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A B S T R A C T

In this communication, a paper-based 3D cell culture device integrated with electrochemical biosensor was
applied to on-line monitoring of dopamine release from PC12 cell damage models induced by amyloid-beta
peptide (Aβ25-35) and cell intervene models protected by curcumin (Cur) and marrow mesenchymal stem cells
(MSC) supernatant. The adhesion and proliferation of PC12 cells cultured on the paper scaffold was character-
ized by scanning electron microscopy and laser scanning confocal microscopy, which verify unique bio-
compatibility and 3D microarchitecture similar to human body microenvironment of paper substrate, so an
artificial model simulating 3D microenvironment in vivo was constructed easily. The PC12 cells in paper-based
devices consisted of four groups containing control group, Aβ25-35 group, Aβ25-35+Cur group and Aβ25-35+MSC
supernatant group. Under optimal conditions, this proposed device displayed a wide linear range from 0.05 to
1 μmol/L with a detection limit of 0.009 μmol/L (S/N = 3) and exhibited high sensitivity, good selectivity and
excellent reproducibility. Furtherly, electrochemcial analysis and MTT assay gave a clue that the cell viability of
Aβ25-35+MSCs supernatant group was higher than that of Aβ25-35+Cur group. Therefore, the detachable paper-
based 3D device paves the way to a direct detection of exocytosis DA from neuron cells for on-line cell viability
evaluation of neurodegenerative disease cell damage models.

1. Introduction

Cell damage models played an important role in researching the
causes and seeking the effective treatments for diagnosing and treating
patients with the neurodegenerative disease, such as Alzheimer's dis-
ease, Parkinson's disease, Huntington's disease and many others
(Iannielli et al., 2018; Ross et al., 2018; Siebzehnrübl et al., 2018).
Current methods for construction of cell damage models are relying on
physical and chemical manner, for instance, radiation and small organic
molecules induction, and so on. The features of cell damage models are
that they could stimulate certain pathological characteristics of a dis-
order, providing relevant information of the physiological and patho-
logical process, mechanisms of drugs effect and drugs screening related
to neurodegenerative diseases. Taking alzheimer's disease as an

example, neurogenic cells (e.g. PC12, SH-SY5Y, NG108-15 and SK-N-SH
cells) are usually used as research objectives to construct cell damage
model induced by amyloid-beta peptide, hydrogen peroxide and oka-
daic acid for studying the mechanisms of apoptosis and drug actions
(Benseny-Cases et al., 2018; Forest et al., 2018; Pascual-Caro et al.,
2018; Velagapudi et al., 2016).

Moreover, cell damage models constructed on traditional two-di-
mensional (2D) culture interface could not effectively reflect the critical
structural and biochemical information providing misleading and false
positive results for in vivo due to the original property change of cell
morphology and heterogeneity. In contrast, the three-dimensional (3D)
cell culture platform can improve cell viability, adhesion, proliferation
and migration and mimic a 3D microenvironment to replicate the real
physiological scenario to a degree for the drug screening outcomes, and
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have drawn great researchers’ attention (Ekerdt et al., 2018; Huh et al.,
2011; Kraniak et al., 2018; Lou et al., 2018). However, 3D culture
platform is difficult for conventional optical microscope to observe cell
viability in real time. Hence, monitoring peculiar neurotransmitter
molecules secreted by cell damage models of neurodegenerative dis-
eases with the simple 3D culture platform has gathered more and more
scientific focus to develop real-time monitoring cell viability systems.

The electrochemical sensor, for its remarkable advantages of fast
response, excellent selectivity, high sensitivity, low-cost detection, real-
time monitoring and being easy to develop point-of-care test, has been
successfully applied in abundant fields ranging from analytical chem-
istry to biochemistry, environment and medicine (Gebicki, 2016;
Maduraiveeran et al., 2018; Wang et al., 2018). Recently, many re-
searchers devoted themselves to develop 3D scaffolds (e.g. 3D nanos-
tructure layouts, 3D scaffold coating with conductive and biocompat-
ibility polymer, 3D matrigel) for direct cell culture with the
electrochemical sensors (Alegret et al., 2018; Hu et al., 2018; Lee et al.,
2018). Paper, as an alternative for the 3D cell culture substrates, is a
flexible, biocompatible and micro-nanofibrous material that has many
advantages compared to traditional 3D scaffolds. The unique features of
paper are introduced as follows: (1) readily available and low cost; (2)
highly porous and good biocompatible; (3) can be flexible cut, folded,
rolled and stacked; (4) easy to sterilization, physicochemical mod-
ification; (5) easy to construct normal and disease models; (6) micro-
nanofibrous structure can replicate a 3D microenvironment (Bai et al.,
2018; Li et al., 2019; Michael et al., 2018; Pupinyo et al., 2019;
Whitman et al., 2018). Kenney's group combined paper substrate and
pH-sensing optodes together for mapping spatial and temporal pH
gradients of cells in 3D culture systems (Kenney et al., 2018).

