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Abstract:

Cancer he ty is a notorious hallmark of this disease, and it is desirable to tailor effective

treatment individual patient. Drug combinations have been widely accepted in cancer

U

treatment r therapeutic efficacy as compared to single compound. However, experimental

complexity@@nd cost grow exponentially with more target compounds under investigation. The

n

primary chal mains to efficiently perform a large-scale drug combination screening using a

small num ient primary samples for testing. Here, we report a scalable, easy-to-use, high-

a

throug ug combination screening scheme, which has the potential of screening all possible

pairwis ombinations for arbitrary number of drugs with multiple logarithmic mixing ratios.

M

We introduced a “Christmas tree mixer” structure to generate a logarithmic concentration mixing

1

ratio betw pairs, providing a large drug concentration range for screening. A three-layer

structure d l special inlets arrangement facilitate simple drug loading process. As a proof of

concept, weg ented an 8-drug combination chip, which is capable of screening 172 different

1

treatm s over 1,032 3D cancer spheroids on a single chip. Using both cancer cell lines

|

and patienttderived cancer cells, we demonstrated effective drug combination screening for

precision medici

U

A
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1. Introduction:

In recent diderable efforts have been made in precision cancer therapy, which aims to

custom'ie Wte treatment decisions based on individual cases [1]. Though advances in DNA
profiling a eneration sequencing (NGS) have identified thousands of mutations that are
critical to @gression [2, 3], this genotypic method does not always pinpoint ideal cancer
therapeuti the limited biological understanding [4]. In addition, the presence of non-DNA
genetic variation$; including epigenetic modifications, lineage-specific changes and tumor micro-
environment modiations [6] could make it even more complicated to correlate cancer cell genetic

informatiognical consequences [7, 8]. These drawbacks can be addressed by empirical

phenotypi ting [9, 10], in which patient cancer cells are exposed to multiple treatments in

vitro as a tc guidance for individual patients [11].

As com no-drug treatment, drug combination has emerged as treatments for many

diseases cially for cancer due to its difficulty in treatment and cellular heterogeneity [13].
Although many new cancer drugs have been developed, mono-drug treatments typically fail curing
cancer [14Mhe existence of alternative pathways to compensate the pathway target of drug
[15, 16]. In @ overcome the limitations of mono-drug therapies, drug combinations, which aim
to inhibit multiple redundant pathways of tumor cells, [17] have been widely accepted for better
therapeuti i [18]. To identify appropriate drug combinations, it is desirable to include more

compouWes [19], yet the resulting experimental complexity and cost increases

exponentially [20]8For example, investigation of 50 different compounds in pairwise combination

Gl

yields 5,C, = different combinations. Furthermore, we assume 7 different concentration
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ratios for each combination, and 6 replicates for each treatment condition, which yields 1225 x 7 x
6 X 10 = 51450 experiments. This is not only costly but also time-consuming for a typical test
panel of#teplatforms.

In2013, T nd Drug Administration expressed their dedication in developing novel
combina o?!aerapies, highlighting the need for innovative technologies to accelerate the

discovery of:ov: drug combinations [22, 23]. To achieve high-throughput drug combination

screening, ystems have been presented incorporating robotics and automatic handling [24].

However, \wmted by complicated operation systems [25] and time-consuming serial

processes noﬂuidics emerges as a promising technology for both clinical precision medicine

and indust drug discovery [27], thanks to its capability of handling small samples and highly

multiplexe@operations for high-throughput assays [28]. Previous microfluidic high-throughput drug

screening introduce a “Christmas tree structure” to generate a linear drug concentration
gradient, but't re limited to the combination of two drugs [29, 30], which may not meet the
needs for ughput drug screening. In addition, since cells respond to different drug
concen ilg@gnon-linear manner, in some cases drug screening experiments require testing

dosages ranging several orders of magnitude to calculate the 50% inhibition concentration (IC50)

[31]. The narrow concentration range provided by conventional microfluidic linear gradient

generator limits the use of microfluidics in drug screening [32]. Previous work using
microfltﬂing logarithmic concentration gradient requires complicated valve operation and
interface system, which is not desirable for routine drug screening application [33].
Furtherm(:jntional in vitro cancer drug screening was mostly performed on two-dimensional

(2D) well-

<
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vitro cancer studies shows that a large number of cellular features and gene expression are skewed
in a 2D culture environment [35], which makes it less reliable to make accurate clinical decisions.
Three—dMSD) cell culture systems have been widely used as better models in mimicking
the in vivo icroenvironment [36], and have become increasingly popular in drug screening
studies B7Ework, we report a scalable, easy-to-handle, high-throughput drug combination
screening schemg, incorporated with custom software for drug efficacy readout and data analysis.
The presen ierofluidic design enables screening of all possible pairwise drug combinations from
arbitrary nm different drugs. As a proof of concept, we demonstrated an 8-drug screening
chip with | c concentration gradient, and performed drug combination screening
experimen;ﬂtiple cell lines. Combining gC, = 28 drug combinations, 6 mixing ratios, and 6

replicates,gus some single compound control chambers, a total of 1,032 drug efficacy screening

experimen accomplished in a single 8-drug screening chip. Using the presented chip, we
successfully pe ed drug combination screening of pancreatic cancer patient-derived cell lines, as
a demonstr precision medicine applications.

