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Abstract

Traditional high-throughput drug combination screening requires automatic pipetting of drugs into 

high density microtiter plates. Here, a drug-on-pillar platform is proposed for efficient 

combination drug screening. Using the proposed approach, combination drug screening can be 

carried out in a plug-and-play manner, allowing for high-throughput screening of large 

permutations of drug combinations at various concentrations, such that drug dispensing and cell-

based screening can be temporally separated, and therefore can potentially be performed at distant 

laboratories. The dispensing is implemented using our recently developed microfluidic pneumatic 

printing platform, which features a low-cost disposable cartridge that minimizes cross 

contamination. Moreover, our previously developed drug nanoformulation method with 

amphiphilic telodendrimers has been utilized to maintain drug stability in a dry form, allowing for 

convenient drug storage, shipping, and subsequent rehydration. Combining the above features, we 

have implemented a 1260-spot drug combination array to study the effect of paired drugs against 

MDA-MB-231 triple negative human breast cancer cells. This study supports the feasibility of the 
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drug-on-pillar platform for combination drug screening and has provided valuable insight in drug 

combination efficacy against breast cancer.

Graphical Abstract

INTRODUCTION

Combination chemotherapy has been used in the clinic for cancer care since the 1960s1. In 

the past two decades, target specific drugs such as tyrosine kinase inhibitors, proteasome 

inhibitors, and m-TOR inhibitors have been used in combination with standard cytotoxic 

chemotherapy2. It has become clear that some of the FDA-approved drugs for non-cancer 

indications may potentiate the anti-cancer activity of known chemotherapeutic drugs3. Thus, 

there is great interest in developing high-throughput approaches capable of testing large 

permutations of drug combinations in cultured cancer cell lines or patient-derived organoids, 

to effectively repurpose FDA-approved drugs. Dorshaw et al. recently reported on the 

therapeutic activity of over 5,000 pairs of FDA-approved cancer drugs against a panel of 60 

well-characterized human tumor cell lines4. Synergistic drug combinations were found: 

clofarabine with bortezomib, and nilotinib with paclitaxel. Based on these encouraging 

results, clinical trials have been designed to test such drug combinations in human. With the 

advent of patient-derived tumor organoid culture using 3D-gel matrices or spheroid 

systems5, there is a need for rapid testing of patients’ cancer cells against drugs and drug 

combinations in a high-throughput and convenient manner5. We believe the novel plug-and-

play, drug-on-pillar platform reported here will be able to fulfill the need for rapid discovery 

of novel synergistic drug combinations and selection of efficacious drug combinations for 

personalized cancer medicine.

Recent developments in microarray technologies have led to their successful application in 

cell microarrays and drug screening6. Arrays can be composed of single cells, cell 
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monolayers, aggregates, spheroids, or even small living eukaryotes7. Microarray based 

screening involves two major steps: generation of cell microarrays followed by application 

of drug combinations or drug libraries to those arrays. The capability to create multiple spots 

on the microscale allows for high-throughput parallel cell-based assays8. Such microarray 

technologies are diverse and can be categorized into microwell type, surface patterned 

arrays, or microfluidics-based microarrays. Microwells, as the name suggests, describes 

arrays of wells where cells can be separately seeded and cultured. Many types of soft 

materials are being used to create the microwells. Mirjam et al. demonstrated the ability to 

grow single cells in 3D culture using polydimethylsiloxane (PDMS) microwells9. Hydrogels 

comprised of polyethylene glycol (PEG)10,11, chitosan12, or agarose13,14 have also been 

applied to create microchambers for cell growth. On the other hand, one can also pattern flat 

surfaces to generate separated spots for cell culture. Most commonly, alternating hydrophilic 

and hydrophobic coatings are patterned such that cell solution can only be spotted where the 

surface is hydrophilic. Other than hydrophilic/hydrophobic patterning, some moieties are 

used to provide adequate environments for cell growth, e.g. alginate15,16 and cellulose17, 

while cell-free surfaces are typically blocked using PEG18,19 or BSA20 to prevent non-

specific absorption. With regards to scale, modern soft lithography methods can easily 

produce either wells or chemically- patterned surfaces with submicron precision21. However, 

this require an intermediate step of engineering custom photomasks for each specific pattern, 

which limits flexibility and increases the cost. Microfluidic approaches to generate cell 

compartments are an alternative technology. Cell arrays are enclosed within a fabricated 

microfluidic chip containing multiple branched channels leading to separated partitions22,23. 

