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ABSTRACT: This study demonstrates a new strategy for the development of a three-dimensional (3D) cell culture model-
based cellular biosensing system. Distinctly different from the previously reported layering or separating fabrication of 
cell culture and sensing devices, herein living cells and enzymes as sensing elements are immobilized into a dipeptide-
derived hydrogel matrix through simple one-pot self-assembly. The cells are then 3D cultured in the functional hydrogel, 
and the releasing superoxide anion (O2

•‒) is detected in situ by a cascade superoxide dismutase and horseradish peroxi-
dase-based electrochemical biosensor. This novel design provides considerable advantages; including the possibility of 
capturing molecular signals immediately after they are secreted from living cells, due to the close proximity of the en-
zymes and the O2

•‒-producing cells. Furthermore, incorporating all components in a 3D matrix provides a confinement 
environment, which can lead to concentrating effect of analysts. These properties allow the sensing device to achieve ul-
trahigh sensitivity and a precise response to a very low number of O2

•‒ molecules. The proposed approach, based on the 
self-assembly of a small molecular hydrogel, also simplifies experimental procedures and increases protocol flexibility to 
cell culture methodology and sensing design. Consequently, this novel 3D culture model-based cellular biosensing system 
is envisaged to be useful for cellular function and pathology, drug discovery, and toxicity studies. 

INTRODUCTION 

Three-dimensional (3D) cell culture systems have at-
tracted wide attention because of the wealth of physiolog-
ically relevant data and predictive information made 
available for in vivo testing.1–3 The 3D structure not only 
influences the spatial organization of the cells, but also 
induces a physical constraint. These spatial and physical 
aspects affect the signal transduction from cells and ulti-
mately influence cellular behaviors.4 Accurate monitoring 
of the biological functions of 3D cultured cells requires 
detection and analysis of trace amounts of cell-secreted 
bio-interesting molecules.5,6 Therefore, the development 
of an efficient sensing platform capable of sensitive, accu-
rate, and stable monitoring of these molecules is needed 
to assess cell functionality and evaluate biological  
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responses toward pharmaceutical compounds or toxic 
chemical species.7,8 Considerable efforts have recently 
been devoted to construct various functional platforms.9–11  

However, the current strategies still require development 
for effective real-time detection of trace amount and short 
half-life substance (such as free radicals) released from 3D 
cultured cells. This is because raised diffusion distances in 
3D culture models can cause significant recombination or 
degradation of the unstable molecules.12,13 Since these 
molecules, e.g., reactive oxygen species (ROS), play a va-
riety of roles in biological processes, such as signal trans-
duction, inflammation, carcinogenesis, and neurodegen-
erative injury,14 monitoring their release from 3D cultured 
cells is important but challenging. 

To address the problem, it is crucial to develop an effi-
cient strategy to quickly capture and sensitively detect 
these molecules when they are secreted.15–22 Haruyama et 
al. assembled an organ-functional model on the surface of 
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a nitric oxide (NO)-sensing matrix.15 Notably, this con-
struction decreased the distance between cells and sen-
sors, thus the released NO was immediately trapped and 
tested. Tian et al. subsequently fabricated a dual-
functional protein microarray for the selective culture of 
cells and detection of H2O2 released in situ.16 Khademhos-
seini et al. constructed nanoporous gold for online moni-
toring of cellular superoxide anions (O2

•‒).17,18 Recently, 
our group developed a smart peptide-derived hydrogel 
biointerface for enzyme-based electrochemical biosensing, 
and cell adhesion and monitoring.19 However, these works 
involved two-dimensional (2D) cell adhesion or culture. 
At this stage, the determination of ROS released from 3D 
cultured cells has rarely been reported. For the 3D cell 
culture-based detection platform, the following points 
must be taken into account. Firstly, the culture systems 
offer the possibility to better mimic the in vivo environ-
ment. The second aspect is related to established analysis 
methods, which must be adapted for application to 3D 
cell cultures and the corresponding platforms to fully cap-
italize on the advantages of 3D cell culture formats. The 
last is that the study of time-resolved responses of cell 
cultures upon application of a defined compound dosage 
often requires continuous read-out to ensure that im-
portant events are not missed.5 