2. tal Section:

2.1. Dhbrication

The drug c@on screening chip consists of three PDMS layers: routing layer, mixing layer, and

lid layer, frf bottom to top (Figure 1(a)). The three PDMS layers were fabricated separately using

standard s‘t Iitho,’aphy with silicon wafers as the mold. Four chrome-coated glass masks were

used in fa he SU8 master molds. One of the four masks were used to create channels in

routing lay fm in width, 300 um in height), while the other three masks were used for mixing

This article is protected by copyright. All rights reserved.
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layer: the first mask was for thin cell capture gap (5 pum in height) with micro-pillars supporting
structure; and the second mask defined patterns for the main microfluidic channels and sphere
culture MOO pum in height). While the third mask was a dark-field mask with clear patterns
of the cent [ture chamber. The purpose of the third mask was to generate a rounded
chambe?prrofile for better cell aggregation and sphere formation. SU8-2010 (MicroChem,
NC9047158) wassspun at 1000 rpm for 30 seconds above the first two SU8 layers. Since the average
SU8-2010 s ifig thickness at 1000 rpm, which is around 20 um, is thinner than the second SU8

layer (100 @im)¥Thérefore, instead of covering all the surface, the newly spun SU8-2010 will form a

S

rounded p ve the octagon sphere culture chamber patterns due to surface tension. The

curvature i

U

dent on the viscosity of the photoresist, surface properties of the patterned

surface, asWell as the pattern dimensions. Using this protocol, we were able to create a curved

)

surface wi thickness of 16 um (Figure 4(b)). PDMS (Dow Corning Sylgard 184, DC4019862)

d

was cured o' S aster at 100 °C for 1 day and then peeled off from silicon mold, the three PDMS

layers were d with 02 plasma treatment at 100W for 60 seconds, followed by alignment and

WY

bondin mm-diameter holes are punched through the three PDMS layers as drug

reservoirs, and 10 mm-diameter holes as cell loading inlets. The fabricated chip was exposed to UV

[

radiation to ensure sterilized conditions before use.

2.2.Cellc @

Pancreatic Il line and patient-derived cells were cultured both in bulk and in drug

hoé

combinatign screeping chip. Mia PACA-2, UM5, UM16, and UM53 cells were obtained from Dr.

{

Simeone’s ersity of Michigan, MI, USA). Pancreatic cells were cultured in RPMI (Gibco

U

11875) wit S (Gibco 10082) and 1% penicillin/streptomycin (Gibco 15140). All the cells were

A
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cultured in polystyrene culture dishes at 37 °C and 5% CO2, and passaged when cells reached over

80% confluency in the dish.

2.3. Cance’dr inventory

Cisplatin, c@dichloroplatinum (CAS 15663-27-1) was obtained from Cayman Chemical

(Cat. No!l@xorubicin hydrochloride (CAS 25316-40-9) was obtained from Cayman Chemical
(Cat. No. 15007)aGemcitabine (CAS 95058-81-4) was obtained from Accord (NDC No. 16729-092-03).
Irinotecan Uoride (CAS 100286-90-6) was obtained from Cayman Chemical (Cat. No. 14180).
Oxaliplatinw25-94—3) was obtained from Cayman Chemical (Cat. No. 13106). Docetaxel (CAS
114977-28 btained from Cayman Chemical (Cat. No. 11637). Fluorouracil (CAS 51-21-8) was
obtained fga-Aldrich (Cat. No. F6627).

2.4. Patien!Derived-Xenograft (PDX) protocol

Patient—dem were obtained from PDX model in Dr. Simeone’s Lab, following the protocol as

in previous e [38]. Samples of human pancreatic adenocarcinomas were obtained within 30
min followi ical resection according to Institutional Review Board—approved guidelines.
Tumors| nded in and mechanically dissociated using scissors and then minced with a

sterile scalpel blade over ice to yield 2 X 2 mm pieces. The tumor pieces were washed with serum-
free PBS be!ore implantation. Eight-week-old male NOD/SCID mice were anesthetized using an i.p.

injection okg ketamine and 5 mg/kg xylazine. A5 mm incision was then made in the skin

overlying t

e

Before digﬁh collagenase, xenograft tumors or primary human tumors were cut up into

dabdomen, and three pieces of tumor were implanted s.c. The skin incision was

closed wi ble suture. The mice were monitored weekly for tumor growth for 16 weeks.

small piec i issors and then minced completely using sterile scalpel blades. To obtain single-

This article is protected by copyright. All rights reserved.
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cell suspensions, the resultant minced tumor pieces were mixed with ultrapure collagenase IV
(Worthington Biochemicals, Freehold, NJ) in medium 199 (200 units of collagenase per mL) and
aIIowedm at 37°C for 2.5 to 3 h for enzymatic dissociation. The specimens were further
mechanica jated every 15 to 20 min by pipetting with a 10-mL pipette. At the end of the
incubation celle Were filtered through a 40-Am nylon mesh and washed with HBSS/20% fetal bovine
serum (FBS) andthen washed twice with HBSS.

