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Abstract  Investigation of the potential adverse ef-
fects of chemicals and drugs is essential during the 
drug development process. In vitro cell model sys-
tems have been developed over the past years to-
wards such toxicity investigation. 96-well plate is the 
common platform for screening drug toxicity due to 
its simplicity. However, this platform only offers 2D 
cell culture environment and lacks the flow of solu-
tions, which fails to provide the suitable environment 
for the cells to adequately metabolize the drugs, for 
the media to replenish, and for the metabolites and 
wastes to be removed. Microfluidic chips populated 
with human or animal cells, known as organ-on-a- 
chip (OOC), can reconcile many issues of in vitro cell 
models, such as the lack of extracellular matrix and 
flow as well as the species difference. However, OOC 
can be complicated to fabricate and operate. To bridge 
this gap, we utilized paper as a primary substrate for 
OOC, considering its fibrous structure that can mimic 
natural extracellular matrix, as well as a syringe pump 
and filter that are commonly available in most labor-
atories. Paper microfluidic model was designed and 
fabricated by wax printing on nitrocellulose paper, 
seeded and proliferated with liver cells (primary rat 
hepatocytes and HepG2 cells), and two paper sub-
strates were stacked together to complete the paper 
model. To this paper-based liver cell model, the fol-

lowing drugs were added: Phenacetin (pain reliever 
and fever reducer), Bupropion (antidepressant), Dex-
tromethorphan (antidepressant), and phosphate-buff-
ered saline (PBS) as a control, all under a physiolo-
gically relevant flow rate. The combination of these 
drugs with Fluconazole (antifungal drug) was also in-
vestigated. Cell count, cell morphology, protein pro-
duction, and urea secretion after drug treatment con-
firmed that the model successfully predicted toxicity 
within 40 minutes. This simple, paper-based liver cell 
model provided enhanced and faster cell response to 
drug toxicity and showed comparable or better be-
havior than the cells cultured in conventional 2D in 
vitro models.  
 

Keywords: Drug toxicity, Paper microfluidics, Or-
gan-on-a-chip, Rat hepatocyte, HepG2  

 

Introduction 

Toxicity studies of newly discovered drugs are cru-
cial in drug development process. Traditionally, such 
studies have been performed first on an in vitro plat-
form, where mammalian cells are cultured on a mul-
ti-well plate with varying doses of drugs, followed by 
an animal model to minimize the time, cost, and eth-
ical concerns associated with it1-3. In vitro models 
populated with liver cells have widely utilized for 
studying drug absorption, drug metabolism, enzy-
matic kinetics, and dose-response relationship, in ad-
dition to drug toxicity. Primary animal or human 
hepatocytes, as well as immortalized liver cell lines, 
have been used extensively for the in vitro liver cell 
models for evaluating the liver toxicity to drugs. As 
expected, such in vitro cell models lack blood flow 
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and extracellular matrix (ECM), leading to the loss of 
viability, decrease in liver-specific functionality and 
gene expression, etc. 3D culture models of liver cells 
have been suggested as an alternative. Recently, the 
active fluid flow has also been incorporated to pro-
vide a physiologically relevant environment for the 
cultured liver cells, including oxygen supply, nutrient 
diffusion, and waste removal, leading to liver-specific 
morphology and functionality beyond those provided 
by 2D liver cell culture4,5. Such models are often re-
ferred to as organ-on-a-chip (OOC)5.  

As OOCs have continuously been evolving, the 
fabrication and operation of such OOC devices have 
tended to become more complicated to fabricate and 
operate. There certainly exists a gap between those 
sophisticated OOCs and the in vitro 2D cell culture 
models. In this work, we propose a simpler and in-
expensive solution through utilizing a wax-printed 
paper microfluidic chip, a syringe pump, and a sy-
ringe filter, that are readily available in most labora-
tories. While paper microfluidic chips have been po-
pularly utilized for biosensor applications, especially 
point-of-care diagnostics6, their use towards micro-
fluidic cell models (or OOC) has been rarely demon-
strated. Paper substrate, consisting of cellulose (or ni-
trocellulose) fibers, offers a permeable substrate mi-
micking the natural ECM (in our case sinusoidal en-
dothelium). Such porous and permeable structure can 
provide more rigorous and flow-resistant cellular ad-
hesion than the smooth and hydrophobic polydime-
thylsiloxane (PDMS; popularly used for many mi-
crofluidic chips and OOCs). Paper microfluidic chips 
can be fabricated more simply and cost-effectively 
than the PDMS-based microfluidic chips, requiring 
only a wax printer and a hot plate. These paper-based 
chips are seeded and proliferated with liver cells, fol-
lowed by stacking two paper chips together and en-
casing them into a syringe filter to construct a liver 
cell model.  