Inspired by research on self-assembled Fmoc dipeptide 
hydrogels for in situ 3D cell culture,23 we demonstrate a 
novel strategy for constructing a cellular biosensing sys-
tem for in situ measurement of superoxide anions (O2

•‒) 
released from 3D cultured cells. The Fmoc dipeptide hy-
drogel was employed as both a 3D cell culture scaffold 
and an immobilized enzyme matrix. HeLa cells and two 
cascade enzymes, horseradish peroxidase (HRP) and su-
peroxide dismutase (SOD), were simultaneously embed-
ded inside the peptide hydrogel (hereafter CSH-hydrogel) 
by simple one-pot self-assembly (Scheme 1). Such an inte-
grated design yielded considerable advantages for the 
determination of O2

•‒, including a close proximity of rec-
ognized elements and cells, which can significantly min-
imize potential molecular decay. Therefore, the CSH-
hydrogel platform ensures accurate and sensitive moni-
toring of O2

•− released from the 3D cultured cells in situ. 

EXPERIMENTAL SECTION 

Chemicals and Solutions. Bachem (Bubendorf, Swit-
zerland) provided N-Fluorenylmethoxycarbonyl diphe-
nylalanine (Fmoc-FF). SOD (from bovine erythrocytes), 
1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), potassium super-
oxide (KO2), and Zymosan A (Zym, from Saccharomyces 

cerevisiae) were purchased from Sigma-Aldrich. Shanghai 
Xueman Biotechnology Co. Ltd. (China) provided HRP 
(RZ ≥ 3, activity ≥ 250 units mg‒1). The O2

•− solutions were 
obtained by adding the KO2 powder to N2-saturated 
phosphate-buffered saline (PBS) solution. The concentra-
tion of O2

•− can be determined by recording the reduction 
of ferr0cytochrome c using a spectrophotometer, and 

employing the extinction coefficient (21.1 mM‒1 cm‒1) of 
ferrocytochrome c at 550 nm.24  

 

Scheme 1. Schematic illustration of the construction of 
a 3D cell culture-based electrochemical platform and its 
cell-monitoring assay. 

 

Cell Culture and Preparation of the CSH-
Hydrogel/GCE. HeLa cells were cultured in a humidified 
incubator (95% air with 5% CO2) at 37°C in culture medi-
um that was prepared by mixing sterile Dulbecco’s Modi-
fied Eagle’s Medium (DMEM), 1% penicillin, and 10% fetal 
bovine serum. The cells were harvested from the cultur-
ing petri dishes by trypsinization. The harvested cells 
were collected by centrifugation and suspended into the 
cell culture medium in different cell densities, such as 5.0 
× 106 and 1.0 × 107 cells mL−1. 

Cell immobilization and 3D culture in the hydrogel 
were performed according to the following procedure. A 
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stock solution was freshly prepared by dissolving the ly-
ophilized Fmoc-FF in HFIP at a concentration of 100 mg 
mL‒1, this mixture was then ultrasonicated until a clear 
solution was obtained. Subsequently, the stock solution 
was diluted with cell suspensions (5 × 106 cells mL‒1) con-
taining 1 mg mL‒1 HRP and 2000 U mL‒1 SOD to reach the 
final concentration of 10 mg mL‒1. Figure S1 showed the 
photographs of the CSH-hydrogel within inverted vials. 
The concentrations of SOD and HRP in the hydrogel, as 
well as their ratios, were optimized according to analyti-
cal performance for O2

•−. The mixture solution (6 µL) was 
dropped on the surface of a clean glassy carbon electrode 
(GCE; 3 mm in diameter, pre-sterilized). The thickness of 
the formed hydrogel layer was approximately 49 μm, 
measured from the cross-sectional SEM images (Figure 
S2). The modified electrode was maintained in an incuba-
tor under a humidified atmosphere with 5% CO2 at 37°C 
for 2 h to allow gelling and immobilization of the CSH-
hydrogel on the surface of the GCE. The CSH-
hydrogel/GCE was then immersed and suspended in cul-
ture medium. Using the Cell Counting Kit-8 (CCK-8, wa-
ter-soluble tetrazolium salt) assay kit, cell proliferation 
was quantified; 1000 cells immobilized in the hydrogel 
containing dual-enzyme were plated into each well of a 
96-well plate, in which 10 μL of CCK-8 was added to 100 
μL of DMEM. The cells were subsequently incubated for 2 
h at 37°C and the absorbance at 450 nm was measured 
with a microplate reader. 