Dissociate re counted and transferred to a 5-mL tube, washed twice with HBSS containing
2% heat-in% FBS, and resuspended in HBSS with 2% FBS at concentration of 10° per 100 pL.
Sandoglob n (1 mg/mL) was then added to the sample at a dilution of 1:20 and the sample
was incub ce for 20 min. The sample was then washed twice with HBSS/2% FBS and

resuspendg in HBSS/2% FBS. Antibodies were added and incubated for 20 min on ice, and the

sample wa twice with HBSS/2% FBS. When needed, a secondary antibody was added by
resuspending t lIs in HBSS/2%FBS followed by a 20-min incubation. After another washing, cells
were resus in HBSS/2% FBS containing 4’,6-diamidino-2-phenylindole (DAPI; 1 Ag/mL final
concen antibodies used were anti-CD44 allophycocyanin, anti-CD24 (phycoerythrin),

and anti-H2K (PharMingen, Franklin Lakes, NJ) as well as anti—ESA-FITC (Biomeda, Foster City, CA),

each ata d|}u!lon o* 1:40. In all experiments using human xenograft tissue, infiltrating mouse cells

were eIimidiscarding H2K (mouse histocompatibility class I) cells during flow cytometry.
Dead cells inated by using the viability dye DAPI. Flow cytometry was done using a
FACSArMﬁ\ocytometry Systems, Franklin Lakes, NJ). Side scatter and forward scatter
profiles w o eliminate cell doublets. Cells were routinely sorted twice, and the cells were

reanalyzed , which typically was >97%.

This article is protected by copyright. All rights reserved.
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Sorted cells were washed with serum-free HBSS after flow cytometry and suspended in serum free-

RPMI/Matrigel mixture (1:1 volume) followed by injection s.c. into the right and left midabdominal

t

O

area using d 23-gauge needle. In separate experiments, mice were anesthetized with an i.p. injection
of 100 mg and 5 mg/kg xylazine, a median laparotomy was done, and either 1,000 or

5,000 s&t cells. Animals underwent autopsy at 28 days after cell implantation and tumor growth

I

was accessed. Tissues were fixed in formaldehyde and examined histologically.

2.5. Cell lo

C

To facilitat@ 3Dicellfculture, We coated the device surface with a well-characterized, commercially

S

available, inated triblock polymer, Pluronic F108, which has been shown to be

U

nonimmun , nontoxic, and FDA approved for a wide usage in medical applications [39] (Figure

S1). 5% (w/lv) Pluronic® F-108 (CAS 9003-11-6, BASF) in DI water was loaded to the device 12 hours

[

before cell o create non-adherent surface. [40] Before cell loading, devices were washed by

d

phosphate-buf saline (PBS, Invitrogen, ILT10010023). For cell loading, 500 mL cell suspension

was adde of the cell loading inlets and was driven to all the cell culture chambers by gravity

M

flow. A ing, cancer cells were allowed to aggregate to form spheroids and grow for 48
hours in each sphere culture chambers after loaded to the chip. RPMI (Gibco 11875) with 10% FBS
(Gibco 10082) and 1% penicillin/streptomycin (Gibco 15140) was used as culture media to help
cancer ceII tight spheroid.

2.6.Drugs protocol and drug efficacy readout

After culturing for 48 hours, culture media were taken out from all the inlets. All the drugs were

loaded to t ponding inlets and replaced with new drug solution every 12 hours before the

hydraulic etween inlets and outlets fails to maintain the flow rate and mixing ratio. All the

This article is protected by copyright. All rights reserved.
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drugs were dissolved to targeted concentration in RPMI (Gibco 10082) serum free media. After 72
hours treated with drug, we stained the spheroid with using Live/Dead Viability/Cytotoxicity Kit for
mammahfe technologies, L-3224), in which live cells were stained with green fluorescence
and dead c& fluorescence, and were put in an incubator (37°C, 5% C02) for 1 hour,
foIIoweEb!wcence microscopy imaging. The inhibition rate was calculated using the

fluorescent '::te:':ty ratio of live cells to dead cells. We developed a custom program to analyze the

inhibition r rug efficacy in a high-throughput manner (Figure S4(b)).

