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Abstract

Patient derived organoids have emerged as robust preclinical models for screening anti-cancer 

therapeutics. Current 2D culturing methods do not provide physiological responses to therapeutics, 

therefore 3D models are being developed to better reproduce physiological responses. 3D 

culturing however often requires large initial cell populations and one week to one month to grow 

tumors ready for therapeutic testing. As a solution a 3D culturing system has been developed 

capable of producing physiologically relevant tumors in an expedited fashion while only requiring 

a small number of initial cancer cells. A bi-layer microfluidic system capable of facilitating active 

convective nutrient supply to populations of cancer cells facilitates expedited growth of cancer 

cells when starting with populations as small as 8 cells. The system has been shown to function 

well with adherent and non-adherent cell types by expediting cell growth by a factor ranging from 

1.27 to 4.76 greater than growth under static conditions. Utilizing such an approach has enable to 

formation of tumors ready for therapeutic screening within 3 days and the ability to perform 

therapeutic screening within the microfluidic system is demonstrated. A mathematical model has 

been developed which allows for adjustments to be made to the dynamic delivery of nutrients in 

order to efficiently use culture media without excessive waste. We believe this work to be the first 

attempt to grow cancers in an expedited fashion utilizing only a convective nutrient supply within 

a microfluidic system which also faciliates on-device therapeutic screening. The developed 

microfluidic system and cancer growth method have the potential to offer improved drug screening 

for patients in clinical settings.
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Expedited cancer growth technique to generate cancer populations for therapeutic screening within 

3 days utilizing media flow and few cells.

Introduction

Throughout the world 14.1 million people suffer from cancers of various types as of 2012, 

with an estimated increase to around 21.3 million by 20301–3. The average survival rate after 

diagnosis varies based on cancer type and the stage at which the cancer is identified2,3. 

Improving the likelihood of patient survival requires early diagnosis along with rapid 

development and implementation of treatment plans2,3.

Current in vitro growth of cancer models and therapeutic performance tests are run using 

two-dimensional monolayers or sheet cultures of cancer cells4,5. While this approach 

reduces the time required to identify a viable candidate, it makes use of a model system 

which does not match what is experienced in vivo4–9. As such this method can result in the 

selection of a therapeutic treatment plan which is not ideal for use against the patient’s 

tumor mass due to misrepresentation of cell-cell interactions and differences in drug kinetics 

between 2D and 3D models4–9. In order to better identify viable therapeutic treatment 

options for patients a need exists for methods capable of generating three-dimensional tumor 

spheroids or masses in a short period of time4–9. Current in vitro approaches such as liquid-

overlay10, hanging-drop11, magnetic levitation12, bioreactors13 and others are capable of 

producing tumor spheroids however suffer from issues of low spheroid quantities, inability 

to refresh culture media, difficulty with direct tumor imaging, difficulty with introduction of 

therapeutic for drug testing, high cost, large initial quantities of cancer cell require for 

growth and long periods of time as indicated in SF. 114–20. Ideally, such in vitro growth 

systems should be capable of generating tumor models without such issues for 

testing10–13,21. In addition, the tumor models should be produced quickly in order to reach 

an exponential growth phase, where treatment of in vivo tumors typically occurs4,5.

Current 3D growth models require 1 week to 1 month in order to fully establish cancer 

spheroids before any drug screening can occur4,22. Additionally, several hundreds to 

thousands of initial cancer cells are often required in order to form such 3D tumor 

models14–20. As an example, in vivo injection of cancer cells into animal models such as 

mice and rats often requires large populations (1×105 or more) of cancer cells for injection 

and can typically require a several weeks or more of growth before treatment testing can 

begin23–25. The acquisition of such a large population of cells from patient samples can 

often be difficult due to the rarity of cells in certain cancer types where fewer than 50 cells 
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may be collected in biopsies14–20. Following the establishment of the tumor models, 

simultaneous therapeutic analysis is required in order to identify and viable therapeutic 

treatments14–20. As such, being able to perform tumor growth to a predetermined size in an 

expedited manner within a platform capable of facilitating tests with dozens of potential 

therapeutic options will aid to shorten the drug screening process14–20. However, performing 

multiple drug tests simultaneously increases the time required for data acquisition and 

analysis.

The overall pool of potential therapeutics capable of being utilized as treatment options 

continues to grow as new drugs are approved by the FDA. From the year 2013 to February 

of 2018, a total of nearly 160 new drugs for treatment of various cancers have been approved 

and released on the market26. For some specific cancers, such as leukemia, there exist 

multiple drug choices which could potentially serve as the best treatment option for patients, 

with BCR-ABLI T315I-positive cell leukemia alone having 11 potential options27. More 

substantial are the number of drug candidates which are made available to patients in clinical 

trials, where it is not uncommon to have upwards of 50 or more candidates available15. Such 

clinical trials typically pose more risk to patients as a full response profile has not been 

completely established and could serve to be a waste of patient’s time if the chosen 

treatment is not effective15. Current practices typically utilize trial dosages on patience to 

test drug candidate responses until an effective drug is found, which a time-consuming and 

painful process28–30. Such large quantities of potential therapeutic options is promising for 

patients, however, identifying which is best suited can serve to be an insurmountable 

challenge15–20. In order to better sample a larger range of the total available clinical trial and 

marketed drug options, a system must be developed which is capable of running tens to 

hundreds of potential options simultaneously in order to facilitate the timely selection of a 

viable treatment31,32.