The design of microfluidic chips provides high flexibility to implement different kinds of 

reactions. Pumps and valves are always used along with the chip for liquid manipulation. For 

example, Wang et al. reported a pneumatic valve controlled microfluidic chip for cell 

culturing and study23. Despite the high flexibility, one microfluidic chip is usually used for 

only one specific application. Given the design and fabrication complexity of such chips, the 

cost is very high and the applications limited. Another hurdle is their compatibility with 

existing biomedical approaches, including the well plate-based assays. Many protocols have 

been laboriously developed using traditional well plates, and may not easily transfer to 

microcell arrays.

A major area of promise for microscale array-based screening is high-throughput testing of 

drug combinations or libraries on compartmentalized cell arrays. The most straightforward 

approach is to dispense each drug onto the cell array using an automated dispenser or 

pipettor24,25, where biochemical reagents are loaded in a cartridge or pipette. Computer 

programs then coordinate the dispensing and stage movement, generating droplets on-

demand at specific locations, thus generating any desired pattern in a high-throughput 

manner. However, such automated systems come with high equipment costs, thus are not 

widely available. Moreover, due to their high fabrication cost, dispensing heads are often 

recollected and washed for multiples use, and extra care must be taken to avoid cross 

contamination. Serial operation style of drug loading can also be very long for large scale 

arrays, and thus drug-cell reaction time is hard to control, introducing error. Some alternative 

technologies have been developed to dispense drugs to the cell array, including stamp26 and 

microfluidic22,27 methods,. In stamp method, drugs are pre-loaded onto a separate chip, and 
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then “stamped” against the cell array for drug transference. Nevertheless, the pre-loading of 

drug libraries still requires sophisticated equipment, which is not accessible for most labs or 

institutes. Microfluidic methods utilize microscale networks to deliver multi-drug libraries 

into separate compartments. However, the design and fabrication of such networks is 

typically complicated. Unless mass-produced, the cost per analysis of microfluidic chip 

remains high, making it difficult for microfluidic methods to be widely applied.

In this study, we propose a novel process for personalized drug screening, of which no 

expensive machines are required, and drug combination libraries can be generated and 

screened against tumor cells directly at clinical laboratories. In this approach, we have 

utilized our previously developed microfluidic pneumatic printing platform28–30 to generate 

drug combination libraries in a high-throughput manner on a pillar microarray. Advantages 

of our microfluidic printing approach are that the resulting drug loading cartridges are 

inexpensive and disposable, effectively eliminating cross contamination, and only small 

volumes (e.g. 100 μL) of drug stock solutions are needed.

A major technical barrier to produce stable, lyophilized drug combination chips is their 

hydrophobic nature, which is responsible for their poor water solubility. They can be easily 

dried out during manufacturing, but rehydration at the site of the experiment is difficult. To 

overcome this we leveraged our expertise in the use of cholic acid-based amphiphilic 

polymers (so-called telodendrimers) to nanoformulate potent hydrophobic anti-cancer drug 

such as paclitaxel into water soluble nanoparticles, nanotaxane31. Such technology permits 

long-term storage of drug as lyophilized powder, which months later can be subsequently 

rehydrated with water or saline prior to administration.

Here we applied nanoformulated drug combinations (using our established telodendrimer-

based technology to confer better water solubity31) printed onto micropillar array chips, 

fabricated to fit by insertion into standard 1536 well plates, thus allowing for a direct plug-

and-play screening process. In this way, drug combinatorial libraries can be designed, 

printed onto pillar arrays, stored dry, and shipped to clinical laboratories for direct screening 

with patients’ primary tumor cells or organoids, without the need for setting up expensive 

liquid dispensing equipment and handling of many drugs. The drug-on-pillar platform 

reported here allows the dispensing of cancer drugs and drug combinations at a central 

facility with robotics, and the shipment of the testing sets to any clinical facilities, where 