2.7. Syner%nalysis
—

To quantify the synergistic effect of various drug combinations, we calculated “Maximum Synergy
Index” (MSI) inspired by loewe additivity [41]. Based on dose equivalence principle, that for a given
effect, dose a of drug A is equivalent to dose b, of drug B, and reciprocally. In addition, dose b, can
be added to any other dose b of drug B to give the additive effect of the combination. The additive
effect of drugs A and B can be expressed as [42]:

Effect (a+b) = Ej(a+ap) = Eg(b, + b)

To quantify the combination synergistic index, we first calculated the linear interpolation value of

each combmaglon with different mixing ratio based on single drug effect. For example, drug A with

dose a yieIibition rate, while drug B with dose b yields I;,% inhibition rate. The
combinﬂ A and drug B with the mixing ratio of 1:1 should yields I, = (I,% + I,%)/2
inhibition rate. “synergy index” of drug A and drug B with certain mixing ratio is defined as
dividing thﬁental inhibition rate I, oxp, by theoretical inhibition rate Iyp theory- The largest

synergistic

<

ong all the screened mixing ratio between drug A and drug B, which has the best

This article is protected by copyright. All rights reserved.
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chance of achieving the best therapeutic result, is defined as the Maximum Synergy Index (MSI) of
the drug combination between A and B. A MSI greater than 1 indicates a synergistic drug
combinati* ince the maximum inhibition rate of the drug combination is higher than the linear

interpolati idual drugs.

2.8. Ima’ge—!cqum ion

The microf@ps were imaged using an inverted microscope (Nikon). The bright-field and

fluorescen were taken with a 10x objectives and a charge-coupled device (CCD) camera

(Coolsnap Wtometrics). FITC and TRITC filter sets were used for the fluorescent imaging. The

microfluidi;mber array was scanned with a motorized stage (ProScan Il, Prior Scientific).
n

Before eac g, the stage was leveled to ensure the image remained in the focus throughout
the whole Gaging area. To ensure optimized image quality, auto-focusing was done after imaging
every 4 framr scanning, the Nikon NIS-Elements Basic Research software module was used to

stitch individtia ges into a large image for analysis. The fluorescent intensity of each spheroid

was quanti ing Nikon Research Basics software. In order to cancel the interference from
backgr i d substrate absorption, background fluorescent intensity was subtracted from
the signal.

2.9. COMSOL simulation

The COMStion in this work used “laminar flow” model for fluid dynamics. Boundary
conditions as follows: inlet pressure = 100 Pa, outlet pressure = 0 Pa, diffusion coefficient =
2 X 10ﬁich equals to the diffusion coefficient of cisplatin dissolved in liquid solvent [43].
In additionﬁxsport of diluted species” was applied to simulate the mixing between two

chemical ¢

<

s, in which the model parameters were set as follow: T = 293.15 K, fluid density

This article is protected by copyright. All rights reserved.
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= 1000 kg/m3, dynamic viscosity = 0.00103 Pa - s. The concentration of the compound loaded to
two inlets are set as: inflowl =0 mmol/m3, inflow2 =1 mmol/m3. Normal physics-controlled mesh

A,

was used.
2.10. Data@i processing

SpheroiEs §man 30 um in diameter were not included for analysis. Statistical analyses and
synergy index table plot were performed using R (version 3.3.2). Two-tailed, unpaired student’s t-
tests were all comparisons and significance level of p < 0.05 was used to consider statistical
significancw to P <0.05, ** refers to P < 0.01, and *** refers to P < 0.001. Results are
presented + SD.

3. Results ussion:

3.1. Micro!idic filter structure for cell capture and sphere formation

The propo ombination screening chip consists of 1032 microtumor culture units, (28 drug
combinations x ncentration mixing ratio + 4 culture media control) x 6 replicates = 1032. Cells
loaded to t iR will be automatically distributed to all the culture chambers to form microtumors.
To facil turing and microtumor culturing, each culture unit is composed of a center
sphere culture chamber, a ring chamber surrounding the center sphere culture chamber, and a thin

gap (5 um in height, 50 um in length) connecting the two chambers. A total of 20 octagon micro-

t, 25 um in side length, and 25 um in spacing between pillars) are sparsely
deployed b he PDMS thin gap to provide mechanical support and prevent the thin gap from

collapsing (Figure 4{a)).

3.2. Microﬁe structure as logarithmic concentration gradient generator

This article is protected by copyright. All rights reserved.

12



WILEY-VCH

We presented a “Christmas tree mixer” structure with non-uniform channels sizes to achieve a
logarithmic mixing ratio gradient between two different compounds. The “Christmas tree mixer” is
composMages of microfluidic meander channels, with an incremental number from three
to seven in Figure 2(a)). Solutions containing two different compounds are introduced
from the-tcgmand flow through the microchannel network. The fluid streams are combined in

each branch:hajel stage, yielding mixture of distinct compositions, and splitting to the next stage.

Finally, a c tion gradient is generated across the last stage of branching channels [29]. The

splitting raw flow at each stage is determined by the flow resistance. According to Hagen-

Poiseuille m hydraulic resistance of a channel is approximately inversely proportional to
h

squared c idth [44]. When all the microfluidic meander channels are designed to be of the

same size (!idth, height, length), the flow resistance through all the branch channels are the same.

In this case concentration gradient with an arithmetic progression ratio will be established
in the last stdge?