Previous microfluidic platforms have been developed to help address the issues faced in 

cancer therapeutic testing33–35. All of these systems involve the production of devices which 

have specialty chambers in which cancer cells can be grown and exposed to therapeutic 

agents33–35. However, most of the systems designed to handle three dimensional tumor 

spheroids require that the spheroids be pre-formed outside of the device and later introduced 

upon reaching a suitable size or that the spheroids be grown slowly within the device33–37. 

In both cases, the time required to produce the tumor spheroids is long, large initial 

quantities of cancer cells are required and there is the need for an additional handling step 

when spheroids are formed outside of the microfluidics33–37. The previous approaches 

which form spheroids directly within microfluidic systems often rely on the use of hydrogel 

or ECM materials to facilitate the three dimensional growth of the tumors34,36,37. While the 

use of hydrogels or ECM is beneficial in providing structural support to the growing tumors, 

their presence around the spheroids limits the ability to deliver nutrients to the tumor34,36,37. 

Such growth models require the nutrients to undergo diffusion through the hydrogel 

materials before reaching the spheroids34–37. As such, the rate of growth for the spheroids is 

limited when compared to a system where nutrient delivery to the periphery of the tumor 

occurs unhindered. Therefore, when attempting to grow cancer spheroids as quickly as 

possible for use in therapeutic testing, the ability to avoid nutrient diffusion through 
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hydrogels is important33,35. Based on such previous work, expedited growth and improved 

drug screening require methods for manipulating and processing cancer cells.

Prior research in the field of cancer cell processing and manipulation has demonstrated the 

utility of microfluidics for producing tumors and performing therapeutic screening38–42. The 

ability to isolate cancer cell and precisely control their fate after isolation serves as the 

framework on which all down-stream therapeutic screening rest38,41,42. Many sorting, 

processing and manipulation techniques rely on well-characterized device geometries and 

flow conditions38,41,42. Utilizing the foundational work performed by other research groups, 

we have developed a system capable of manipulating cancer cells and actively delivering key 

growth nutrients38–42. The developed system and growth technique are designed to facilitate 

fast tumor growth directly within the microfluidic environment and coupled therapeutic 

testing.

Current methods for producing cancer cell populations for therapeutic testing require 

extended periods of time31,32,43,44. Such delays typically experienced when growing cancer 

populations result in lost time when attempting to identify viable therapeutic 

treatments31,32,43,44. In order to shorten the time delay experienced during cancer cell 

growth and drug screening from one or more weeks, down to just a few days requires a 

method of expedited growth. In order to address these issues, a microfluidic system will be 

developed which is capable of generating tumor spheroids in an expedited fashion utilizing 

convection driven nutrient delivery. The microfluidic system will be tested with adherent 

(spheroid forming) and non-adherent (suspension) cancer cell to verify performance across 

different cancer types. In addition, a mathematical model will be utilized to verify and 

predict the growth of the cancer within the microfluidic system. Application of mathematical 

model and direct imaging of the cancer populations will serve as a feedback loop to facilitate 

expedited cancer growth in an adaptive manner. Overall, outperforming current cancer 

growth techniques will serve to provide a platform better suited for therapeutic testing as 

shown in SF. 1.

Experimental

Device Fabrication—Bi-layer microfluidic platforms were produced following similar 

techniques outlined in previous microfluidic works from the Liu group45–49. The devices 

produced for expedited tumor spheroid growth contained a semi-permeable polycarbonate 

membrane which functioned to separate the apical and basal halves of the microfluidics. The 

circular chamber where the cancer cells were grown measured 3mm in diameter and 1.5mm 

in height. The straight sections of channel in the microfluidic devices measured 600μm in 

height and width. The use of the semi-permeable membrane within the system functioned to 

prevent the cancer cells introduced into the system from being washed downstream and out 

of the channel, which had an average pore diameter of 800nm. A depiction of the 

microfluidic setup can be viewed in Fig. 1.

Leukemia Cell Growth—Leukemia cancer cells were flown into the system using a 

syringe pump (PHD 2000, Harvard Apparatus) with culture media (DMEM(1x) + 

GlutaMAX – I (gibco, life technologies), 10% HI-FBS (Sigma-Aldrich), 1% Penn/Strep 

Uhl and Liu Page 4

Lab Chip. Author manuscript; available in PMC 2020 April 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Antibiotic(1X) (gibco, life technologies)). Due to the small pores of the semi-permeable 

membrane, the cancer cells were captured by the membrane and all held in the same viewing 

plane within the devices. The leukemia cells used for testing were purchased from ATCC 

and all tests were carried out with cells within 5 passages from the initial frozen stock 

provided by ATCC. The initial count of cells introduced into all devices was held constant at 

1×105, which corresponds to the lower end of the range of leukemia cells per milliliter 

typically drawn in patient samples50–53. A hemocytometer was used to verify the 

concentration of cells in a stock suspension from which appropriate volumes of the 

suspension were separated to ensure that 1X105 cells were introduced into the microfluidic 

devices. Due to the large number of cells used in each test, visual confirmation was not 

possible. Culture media was continuously flown within the devices for the flow based test 

cases. Static test cases, only received an initial influx of culture media during the cell 

seeding process. For flow based tests, specific flow rates of 3.4×103μL/hr and 3.4×104μL/hr 

were generated in order to introduce a large quantity of nutrients into the growth system. 