plug-and-play operations can occur. Here we establish and test a simple two-drug per pillar 

combinatorial library that is comprised of 7 different drugs, each at 3 different 

concentrations. The resulting 1260-spot pillar array was screened against MDA-MB-231 

triple negative breast cancer cells. Notably, in addition to establishing solid technical proof-

of-principle for this technology, several synergistic combinations emerged from this study, 

further indicating that this platform is practical and functional. When applied in conjunction 

with primary tumor organoid culture, the results may allow the medical oncologist to tailor 

specific drug combinations for specific patient.
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EXPERIMENTAL SECTION

Micropillar array fabrication

4 mm-thick poly(methyl methacrylate) (PMMA) was laser patterned (Universal Laser 

Systems) into a 48-by-32 array of through-holes with a center-to-center distance of 2.25 mm 

(same as a Corning® 1536 well plate). The diameter of each hole was 1 mm. Four 2 mm-

thick PMMA blocks were then bonded to the four corners of the through-hole array as a 

spacer. The table-like structure was then placed in a petri dish. PDMS prepolymer was 

prepared at a ratio of base:curing agent = 10:1, which was then slowly poured into the petri 

dish from the side. The petri dish was then placed in a leveled surface until PDMS liquid 

filled all the PMMA holes due to capillary force. The PDMS was then cured in 70 °C oven 

for 1 h, after which it was released from the PMMA mold, resulting in a complementary 

micropillar array.

Microfluidic pneumatic printing (MPP)

The MPP platform is composed of a printer head, a 2-axis traveling stage, the control 

software, and a custom circuit. The printer head is the key component of the platform and is 

formed as an assembly of two parts: 1) an electromagnetic valve array (The Lee Co.) that 

controls the compressed air and 2) a cartridge where chemical reagents are loaded and 

printed from. The valve array is mounted on a customized PMMA manifold with a common 

compressed air inlet. The cartridge is a two-layer structure fabricated by laser patterning 

(Universal Laser Systems) and plasma bonding of PDMS membranes, of which the two 

layers are comprised of nozzle layer and channel layer with inlet, respectively. The cartridge 

is assembled with the valve manifold via tubing connections. The outlet of each valve is 

either connected with compressed air, or atmosphere, depending on the voltage level of 

control signal provided by the circuit and software. In each printing cycle, a pulse voltage 

signal results in a compressed air pulse towards the cartridge, generating enough force for 

droplet ejection.

Before printing, several chemotherapeutic drugs were formulated into a micellar nanocarrier 

system with superior drug loading and narrow size distribution, that we have recently 

reported for in vivo drug delivery31. Nanoformulated drugs were first loaded into the 

cartridge through an inlet reservoir. PDMS micropillar arrays sterilized with 70% ethanol 

were placed on a 1536 well plate cover, which was mounted on the traveling stage. 

Calibration was performed so that the starting position was aligned with one corner of the 

micropillar array. The droplet pattern, including array size and number of droplets per spot, 

was designed in an Excel file, which was then imported into the control software, where 

other parameters including array dimensions, stage moving speed, and printing frequency 

were defined and used to coordinate the stage movement and dispensing of the printer head 

through a driver and custom circuit. Each cartridge integrates 8 channels, allowing for 

printing of 8 different drugs in one printing cycle. In this study, 7 different drugs are used, 

including doxorubicin, nilotinib, olaparib, capsaicin, tamoxifen, cisplatin, and tretinoin, 

while on each pillar either 1 or 2 different drugs are printed with the volume of each drug 

varying among 10 nL, 50 nL, or 100 nL. This resulted in a library size of 

C7
2 × 3 × 3 + C7

1 × 3 = 210. The same library was repeated 6 times for each micropillar array 
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chip, resulting in a total array size of 210×6=1260, which could fit in a standard 1536 well 

plate. All these 7 drugs except for doxorubicin and cisplatin are almost insoluble in water. 

All these 7 drugs are soluble in methanol during the nanoformulation procedure. After the 

printing was complete, the drug-pillar chip was stored in a bio-safety cabinet so that the 

drugs could dry under sterile condition.