However, screening experiments require log-scale concentration gradient covering a
wider c i@n range. In order to generate non-linear concentration gradient, channels on both

two sides are designed to be wider than those at the center, so that the flow resistance of meander

channels on !He S|aes are smaller than that of the channels at the center. For example, two drug

compound, are loaded on the two sides of the mixer (Figure 2(a)). Due to a small flow

resistance jf'stde"channels compared to center channels, mostly of the flow will be guided side
channels, W a small portion mixed with each other at the center meander channels. In this

case, whe ure from the previous stage flowing to the next stage, a large volume of

compound he channels on the left merged with the small volume of mixture compound A+B

<
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from the center channel, yielding a mixture containing mostly A with a small portion of B. The more

drastically different the volumes are, the less amount of compound B is contained in the final

generate a concentration gradient (Figure 2(b)). (Quantitative analysis is described in

supplem-erEry ocument 1).

Another crit':al jsign of this chip is that meander channels at the last stage (i.e. 5" stage) of mixer

mixture, ti I:::er concentration ratio of compound A to compound B is. In this manner, we can

array have e dimension, instead of following the previously described rule of “side channels

wider tha%annels". This last stage meander channels are used as a “buffering layer”
between t am “Christmas tree mixer” and downstream sphere culture chambers (Figure
2(c)). Ther behind this last stage meander channel design is that the sphere culture
chambers Snnected to the downstream also contributes to the equivalent resistance of the last
stage of thmas tree mixer”. Even if the channel dimension of the last stage is carefully
designed, béta f the contributions of the hydraulic resistance from the downstream microfluidic
structure, jvalent resistance seen from the previous stage will be affected. On the other
hand, t i s tree mixer” also have an influence on the flow resistance of cell capture
structures. When cells are loaded from cell inlets to cell culture chambers, the imbalanced channel
design of ”hs tree mixer” will also affect the cell loading uniformity, resulting in more cells

the same at the last stage of “Christmas tree mixer” help balance the cell loading and

form tumoi sp erii of uniform size among all branches (Figure S2).

We demo e COMSOL simulation results of the presented mixer structure (Figure 2(a)), in

that are connected to side channels due to a lower flow resistance. Channels of

loaded to @

which the imension is designed to be symmetric. As described above, the channels at the

<
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last stage are the same in dimension (90 pm in width). To achieve the proper range of mixing ratios,
the center channels are designed to be 60 um in width, the channels on both sides are 120 pm in
width, wﬁchannels in between are 90 um in width. As a result, seven concentration ratios
between d ug B are achieved at a logarithmic gradient, ranging in 1:10° 1:100, 1:10, 1:1,

10:1, 1(”:]!m:1 (Figure 2(b)), which is desirably wide for drug screening platforms.
3.3. Mixer agray and drug inlets “Sudoku puzzle”
By deployiUhristmas tree mixer” structures, we could generate a concentration gradient

between t@lo dfugsl However, if all the gC, = 28 combinations of 8 drugs need to be screened

S

using “Chri e mixer” side by side, at least 28 X 2 = 56 drug inlets are, which requires a very

U

complicate luidic interface tubing system. To address this issue, adjacent Christmas tree

mixers are @esigned to share a common drug inlet. However, this design requires special

q

arrangeme, inlet array to guarantee the adjacent drug pairs covers all the possible

d

combinations. xample, if we have 4 drugs, we could arrange the drug inlets as shown in table 1:

M

Table. 1. E ug inlets layout for 4 drugs. Number 1,2,3,4 stands for 4 different drugs.

or

Auth
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In which, number 1~4 stand for 4 different drugs, and there is a “Christmas tree mixer” between

each number pairs to generate concentration gradient. In this case, all the possible pairwise

t

combinations, 1-2, 2-3, 3-4, 1-3, 2-4, and 1-4 are covered. However, the arrangement problem

becomes mplicated when the drug number becomes larger, for example, the

computgci al complexity could reach 1026 possible permutations when the drug number comes to

§

16. To make,t pg@ssible for scaling-up, a general solution to the inlets arrangement is require so that
the same dasi ategy could be applied to any arbitrary number of drugs. Although there are

many possibl Idfions that could fulfill the requirements, we find a general solution for all even

SC

number of make it convenient to explain, we rephrase the inlets arrangement problem to

u

the followi oku puzzle” problem:

Let N be ani even number, use number 1~N to fill in a table with N columns and N / 2 rows. If we

[

define the ion of horizontally adjacent numbers as a “pair”, also define “1, 2” and “2, 1” are

d

the same p illhave N X (N — 1) / 2 pairs in the table. Try to fill in table, such that:

(a) Ea contains N non-repeating numbers from 1 to N.

V]

(b) All the N x (N — 1) / 2 pairs are non-repeating, as well as covering all the possible

[

Cco ns.

Since all th ments are made on adjacency relationship, we find it very convenient to

O

introduce @n “adjacency relationship matrix” to keep record of the existing adjacent number. By

h

following sgme rules in filling “adjacency relationship matrix” and putting certain numbers in the

{

correspon es in “Sudoku puzzle”, we are able to solve the “Sudoku puzzle” for any arbitrary

U

A
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even number (Supplementary document 2). As a demonstration, we showed the matrix for 16 drugs

(Table 1).