Other hydrogels incorporating partial components were 
prepared according to a similar procedure, and separately 
denoted as C-hydrogel (cells only), S-hydrogel (SOD on-
ly), H-hydrogel (HRP only), and SH-hydrogel (two en-
zymes).  

In Situ Monitoring of O2
•− Released from 3D Cul-

tured Cells. The amperometric detection of O2
•− released 

from 3D cultured cells was performed using the CSH-
hydrogel/GCE as the working electrode. After reaching 
the steady-state current, 30 μg mL‒1 Zym was added to the 
0.1 M PBS solution (pH 7.0). The change in the current 
signal was monitored to indicate the amount of O2

•− re-
leased from the 3D cultured HeLa cells. In addition, con-
trol experiments for the 2D cell culture method were also 
investigated. For mode 1, 6 μL of cell suspension (5 × 106 

cells mL‒1) was dropped onto the SH-hydrogel/GCE. For 
mode 2, the SH-hydrogel/GCE was investigated by adding 
the same number of HeLa cells (3 × 104 cells) into the 
measured 0.1 M PBS solution (pH 7.0) (1 mL). The re-
sponse change for O2

•− released from cells was also rec-
orded by adding the same amount of Zym into the 0.1 M 
PBS solution (pH 7.0). 

Apparatus and Measurements. Scanning electron 
microscopy (SEM) images were taken by a Zeiss Supra 55 
scanning electron microscope at an accelerating voltage 
of 20 kV. Fluorescence images were obtained using a confo-
cal microscope (Leica TCS SP5). The UV−vis absorption 
spectra were obtained using a UV−vis spectrophotometer 
(PerkinElmer Lambda 35). Electrochemical measurements 

were performed on a CHI 660B electrochemical work-
station (Shanghai CH Instruments, China). A convention-
al three-electrode system was used with a modified GCE 
as the working electrode, a platinum wire as the counter 
electrode and a saturated Ag/AgCl electrode as the refer-
ence electrode. The working solutions were purged with 
purified nitrogen for 20 min before testing, and a nitrogen 
atmosphere was maintained over the solutions during the 
electrochemical measurements. 

RESULTS AND DISCUSSION 

Ration Design of the CSH-Hydrogel. In this study, 
we chose Fmoc-FF derived hydrogel as a 3D cell culture 
matrix and biosensing platform because of its special fea-
tures: (i) In situ formation makes the experimental design 
smart and flexible. It is feasible and facile to incorporate 
biomolecules including cells and sensing elements during 
the self-assembly process of Fmoc-FF.19,23,25 After gelling, 
the immobilized cells can be 3D cultured in situ and rec-
ognized elements are uniformly distributed in the hydro-
gel. The close proximity between sensor and cells is 
thereby realized, which delivers considerably superior 
detection performance relative to the preassembly meth-
od26 (detailed discussions seen supporting information). 
(ii) Furthermore, the gel is formed on or within an exper-
imental structure, so the precursor can be dispensed into 
different kinds of patterned platforms such as lab-on-

chips or microfluidic chips.27,28 (iii) The π–π conjugation 
nanofiber structure of the hydrogel, derived from the self-
assembly of Fmoc-FF, can facilitate electron transfer,19 
which is beneficial to the performance of electrochemical 
sensing.  