Cell culture in 1536-well plate

MDA-MB-231 cells were maintained in DMEM medium with 10% FBS, and 1% PS, in an 

incubator with 5% CO2. Prior to each experiment, fresh cell medium was added to cover the 

entire 1536 well plate, followed by plate centrifugation to remove air bubbles. Cells were 

spun down and resuspended before applied to the 1536 plate, resulting ~1000 cells per well 

after the cells sank to the bottom due to gravity. The cell seeded well plate was incubated for 

24 h in a 5% CO2 incubator.

Drug treatment and cell viability determination

The drug combinatorial library was then applied by attaching the drug-pillar chip to the 

cover of 1536 well plate, followed by flipping over and covering on top of the well plate. 

The chip and plate cover were aligned so that drug-loaded pillars can be inserted into the 

wells and submerged in culture medium to ensure drug rehydration. Prior to the insertion, 

aspiration was applied to each well to prevent medium overflow due to pillar insertion. After 

the drug-pillar chip was applied, the whole assembly was incubated in a 5% CO2 incubator 

for 72 h.

After 72 h of treatment, the drug-pillar chip was removed from the top, and the wells 

emptied by decanting. Calcein AM solution (2 μM) was then added to the well plate and 

incubated for 15 min to stain live but not dead cells32. The calcein AM solution was then 

removed, and replaced with fresh medium. The plate was then scanned with a 1536 plate 

reader (Filtermax F5, Molecular Devices) with excitation and emission wavelengths of 495 

and 515 nm, respectively. For single-drug experiment, the plate was also imaged by confocal 

microscopy (Zeiss LSM 800) to visualize cell morphology in the green fluorescent channel. 

Fluorescent intensities were quantified. All data were shown as the mean of at least three 

experiments independently accompanied by standard error of mean. The dose-response 

curves were plotted and IC50 values of single-drugs were evaluated by GraphPad Prism 

software (GraphPad Software, USA). For the combined drug response, the combination 

effects of two drugs (A and B) were analyzed in terms of combination index (CI) theorem of 

Chou-Talalay 33 by the following equation:

CI=
D A
Dx A

+
D B
Dx B

(Dx)A is the dose of drug A required to produce x% effect alone; (D)A is the dose of drug A 

required to produce the same x% effect in combination with (D)B. Similarly, (Dx)B is the 

dose of drug B required to produce x% effect alone; (D)B is the dose of drug B required to 

produce the same x% effect in combination with (D)A. The CI values were calculated by 
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CompuSyn software based on IC50 values of each single drug and the dose-response data of 

drug combinations. The present experiment was carried out in non-constant ratio 

combinations and the CI values could be determined at their corresponding specified data 

points 34.

RESULTS AND DISCUSSION

Drug-on-pillar screening work flow

The entire drug printing and screening process is illustrated in Figure 1, which is comprised 

of three major steps. In Step 1, PDMS pillar array was fabricated by cast molding out of 

PMMA hole array (Figure 1A). The shape of pillar array was complementary to the PMMA 

mold. Thus, different sizes of pillar array could be achieved simply by laser patterning the 

PMMA chip with different sizes. Here, we implemented pillar array of 384 and 1536 scale 

(Figure S1), corresponding to standard multi-titer well plate footprints. However, denser 

pillar array can be easily fabricated with the same approach, if needed. Due to the wetting 

affinity of PDMS liquid to PMMA material, uncured PDMS could fill in the PMMA holes 

due to surface tension. In this way, the pillar height could be controlled by the PMMA 

thickness. In this study, we designed the pillar height to be 4 mm in order to make sure the 

pillar can be inserted and made in contact with medium in the multi-titer well plates, while 

avoiding overflow. Moreover, the resulted pillar would have a concave surface at the tip due 

to the affinity of PDMS material to PMMA (Figure 1D), which is preferable for drug 

loading.