=

Table. 2. E@inlets layout for 16 drugs. Number 1~16 stands for 16 different drugs.

1 5 6 7 8 9| 10| 11| 12| 13| 14| 15| 16
2 3 8 5| 10 7| 12 9| 14| 11| 16| 13| 15
3 7 4 9 6| 11 8| 13| 10| 15| 12| 16| 14
4 1| 10 3| 12 5| 14 7| 16 9| 15| 11| 13
5 9 2 11 4 13 6 15 8 16 10 14 12
6 2 12 1 14 3 16 5 15 7 13 9 11
7 11 1 13 2 15 4 16 6 14 8 12 10
8 4 14 2 16 1 15 3 13 5 11 7 9
In this ue to the limitation of wafer area and availability of chemo-drugs, we only conduct

experi evices for 4 drugs and 8 drugs. However, we would like to show the potential of
scaling up the design to allow combinatorial screening of arbitrary even number of drugs. As a proof

of conceptLonstrate a “sudoku puzzle” for 50 drugs, guaranteeing all the “horizontal

adjacent pon-repeating, while covering all the possible pairwise combinations (Figure S5).
3.4. Mur/layers for drug mixing and routing
As deschi ious drug inlets array section, even if the inlet number could be reduced by

sharing coimon drug inlets, there are still many inlets for each drug. For example, for a 16-drug

combination scre;ing chip, it is labor-intensive to load all the 16 drugs into 16%/2 = 128 drug

reservoqy when there are many chips to operate. In order to further minimize the

This article is protected by copyright. All rights reserved.
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pipetting/tubing number, we present a three-layer chip design inspired by multilayer circuit board
design. The three PDMS layers are routing layer, mixing layer, and lid layer from bottom to top
(Figure 1(a)). In.the mixing layer, different drug compounds are combined using previously

mentione tree mixers” that are patterned on it, together with sphere culture chambers

D

(Figure ﬂb . In the routing layer, a total of N (N = number of drugs to be screened) microfluidic

channels arejmplemented to connect multiple drug reservoirs for the same drug. Through these

Gl

routing cha th extremely large cross-section area, thus negligible flow resistance compared

to micro-cianfigls ih the mixing layer, each drug compound can be automatically dispensed to all the

S

drug inlets conds. The layout of the routing channels could be generated and optimized

U

automatic PADS Autorouter, a circuit board design software (Figure 1(c)). Since the flow

resistance @f the routing channels is extremely small (around 4 orders of magnitude) compared to

[

that of the yer, the drug solution will fill all the drug reservoirs in seconds when one of the

certain dru ed to any of the drug reservoirs. The lid layer PDMS covers the mixing layer to

d

formanen icrofluidic system. The mixing PDMS layer was flipped to face upward before

VA

bondin so that cells could be captured at the 5 um thin gap in each individual chamber.

3.5. Validation of logarithmic concentration gradient on-chip

{

In order to test drug solution mixing on-chip, both fabricated linear concentration gradient device

and logari @ centration gradient device were loaded with fluorescent dyes. The fluorescent

intensity p Id be used to represent the concentration of different drugs. PBS (no

fluorescence) an ree fluorescence dyes with different excitation wavelength were used:

th

Tetrameth ine (TRITC, red), Fluorescein (green), and DAPI (blue). After overlaying all the

U

fluorescen from each channel, we observed a rainbow-like color gradient formed in linear

A
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concentration gradient device (Figure 3(a)). By measuring the fluorescence intensity of all dyes, we

verified each of the pairwise compound was mixed in six concentration ratios of 0%:100%, 20%:80%,

t

D

40%:60%, 60%:40%, 80%:20%, and 100%:0%, which is accordant with simulation results (Figure 3(c)).
For logarit t generator, due to the tradeoff between the dynamic range and detection

resolution Qf camera, different exposure times were needed to validation high concentration region

4

and low congentgation region, respectively. One image was taken with short exposure time (30 ms)

to achieve

C

tection range and avoid fluorescence saturation, so that the concentration

relationshig b n 10%, 50%, and 90% could be verified (Figure 3(b)); While the other image is

S

taken usin osure time (300 ms), enabling the measurement of fluorescence intensity

U

difference 0%, 1% and 10% (Figure S6). Thus, combining the measurement in these two

images, it Was validated that the logarithmic mixing ratio in fabricated device matches well with

A

COMSOL si results (Figure 3(d)).

d

3.6. Cancer cel ding and sphere formation

For cell loa ance considerations, two cell inlets are used on both left side and right side. In the

M

loading pL cell suspension is loaded to both cell loading inlets, while the 32 drug inlets

are left empty, which are used as outlets. Driven by the pressure difference between cell loading

O

inlets and drug loading inlets, cells are distributed to 1032 sphere culture chambers, and captured at
the5umt each individual chamber. The chamber bottom was designed to be curved
(Figure 4(b); cells finally aggregate at the rounded bottom in central octagonal chamber,

which is cogted with Pluronic-108. After culturing cells for 1 day, cells form spheroids of uniform size

th

(Figure 4(c ulating chamber dimensions, we are able to control the equivalent flow

U

resistance | culture gap. The larger the chamber dimension is, the smaller the flow

A
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resistance is, the more cells could be captured at the cell capture gap, the larger the spheroids could
be finally formed. As a demonstration, we showed that two different sizes of spheres could be
achieved (I!r here: 238+16 um in diameter, small spheres: 124+11 um in diameter), with two

different c imension designs (large chamber: 440 um in diagonal, small chamber: 240 um in

diagonaﬂ, rqsspeclvely (Figure. 4(d)).