Nutrient consumption by the cells was visualized over time using culture media containing 

phenol red that changes color from red to yellow as the pH of the culture media becomes 

more acidic. The visual observation of color change was used as an indirect measure of 

nutrient availability on the basis that cells utilizing nutrients undergo the Kreb Cycle and 

produce CO2 as a by-product that builds up in culture media. Increased CO2 concentration in 

the culture media leads to a more acidic environment and subsequent color change from red 

to yellow. Utilizing the visual culture media color change and nutrient consumption rates 

reported in literature for the cells allows for the estimation of nutrient consumption over 

time based on the size of the cancer cell populations. The leukemia cells were maintained 

and grown under standard culturing conditions of 37°C and 5% CO2 in an incubator. Lastly, 

due to the non-adherent nature of the leukemia cells no cancer cell spheroid can be produced 

with the leukemia cells. Instead of growing as a spheroid, the leukemia cells grow separate 

from one another.

HCT116 Spheroid Growth—Tumors were grown using HCT116 human colorectal 

cancer cells. The HCT116 cells used for testing were purchased from ATCC and all tests 

were carried out with cells within 5 passages from the initial frozen stock provided by 

ATCC. All spheroids utilized in this work were grown from an initial suspensions of 30 cells 

which were pre-formed into loose tumor spheroids via an 8 hour incubation in a low 

adhesion round bottom well plate under static conditions. The Ultra-Low Attachment 

Multiple Well Plates were manufactured by Corning that feature a covalently bound 

hydrogel layer that effectively inhibits cellular attachment. No additional coatings were 

required to facilitate spheroid formation in the round bottom wells. A hemocytometer was 

used to verify the concentration of cells in a stock suspension from which appropriate 

volumes of the suspension were separated to ensure that exactly 30 cells were introduced 

into each well. Due to the small number of cells used in each test, visual confirmation was 

performed for each well to ensure that 30 cells were present. Well containing greater or 

fewer than 30 cells were discarded and not used for growth testing. The pre-formed 

spheroids were then collected and flown into their respective microfluidic devices. Once 

inside the microfluidic devices, the semi-permeable membrane functioned to capture the pre-

spheroids and hold them in place over the duration of the experimentation. The same process 
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of an 8 hour incubation in a low adhesion well plate to pre-form spheroids was utilized for 

the static based tests. After pre-forming the initial static test case spheroids, Matrigel was 

added to the well plate in order to further facilitate spheroid growth over the course of 120 

hours. Tumor spheroids grown under flow conditions were established as noted in the 

leukemia growth section at specific flow rates of 3.4×103μL/hr and 3.4×104μL/hr. Nutrient 

consumption for the HCT116 cells was also visualized and estimated as described for the 

leukemia cancer cells. Likewise, the HCT116 cells were maintained and grown under the 

same standard culturing conditions of 37°C and 5% CO2 in an incubator as the leukemia 

cells.

Minimum Cell Growth Requirements—In order to determine the minimum number of 

HCT116 cells required to produce tumor spheroids, a range of initial cell counts were tested 

within the microfluidic device. HCT116 cells were pre-clustered for 8 hours in low-adhesion 

96 well plates in order to form loosely associated pre-spheroids as described in the previous 

section. The cells were maintained under standard culturing conditions coupled with slow 

swirling of the entire plate on a shaker for 4 hours followed by static culturing for the 

remaining 4 hours. Once the pre-spheroids were formed and stable enough to be transported 

out of the wells, a syringe was used to transfer the spheroids into the microfluidic devices as 

described above. Further culturing of the spheroids occurred within the microfluidic devices 

following the protocol described above for the HCT116 cells. The total range of initial cell 

counts tested was: 1, 3, 5, 8, 10, 13, 15, 18, 20, 23, 25, 28, 30, and 33. Three rounds of 

testing were performed with 8 replicates of each initial cell count run per round. The 

frequency of successfully forming pre-spheroids for each initial cell count can be seen in SF. 

6.

Cancer Growth Measurements—Cancer growth was monitored daily over the course of 

five days with brightfield and fluorescence imaging. All data collected from the leukemia 

growth studies was accomplished using CellTracker™ Stain (10μM red, Thermo Fisher 

Scientific) and standard fluorescence imaging (Olympus IX70, Hamamatsu C9300, Plan 

Fluor 10x & 20x, NA: 0.3, RI: 1). Data collection for spheroid growth was accomplished 

utilizing CellTracker™ Stain (10μM red, Thermo Fisher Scientific) and confocal 

microscopy (Nikon C2+, Apo 4X). Images of each cancer growth set-up were captured 

every 12 hours over the course of 5 days. All images were processed with FIGI (ImageJ) in 

order to measure HCT116 tumor sizes and cell counts for leukemia tests.

Statistical Analysis—Statistical analysis of all obtained results were run utilizing IBM’s 

SPSS statistical software package (IBM Corp.). All of the figures have significant 

differences indicated above elements within the plots. One way ANOVA tests were run for 

each data set with confidence levels of 95% held throughout all plots. All analyses were 

carried out under conditions of Tukey equal variances assumed, along with tests of 

homogeneity of variance further verified by both Brown-Forsythe and Welch analyses. All 

line plots show statistically significant differences in means compared against the baseline 

tests for the statically grown cancer cells, indicated by “*”. Significance between 

3.4×103μL/hr and 3.4×104μL/hr test data is indicated by “ ** “, noting that all differences 

are given at a confidence level of 95%. Sample sizes for all experimental testing were 
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determined by performing estimation for multiple-sample one-way ANOVA pairwise 

comparison based on pilot studies utilizing the standard sample size approximation of: 

ni j =
2(z a

2τ + zβ)
2
σ2

εi j
2 . All statistical comparisons are run under assumptions of equal variance 

between groups. This assumption of equal variance is verified via the Levene’s test where all 

p values must be greater than 0.05 in order to verify the equal variance assumption across 

groups. All data sets presented in this work pass the Levene’s test with p values greater than 

0.05 when applicable.