In Step 2, drugs were automatically printed onto the top of each pillar, forming the drug-on-

pillar combination library (Figure 1B). The previously reported microfluidic pneumatic 

printer28 was used to print the combinatorial drug pillar-arrays. As reported in our prior 

work, droplet size can be adjusted with a standard error of less than 5%, which indicates 

good accuracy of the printing platform. Taking advantages of soft lithography, modifications 

were made to improve the fabrication of the cartridge, resulting in a two-layer design instead 

of the four-layer one previously used (Figure S2). In this way, the cost and time consumption 

of cartridge fabrication could be further reduced, resulting in a disposable design, essential 

for biomedical applications where contamination is a serious concern. In traditional 

dispensing machines, due to the high cost of printer head and highly integrated design, 

cartridges are typically used multiple times, which could cause contamination if washing is 

not performed thoroughly. The newly fabricated microfluidic cartridge has 8 compartments, 

with one drug per compartment and each compartment controlled individually. If needed, 

additional compartments can be added to the cartridge design. The microfluidic printing 

platform is capable of implementing any customized drug pattern design in an automated 

fashion.

In Step 3, the drug-pillar assembly and the multi-well plate containing cancer cells, in this 

case a standard 2D culture in 1536 microwell plate, were brought together in a pluggable 

fashion (Figure 1C). Placement of the drug pillar microarrays over the microwell plate 

allowed the drugs to rehydrate and diffuse into the liquid culture medium. Many small 

molecule or natural product macrocycle anti-cancer drugs are hydrophobic. Typically, most 

investigators dissolve these drugs in DMSO prior to dilution into the medium. In our drug-
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pillar platform, nanoformulated drugs are applied as a telodendrimer-based nanoplatform 

developed by us previously31. We utilized paclitaxel, a hydrophobic chemotherapeutic agent 

commonly used in the clinic and found that the nanoformulated paclitaxel in lyophilized 

dried powder form can be easily rehydrated with water or saline to form a clear solution of 

nanotaxane. In this study, we used a similar approach to nanoformulate our test set of 

hydrophobic drugs. To verify the stability and recovery of these nanoformulated drugs from 

the drug pillar-arrays, we compared the cytotoxic activity of freshly printed nanoformulated 

drugs to drug arrays printed 5 days earlier (Figure S3). Identical cytotoxic potency was 

observed. This result suggested that drugs or drug combination libraries can be 

nanoformulated prior to printing, and the resulting drug combination arrays can be stored in 

dry nanoformulated form and shipped to clinical institutes for screening. In this way, no 

expensive dispensing machine was required at the clinical test site, and the oncologists can 

design and outsource the drug combination library preparation to institutes specialized in 

drug dispensing, which can provide drug preparation services for a large number of clinical 

laboratories at the same time.

One may argue that there is no need for drug pillar-arrays, since nanoformulated drugs can 

be directly dispensed into multi-titer wells, dried, and then shipped. The problem with that 

approach is that most primary culture requires time (a few days to a week or two) to 

establish in enriched medium, therefore direct transfer of primary cells to drug-filled plate, 

such as patient-derived organoid cuture, is unlikely to work. Furthermore, the plug-and-play 

platform can be further miniaturized such that only a minimal number of cells will be 

needed from the patient. This would be difficult to achieve with standard multi-titer plates.

Single-drug experiment for comparability

The comparability of the present plug-and-play screening platform with conventional 

methods using 96-well plates was conducted with a single-drug assay. Figure 2B shows the 

printed drug array, in which 0, 10, 50, 100 nL of doxorubicin (1, 5 and 10 drops, 

respectively; stock conc. 1 mg/mL, 10 nL per drop) was printed in a separate 5 × 5 arrays, 

respectively, forming a 10 × 10 array. Drugs were dried out over night before culturing with 

cells to simulate the storing and transferring procedure. After a 48 h incubation with human 

breast cancer MDA-MB-231 cells, cell morphology was observed and captured every 24 h, 

as shown in Figure 2A. After doxorubicin treatment for 48 h, cell viability was detected with 

cell-permeant dye calcein AM, which was enzymatically converted to a green-fluorescent 

calcein by esterases in live cells but not dead cells. Fluorescence intensity, corresponding to 

the number of live cells, was determined by a confocal microscope in Figure 2C, and the cell 

viability variation after doxorubicin treatment was calculated by fluorescent intensity and 

represented as percentage of control. An inhibitory dose-response curve was fitted as shown 