3.7. Drug combination screening on breast and pancreatic cancer cell lines
To demonsﬁ efficacy of high-throughput drug combination screening, we conducted a
screening wt with pancreatic cancer cell line, MIA PaCa-2, using a fabricated 8-drug

Iogarithmi;ration gradient chip. All the pairwise combinations of seven chemo-drugs
e

(Cisplatin, I, Doxorubicin, Gemcitabine, Irinotecan, Oxaliplatin, Fluorouracil) together with

culture me!i‘a positive control were screened in a single-chip (Figure 5). As a result, we identified a

few drug cmons with high synergistic indexes, which were highlighted in red. For example,

the combinatio docetaxel + irinotecan, doxorubicin + 5-FU, docetaxel + oxaliplatin, and
gemcitEtecan showed synergistic indexes higher than 1.4, which have been proven to be
more e i single drugs in previous clinical and research literatures [45-48]. While the non-
synergistic drug combinations, highlighted in blue in the table, such as cisplatin + oxaliplatin and

gemcitabine + !—I.—U [49] may result from their similar mechanism of action. Both cisplatin and

oxaliplatinalkylating agents forming platinated intra-strand and inter-strand cross-link,
interfering replication. [50]. While gemcitabine and 5-FU are both belongs to nucleoside
analog ﬁication, which induces cell apoptosis by inhibiting the synthesis of new DNA [51].
We further trated the general usage for the presented chip for other types of cancer cell

lines using and MCF7, on a fabricated 4-drug screening chip with linear concentration

<
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gradient mixer (Figure S3). We also showed reliable drug combination screening result among 4
fabricated 8-drug screening chips using SUM159 breast cancer cells, with negligible drug efficacy
variatiorhfferent chips (Figure S4).

3.8. Drug ion screening on pancreatic cancer PDX cell line

PDX moﬁel%een believed as an in vitro cancer mode that is more physiologically relevant
more readilyapplicable to the clinics, due to its preservation of the inter-tumor and intra-tumor
heterogen ell as the phenotypic and molecular characteristics of the original cancer [52].
Thus, we fmted pancreatic cancer PDX cell lines to demonstrate the potential of presented
chip for pr edicine. Combining the drug combination screening results of three PDX cell line
samples, UMS; 16, and UM53 (Figure S7 - S9), we established general drug responses of
pancreaticgncer to a panel of combination treatments (Figure 6(a)). Among all drug combinations,

a few of thmhigh average inhibition rate, such as fluorouracil + oxaliplatin, gemcitabine +

oxaliplatin, etaxel + oxaliplatin, are identified as generally effective drug combinations for

pancreatic treatment. In fact, both fluorouracil + oxaliplatin and gemcitabine + oxaliplatin
have b by US Food and Drug Administration (FDA) for pancreatic cancer combinatorial
treatment !53]. In addition, we also pinpointed the unique drug responses of each PDX sample. For

UM16, none of the well-accepted drug combination was effective in inhibiting cell growth (Figure

6(b)). The ntional combination of gemcitabine and docetaxel, however, achieved a good

drug efficady" howed resistant to most of the drug compound except for the combination of

10% gerﬁd 90% Oxaliplatin (Figure 6(c)). The heterogeneous drug response among

different pai ples confirmed the importance of customizing personalized chemotherapy for
).

each indivi uccessful combinatorial drug screening experiments using PDX cell lines
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suggest the potential of the presented platform in discovering new combination and precision

medicine.

4, Conclusi!n

We‘eMa high-throughput, easy-handling, multiplex drug-combination screening
platform h By innovatively using three-layer PDMS structure, drug inlets sharing
scheme, @nd specially arranged drug inlets array, we successfully demonstrated the

feasibility g up combinatorial drug screening for larger number of drugs. In addition,

SC

we prese logarithmic concentration gradient generator, which provides a wider

U

dynamic ration range as compared to linear gradient generator. Furthermore, we

adopted tumor spheroids models for drug screening to better mimic in vivo tumor

k)

microenvi t. The design of spheroid culture chamber with 5 um cell capture gap,

d

micropj and rounded bottom structure guaranteed the formation of uniform

spheroids of % 16 um in size. As a demonstration of the design scheme, we fabricated an

\;

8-drug combination screening chip, which generates 4C, = 28 pairwise drug combinations,

with 7 mi

[

s between each pair of drugs, yielding 172 different treatment conditions.