Data Availability—The datasets generated during and/or analyzed during the current study 

are available from the corresponding authors upon reasonable request.

Cell Line Authentication—The cell lines utilized in this work do not appear on the “List 

of Commonly Misidentified Cell Lines” maintained by the International Cell Line 

Authentication Committee (ICLAC). Cell line authentications (AR230-r: ATCC CRL-3346 

& HCT116: ATCC CCL-247) have been provided directly from cell line source.

Results

Microfluidic Device Fabrication

A microfluidic platform has been developed which is capable of delivering a continuous 

nutrition supply to growing cells. The microfluidic device channels are made of 

Polydimethylsiloxane (PDMS) through standard photolithography47–49,54. Both the upper 

and lower channels are comprised of a short straight section of channel which leads into a 

large circular portion. The width of the straight sections for both channels are 600μm and the 

diameter of the circular portion is 3mm. The height of the both upper and lower channels is 

also 1.5mm over the entire length of the straight and circular channel regions of the device. 

Fig. #1 shows the overall design and layout of the microfluidic platform. The upper and 

lower channels of the device are separated by a polycarbonate semi-permeable membrane 

which contains uniformly distributed pores with 800nm diameters. The presence of the 

semi-permeable membrane functions to retain cancer cells and tumor spheroids inside of the 

device and also serves to keep all cells in the same viewing plane. The pores in the semi-

permeable membrane also allow transport of culture media and cellular waste products 

through and out of device. Using the microfluidic system, non-adherent cancer cells and 

small preformed tumor spheroids can be grown and monitored over long time durations of a 

week or more.

Cancer Cell Culturing and Imaging

Adherent cancer cells (HCT116) grown within the devices were first aggregated together 

under static culturing conditions within low adhesion well-plates. The cells were added to 

the wells and given 8 hours to adhere into loose spheroids before being introduced into the 

microfluidic devices. Both leukemia and HCT116 cancer cells were successfully cultured 

within the microfluidic devices. Fig. 2c depicts representative images of leukemia cells 

grown within the devices when subjected to a flow rate of 3.4×104 μL/hr over the course of 

Uhl and Liu Page 7

Lab Chip. Author manuscript; available in PMC 2020 April 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



120 hours. Fig. 3c depicts representative images of HCT116 cells grown when subjected to a 

flow rate of 3.4×104 μL/hr over the course of 120 hours. Both representative figures show 

overall increases in cell counts as time progresses as is indicated by the presented growth 

data in Figs. 2a and 3a. Additionally, control cancer populations were grown under static 

conditions in well plates which can be seen in SF. 2 (leukemia) and SF. 3 (HCT116).

Cancer Growth Measurements and Nutrient Availability

Successful culturing of both adherent and non-adherent cancer cell lines was accomplished, 

as demonstrated by the growth of human colorectal (HCT116) and human leukemia 

(AR230-r), respectively, in Fig. 2a and 3a. Growth of the cancer populations within the 

devices was measured directly through confocal imaging with CellTracker™ red stain. 

Through the application of various flow rates within the microfluidic devices, the rate of 

growth for the cancer cell populations was controlled, as shown in Fig. 2b and 3b. The use of 

convective flow allowed for a maximum of 1.27 to 4.76 times faster cancer cell growth when 

compared to the static growth cases for AR230-r and HCT116, respectively. When compared 

to the static test cases, introducing 3.4×103μL/hr nutrient flow into the systems containing 

leukemia cells results in an overall increase in the cell population by a factor of 1.27 at the 

end of 120 hours. Similarly, the normalized number of leukemia cells present after 120 hours 

of growth under flow conditions of 3.4×104μL/hr, was improved by a factor of 1.38. More 

significant were the observed increases in HCT116 growth with the 3.4×103μL/hr test case 

resulting in a 2.47 factor increase in the cell population. Even more impressive was the 

observed increase in HCT116 growth when supplied with a nutrient flow of 3.4×104μL/hr, 

which resulted in a 4.76 factor increase in the cell population. Representative images 

collected for static culturing conditions of both cell types can be seen in SF. 2 and SF. 3, 

respectively. The observed growth of both cancer types had good agreement with the 

theoretical predications made based on the mathematical growth model developed based on 

the transport of nutrients throughout tumors, as shown below. The model is a combination of 

equations for static cell growth that have been modified to include components of fluid 

transport in tissues specific for our microfluidic model and cell types utilized55–61. First the 

growth of the cell lines was verified under static conditions. The growth of either cell 

population is described by

N p = Noe
rot

(1)

where Np is the number of cancer cells after a growth time t, No is the initial number of cells 

in the population, ro is the static growth rate constant for the particular cell type 