in Figure 2D, and the IC50 value (50% of growth inhibition) of nanoformulated doxorubicin 

on MDA-MB-231 cells for 48 h exposure was calculated to be 3.27 μM. The bright circular 

field in Figure 2A is due to the presence of the pillar during the imaging of the bright field 

picture, which induces light reflection and transmission different that causes the bright 

circular field. However, the height of pillar is designed to not contact the bottom surface of 

the well plate. Moreover, final images (fluorescent pictures) are taken after removal of the 

pillar array, and results also shown no significant difference in the circular area, from which 
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we conclude the pillar did not affect the result. Meanwhile, we performed a conventional 

method with 96-well plates for growth inhibition to determine IC50 values in parallel, and a 

comparable IC50 value of 2.97 μM was obtained. Hence, it can be concluded that this plug-

and-play screening platform implemented by microfluidic printing was comparable with 

conventional methods in multi-well plates.

Drug library design and high-throughput combinatorial drug screening

As a proof of concept, a drug library including 7 nanoformulated drugs with a series of 

concentrations (1, 5 and 10 drops, 10 nL per drop, stock conc. at 1 mg/mL) were combined 

randomly, composing 189 pairwise drug combinations, namely nilotinib (Nil), doxorubicin 

(Dox), olaparib (Ola), capsaicin (Cap), tamoxifen (Tam), cisplatin (Cis), and tretinoin (Tre), 

represented as A, B, C, D, E, F and G, as shown in Figure S4a. The numbers (1, 2, and 3) 

represented three concentrations for each drug. Along with 21 single-drug groups from 7 

drugs with 3 concentrations, the total number of drug spots was 210, which constituted a 14 

× 15 array, as shown in Figure S4B. Furthermore, a 1260-spot drug array was obtained with 

6 repeats of 14 × 15 array in one 1536-well plate in Figure S5, and the vehicles were in the 

remaining empty wells of 1536-well plate. This drug pattern was demonstrated by printing 

food dyes onto a 1536-pillar array, as shown in Figure 3A. The total time it took to print 

such 1260 library was 15 min. After drug treatments in the plug-and-play screening platform 

for 48 h, cell viability of human breast cancer MDA-MB-231 cell was detected by calcein 

AM. 1260 spots with green-fluorescent densitometry alteration of calcein were analyzed by 

confocal microscopy and the corresponding growth inhibition was calculated and 

represented as percentage of control in a fluorescent heat map, as shown in Figure 3B.

For single-drug groups, the corresponding inhibitory dose-response curve was fitted in 

Figure 4. The corresponding IC50 value against MDA-MB-231 cells for 48 h exposure was 

calculated to be 1.35μM (Tre), 2.18μM (Ola), 3.27μM (Dox), 10.84μM (Nil), 15.87μM 

(Cap), 15.89μM (Cis), and 26.01μM (Tam). The combination drug response was analyzed by 

combination index (CI) theorem of Chou-Talalay to quantitatively determine synergism, 

additive effect, or antagonism33,34.

The combinatorial drug response of 189 pairwise drug combinations were calculated by 

CompuSyn software 33,34 based on IC50 values of single drugs and the dose-response data 

for drug combinations, as shown in Table 1. The present experiment was carried out in non-

constant ratio combinations and the CI values could be determined at their corresponding 

specified data points 34. The values of CI<1 (*, CI<1 in Table 1) demonstrate the pairwise 

combinations with synergistic effect, while the values of CI=1 or >1 represent the pairwise 

combinations with an additive or antagonistic effect, respectively. Among 189 pairwise drug 

combinations in our present study, only a limited number of combinations showed 

significant synergistic effects. For example, combinations of olaparib and tamoxifen, as well 

as olaparib and tretinoin, showed the most potent synergistic effect with the values of CI<1 

(*, CI<1), as shown in Table 1. In the case of olaparib (PARP inhibitor) and tamoxifen (ER 

antagonist), we speculate that the observed synergism is the result of PARP regulation of 

cellular response to estrogen. Namely, PARP1 has been shown to physically bind to and 

poly(ADP-ribosyl)ate ERα, resulting in increased binding to target genes 35. In the MCF7 
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breast cancer cell line, PARP1 is required for ERα transcriptional activity to occur in 

response to 17β-estradiol 36, and is potentially a co-activator of ERβ 37. Simultaneous 

targeting of both PARP1 and ER may therefore be leading to non-additive downregulation of 

ER target genes. Further experiments using a finer series of dosages will be needed to more 

systematically evaluate their synergy, as well as verify their mechanism of action. 