Three commercially available drugs are evaluated 
for their toxicities in this work: Phenacetin, Bupro-
pion, and Dextromethorphan. Phenacetin was first in-
troduced in 1887 and has been extensively used as 
analgesic and fever-reducer. The usual prescribed dose 
was 300 mg 4-6 times a day for adults, not exceeding 
2 g daily. However, Phenacetin was removed from 
the United States market in 1983 and was legally ba-
nned in most countries due to its carcinogenic effects 
in the kidney when used in large amounts7. Bupropi-
on is widely used as antidepressant, which is associ-
ated with noradrenergic or dopaminergic mechanisms. 
This drug was first used in the United States in 1985 

to treat moderate and severe depression. Currently, it 
is widely prescribed for 4 million individuals yearly 
in the U.S.8 Bupropion is generally prescribed at 75 
to 300 mg once or twice a day for adults. Neverthe-
less, liver abnormalities have been reported for < 1% 
of patients and acute liver injury for rare cases. While 
most abnormalities and injuries by Bupropion are self- 
limited, fatal cases have been nonetheless reported8. 
Dextromethorphan is commonly used to relieve cough 
caused by cold and flu by decreasing the brain activ-
ity that causes coughing9. Due to its function of de-
creasing brain activity, it is also widely used as anti-
depressant. This drug is generally prescribed at 10 to 
20 mg orally every 4 hours as liquid or syrup for 
adults10. While serious toxicity of Dextromethorphan 
occurs relatively rarely, there have been reports of major 
toxicity and death caused by co-ingestion of Dextro-
methorphan with other drugs11. To study such co- 
ingestion-induced toxicity, Fluconazole was addi-
tionally evaluated for its toxicity combined with the 
aforementioned drugs. Fluconazole is widely used to 
treat systemic and superficial fungal infections and 
currently prescribed more than 12 million times per 
year. The recommended dose of Fluconazole ranges 
from 100 to 400 mg daily for adults. Hepatotoxicity 
(liver toxicity) by Fluconazole has been reported with-
in the first few weeks of therapy12. While such com-
plications are generally self-limited, fatal cases have 
nonetheless been reported13. 

The overarching aim of this study is to design and 
demonstrate a paper-based liver cell model that is 
simple, low-cost, and easy-to-use to evaluate drug to-
xicity, particularly in patients with a pre-existing con-
dition. Figure 1 shows the device setup, requiring only 
a syringe pump and filter, where the paper-based liv-
er cell model is encased within a filter holder. These 
small equipment and supplies are either extremely 
low-cost or readily available in most laboratories, po-
tentially enabling its widespread use. 

 

Results 

Selection of Cell Type 

To develop the paper-based liver cell model for drug 
toxicity screening, two types of liver cells were first 
cultured in order to determine the appropriate cell 
line to use in the model. Primary rat hepatocytes 
(PRH) and immortalized human liver carcinoma cells 
(HepG2) were evaluated on a 96-well tissue culture 
plate (TCP) pre-treated with type I rat tail collagen. 
PRH maintained cuboidal morphology while HepG2  
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Figure 1. Paper-based liver cell model for in vitro drug tox-
icity test. Paper-based liver cell model consists of two layers 
of wax-printed NC paper. Top layer design consists of six 
square inlets void of wax (white) surrounded by hydrophobic 
wax (black). The bottom layer design consists of six hydro-
philic squares aligned to the top layer’s inlets, converging into 
the central hole via six channels, where HepG2 cells are load-
ed as shown in top view (left). The top layer was stacked on 
the bottom layer. The drug solution was delivered to HepG2 
cells via a controllable syringe pump and connected tubes with 
a flow rate of 333 nL/min above the cell culture area. The 
flow-through solution was collected at the central hole of a 
bottom layer and subsequently delivered to the collecting tube. 
Blue arrows represent the direction of liquid flow. 

 
exhibited relatively rounded morphology (Figure S1). 
Recommended minimum daily dosage for Phenacetin, 
Bupropion, and Dextromethorphan is 1,200 mg (= 
300 mg × 4), 75 mg, and 120 mg (= 20 mg × 6), re-
spectively7-10. As the average number of hepatocytes 
in humans is 1.68 × 1011 and there were 1 × 104 cells 
in our model, the drug amounts were scaled down to 
70 ng Phenacetin, 5 ng Bupropion and 7 ng Dextro-
methorphan based on the total number of liver cells 
in our system. Distribution over blood and lymph 
systems, absorption and metabolism in the other tis-
sues and organs, and excretion were not considered; 
only the hepatic first pass effect was modeled. The 
number of PRH and HepG2 cells treated with Phe-
nacetin, Bupropion, and Dextromethorphan signifi-
cantly decreased in comparison to the control while 
the Phenacetin showed the highest toxicity represented 
by the lowest number of cells on the surface after drug 
treatment (Figure 2). The numbers of HepG2 cells 
after drug treatment were comparable to those of 
PRHs, indicating comparable responses to the tested 
drugs. 

The concentrations of proteins secreted from both 
PRH and HepG2 cells treated with all three drugs 
were significantly lower than the control (Figure 2).  