(Leuk=0.00330 & HCT=0.01937), and t is time. As time increases, the population of cells 

increases based on a growth rate that is specific for each cell type. Once the static growth 

estimations are verified to agree well with experimental results, the consumption of the 

entire population of cells under static conditions can be determined by

Cp = CcN p (2)
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where Cp is the nutrient consumption rate by the whole population of cells and Cc is the 

nutrient consumption rate of an individual cell based on type. Using equations 1 and 2 

provide the ability to predict the growth and rate of nutrient consumption for static growth 

conditions however are not suitable for make predictions when convective nutrient transport 

is applied to the system. In order to model growth in the system, the convective transport, 

diffusion and consumption of nutrients must be considered. To start, the rate of nutrient 

convection to the cancer population is defined differently for adherent and non-adherent 

cells. In the case of non-adherent cells, the rate of nutrient convection (CTnad) simply takes 

the form

cTnad = Qch × Nuo (3)

where [Nuo] is the stock media nutrient concentration and Qch is the flow rate established in 

the microfluidic channel. However when considering adherent cells growing in a tumor 

spheroid, the model requires additional considerations. Specifically, the influences of 

interstitial fluid pressure, channel flow rate, tumor surface area, tumor permeability, and 

nutrient concentration gradient within the tumor must be taken into consideration. The flow 

rate of interstitial fluid out of the tumor is defined as

QIFP =
p × qi f × aT

3 × AT (4)

where QIFP is the flow rate out the tumor resulting from interstitial fluid pressure, p is the 

tumor density, qif is the net fluid loss from the tumor periphery, aT is the radius of the tumor, 

AT is the cross sectional area of the tumor (πa2). The calculated flow rate of interstitial fluid 

leaving the tumor is subtracted from the flow rate in the channel to obtain the flow rate of 

nutrients interacting with the tumors surface as

QT = Qch − QIFP (5)

where QT is the flow rate interacting with the tumor. We next determine the volume of 

culture media interacting with the tumor (vT) as

vT = QT × t (6)

In order to determine the rate of nutrient convection into the tumor, the convective flux into 

the tumor is determined by

SVT =
SAT
VT

(7)
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c f lux = P × SVT × Nuo − Nui (8)

where SVT is the ratio of tumor surface area to tumor volume, SAT is the surface area of the 

tumor, VT is the volume of the tumor, cflux is the convective flux of nutrients into the tumor, 

P is the permeability of the tumor tissue, and [Nui] is the interstitial nutrient concentration. 

Finally, the rate of nutrient convection into an adherent cell tumor (cTad) is determined by

cTad = c f lux × vT (9)

Beyond convection in the growth system, the amount of nutrients within the tumor relies on 

diffusion of nutrients. While the contribution of diffusion is relatively small when compared 

to convection, it is still important to consider in order to have a well developed model. It 

should also be noted that diffusion of nutrients is only considered for the adherent tumor 

spheroids and not the leukemia cancer. This is because there is no tissue for nutrient to 

diffuse through in the leukemia model and as such is disregarded. For the tumor spheroids, 

the diffusion of nutrients is defined by the concentration gradient across the tumor, the rate 

of nutrient diffusion in the tumor tissue, the diffusive flux of nutrients within the tissue and 

the surface area of the tumor as follows

∇Nu =
Nui − Nuo

0 − aT
(10)

D f lux = D × ∇Nu (11)

DT = D f lux × SAT (12)

where ∇nu is the concentration gradient of nutrients within the tumor, Dflux is the diffusive 

flux of nutrients into the tumor, D is the diffusion coefficient of nutrients into the tumor, and 

DT is the rate of nutrient diffusion into the tumor. Once the rates of nutrient convection and 

diffusion into the tumor have been determined, the change in nutrient availability within the 

tumor (ΔNu) at any given time point can be calculated as

ΔNu = CT + DT − Cp × t (13)

Then in order to determine an updated growth rate to use in the cell growth equation, the 

average nutrient availability (Nuavg) within the tumor is calculated over the entire duration 

of the flow-assisted growth (120 hours in our tests).
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Nuavg =
∑0

t ΔNu
tn

(14)

where tn is the total number of time points during time-course t. From the average nutrient 

availability within the tumors over the growth time-course, an updated growth rate can be 

determined based on the specific nutrient flow rate used within the device. The equations 

governing the conversion of average nutrient availability to an updated growth rate are as 

follows

rN =
logb Nuavg + c + d

a (15)

where a, b, c and d are constants determined based on a fit of the experimental growth rates 

observed and the average nutrient availability, which are cell type specific with HCT:

(a=102.4, b=1000, c=0.0229, d=3.25) and Leuk:(a=1500, b=10, c=0.1046, d=8.4). rN is the 

adjusted growth rate constant for each cell type. Lastly, the updated growth rate constant that 

is determined can be used to predict the growth curve of the cancer cells using the following 

equation

N p = Noe
rNt

(16)

It should be noted that the growth model is exactly the same as the one for the static growth 

cases, with the exception of the updated growth rate to reflect the changes introduced as a 

result of nutrient flow within the system. Values which were set based on literature values 

include: Cc=7.7×10−9 and 6.5×10−6 g/hr/cell for leukemia and HCT116 respectively, p=1.08 

g/mL, qif=0.18mL/hr, P=57.34×10−7cm/sec), and D=2.57×10−8cm2/sec55–61. All other 

values were determined experimentally or specifically chosen based on desired experimental 

testing conditions.

The above set of equations were used to model the growth of both cell types under static and 

flow based conditions. The method of generating updated growth rate values for the flow 

cases has been shown to produce predicted growth curves that closely match the 

experimental results for the slow and fast flow rates used on both cell types. The close 

agreement of the models predictions and experimental results can be seen in Figs. 2a and 3a. 