To achieve the integration of 3D cell culture and sensor 
in the hydrogel, the following factors were considered for 
the design of the O2

•− sensing system. Firstly, the sensing 
elements are satisfactorily biocompatible. After immobili-
zation in the hydrogel, the cell viability is only slightly 
influenced or not at all. Secondly, the sensing perfor-
mance in the hydrogel should be robust. Since enzymes 
are inherent to organisms and immobilization in hydrogel 
matrices may result in the improvement of their activity 
and stability in the complex environment,29,30 an enzyme-
based electrochemical biosensing system is appropriate 
for the present design. SOD is effective and most fre-
quently used for O2

•− sensing.31–34 Thus, the electrochemi-
cal behavior of SOD immobilized in the Fmoc peptide 
hydrogel was explored. Nevertheless, direct electron 
transfers between SOD and the GCE were not realized 
(Figure S3). In our previous study,19 HRP encapsulated 
within the hydrogel matrix showed direct electrochemis-
try behavior and good sensing performance for H2O2. 
Therefore, SOD and HRP bi-enzymes were employed in 
this work for sensing of O2

•− based on a well-known cas-
cade reaction mechanism (Scheme 1). It is noted that the 
bi-enzyme detection design inevitably results in interfer-
ence from cascade HRP substrate (herein H2O2). An im-
proved design will be explored in future work.  
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Characterization of the CSH-Hydrogel. The hydrogel 
samples with and without biomolecules were prepared by 
adding a stock Fmoc-FF agent into purified water or cell 
suspension solution of both enzymes, followed by self-
assembly of the mixture solution and gelling at moderate 
temperature. The SEM images in Figure S2 revealed that 
the hydrogels with enzymes had porous 3D networks, 
which consisted of numerous nanofibers with diameters 
of approximately 30–40 nm. Confocal microscopy was 
employed to confirm whether HRP and SOD were em-
bedded in the hydrogel. Initially, the amino group of en-
zymes was conjugated with fluorescein isothiocyanate 
(FITC), which was used as the fluorescent label. As shown 
in the fluorescent image (Figure 1A), it can be clearly seen 
that the enzymes were uniformly incorporated in the hy-
drogel and mainly distributed along the nanofibers. No 
fluorescence was observed for the bare gel, indicating that 
the fluorescent image observed in Figure 1A is ascribed to 
the two enzymes immobilized in the hydrogel. To further 
demonstrate that SOD and HRP were successfully encap-
sulated in the hydrogel, element mapping was performed. 
It can be seen that the Fe (characteristic element of HRP), 
Cu, and Zn (characteristic elements of SOD) were uni-
formly distributed through both hydrogels, indicating the 
successful encapsulation of HRP and SOD in the SH-
hydrogel (Figure S4). These results validated the sugges-
tion that both SOD and HRP could be conveniently and 
uniformly incorporated into the hydrogel by a self-
assembly process. Additionally, the leakage of the dual 
enzymes after being immobilized in the hydrogel was 
investigated (seen in the supporting information). The 
results indicated that most HRP and SOD were stably 
entrapped within the network of the hydrogel, which is 
supported by a previous study reporting that molecules 
larger than 5 kDa were firmly immobilized in the peptide 
hydrogel.25 Note that the molecular weight of HRP, SOD, 
and cells are much higher than 5 kDa. Therefore, the 
Fmoc-FF hydrogel can be used efficiently for enzyme and 
cell encapsulation. The activity of the dual enzymes was 
also evaluated. As shown in the Figure S5A, the peak lo-
cated at 403 nm, corresponding to the Soret band of the 
heme protein in the UV-vis absorption spectrum for SH-
hydrogel, was not changed relative to solution-state HRP. 
This implies that HRP maintained its basic secondary 
structure and processed its intrinsic activity.35 The SOD 
enzyme within the hydrogel retained 74% of its activity 
relative to the free enzymes, based on the ability of SOD 
to inhibit the autoxidation of pyrogallol (Figure S5B).36 
The relatively high activities of HRP and SOD within the 
hydrogel make it a potential effective platform for cell 
monitoring. 

 

Figure 1. (A) Confocal microscopic image of SH-
hydrogel, (B) scanning electron microscopy image, (C) a 
high-magnification view, (D) three-dimensional (3D) view 
of laser scanning confocal microscopy z-stacks of the 
CSH-hydrogel. 