 
Figure 2. Comparison between PRH vs. HepG2 on TCP for 
drug toxicity testing under static condition. Cell count, protein 
concentration, and urea concentration in the supernatant se-
creted from PRH and HepG2 cells after treated with re-
commended daily dose/cells of Phenacetin, Bupropion, Dex-
tromethorphan, and a control (PBS). Error bars represent stand-
ard errors. * indicates p < 0.05 in comparison to the control. 

 
Again, protein productions from PRH and HepG2 
cells were also comparable to each other. The con-
centrations of urea secreted from HepG2 cells were 
significantly higher in control and Dextromethorphan 
than with Phenacetin and Bupropion (Figure 2). How-
ever, urea productions from PRHs decreased regard-
less of drug treatments. As represented in Figure 2, 
HepG2 cells showed similar or better metabolic activi-
ties compared to the results from primary cells (PRH). 
Also considering its superior culturability, HepG2 
was chosen for the paper-based liver cell model in 
this work. 

 
Comparison between Paper and TCP 

While paper fibers offer a 3D, ECM-like microenvi-
ronment, the adhesion of HepG2 cells on paper fibers 
is poor. To address this issue, the nitrocellulose (NC) 
paper substrate was coated by using collagen. This 
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collagen-coated NC paper substrate was further eva-
luated for HepG2 adhesion and subsequent drug tox-
icity test in comparison to the collagen-coated tissue 
culture plate (TCP), which is in a 96-well platform 
under static condition. The collagen-coated NC paper 
substrates were cut and fit each well of untreated 96- 
well TCP, to make HepG2 cells be exposed only to 
the collagen-coated NC paper. The number of HepG2 
cells were evaluated after adding Phenacetin, Bu-
propion, and Dextromethorphan, in comparison to the 
control (PBS), using a regular light microscope on 
TCP and a fluorescence microscope on NC paper. 
(Paper fibers prevented the cells to be properly im-
aged on a light microscope, requiring fluorescence 
microscopy with nuclei and actin staining.) As a re-
sult, the number of HepG2 cells significantly decrea-
sed with all three drugs in comparison to the control 
(PBS), on both NC paper and TCP. Phenacetin show-
ed the highest toxicity with the lowest number of 
HepG2 cells after drug treatment on both NC paper 
and TCP (Figure 3). The numbers of HepG2 on NC  

 

 
Figure 3. Comparison between HepG2 on TCP vs. NC paper 
under static condition. Cell count, protein concentration, and 
urea concentration in the supernatant secreted from HepG2 cells 
on TCP and NC paper after drug treatments. Error bars repre-
sent standard errors. * indicates p < 0.05 in comparison to the 
control. 

paper were not significantly different from those on 
TCP, regardless of the added drugs. Protein production 
was also evaluated, which was significantly lower with 
all three drugs compared to the control. Again, there 
was no significant difference between NC paper and 
TCP (Figure 3). Urea secretion was additionally eval-
uated. On TCP, urea production decreased the most 
with Phenacetin and Bupropion, followed by Dex-
tromethorphan. On NC paper, the trend was the same, 
although at smaller extents especially with Phenace-
tin, i.e. less compromised urea production upon drug 
treatments. Overall, NC paper model showed similar 
or better metabolic activities compared to that of TCP 
model. Also considering its flexibility and 3D ECM- 
like microenvironment (shown as mesh-like autofluo-
rescence in Figure S2), NC paper was accordingly cho-
sen as a substrate for the paper-based liver cell model 
in this work. 

 
Paper-based Fluidic Liver Cell Model in  
Comparison with Static TCP Model 

In order to address the effect of the flow, the experi-
ments were conducted for the paper-based liver cell 
model with and without flow. The liver cell model on 
dual-layer NC paper was designed and fabricated as 
shown in Figure 1. Drugs and media were pumped 
into six inlets of the top layer, mimicking portal veins 
of a liver lobule. Again, the system is designed to 
simulate the hepatic first pass effect. The dark region 
was printed with hydrophobic wax and thus imper-
meable, while the white areas (inlets) were free of 
wax and allowed the liquid to flow in and out through 
paper. This top layer was stacked directly on top of 
the bottom layer, where six different channels were 
imprinted mimicking liver sinusoids. HepG2 cells 
were pre-seeded into these channels before stacking 
these two NC paper substrates. This stacked system 
was inserted into a syringe filter, which is connected 
to two 7-mm plastic tubes. The inlet tube was con-
nected to a 10-mL syringe containing 5 mL of drugs: 
Phenacetin, Bupropion, Dextromethorphan, and con-
trol (PBS). This inlet solution was distributed to six 
inlets of the top layer. In the bottom layer, all solu-
tions from six channels converged to a central area, 
which was then connected to an outlet tube. In this work, 
1 × 104 HepG2 cells were seeded on each 0.8-mm di-
ameter channel. We used a flow rate of 333 nL/min 
in each sinusoid-like channel, considering the human 
liver sinusoid where each unit consisted of 250 tight-
ly packed hepatocytes receiving the flow of approxi-
mately 100 pL/s or 6 nL/min14. As there were 1 × 104 
cells in each channel, the physiologically relevant  
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Figure 4. Fluorescence microscopic images (10x) of HepG2 
cells on the paper-based fluidic liver cell model (left) and the 
static 96-well model on NC paper (right). Cells were treated 
with recommended daily doses of Phenacetin, Bupropion, and 
Dextromethorphan, as well as a control (PBS). Blue represents 
the DAPI’s stained nuclei and pink represents the TRITC’s 
stained phalloidin. 