Combinin @ licates for each treatment condition, 1,032 drug efficacy screening

experime be accomplished in a single 8-drug screening chip. The drug screening

experi pancreatic cancer cell line, MIA-PaCa-2, identified the synergistic effects

{

U

between el + lIrinotecan, doxorubicin + 5-FU, docetaxel + oxaliplatin, and

gemcitabi Inotecan, which match well with the clinical trial results reported in

A
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literature. We further verified the application of the fabricated chip in precision medicine

using patient derive xenograft (PDX) cell lines, which better mimic the drug response of

{

patients. igpointed the most synergistic drug combinations for each patient based on

our scree . The preliminary results verified the efficacy and synergistic effect of
N

high-thro ut drug combination screening. The presented design approach is easily

scalable t@lincorpbrate a large number of drugs for large-scale drug screening.

C
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(a} ; {: o I {b} Bxa Drll.g Inkets

Routing
Layer

Figure 1. Schematics of multiplexed 8-drug combination screening chip. (a) Separate views of three
PDMS | . les are punched through all the three PDMS layers for drug inlets using 6mm
biopsy punch, ¢ cting the mixing and routing layers. (b) Top view of the mixing layer: 32 inlets are
allocat drugs, with a group of 4 connecting to each other with the same number in the routing

layer. Before drug treatment, cells were loaded to the inlets and automatically deployed to 1,032
culture chambers driven by gravity flow. Cell inlets are also used for drug outlet during drug
treatment (c) Top view of the routing layer, same number on different rows are connected in
routing layer,
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Figure 2. OL simulation results for logarithmic “Christmas tree mixer” structure (a)
Concentratj ulation of “Christmas tree mixer” using COMSOL. (b) Measurement of the
concen th drug A and drug B at the final stage of the mixer. (c) Velocity simulation of

“Christmas tree mixer” using COMSOL. (d) Flow rate measurement of the channels in 4th stage and

5th stage (ast stage), validating that the last stage can be a “buffering layer” to balance the flow
rates amo n branches.
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Figure 3. G of linear and logarithmic concentration gradient validated by fluorescent dye (a)

Linear gradigategfheration using PBS, Fluorescein (green), tetramethylrhodamine (red), and DAPI
(blue), fro right. The final image was created by overlapping images of the brightfield, FITC,
TRITC, and@DAPI channels. (b) Logarithmic gradient generation using tetramethylrhodamine (red),
DAPI ( ,and Fluorescein (green), from left to right. The final image was created by
overlap of the brightfield, FITC, TRITC, and DAPI channel. (c) Comparison of fluorescent
intensity b inear gradient generation experiment (solid lines) and simulation results (dashed

lines). (d) Fluores
lines), which corre

nt intensity measurement of logarithmic gradient generation experiment (solid
tes well with simulation (dashed lines). (Scale bar = 500 um)
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Figure 4. Mformation in culture chambers. (a) Laser confocal microscopy image of a unit
chamber. Cellsmwere captured at 5 um gap mechanically supported by micro-pillars. (b) Spheroid
culture cha @ pss-section profile measured by Olympus OLS 4000 LEXT with a concave bottom
. (c) Microscopy image of SUM159 breast tumor spheroids forming in sphere

culture E(Scale bar = 200 um) (d) Size distribution of spheroids formed in the culture

chambers.
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MIA PaCa+2. Each subplot in the lower triangular table illustrates the cell death rate under the

o W 0Q0a

LT )

[«

LEFEFE

Figure 5.
orubicin, Gemcitabine, Irinotecan, Oxaliplatin, 5-FU) using pancreatic cancer cell line

combingati gs at each corresponding row and column. Each bar with different colors
represeWconcentration mixing ratio of certain drug combination. “Maximum Synergistic
Index” (MSI) is denoted at upper triangle table, which is defined by the largest synergistic index
among all the scréened mixing ratio between the pair of drugs. Synergistic drug combination pairs
with high ) are highlighted in red, while those non-synergistic ones with low MSI (<1.1) are
highlighted in
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Figure 6. Drug combination screening results of control (culture media) and 7 drugs (Cisplatin,
Docetaxel, @oxorubicin, Gemcitabine, Irinotecan, Oxaliplatin, 5-FU) using pancreatic cancer PDX cells.
172 differehse drug combinations with different mixing ratios are listed in X-axis. (a) Average
drug respo all PDX cells for 172 different drug treatment conditions. (b) UM16 relative drug
responses d to the average drug response of all PDX cells. (c) UM5 relative drug responses
compared to the average drug response of all PDX cells. (d) UM53 relative drug responses compared
to the aver@ge drug response of all PDX cells.
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Combination drug treatment has been widely accepted for better cancer therapeutic efficacy,
yet the discovery of combinations is hindered by experimental complexity. We developed a
combinatorial drug screening platform, covering all pairwise combinations of 8 drugs with

multipl i tios in linear/logarithmic scale. It facilitates the discovery of synergistic
drug combm@iby allowing over 1,000 experiments per chip at once.
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