 

Figure 1B shows a typical SEM of the CSH-hydrogel 
with HeLa cells. It can be clearly seen that a number of 
rounded cells with a diameter of 10 μm are embedded 
throughout the gel matrix. The cells are wrapped in nano-
fibers, as depicted in the enlarged SEM image (Figure 1C). 
To aid visualization of the hydrogel matrix, cells were 
stained with Hoechst 33342, which revealed that cells sus-
pended in the hydrogel sample tend to adopt a 3D struc-
ture in the 3D view of laser scanning confocal microscopy 
z-stack images (Figure 1D), rather than the elongated con-
formation in surface cultures. The support provided by a 
3D gel results in more spherical cell growth. This ar-
rangement more closely models the in vivo growth of cells 
seen in tissues, which may have significant implications in 
cell studies as more relevant and realistic results are de-
sired.23 Furthermore, cell proliferation was determined by 
a CCK-8 assay (Figure S6). Relatively little growth was 
detected, while cell viability remained over the first three 
days, which is similar to previously observed phenome-
na.23  

Analytical Properties of the CSH-Hydrogel-Based 
Cellular Biosensor. The CSH-hydrogel/GCE as the 
working electrode was connected to a computerized elec-
trochemical analyzer with a three-electrode system for 
further electrochemical biosensing of O2

•‒. Cyclic volt-
ammetry was first employed to study the electrochemical 
behavior of the modified electrodes. Figure 2A depicts the 
cyclic voltammograms of different modified electrodes in 
both the presence and absence of 100 nM O2

•−. A pair of 
well-defined redox peaks at ‒0.327 and ‒0.276 V was ob-
tained at the CSH-hydrogel/GCE (curve a in Figure 2A), 
while only charge currents were observed at the modified 
electrodes without HRP in the hydrogel (Figure S1). This 
suggests that the redox peak originated from the oxida-
tion and reduction of the active Fe(III)/Fe(II) center of 
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HRP.37,38 Furthermore, the formal potential and the peak-
to-peak separation of the CSH-hydrogel/GCE are closely 
similar to the values for the H-hydrogel/GCE, implying 
that the introduction of cells and SOD to hydrogel did 
not obviously influence the direct electron transfer be-
tween HRP and the electrodes. After the addition of 100 
nM O2

•−, a significant increase in cathodic peak current 
and an accompanied decrease of the anodic peak current 
were observed at the CSH-hydrogel/GCE, while the CH-
hydrogel/GCE without SOD did not show a similar 
change. This demonstrates that the increasing response 
for O2

•− was attributed to the cascade reaction mechanism 
(Figure 2B): The O2

•− can be converted to H2O2 and mo-
lecular oxygen by catalysis of SOD, and subsequently 
generated H2O2 is converted to water and molecular oxy-
gen by HRP, meanwhile electrocatalytic reduction cur-
rents are recorded at the modified electrode. The effect of 
different scan rates on the electrochemical response of 
the CSH-hydrogel were also studied. As shown in Fig. S7, 
the cathodic peak currents increase linearly with the scan 
rate (υ), which implies that the electrode reaction is a 
surface-controlled redox process.39 

 

 

Figure 2. (A) Cyclic voltammograms of CSH-hydrogel/ 
glassy carbon electrode (GCE) with (a) 0 and (b) 100 nM 
O2

•− in 0.1 M phosphate-buffered saline (PBS) solution 
(pH 7.0) at a scan rate of 0.1 V s‒1. (B) Scheme of the 
mechanism of sensing hydrogel to O2

•−. 