 
volumetric flow rate should be 240 nL/min. However, 
we used a slightly higher flow rate of 333 nL/min in 
order to compensate for the hydrodynamic flow re-
sistance build-up from paper fibers, as demonstrated 
by the previous study on the polystyrene beads’ mo-
vements through paper fibers15. The overall flow rate 
perfused through this system was set at 2 µL/min (= 
333 nL/min × 6) as there were six channels in the 
system. Continuous and steady perfusion was ensured 
by checking the constant outflow generated at the 
outlet of a collection tube. This continuous perfusion 
prevented the toxic metabolites’ build-up and allo-
wed the in-flow of liquid with adequate oxygen sup-
ply to the system. 

 
Figure 5. Comparison between paper-based fluidic liver cell 
model and static 96-well model, both with HepG2 cells and 
NC paper. Cell count, protein concentration, and urea concen-
tration were evaluated from the supernatant secreted from 
HepG2 cells after drug treatments. Error bars represent stand-
ard errors. * indicates p < 0.05 in comparison to the control. 

 
The number of HepG2 cells on this paper-based 

liver cells on a paper model was significantly lower 
than that under the static condition on plain NC paper 
substrate (Figures 4 and 5), which can be attributed to 
the removal of weakly adhered cells as the flow wa-
shed the detached and dead cells out from the paper 
substrates that did not interact with the drugs loaded. 
Specifically, TRITC-phalloidin-stained actin filaments 
were almost always found where DAPI-stained nu-
clei existed, while those actin filaments maintained 
polymerized fibrous structure and nuclei were not 
fragmented. These results indicate that most of the 
dead cells were removed and washed away from our 
model after the drug treatments. 

Protein and urea productions under the flow condi-
tion were also significantly lower than those under the 
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static condition (Figure 5). The overall trends in drug 
toxicities (cell counts, protein, and urea production) 
are similar between static and flow models, in the 
order of Phenacetin, Bupropion, and Dextromethor-
phan, indicating the unit cell productions of protein 
and urea actually improved, which corresponds to the 
previous studies5,16,17. A continuously perfused sys-
tem prevents the build-up of toxic metabolites and 
ensures adequate oxygenation to 3D tissue culture, al-
so contributing to higher unit cell production of protein 
and urea18. Taken together, the developed paper-based 
liver cell model provides the microstructure analo-
gous to that of the hepatic sinusoid, generating in vi-
vo-like liver phenotype and metabolic functions19. 

The number of cells was also evaluated at four 
different areas of each channel, as depicted in Figure 
6. Again, the system is optimized for evaluating the 
hepatic first pass effect. A general decreasing trend in 
cell count, protein production, and urea secretion can 
easily be identified with a weakly toxic drug of Dex-
tromethorphan along the channel from inlet to outlet. 
However, no such trend can be identified with control 
(PBS), showing a consistent number of cells along 
the channel (Figure 6). It will be discussed further in 
the Discussion section. 

 

 
Figure 6. Drug toxicity analysis along the length of the chan-
nel (under the flow condition). Top: Graphical illustration of 
the areas from 1 to 4 along the channel of a bottom layer. 
Bottom: Number of HepG2 cells for each area after treated 
with Dextromethorphan and a control (PBS). Error bars rep-
resent standard errors. * indicates p < 0.05 in comparison to 
the control (PBS). 

Drug Toxicity Test with Pre-existing Drug (Drug 
Combination) Using the Paper-based Liver Cell 
Model 

Fluconazole, an anti-fungal drug, is prescribed to a 
patient with a fungal infection, with varied dosage 
based upon the seriousness of the infection. General-
ly, 400 mg-dose is prescribed to adults on the first 
day of treatment and followed by 200 mg dose for at 
least 10 to 12 weeks for treating many different fun-
gal infections, including Cryptococcal meningitis20. 
In severe cases, 800 mg can be prescribed on the first 
day of treatment for adults. While Fluconazole is ge-
nerally considered safe, a higher dose can pose a 
threat to infants and elderly patients, especially with 
pre-existing conditions. Therefore, low, medium, and 
high concentrations of Fluconazole (200, 400, and 
800 mg, respectively) were evaluated in this work  
 

