the introduction of adherent culture conditions may be
responsible for the altered reactions to the agents evaluated
here; however, genetic heterogeneity between the patients,
confirmed by short tandem repeat analysis, also likely contrib-
uted to these unique responses. Although gene mutational
analyses may provide functional predictions, these alterations do
not always correspond to predictable cellular behavior. Drug-
eluting microarrays, on the other hand, can provide functional
readouts that complement genetic sequencing to better define
the effect of mutations on CCSC function.
In summary, we have created a platform capable of perform-

ing chemosensitivity screens on patient-derived CCSCs using

Fig. 3. Patient-derived CA1 colorectal cancer stem-like cell proliferation and
dose–response curves from combinatorially loaded drug-eluting microarrays.
(A) Proliferation of CA1 cells on drug-eluting cellular microarrays. Loading
concentrations of nutlin-3a [F(3,233) = 5.762; P < 0.05] and camptothecin
[F(3,233) = 16.884; P < 0.05] affected antiproliferative activity, as determined
by ANOVA. Subadditive effects were observed from combination treat-
ments, as evidenced by the greater decrease in proliferation from higher
concentration combinations compared with the highest concentrations of
either nutlin-3a or camptothecin alone. Error bars represent SEM. (B–E)
Dose–response curves for fixed camptothecin concentrations of 0, 1, 10, and
50 μM over a range of nutin-3a concentrations. There was no significant
change in Emax values of the nutlin-3a response with the added presence of
camptothecin; however, there was a significant increase (by 75%) in the
sensitivity to nutlin-3a when combined with 10 μΜ camptothecin compared
with nutlin-3a alone (28.6 vs. 50.0; SI Appendix, Fig. S15), indicative of an
increase in antiproliferative activity. (F–I) Dose–response curves for fixed
nutlin-3a concentrations of 0, 1, 25, and 125 μM, with a range of campto-
thecin concentrations. Although Emax values generally increased with added
nutlin-3a, the values were not significantly different. Similarly, differences in
sensitivity to camptothecin owing to the addition of nutlin-3a were not
observed. Proliferation data were transformed to nonproliferation data by
subtracting the former from 100%. *P < 0.05 compared with 0 μM drug.
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limited cell numbers. This drug-eluting microarray comprises a
nonfouling background substrate with hundreds of isolated drug-
loaded polymer islands acting as drug depots to create unique
and defined culture environments. Given the current array island
spacing, a large drug-eluting microarray could screen more than
4,800 unique conditions within the footprint of a standard
microtiter plate, thus reducing the requisite cells and reagents
needed for statistically robust investigation. Minimizing the
number of cells allowed testing of a rare cell population of
CCSCs, thereby providing a strategy for tailoring patient-specific
cancer treatments that target this critical cell population. Plat-
form feasibility was demonstrated by constructing and testing
combinatorial chemotherapeutic drug-eluting microarrays. Ap-
plication of the platform was highlighted using rare CCSCs from
two different patients, and the differential responses measured
support the idea that personalizing chemotherapeutic treatments
could improve treatment. The drug-eluting microarray represents

an enabling diagnostic tool for academic and clinical labora-
tories targeting CSC populations to define chemotherapeutic treat-
ment options.

Methods
Polymer Formulation. EVA (Sigma-Aldrich; 40% vinyl acetate by weight) was
dissolved in cyclohexanol (Acros) at a 5% (wt/wt) concentration. To embed
molecules into the polymer matrix, the particles were first dissolved in an
appropriate solvent. A stock solution of azide, a hydrophilic molecule, was
dissolved in distilled H2O, whereas nutlin-3a and camptothecin, both hy-
drophobic molecules, were dissolved in DMSO. Once dissolved, drug solu-
tions were added to 5% (wt/wt) EVA in cyclohexanol at a 1:10 ratio [e.g., 50 μL
of camptothecin in DMSO was added to 500 μL of 5% (wt/wt) EVA/
cyclohexanol]. Water was then added to the nutlin-3a and camptothecin
polymer formulations at 5% (vol/vol) final concentration (i.e., 27.5 μL in the
above example), to create an emulsion that stabilized the uniformity of film
thickness. Before printing, polymer mixtures were heated to 60 °C, followed by
vortexing for 30 s. Mixtures were then homogenized for 60 s before being
loaded onto the source plate of the robotic mini-arrayer.

Array Fabrication. Arrays with polyethylene glycol (PEG)-based nonfouling
backgrounds and amine-terminated silane adhesion islands were manufac-
tured as reported previously (32) (Fig. 1A). Then drug-loaded EVA films were
printed over the amine islands. Poly-D-lysine (0.1%) was then overspotted
onto the EVA films to promote cell attachment. The arrays were placed in
35-mm Petri dishes containing PBS with 2% (vol/vol) penicillin and 2% (vol/
vol) streptomycin for 30 min to rehydrate the nonfouling PEG background
and as a noncaustic sterilization step.

Human Subjects. Tissues from patients with colon cancer were retrieved under
pathological supervision with Institutional Review Board approval from the
University ofMichigan and theUniversity of Florida as described previously (42).