In addition to predicting cell growth, the same governing model was used to predict the time 

point at which the rate of nutrient delivery into the tumor balances with rate of nutrient 

consumption by cells within the system, referred to as an equilibrium point. The predicted 

timeframes in Figs. 2b and 3b for these equilibrium points, corresponds to the timeframes 

when the cancer growth curves in Figs. 2a and 2b fall behind the maximum growth curve 

(red curves). As an example, the nutrient availability graph in Fig 3b for the HCT116 

spheroids, predicts that the amount of available nutrients in the tumor will drop below the 
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total nutrient demand of the tumor for the 3.4×103μL/hr test case (blue curve) around hour 

72. This prediction of insufficient nutrient supply to feed the entire tumor around hour 72 

corresponds well with the point in time when the 3.4×103μL/hr test case (blue curve) in Fig. 

3a drops away from the 3.4×104μL/hr test case (red curve) which still has a sufficient supply 

of nutrients around hour 72. The ability to make such predicts along with the close 

predictions of both static and unrestricted nutrient supply (3.4×104μL/hr test case) cell 

growth for both cell types indicates that the model developed to describe the nutrient 

delivery within the microfluidic system closely mimics what occurs during experimental 

testing.

Based on the observed results and predictions made by the developed mathematical model, 

the 3.4×104μL/hr test case for both cell types showed continuous expedited cell growth even 

at 120 hours, while the static and 3.4×103μL/hr test cases entered into conditions of 

insufficient nutrient supply for the entire cell populations prior to reaching the 120 hour time 

point. Additionally for the 3.4×104μL/hr test cases, sufficient cancer cell populations were 

reached around hour 72, indicating that therapeutic screening could commence after 72 

hours of culturing within the device.

In order to further verify the formation of spherical tumor clusters, representative confocal 

scans were periodically run. SF. 4 depicts one of the representative confocal scans showing a 

typical spherical tumor cluster produced within the microfluidic system. Additionally, the 

expression of E-Cadherin under static and flow conditions were tested in 2D and 3D cultures 

as shown in SF. 5. The level of expression between all 4 groups tested were very similar 

indicating that no major changes in cell-cell junction protein expression were occurring as a 

result of the expedited 3D growth system. Lastly, in order to test the systems capability to 

grow tumor spheroid from limited amount of cells, a set of tumor spheroid growth 

experiments were run which utilized a range of initial cell numbers in the devices to grow 

tumors. A process of pre-clustering the cells into loose spheroids was utilized which 

involved a slow swirling of the cancer cells in a low adhesion well plate for 4 hours followed 

by 4 hours of static culture, both under standard culturing conditions. The resulting loosely 

associated spheroids after 8 hours could be transferred into the microfluidic devices for 

further culturing. The results in SF. 6 indicate that a minimum of 8 cells are required for this 

growth technique with a likelihood of success around 12.5%. Further testing indicated that 

the initial use of 30 cells or more almost guaranteed the formation of tumor spheroids for 

growth within the device.

Discussion

From this work, a platform for the expedited growth of cancers is offered which can function 

with both adherent and non-adherent cell lines. The overall goal of the study was to 

demonstrate the influence of active convective flow on the growth rate of cancer cell 

populations within the microfluidic system. The system has been shown to facilitate a range 

of culturing conditions from static up to flow rates of 3.4×104μL/hr which influence the rate 

at which cancer cells grow over the course of 120 hours. Additionally, the design of the 

device allows for direct observations and measurements of the HCT116 and leukemia cancer 
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population to be made via brightfield and fluorescence microscopy over the entire time-

course of the study.

The outcomes from this work indicate that the growth of both cell types are assisted by the 

active convective flow of nutrients through the devices. The degree of growth improvement 

has been shown to be controlled by the type of cell being used and the flow rate at which 

nutrients are introduced into the devices. Overall, the improved growth of the leukemia cells 

with the addition of nutrient flow was less than the improvement observed when flow was 

applied to the HCT116 cells. This difference in growth improvement is contributed to a 

couple of factors. The first is that the leukemia cells are non-adherent cells and as such, do 

not grow in a tightly associated spheroid. The leukemia cells spread out, growing in the 

same plane of the device and as such nutrient transport to a given cell in the population is 

not hindered by any surrounding cells. The HCT116 cells grow as a single mass making it 

difficult to deliver nutrients to cells within the tumor without the aid of convection. 

Therefore when convection driven nutrient transport is applied, the HCT116 tumor mass 

receives more benefit when compared to the individually growing leukemia cells as nutrients 

are forced further into the core of the HCT116 spheroids. The second reason why a more 

significant improvement in HCT116 growth was observed when compared to the leukemia 

cells is because the HCT116 cells have a naturally faster growth rate even under static 

conditions. The faster growth rate for the HCT116 cells allows the cells to turn over new 

generations of cells in a shorter period of time, when then can go on to further take 

advantage of the excess nutrients supplied by the culture media flow. When compared to the 

static test cases, introducing 3.4×103μL/hr nutrient flow into the systems containing 

leukemia cells results in an overall increase in the cell population by a factor of 1.27 at the 

end of 120 hours. Similarly, the normalized number of leukemia cells present after 120 hours 

of growth under flow conditions of 3.4×104μL/hr, was improved by a factor of 1.38. More 

significant were the observed increases in HCT116 growth with the 3.4×103μL/hr test case 

resulting in a 2.47 factor increase in the cell population. Even more impressive was the 

observed increase in HCT116 growth when supplied with a nutrient flow of 3.4×104μL/hr, 

which resulted in a 4.76 factor increase in the cell population.