 
Figure 7. Fluconazole toxicity test using the paper-based liver 
cell model. Cell count, protein concentration, and urea con-
centration were evaluated from the supernatant secreted from 
HepG2 cells after Fluconazole treatment. Error bars represent 
standard errors. * indicates p < 0.05 in comparison to the con-
trol. 
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Figure 8. Drug combination toxicity test using the paper- 
based liver cell model. Cell count, protein concentration, and 
urea concentration were evaluated from the supernatant se-
creted from HepG2 cells after treated with PBS (control), 
Phenacetin, Bupropion, and Dextromethorphan (gray) and 
those combined with 200 mg of Fluconazole (black). Error 
bars represent standard errors. * indicates p < 0.05 between 
each pair – without vs. with Fluconazole. 

 
prior to the drug combination experiment, again us-
ing the paper-based liver cell model. The actual drug 
amount applied to the paper-based liver cell model 
was scaled down to 0.8, 1.6, and 3.2 ng, considering 
the number of hepatocytes in human adults and that 
of the paper-based liver cell model (refer to the first 
section of Results). The cell counts were significantly 
lower with 400 and 800 mg doses, indicating their 
toxicity. Protein and urea productions were also re-
duced with an increasing dose of Fluconazole (Figure 
7). These results correspond to the known hepatotox-
icity of Fluconazole to healthy adults, where 800 mg 
being toxic, 400 mg being occasionally toxic, and 
200 mg being generally safe21. 

Fungal infection treatment usually takes up to 3 
months. Therefore, it is quite likely for a patient to 
take this anti-fungal drug together with other drugs, 

for example, painkiller or anti-depressant, etc. In this 
work, we investigated Phenacetin, Bupropion, and 
Dextromethorphan, along with Fluconazole at 200 
mg dose (e.g. a safe dose). The numbers of cells de-
creased upon the addition of 200 mg dose Flucona-
zole to all three drugs (Figure 8). Protein and urea 
productions also decreased upon adding 200 mg dose 
of Fluconazole to all three drugs (Figure 8). 

 

Discussion 

PRHs were freshly isolated from rat liver and trans-
ported to the laboratory prior to the same day exper-
iments. These cells were cultured on a collagen-coated 
96-well TCP under the static condition and able to 
maintain their liver-specific cuboidal morphology fa-
cilitating their metabolic functions22. While HepG2 
cells (non-tumorigenic cells with high proliferation 
rate) were not able to maintain the characteristic cu-
boidal morphology, they still maintained epitheli-
al-like morphology (Figure S1) and performed liver- 
specific functions including albumin and urea produc-
tion similar to PRH23 as shown in Figure 2. HepG2 
cells are known to be an alternative cell line of pri-
mary hepatocyte commonly used for in vitro drug 
metabolism and hepatotoxicity studies, due to its un-
limited life span, stable phenotype, high availability, 
and easy handling24. Both PRH and HepG2 cells were 
initially seeded into each TCP well and static-incu-
bated with control (PBS), Phenacetin, Bupropion, or 
Dextromethorphan. After 40 min of incubation, the to-
tal number of cells generally decreased with three 
commercial drugs compared to the control (PBS), due 
to the necrosis resulting from their toxicity and subse-
quent detachment from surface5. Both protein produc-
tion (mostly albumin) and urea secretion from cells 
were reduced the most with Phenacetin and Bu-
propion, followed by Dextromethorphan. Under the 
toxic environment, the drug-induced necrosis leads to 
a decrease in protein production and urea secretion25. 
Specifically, reduction in urea production was more 
apparent with HepG2 cells than with PRHs. This can 
be explained by the fact that PRHs tend to be more 
sensitive and susceptible to the change of environ-
ment (in these experiments, it was changed from cul-
ture media to drug solutions) than HepG2 cells26. 
Given such limitation, HepG2 cells should be a better 
choice for building a paper-based liver cell model 
than PRHs. 

Next, HepG2 cells were cultured under the static 
condition on collagen-coated NC paper and com-
pared with the results on collagen-coated TCP (both 
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in 96-well platforms). While the results on NC paper 
were generally similar to those on TCP (Figure 3), 
they outperformed in urea secretion. This can be at-
tributed to the fibrous structure of the collagen-coated 
NC paper substrate, which better recapitulates the 3D 
environment of the extracellular matrix (ECM). This 
structure, in turn, facilitates the maintenance of liver- 
specific phenotype in vitro27 and tolerance to toxins23. 