 

Amperometry was used to investigate the response of 
the CSH-hydrogel/GCE to continuous addition of O2

•− 
into N2-saturated 0.1 M PBS solution at −0.35 V. As shown 
in Figure 3A, a stepwise current response with increasing 
O2

•− concentration was observed at the sensor, reaching 
95% of the steady-state current less than 5 s. The corre-
sponding calibration curve is presented in Figure 3B. A 
linear response range was acquired from 0.96 to 187.62 
nM with a correlation coefficient of 0.998. The biosensor 
exhibited a low detection limit of 0.34 nM based on a sig-
nal-to-noise ratio (S/N) of 3 and a high sensitivity of 85.02 

μA μM
–1

 cm
–2

. Compared with other modified electrodes 
(Table S1), our proposed sensor exhibited much higher 
sensitivity and a lower detection limit. The sensitive re-
sponse of the CSH-hydrogel/GCE was mainly attributed 
to two aspects; the Fmoc peptide hydrogel provides a bio-
compatible environment for immobilized enzymes, which 
ensures the maintenance of enzyme activity. Furthermore, 
bi-enzymes immobilized in the hydrogel network could 
result in a confinement effect, which may reduce the dif-

fusion distance and concentrate the products. This may 
greatly improve the sensitivity of the sensor. 

 

Figure 3. (A) Current-time response of the CSH-
hydrogel/GCE to the continuous addition of O2

•− in 
stirred 0.1 M PBS solution (pH 7.0) at ‒0.35 V. (B) Plot of 
steady-state current vs. O2

•− concentration. 

 

In addition, the analytical performance of a control-
modified electrode without cultured cells in the hydrogel 
(SH-hydrogel/GCE) was also examined under the same 
conditions (Figure S8A). A linear relationship was ob-
served in concentration ranges of O2

•− from 1.05 to 242.31 
nM (Figure S8B). The detection limit was estimated to be 

0.35 nM (S/N = 3) with a sensitivity of 95.28 μA μM
–1

 cm
–2 

for the linear ranges. The difference between these results 
and those obtained at the CSH-hydrogel/GCE is not obvi-
ous. This property is very crucial to the construction of in 
situ 3D cell culture-based cellar sensing devices,17 as it 
may reduce the calibration times of the sensors based on 
different culture days and increase the reproducibility of 
the sensors. 

The selectivity of the biosensor for O2
•− was investigated 

by adding interfering substances; for instance, dopamine, 
ascorbic acid, uric acid, tyrosine, citric acid, glucose, Ca2+, 
Mg2+, Ni2+, and Ag+. No obvious amperometric responses 
were observed at ‒0.35 V, suggesting that the presence of 
these species did not affect the detection of O2

•− (Figure 
S9A). However, 100 nM H2O2 produced 28% of the ca-
thodic current response relative to 100 nM O2

•−. This is 
reasonable, because the sequential enzyme biosensor was 
fabricated with SOD and HRP. In addition, when the 
CSH-hydrogel/GCE was stored at 37°C in the medium and 
used for the detection of 100 nM O2

•−, the response of the 
current maintained more than 89% of its original value in 
7 days (Figure S9B). Moreover, for five determinations 
using an electrode, the relative standard deviation (RSD) 
was 3.2%. Five CSH-hydrogel/GCEs prepared inde-
pendently were used to test 100 nM O2

•−, and collectively 
yielded a RSD of 6.8%. Thus, the stability and reproduci-
bility of the current biosensor was satisfactory. 

In situ Monitoring of 3D Cellular O2
•− Production. 

The constructed CSH-hydrogel/GCE was further applied 
to in situ monitoring of O2

•− released from 3D cultured 
HeLa cells in the hydrogel. Zym was chosen as the func-
tional drug to stimulate living cells to release molecular 
O2

•−.40,41 The dynamic response of HeLa cells seeded at a 
density of 5.0 × 106 cells mL‒1 after 2 days of culture are 
presented in Figure 4A and D. As soon as 30 μg mL−1 Zym 

Page 5 of 9

ACS Paragon Plus Environment

Analytical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 

6

was added into the PBS solution, a significant current 
response (about 103.9 nA) appeared. In the control exper-
iment, the SH-hydrogel/GCE without HeLa cells showed 
negligible current increase after injecting the same 
amount of Zym. Furthermore, when the seeded cell densi-
ty increased to 1.0 × 107 cells mL‒1, the current response 
also increased to 192.4 nA (Figure S10). In addition, the 
responses of the CSH-hydrogel/GCE for different culture 
days were measured, as shown in Figure S11. The amounts 
of released O2

•− slowly increased within 5 days, which is 
possibly attributed to the small amount of cell prolifera-
tion. The influence of Zym concentration on the release of 
O2

•− was also researched. The current response of O2
•− 

increased with the increase of the concentration of Zym, 
as shown in Figure S12. This indicated that the observed 
signal was dependent on Zym concentration. 