The increased growth observed under flow conditions for both cancer types is contributed to 

the convective flow of nutrients to the cancer cells. While static culturing conditions rely 

purely on diffusion of nutrients within the system, the application of convective flow 

provides a continuously refreshed source of nutrients while also removing cellular waste 

excreted by the cancer cells. This two-fold effect in turn can be used to ensure that the cells 

growing in the population are never lacking nutrients. The function of the convective 

nutrient flow for the spheroid based tests also facilitates deeper penetration of fresh nutrients 

into the core of the tumors because the flowing nutrients are forced between intercellular 

gaps in the tumor tissue. When compared to static cultures, the nutrient transport through 

intercellular gaps can only occur via diffusion which requires long periods of time for 

transport over such long distances to reach the cores of the growing tumors. As such, static 

culturing conditions often result in necrotic tumor spheroid cores as demonstrated heavily in 

literature. The application of nutrient flow in our system instead functions to accelerate the 

rate of tumor growth over time. In addition, comparisons to literature data for tumor growth 

in animal models and hydrogel based models have shown that comparable increases in cell 
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number or tumor volume can take one week to two months39,40,62–64,64. Therefore, these 

growth techniques are comparable to static tumor growth4,39,40,62–64,64. Application of the 

flow assisted growth method, has the ability to outperform these other common types of 

tumor growth while facilitating easier data collection and on-device high throughput 

therapeutic screening.

As a note, the experimental setup was designed to observe changes in tumor growth as the 

culture media flow rate was varied. As such, a conclusion was made that the addition of 

culture media flow assisted in the growth of the cancer populations. However, this is not to 

say that the convective delivery of nutrients was the only factor that facilitated the improved 

growth. In turn, continually expedited growth of the tumors is not as simple as providing 

nutrients at greater and greater flow rates. Instead, factors such as the tumor size, surface 

area to volume ratio, diffusion coefficient, rate of waste production, concentration of 

nutrients in the stock solutions, as well as cell and cell type specific characteristics are all 

also key factors that can influence the delivery of nutrients throughout the tumor and 

ultimately the growth of the tumor as a whole65–72. Previous work by others have identified 

the importance of key factors such as the depth of nutrient penetration and cellular growth 

state that heavily influence the rate of overall tumor growth65–72. Nutrient penetration has 

been shown to rely on the degree of tumor vascularization and the overall structural 

architecture of the growing cells65–69. Further, pervious work has indicated the state which 

various populations of cells exist in within the tumor greatly influence the overall 

growth70–72. Larger populations of quiescent and necrotic cells leads to reduced tumor 

growth as the total number of actively proliferating cells becomes reduced70–72. In order to 

better understand the degree to which each of these factors influences the rate of growth for 

the entire tumor, more complex experimental setups and computational simulations are 

required. Such experimental setups and convection-diffusion-reaction simulations will need 

to provide a high degree of control over each factor to tease out how the interconnected 

system as a whole functions to improve tumor growth. Future work along these lines is 

planned in an attempt to further push the speed at which tumors can be produced while 

facilitate a high degree of control over the entire process.

Besides simply observing expedited growth of cancer populations under such convective 

flows of nutrients, a mathematical model has been developed to help describe and predict the 

outcomes of such growth experiments. The mathematical model has been based on the active 

convection of nutrients resulting from flow, the passive diffusion of nutrients within the 

spheroids, and the consumption of nutrients by the cancer cell populations over time. The 

developed model has been simplified for ease of use, with the major factors resulting in the 

growth of cancer populations being taken into consideration. Despite the simplified nature of 

the model, good agreements with experimental testing has been achieved which indicates 

that the model can be used to predict the growth of cancer cells within the microfluidic 

system. The application of the model in a predictive manner in conjunction with the 

microfluidic growth system can result in expedited cancer growth of adherent and non-

adherent cancer cells for therapeutic screening or genetic analysis. In addition, the models 

ability to predict nutrient availability within the growth system, allows for a control feedback 

loop to be established in order to vary the nutrient supply rate to maximized cell growth 

while limiting waste. An example of such a feedback loop would involve the continuous 
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monitoring of cell growth which in turn would be used to update the mathematical model. 

The initial nutrient supply rate can be very low and slowly increased as the cell population 

grows over time. By doing so, expensive reagents can be used sparingly while not limiting 

the total potential growth of the cancer cells. As a final note, the predictive nature of the 

developed model shows good agreement with the timeframes when variations in 

experimental cell growth were expected. By predicting the availability of nutrients within the 

system, it is possible to identify how long it will take before the cell population runs into a 

deficit of nutrients. The predicted times to reach conditions of nutrient deficit for each 

testing condition (static and two flow cases) correspond well with the time points in the 

experimental data where the static and slow flow rate growth curves fall behind the growth 

of the faster flow rate. This correlation between the predicted and observed results indicates 

that the developed model is sufficient enough to represent the experimental conditions being 

tested.

Additionally, the minimum number of required HCT116 cancer cells required to 

successfully form tumor spheroids was tested. The conclusions indicate that at least 8 cells 

must be present in order to successfully form a spheroid with a success rate of around 

12.5%. However, when 30 cells or more are used within the device to produce a spheroid, 

the successful formation of such a spheroid is almost guaranteed. These results are important 

to understand if such a device is to be used in a clinical setting with very limited number of 

cells from patient samples. The number of such cells collected from patient samples are 

typically very low and as such, having a method to successfully form spheroids for drug 

screening will need to function under such conditions. It should be noted however that the 

cells used in this study were well established cell lines routinely grown in a laboratory 

setting. Future work along these lines will include tests run with patient derived cancer cells 

in order to more fully validate the system for potential future use in the clinical space.