In this communication, our group constructs an integrated paper-
based 3D cell culture device combining with the screen-printed carbon
electrode (SPCE) modified with gold nanoparticles (Au NPs) and nafion
for 3D cell culture and on-line cell viability evalution by on-line de-
tection of exocytosis dopamine (DA) in cell damage models.
Specifically, as illustrated in Scheme 1, PC12 cell damage models of
Alzheimer's disease-like pathological changes induced by amyloid-beta
peptide (Aβ25-35) was used as an experimental model of neurodegen-
erater diseases. The proposed paper-based device was used to mimic a
3D cell culture microenvironment. Then cell intervention models pro-
tected by curcumin (Cur) and bone marrow mesenchymal stem cell line
supernatant (MSCs), named as Aβ25-35 +Cur group and Aβ25-35+MSCs
supernatant group, was constructed in paper-based 3D devices. In order
to evaluate cell viability, the electrochemical sensor was applied to
detect released DA from living cells of the four model groups including
the control group, the Aβ25-35 group, the Aβ25-35 +Cur group and the
Aβ25-35+MSCs supernatant group by differential pulse voltammetry. At
the same time, MTT assay was performed accordingly with the four
model groups. The level of exocytosis DA is consistent with the cell

viability of MTT from the four group, implying that the combination of
paper-based 3D device provides a universal platform for the evaluation
of cell viability.

2. Experimental section

Materials, apparatus, fabrication and characterization of the paper-
based 3D culture device can be referred in Supplementary information.

3. Results and discussion

3.1. Proliferation and characterization of cells in the paper-based 3D
culture device

To verify the proliferation ability of cells on the paper-based 3D
culture device, PC12 cells were seeded in the paper and cultured for
several days. Cells imaging was successfully performed using GFP la-
belled PC12 cells on the day of 1, 2 and 3 after culturing (Fig. 1). As
shown in Fig. 1a, PC12 cells were distributed uniformly on the filter
paper by capillary wicking of fibers and only a small number of cells
were observed on the day 1 after culturing. The clones of PC12 cells
gradually become larger and fluorescence intensity progressively en-
hanced with the culture time lasting (shown in Fig. 1b and c). The
fastest cell growth was appeared after 2 days of culture, leading to a
dense cell population in the surface of paper and gaps between fibers
(Fig. 1c). The results demonstrate the paper-based 3D culture device
could furnish a biocompatible environment for cell culture without
affecting the proliferation ability of PC12 cells.

The adhesion and cell morphology are further characterized by laser
scanning confocal microscopy and scanning electron microscopy (SEM),
which is different from those spread on the surface of tissue culture
polystyrene. From fluorescent images, confocal z-stacked images of
cells attached to paper fiber displayed the uniform distribution of cells
on various heights (Fig. 1d and f). Fig. 1e was the 3D reconstruction of
filter paper with 100 μm thick. The cells randomly distribute in dif-
ferent areas and heights of paper by capillary wicking (Fig. 1f). From
SEM images, the filter paper fibers did not provide a flat surface for cell
adhesion (Fig. 1g and h). Some cells formed clusters in 3D micro-
environment surrounded by filter fibers on filter paper while others
distributed singly (Fig. 1g). Spheroid-like structure of PC12 cells ran-
domly distributed on the surface of fiber or the gap between fibers
which was in accordance with the confocal images.

Scheme 1. Schematic representation of the paper-based 3D culture devices for detection of released dopamine by PC12 cells.
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3.2. Performance of electrochemical sensor in the paper-based 3D culture
device

3.2.1. Characterization of the electrochemical sensor in the paper-based 3D
culture device

Field emission scanning electron microscope was selected to char-
acterize the surface morphology of the SPCE before and after mod-
ification. The bare electrode is composed of micro-nano-sized, granular
carbon powder, illustrating a porous and loosen structure at nano level
resolution (shown in Fig. S2). The flower-like, scattered electro-
deposited Au NPs on the SPCE possesses high specific surface area
which is favor of signal amplification (shown in Fig. 2A). Chemical
composition analysis of the modified SPCE was obtained by energy
dispersive spectrometer (EDS), providing direct evidence for the ex-
istence for C and Au elements (shown in Fig. 2B). The properties of
nafion/Au NPs/SPCE were evaluated by cyclic voltammetric in H2SO4

solution (shown in Fig. S3). There is no redox peak of Au in the bare
SPCE (curve a), while Au NPs/SPCE and nafion/Au NPs/SPCE have
characteristic reductive peak of gold at the potential of 0.5 V and oxi-
dation peak of gold at the potential of 1.0 V (curve b and c). The emi-
nent stability of nafion film is beneficial to construct a charge sensor to
protect the electrode's surface from superfluous adsorption and poi-
soning and enhance selectivity via electrostatic repulsion.