Synergistic effects were also observed in combinations of tamoxifen with either tretinoin or 

cisplatin, especially at lower concentrations of tretinoin and cisplatin (1 drop and 5 drops). 

Synergism was also detected in combination tamoxifen and capsaicin, which was significant 

at lower concentrations of capsaicin (1 drop and 5 drops). A similar observation was found 

in combinations of Nil-Tre and Nil-Tam; at the lower concentrations of nilotinib (1 drop and 

5 drops). Other pairwise drug combinations with potential synergistic effect or nearly 

additive effect (0.9<CI<1.1), and antagonistic effect (CI>1) can be found in Table 1. The 

majority of the remaining pairwise drug combinations showed additive or antagonistic effect 

indicated by CI values >1. For example, doxorubicin shows a strong antagonistic effect with 

cisplatin; the CI values was determined to be 2~10, at the higher concentrations of 

doxorubicin. In addition to cisplatin, doxorubicin also shows strong antagonistic effect with 

capsaicin or nilotinib, most of the CI values were found to be greater than 4.

The above result indicates that drug concentrations can greatly influence the CI values. 

Therefore, for drug combination testing and for repurposing of non-cancer drug for cancer 

applications, one will need to test not just two or three combinations at a single drug dose 

level, but drug combinations at multiple dose levels. Most drug combination screening 

studies reported in the literature do not consider pharmacodynamic separation of drug 

combinations, and the drugs are usually added to the cells at the same time38. It is now 

known that some drug combinations work better if they are administered in sequence. For 

example, Erlotinib, an EGFR tyrosine kinase inhibitor, when given concomitantly with 

cytotoxic drugs, are antagonistic. To be effective, cytotoxic drug needs to be given before 

Erlotinib on different days. The plug-and-play platform is particularly suitable for testing 

such drug combination sequence as two different drug pillar-arrays can be “plugged” in 

sequentially on two different days into the same multi-well plate. Collectively, the present 

plug-and-play platform provides an approach to screen the potential synergistic pairwise 

drug combinations of large number of drugs against patients’ cancer cells in a fully 

customized manner, rapidly and conveniently. As the technology for patient-derived 

organoid culture has become a routine, on-site testing of patients’ primary cancer cells with 

drug pillar-arrays could guide the oncologists to select the most appropriate drug 

combinations for a specific patient. Thus, we expect this technology will have a significant 

impact on precision cancer medicine in the future.

CONCLUSION

In this study, we have introduced a new and highly efficient approach for drug combination 

screening based on drug-printed micropillar arrays. The proposed drug-on-pillar array 

allows for convenient in vitro drug screening in a plug-and-play manner, which greatly 

reduces operational cost and time. The current pillar array has been designed to be 

compatible with standard 1536 multi-well plates, thus can be easily adaptable to traditional 

cell-based assays, such as live and dead determination using dye and commercially available 
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plate reader. If needed, the pillar array footprint can be further miniaturized to afford higher 

density testing than the standard 1536 wells. The fabricated pillar arrays have a concave top 

surface, providing better capability of drug loading. Fabrication methods for pillar array is 

easy and inexpensive, and can be readily mass produced. The drug-on-pillar design has been 

combined with our previously developed microfluidic pneumatic printing platform, which is 

used for drug library loading in this study. The microfluidic printing platform allows for 

fully customizable drug combination library implementation, thus providing a potential tool 

for personalized medicine. At the same time, the microfluidic printing platform still 

demonstrates several advantages including inexpensive and disposable cartridge, capability 

of multi-channel integration, as well as non-contamination features. Moreover, the use of 

telodendrimers to nanoformulate drugs or drug combinations allows printed drugs to be 

stored in a dry form, shipped, and rehydrated during cell-based or organoid cytotoxic or 

functional assays. To sum up, the combination of the drug-on-pillar design, the microfluidic 

printing platform, and the drug nanoformulation provide a whole new approach for 

combination drug screening, of which drug loading and cell response assay can be carried 

out efficiently and conveniently. Future work includes expansion of the multi-channel 

integration capability from 12 channels to 24 channels, as well as enclosing the printing 

platform inside a sterile enclosure. We will also optimize the drug dosing range coverage 