As a final analysis, the developed microfluidic system was tested to demonstrate the 

capability of performing on-device therapeutic screening. The resulting APH assay 

comparison of drug response by 2D and 3D cultures of HCT116 cells to (a) Paclitaxel, (b) 

Doxorubicin, and (c) Capecitabine can be seen in Fig. 4. The system has shown good 

agreement with literature findings that 3D cancer cultures possess a greater resistance to 

therapeutic treatment when compared to 2D cultures. Additionally, a high throughput 

version of the microfluidic system is demonstrated and prototyped to enable the screening of 

multiple drugs in parallel in an effort to expedite the screening process. The high throughput 

prototype and initial benchmarking data can be seen in Fig. 5.

Overall, the developed microfluidic system has been shown to facilitate the growth of 

adherent and non-adherent cancer cell types in an expedited fashion through the application 

of nutrient flow. The improvement in cancer cell growth is contributed to the continuous 

convective delivery of fresh nutrients to the cells while also actively removing cellular waste. 

The expression of cell-cell adhesion molecule E-Cadherin has also been examined to show 

that the growth method does not interfere or influence the normal phenotypic expression of 

such extracellular proteins. The developed mathematical model has been shown to serve as a 

good predictor of cancer growth within the system and can be used as a feedback loop to 

adjust the rate at which nutrients are supplied to cancer cell populations. The minimum 
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require number of HCT116 cells has been determined in order to successfully form tumor 

spheroids with the microfluidic system. Lastly, the microfluidic system as a whole has been 

demonstrated to function for on-device therapeutic screening applications and a high 

throughput prototype of the system has been demonstrated to allow 16 drugs to be screened 

simultaneously. Still there exists many routes of future work along the lines of the developed 

cancer growth device.

Such future work will include further expediting the growth of cancer cell populations 

through the introduction of growth factors into the nutrient flow. However, changes in cell 

phenotype and protein expression will need to be closely monitored to ensure that the 

system is still representative of phenotypically normal conditions. Additionally, further 

testing of additional cancer cell types, both established and patient derived, is needed to 

expand the scope of the model as a whole. Tests run with patient derived cancer cells will 

also serve to identify the minimum number of cells required for successful formation of 

spheroids for potential clinical use in drug screening assays and genetic analyses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure. 1. 
Microfluidic device schema depicting device structure and cancer cell capture function 

utilizing semi-permeable membrane. Flow direction indicated by red arrows. (a), Device 

schema cross-section. (b), Device schema overview. (c), Image of sample microfluidic 

device utilized in experimental testing (white scale bar is 3mm long).
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Figure 2. 
Leukemia cell growth over time based on flow conditions (105 cell initial count). a, 
Normalized leukemia cell count over time for various flow conditions and theoretical model 

predictions. b, Normalized leukemia nutrient availability within microfluidic system over 

time for various flow conditions. Equilibrium point indicates when nutrient availability 

within the system can no longer satisfy the requirements of the entire cancer cell population. 

Inset figure shows magnified view of the static test case crossing over equilibrium point. c, 
Representative fluorescence images of leukemia cell growth over the course of 120 hours 

under a flow rate of 3.4×104 μL/hr (stained with CellTracker Red™) (scale bars are 150μm). 

Statistical significance indicated by “*” between flow based tests and static conditions and 

“**” between flow based tests at p≤0.05.
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Figure 3. 
HCT116 cell growth over time based on flow conditions (30 cell initial count). a, 
Normalized HCT116 cell count over time for various flow conditions and theoretical model 

predictions. b, Normalized nutrient availability within microfluidic system over time for 

various flow conditions. Equilibrium point indicates when nutrient availability within the 

system can no longer satisfy the requirements of the entire cancer cell population. c, 
Representative fluorescence images of HCT116 tumor spheroid growth over the course of 

120 hours under a flow rate of 3.4×104 μL/hr (scale bars are 60μm). Statistical significance 

indicated by “*” between flow based tests and static conditions and “**” between flow 

based tests at p≤0.05.
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Figure. 4. 
The drug effect on HCT116 tumor spheroids grown within the bi-layer microfluidic system 

by APH assay. Drug effects of Paclitaxel (a), Doxorubicin (b), and Capecitabine (c) on 

spheroids cultures, with comparison to monolayer cell cultures performed in flat bottomed 

well plates. Dose-response curves plotted exponentially over drug concentration range of 

1nM to 1μM for all three drugs. All data points shown were run in replicates of four (n=4) 

for each testing condition and drug.

Uhl and Liu Page 23

Lab Chip. Author manuscript; available in PMC 2020 April 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure. 5. 
Representative prototype of high-throughput array microfluidic system allowing 16 

therapeutic screening tests to be run simultaneously. a, 3D model of high-throughput array 

microfluidic well plate designed for use with high-throughput imaging and data collection 

systems. b, Prototype well plate system manufactured via 3D printing being used to test data 

collection from a fluorescent microscope. c, Prototype well plate system being tested with a 

plate reader to verify data collection. d, Normalized fluorescence intensity data of FITC dye 

flown through the prototype high-throughput array system. Fluorescence intensity was 

measured at various dye concentrations while passing through the device and compared to 

fluorescence intensities at the same concentrations in standard well plates. The data 

collected by both methods are in good agreement, indicating that the prototyped system 

functions well plate reader data collection. Data collection tests were run five times (n=5) to 

achieve statistical significance.
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