3.2.2. Detection of DA
Under the optimum conditions, the calibration plot was obtained by

detecting DA prepared with PBS. As shown in Fig. 2C, the current of
oxidation peak measured by DPV increases gradually with increasing
DA concentrations. The peak current of DA enhances linearly with the
concentration of DA range from 0.05 to 100 μmol/L (Fig. 2C, insert).
The regression equation is I(μA) = 0.3410 + 0.0071 CDA (μmol/L) with
the correlation coefficient of 0.9977. The limit of detection (LOD) at 3σ
is 0.0059 μmol/L. To confirm the potential applicability of this sensor in
more complex bio-samples such as cells, a series of various concentra-
tions of DA were prepared by PBS-incubated with PC12 cells. Typical
DPV responses to the increase of DA with corresponding linear re-
gression illustrated in Fig. 2D. The linear regression is described as

follows: I(μA) = 0.01679 + 0.2718 CDA (μmol/L), R2= 0.9949
(Fig. 2D, insert), with the detection limit of 0.009 μmol/L (S/N=3).
The results indicate that this proposed sensor could be used to detect
DA in complex bio-samples with satisfactory accuracy.

3.3. PC12 cells viability evaluation by monitoring released DA from cell
damage models

The release of DA from PC12 cells was seriously impacted by cell
viability and induced final state (Barlow et al., 2018). To assess the cell
activity of the cell models, the cells cultured in the paper chip are di-
vided into four model groups including control group, Aβ25-35 group,
Aβ25-35+Cur group and Aβ25-35+MSCs supernatant group (shown in
Fig. 2E, Scheme of cell activity evaluation). As shown in Fig. 2E, DPV
response of released DA from each group was recorded after stimulating
PC12 cells with 105mmol/L K+ solution. From Fig. S12, the peak
current of released DA was obtained in Aβ25-35 group indicating
PC12 cells suffer severe cytotoxic of Aβ25-35 while the peak current of
released DA from Aβ25-35+Cur group and Aβ25-35+MSCs supernatant
group intensified on various degrees owing to neuroprotective effects of
curcumin and MSCs supernatant. Compared to control group, the re-
lease of DA from the Aβ25-35 group down regulates to 37% while the
release of DA falls to 52.57% and 85.27% from Aβ25-35+Cur group and
Aβ25-35+MSCs supernatant group, respectively (shown in Fig. 2F). MTT
assay showed that PC12 cells pre-treated with curcumin and MSCs su-
pernatant for 6 h markedly up-regulated the cell viability from 44% to
63.36% and 73.56%, respectively (shown in Fig. 2F). The results in-
dicated that cell viability is basically consistent with DA secretion ca-
pacity of cells. And the intervention effect of MSCs supernatant is
stronger than curcumin, supplying new direction for treatment of
neurodegenerative disorders. However, there is a little difference re-
lated to numerical value of cell viability between MTT and this pro-
posed 3D device which may be caused by different assessing factors.
MTT assay is based on the ability of mitochondrial dehydrogenase in
living cells to transform the water-soluble tetrazolium salt into for-
mazan crystals. The production of MTT-formazan is proportional to the
number of metabolically viable cells. While, the paper-based 3D cell

Fig. 1. Fluorescent images of PC12 cells cultured
on filter paper for 24 h (a), 48 h (b) and 72 h (c).
Laser scanning confocal microscopy images of 3D
reconstruction for PC12 cells (d) cultured on filter
paper (e) and merged images of PC12 cells and
paper fibers (f). SEM images of PC12 cells cultured
on paper scaffold with low resolution (g) and high
resolution (h).
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culture device is evaluated by the release of neurotransmitters from
living cells, tending to biological characteristics aspect.

4. Conclusions

In summary, the paper-based 3D culture device was fabricated for
3D cell culture and on-line monitoring of released dopamine from
PC12 cell damage models. The porosity of cellulose paper is preferable
for cell adhesion and proliferation, providing inherent 3D micro-
architecture similar to human body microenvironment. The PC12 cells
cultured on this device were treated with different drugs and divided
into four groups to reflect changes of corresponding pathological pro-
cess of cell models. The results of the developed device demonstrated
the repair action of MSCs supernatant is stronger than that of curcumin.
Further application of this device may offer a promising 3D cell culture
and on-line cell viability evaluation for drug screening, facilitating
studies of physiological and pathological relevant processes.
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