(e.g. 0, 1, 2, 4, and 8 drops, instead of 0, 1, 5 and 10 drops) and use lower concentration of 

drug in the stock solution (0.2mg/mL instead of 1mg/mL) for CI value determination. We 

envision that in future clinical application, synergistic drug combinations against primary 

cell or organoid culture derived from patients’ biopsy specimens can be rapidly identified by 

this high-throughput platform. Such combinations can then be evaluated in patient-derived 

xenograft (PDX) models39–41, which is very expensive and time-consuming, prior to clinical 

implementation.

We have demonstrated the feasibility of the proposed drug-on-pillar approach through a 

single-drug study of doxorubicin against human breast cancer MDA-MB-231 cells. The 

resulting IC50 values of doxorubicin were comparable to that obtained using standard multi-

well plate based IC50 assay. To further study the synergistic effects of different drug 

combinations, we have designed and implemented a combinatorial drug-on-pillar library 

with 1260 spots, and screened them against MDA-MB-231 cells cultured in a standard 1536 

well plate. Moreover, as a result of the combination drug library screening, we have 

identified lead single drugs against MDA-MB-231 cells, including tretinoin, olaparib, and 

doxorubicin (consistent with existing reports), as well as drug combinations with synergistic 

effects, including olaparib and tamoxifen, olaparib and tretinoin, as well as tamoxifen and 

tretinoin. The results have not only demonstrated the feasibility of proposed drug-on-pillar 

approach, and its compatibility with standard 1536 multi-well plate based assays, but have 

also provided data for further study of combination drug therapy against human breast 

cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
A-C, Plug-and-play style drug-on-pillar screening workflow: A) Step 1: cast molding of 

pillar array; B) Step 2: drug loading using microfluidic pneumatic printing; C) Step 3: plug 

in the drug array with multi-well plate for drug cell interaction. D) Microscopic picture of 

pillar array (left, scale bar: 1mm) and full view of a 1536 pillar array (right, scale bar: 1 cm)
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Figure 2. 
Single-drug experiment with plug-and-play screening platform. a. Cell morphology 

alteration after 24-/48 h doxorubicin treatment (1, 5 and 10 drops, respectively; stock conc. 1 

mg/ml, 10 nL per drop), magnification of 10X and 20X; b. The printed drug array after a dry 

overnight, in which 1, 5 and 10 drops of doxorubicin, respectively; stock conc. 1 mg/mL, 10 

nL per drop; c. Fluorescence intensity alteration after a 48 h doxorubicin treatment, captured 

by confocal microscope; d. The inhibitory dose-response curves determined by the present 

plug-and-play screening platform and the conventional 96-well plate were fitted and the 

corresponding IC50 values were calculated.

Li et al. Page 15

Anal Chem. Author manuscript; available in PMC 2019 December 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Drug printing patterns and fluorescent microscopic readouts through the drug-on-pillar 

microfluidic high-throughput combinatorial drug screening platform. A) A 14 × 15 array 

containing 189 pairwise drug combinations for 7 drugs with 3 concentrations and 21 single-

drug groups, eventually a 1260 drug spots with six repeats in one 1536-well plate was 

formed. This drug pattern was demonstrated by printing food dye on 1536-pillar array; B) 

The screening result from the plug and play high-throughput combinatorial drug screening 

platform, represented by green-fluorescent densitometry alteration of calcein AM.

Li et al. Page 16

Anal Chem. Author manuscript; available in PMC 2019 December 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
The inhibitory dose-response curve of single drugs. The inhibitory dose-response curves 

determined by the present plug-and-play screening platform, represented by cell viability of 

human breast cancer MDA-MB-231 cell using calcein AM staining and the corresponding 

IC50 values were calculated.
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