Cells and Microarray Seeding. HCT116 (p53+/+; American Type Culture Col-
lection) human colon cancer cells were maintained in McCoy’s 5a Medium
supplemented with 10% (vol/vol) FBS (Thermo Scientific), 1% penicillin G,
and 1% streptomycin (Thermo Scientific). The cells were cultured at 37 °C in
a humidified incubator containing 5% CO2.

Colon cancer stem cells were generated by isolating and enriching for high-
level aldehyde dehydrogenase (ALDHhigh) spheres from colon cancer tumor
cells obtained from patients with sporadic colorectal cancer (26, 27, 29, 42).
Isolated cells were cultured in serum-free media as described previously (26).
Heterogeneity (as defined by the ability to recapitulate all cellular aspects of a
tumor) in CCSCs was maintained (27, 29). The isolates maintained in culture
originated directly from patients, were propagated and expanded as patient-
derived xenografts in mice, and were maintained in vitro. Using these cultures,
adherent cell growth was established with 0.1% gelatin (Millipore) coatings on
tissue culture plates (TPP), and the cells were serially propagated. For CA1 and
CA2 cells, 25,000 cells were tested per array.

Immunocytochemistry and Image Analysis. Apoptosis was evaluated using
Annexin V (BD Biosciences). Proliferation was quantified via BrdU incor-
poration (BD Biosciences) according to the manufacturer’s directions. All
microarrays were counterstained with Hoechst 34580 (Invitrogen) to quan-
tify total cell number and imaged with a Zeiss Axiovert 200M microscope.
Analysis was performed with Axiovision (Zeiss) by quantifying the area of
fluorescence per channel in each drug-eluting island, reported as relative
fluorescence intensity.

Cross-Talk.Multiple arrays were printed in randomized configurations as well
as gradient configurations (Fig. 2). Data were then analyzed using the Stu-
dent t test to determine whether pairs with significant cross-talk existed
between the same groups (i.e., the outcome changed when the pairs were
arranged differently on the array).

Statistical Analyses. Statistical analyses were performed using either a one-
way ANOVA or a two-way ANOVA, using Systat version 12 (Systat Software),
with the individual experimental run identifier (biological replicate) and the
loaded drug condition identifier (technical replicate) as independent vari-
ables. Values were nested by experimental condition and by individual
microarrays during the statistical analysis. Error bars in the figures represent the
combined error of the pooled datasets, combining both the technical replicates
and complete biological replicates. Post hoc pairwise comparisons were made
using Tukey’s honestly significant difference test, with P < 0.05 considered

Fig. 4. Patient-derived CA2 CCSC proliferation and dose–response curves
from combinatorially loaded drug-eluting microarrays. (A) Proliferation of CA2
cells on drug-eluting cellular microarrays. Antiproliferative activity was in-
creased from exposure to camptothecin [F(3,81) = 5.987; P < 0.05] and nutlin-
3a [F(3,82) = 7.525; P < 0.05] as revealed by ANOVA, with a significant in-
teraction effect between drugs [F(9,329) = 2.382; P < 0.05]. Combination
treatments did not improve antiproliferative activity. In fact, an antagonistic
effect was observed from combination treatments, in which increasing the
concentrations of both drugs reversed drug-induced nonproliferation com-
pared with high doses of individual drugs. Error bars represent SEM. (B–E)
Dose–response curves for fixed camptothecin concentrations of 0, 1, 10, and 50
μM over a range of nutin-3a concentrations. There was a 90% decrease in the
Emax values of the response to nutlin-3a in the presence of 10 μM camptothecin
compared with 0 μM camptothecin (5.7 vs. 59.0; SI Appendix, Fig. S17), and a
decrease of 114% in the Emax values with the addition of 50 μM (−8.3 vs. 59.0;
SI Appendix, Fig. S17), indicating a decrease in antiproliferative activity. (E) The
negative slope of the response curve for 50 μM camptothecin is indicative of
an antagonistic drug interaction. (F–I) Dose–response curves for fixed nutlin-3a
concentrations of 0, 1, 25, and 125 μM with a range of camptothecin con-
centrations. The response curves to ranges of camptothecin in the presence of
fixed amounts of nutlin-3a reveal decreased Emax values, but the values were
not significantly different (SI Appendix, Fig. S17). (H) Notably, the sensitivity of
CA2 CCSCs to camptothecin decreased by 100-fold with the addition of just 1
μM nutlin-3a (133 for 0 μM nutlin compared with 1.6 for 1 μM nutlin; SI Ap-
pendix, Fig. S17). (I) The negative slope of the response curve for 50 μM
camptothecin is indicative of an antagonistic drug interaction. Proliferation
data were transformed to nonproliferation data by subtracting the former
from 100%. *P < 0.05 compared with 0 μM drug.
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significant unless stated otherwise. Curve-fitting of drug-release and dose–
response curves were performed using SigmaPlot version 10 (Systat Software).

Modeling for concentration-response was performed for each concen-
tration interval using the equation E = E0 + (Emax × C)/(C + D50), and Emax and
D50 values were obtained. Drug sensitivity values were obtained by taking
the inverse of the D50 value and multiplying it by 100. Those values marked
with “#” indicate an R2 value of the curve fit of <0.65. N/A values are present
where negative parameters were obtained.
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