To better imitate the liver tissue, a two-layer NC 
paper-based liver cell model was designed and fabri-
cated as depicted in Figure 1. It has been known that 
in vitro liver cells typically respond to drug toxicity 
at different concentrations than those in vivo, due to 
the absence of ECM, flow, and other physiological 
parameters that strongly affect their metabolic activi-
ties. The cell counts with the paper-based liver cell 
model were significantly lower than those under the 
static condition (Figure 4). These results are accepta-
ble as the flow washed the detached and dead cells 
out from the paper substrates that did not interact 
with the drugs loaded. In fact, protein and urea secre-
tions were not reduced as much as the cell counts, in-
dicating the unit cell productions of protein and urea 
actually improved, which corresponds to the previous 
studies5,16,17. A continuously perfused system prevents 
the build-up of toxic metabolites and ensures adequate 
oxygenation to 3D tissue culture, also contributing to 
higher unit cell productions of protein and urea18. 
Taken together, the developed paper-based liver cell 
model provides the microstructure analogous to that 
of the hepatic sinusoid, generating in vivo-like liver 
phenotype and metabolic functions, which provides a 
more physiologically relevant flow environment bet-
ter than TCP model19. 

The number of cells along the length of the chan-
nel was investigated in the paper-based liver cell 
model. While the cell count was consistent along the 
channel with non-toxic PBS (control), it increased 
along the channel from the inlet to the outlet with 
Dextromethorphan (Figure 6). As the flow rate was 
very low and the steady outflow was observed, this 
gradient phenomenon is not a drug concentration gra-
dient caused by unsteady accumulation but rather a 
cellular response gradient28. HepG2 cells at the inlet 
were exposed first to the toxic drugs, causing a high-
er necrosis rate. These drugs were metabolized by 
HepG2 cells at the inlet, resulting in lower drug con-
centration at the next position, thus creating the gra-
dient of drug concentration along the channel towards 
the outlet. Our observation was, however, contradi-
cted to the in vivo toxicity gradient, mainly because 
of the in vivo oxygen gradient. Low toxicity is pre-

sented at the sinusoidal inlet where the drug carried 
by the portal vein is mixed with oxygen-rich blood 
from the hepatic artery. As mixed blood flow along 
sinusoid, hepatocytes utilize oxygen to metabolize the 
drugs while excreting waste products into the blood. 
These resulted in high toxicity to the cells close to a 
central vein due to the secreted waste and oxygen de-
pletion29. Such an oxygen gradient was not presented 
in our system because of the unidirectional flow from 
the syringe to the collecting tube and no media circu-
lation in our system that provided sufficient oxygen 
supply to the cells. 

An anti-fungal drug, Fluconazole, exhibited a sim-
ilar trend to other commercial drugs (Figure 7). In-
creasing Fluconazole dosage resulted in lower cell 
count and reduced protein and urea production, thus 
increase in hepatotoxicity, as high dosage of Flucon-
azole has been reported to cause acute liver failure13. 
Nevertheless, HepG2 cells incubated with 800 mg 
Fluconazole produced higher protein than those in-
cubated with the lower dosage because hepatocytes 
tend to secrete and accumulate more proteins, espe-
cially albumin, to stabilize the superoxide and free 
radicals in order to protect themselves from damage 
induced by drug toxicity30. 

Finally, 200 mg dose of Fluconazole (considered 
as a safe dose) was mixed with Phenacetin, Bupropi-
on, or Dextromethorphan. The toxicity of commercial 
drugs plus Fluconazole was higher than those without, 
as observed with cell count, protein production, and 
urea secretion. Interaction of two different drugs of-
ten inhibits the metabolism of each drug, leading to 
toxic effects31. Interaction of Fluconazole and Phe-
nacetin towards decreased Phenacetin metabolism has 
been reported32, as well as Fluconazole/Bupropion to-
wards decreased Bupropion metabolism and Flucon-
azole/Dextromethorphan towards decreased Dextro-
methorphan metabolism33. Such compromised meta-
bolism resulted in the accumulation of drug, which 
consequently increased the toxicity to the cells. 

 

Conclusion 

The developed paper-based fluidic liver cell model 
shows an improved version of the traditional in vitro 
drug toxicity screening with the addition of flow to 
enhance cellular response to drug toxicity, represent-
ed by its overall results that can outperform the tradi-
tional in vitro model. The developed paper-based 
fluidic liver cell model consists of materials that can 
be easily found in most laboratories: 1) liver sinus-
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oids were constructed on nitrocellulose paper using a 
commercial wax printer; 2) a syringe filter was used 
as a chamber for holding liver cells on paper; 3) a sy-
ringe pump was used to generate physiologically rel-
evant flow to deliver drugs19. Each compartment was 
simply connected via plastic tubes. Three different 
commercial drugs, Phenacetin, Bupropion, and Dex-
tromethorphan were successfully tested on the de-
veloped system with HepG2 cells for their toxicity. In 
addition, anti-fungal drug Fluconazole, which can be 
frequently used over a long period of time, was also 
evaluated for its hepatotoxicity by itself alone and 
combined with the above three commercial drugs 
(drug combination test). This simple paper-based liv-
er cell model showed comparable or better behavior 
than the cells cultured in traditional TCP, while gen-
erating results as early as 40 min compared to other 
methods that may require greater than 48 hours34. 
Due to its simplicity, this device can be easily adap-
ted for personalized testing using the patient’s own 
cells in a physician’s office, towards personalized 
medicine. Future work includes the development of a 
handheld imaging device compatible with this model 
for real-time quantification of drug toxicity level and 
software to allow the automated and user-friendly 
data analysis. 

 

Materials and Methods 

Selection of Cell Type 

Primary rat hepatocytes (PRH; Lonza, Alpharetta, 
GA, USA) were freshly isolated and received from 
the vendor. PRHs were then centrifuged at 1,500 rpm 
for 5 min. The cell pellet was resuspended at a final 
concentration of 1 × 106 cells/mL with William’s E 
medium (Thermo-Fisher, Waltham, MA, USA) sup-
plemented with 10% v/v fetal bovine serum (FBS; 
Fisher Scientific, Pittsburgh, PA, USA), 0.2% v/v of 
250 µg/mL Amphotericin B (GE Healthcare, Maid-
stone, Kent, UK), and 0.1% v/v of 50 mg/mL Genta-
mycin sulfate. HepG2 (ATCC, Manassas, VA, USA) 
were maintained in Eagle’s Minimum Essential Me-
dium (Corning Inc., Corning, NY, USA) supple-
mented with 10% v/v FBS, 0.2% v/v amphotericin B, 
and 0.1% v/v Gentamycin sulfate on T-75 cell culture 
flasks. Cells were cultured under static conditions at 
37°C in 5% CO2 until 90% confluency. Cells were 
passaged using standard procedures then resuspended 
at a final concentration of 1 × 106 cells/mL. 

The 10 µL of cell suspension was seeded onto a 
96-well tissue culture plate (TCP; Corning Inc.) pre- 

treated with type I rat tail collagen (50 µg/mL; BD, 
Franklin Lakes, NJ, USA). Cell suspension was left 
for 15 min to allow complete attachment and 90 µL 
of warm media was added. The cells seeded on TCP 
were incubated for 4 h (PRH) and overnight (HepG2) 
in a CO2 incubator prior to drug toxicity experiment. 

 
Comparison between Paper and TCP 

Nitrocellulose (NC) paper substrates were hole-pun-
ched into 5-mm diameter circles, individualized into 
a 96-well plate, and UV-sterilized prior to experi-
ments. For comparison purposes, 96-well TCP was 
also used. Both NC paper and TCP surfaces were in-
cubated with type I rat tail collagen for 1 h, then 
washed twice with phosphate buffer saline (PBS; 
Sigma-Aldrich, St. Louis, MO, USA). HepG2 (1 × 
104 cells) was seeded onto each substrate following 
the aforementioned-protocol and incubated overnight 
in a CO2 incubator to allow cell attachment. After 
incubation, the media was removed, and cells were 
washed twice with DPBS. Cells were then incubated 
with 100 µL of three different drugs: Phenacetin (pain 
reliever and fever reducer), Bupropion and Dextro-
methorphan (both are antidepressant) (Sigma-Aldrich) 
were tested at low doses (5-70 ng, much lower than 
daily recommended 300-1200 mg doses) and phos-
phate-buffered saline (PBS) was also tested as a con-
trol. All drugs were added to the 96-well plate for 40 
min under static condition. Following drug treatments, 
supernatants were transferred to a new TCP and 
stored at -20°C if cell metabolic activity is not meas-
ured immediately. Cells on the substrate were fixed 
with a 4% solution of paraformaldehyde (Affymetrix, 
Santa Clara, CA, USA) and washed twice with PBS 
before fluorescent staining and imaging. 

 
Drug Toxicity Test on the Liver Cell Model 

The paper-based microfluidic chip was used as a 
flexible substrate for the liver cell model. Chip layout 
was designed using SolidWorks software (Solid-
Works Corp., Waltham, MA, USA) and wax-printed 
(ColorQube, Xerox, Norwalk, CT, USA) on NC paper. 
The paper microfluidic chip consists of two layers 
(Figure 1). Top layer design consists of six 0.5 mm × 
1 mm squares void of wax (white), surrounded by 
hydrophobic wax (black), all printed on NC chroma-
tography paper (GE Healthcare). They serve as inlets 
to the paper-based liver cell model and mimic the 
portal veins in the liver. The bottom layer consisted 
of six hydrophilic squares with 0.5 mm × 1 mm inlets, 
perfectly aligned with the top layer’s inlets. Each 
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square is connected to a 0.8 mm × 5 mm channel, 
mimicking liver sinusoid. All six channels converge 
to a 1-mm diameter circle at the center, which was 
hole-punched using a tissue biopsy puncher with 1- 
mm diameter. This serves as an outlet of the liver cell 
model on paper and mimics the central vein in the 
liver. 

To seed HepG2 cells on the NC paper, its bottom 
layer was initially placed into a 35 mm × 15 mm petri 
dish (Sigma-Aldrich). 1 × 104 of HepG2 cells were 
seeded on this bottom layer paper chip and sub-
merged under 3 mL of media, followed by incubation 
overnight under static culture in a CO2 incubator. Af-
ter incubation, the media were removed, and the pa-
per chip was washed twice with DPBS. The bottom 
layer paper chip was then transferred and stacked 
with the top layer in a syringe filter (Fisher Scientific, 
Pittsburgh, PA, USA), connected to two 7-mm plastic 
tubes (Fisher Scientific). The inlet tube was connect-
ed to a 10-mL syringe (Fisher Scientific) containing 5 
mL of drugs as listed in the previous section and 
placed on a syringe pump (New Era Pump Systems 
Inc., Farmingdale, NY, USA). The outlet tube was 
connected to a 15-mL centrifuge tube (VWR, Radnor, 
PA, USA) (Figure 1). The syringe pump was set at 2 
µL/min (333 nL/min for each channel of the liver cell 
model). The drug in the syringe was pumped and 
flew through the cells in a syringe filter for 40 min. 
After drug treatments, supernatants were collected in 
15-mL centrifuge tubes and kept at -20°C if cell me-
tabolic activity was not measured immediately. Cells 
on the paper substrate were fixed with a 4% solution 
of paraformaldehyde (Affymetrix, Santa Clara, CA, 
USA) and washed twice with PBS before the fluo-
rescence staining and imaging. 

 
Drug Combination Toxicity Test on the Liver Cell 
Model 

In addition to three drugs described in the above, an-
tifungal drug Fluconazole were also evaluated at 200, 
400, and 800 mg dosages. The actual Fluconazole 
concentration was scaled down to 0.8, 1.6, and 3.2 ng 
considering the number of liver cells in the paper 
model. After this initial testing, Fluconazole at 200 
mg dosage was additionally added to the other three 
commercial drugs, Phenacetin, Bupropion, Dextro-
methorphan, as well as control (PBS), to evaluate 
drug combination toxicity. 
 
Fluorescence Imaging 

Waste media was removed from the collagen-coated 
NC paper models, which were then fixed with a 4% 

solution of paraformaldehyde for 15 min. Paraform-
aldehyde was removed and paper models were rinsed 
twice with washing buffer solution (1X PBS with 
0.05% Tween-20). Cell membranes were perforated 
with 0.1% Triton-X-100 (Fisher Scientific) for 5 min. 
Triton-X was removed and paper models were rinsed 
twice with washing buffer solution. Paper models 
were treated with blocking buffer solution (1% bo-
vine serum albumin - BSA in 1X PBS) and then were 
incubated for 30 min. The cells’ nuclei were stained 
with DAPI (4’,6-diamidino-2-phenylindole; EMD 
Millipore, Burlington, MA, USA) and actin filaments 
with TRITC (tetramethylrhodamine B isothiocyanate) 
conjugated phalloidin (EMD Millipore, Burlington, 
MA, USA). Images were collected using the NIS ele-
ment software on a personal computer connected to a 
benchtop fluorescence microscope (Nikon Eclipse 
TS100, Minato, Tokyo, Japan) with UV and TRITC 
filter attachments (A.G. Heinze, Lake Forest, CA, 
USA). Greyscale images were taken from each filter 
cube, transferred to ImageJ software, and pseudo- 
colors were added: blue to DAPI and red to Phal-
loidin-TRITC. These two images were stacked onto 
each other to represent the entire cell images. 
 
Cell Counting 

Number of cells after drug treatment was quantified 
by taking light microscopic images (on TCP) or flu-
orescence microscopic images (on NC paper), and 
further counting the number of cells using ImageJ 
software (U.S. National Institutes of Health, Bethesda, 
MD, USA). 
 
Evaluation of Cells’ Metabolic Activities 

Besides the cell morphology and counting, drug tox-
icity can be also evaluated by cells’ metabolic activi-
ties. The protein and urea secretions from liver cells 
can be determined by Bradford assay and Bromocre-
sol purple assay, respectively. Total protein concen-
tration was determined by mixing the supernatant 
from a well plate or a liver cell model after drug 
treatment with Bradford’s reagent (at 1:1 ratio) and 
incubating at room temperature for 10 min prior to 
measurements. Total urea concentration was deter-
mined by mixing the same supernatant with Bromo-
cresol purple solution (at 4:1 ratio) and incubating at 
room temperature for 20 min prior to measurements. 
The resulting absorbance is measured using the Ocean 
Optics miniature spectrometer (Largo, FL, USA) and 
its OceanView software version 1.6.7 at 595 nm (for 
protein quantification) and 588 nm (for urea quanti-
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fication). The measured absorbance values were cal-
culated to the concentration using the standard curve 
constructed with a known concentration of protein 
and urea. Finally, total protein and urea concentra-
tions from each treatment were normalized by the in-
itial number of seeded cells. 

 
Statistical Analysis 

All data were derived from at least three replicates, 
each using a different paper model. Statistical anal-
yses were performed using analyses of variance 
(ANOVA). Differences at p < 0.05 were considered 
statistically significant. 
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