Based on the drug-stimulated current response (103.9 
nA) and the data regarding the O2

•− sensor performance 
(Figure 3B), the released O2

•− concentration was roughly 
estimated to be 9.64 nM. This value is larger than those 
obtained from previously reported conventional proce-
dures,24,42,43 in which living cells directly adhered to the 
modified electrode42 (Figure 4B, E) and the O2

•− sensor 
electrode was physically located near living cell lines in 
solution24,43 (Figure 4C, F). These quantitative results sug-
gest that the O2

•− concentration was very high in the vi-
cinity of the cell surface. It is well understood that a por-
tion of O2

•− is inevitably recombined or degraded during 
the diffusion process between sensor and cells in the sep-
arated fabrication.17,45 In our design, the produced O2

•− is 
immediately captured by the surrounding enzymes, and 
the signal transduction can be effectively monitored by 
the modified electrode. All processing was finished within 
the CSH-hydrogel matrix. In addition, it is also noted that 
the lifetime of the released O2

•− in the present 3D model is 
longer than those obtained from control experiments in 
2D cell culture modes (both in solution and adhered to 
the electrode surface) (Figure 4). This unique hydrogel 
provides a 3D restricted space, resulting in the concen-
trating effect of O2

•−, and therefore increase the lifetime of 
the released O2

•−. Consequently, the proposed design is 
promising for studying the dynamics of the generation 
and demise of O2

•− under physiological conditions, and 
exploring the role and mechanism of O2

•− in activities in 

vivo.44,45 

 

Figure 4. Scheme showing the path of O2
•− detection in 

cells (A) cultured in the SH-hydrogel (3D cell culture), (B) 
adhered on SH-hydrogel/GCE (mode 1 of 2D cell culture), 
and (C) grown in a culture dish (mode 2 of 2D cell cul-
ture). Amperometric responses of SH-hydrogel/GCE un-
der cells with (D) 3D cell culture mode, (E) mode 1 of 2D 
cell culture, and (F) mode 2 of 2D cell culture in the pres-
ence (a) and absence (b) of HeLa cells (3 × 104 cells) in-
duced by Zym (30 μg mL−1) in 0.1 M PBS (pH 7.0) at ‒0.35 
V vs. Ag/AgCl. 

 

CONCLUSIONS 

In general, we have validated a new strategy for the 
technically simple preparation of a 3D culture model-
based cellular biosensing system through rational design 
and one-step self-assembly of an Fmoc peptide hydrogel. 
The efficient integration of HeLa cells and bi-enzymes 
into the matrix allowed for the immediate capture and 
sensitive detection of released O2

•−. The proposed CSH-
hydrogel-based biosensor exhibits a superior sensitivity of 

85 μA μM
–1

cm
–2

 and a low detection limit of 0.34 nM for 
O2

•−. Quantitative determination of O2
•− released from in 

situ 3D cultured cells in the hydrogel has been successful-
ly illustrated. Compared to other assays for detecting O2

•− 
released by cells, this integrated platform delivers several 
key advantages: a close proximity of enzymes and O2

•‒-
producing cells with an extremely short diffusion distance 
endows an ultrahigh sensitivity to the sensor. Also, the 3D 
restricted of hydrogel and concentrating effect of O2

•− 
gives the O2

•‒ a longer dead time. 3D models that can pre-
cisely recapitulate the important architecture and func-
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tionality of their in vivo counterparts than conventional 
2D surface growth, provides more accurate and predictive 
data. Since the self-assembled process of the hydrogel is 
convenient for the incorporation of various sensing ele-
ments, such as recognized peptides, this work yielded 
promising results for the monitoring of some bio-
interesting molecules secreted from 3D cultured cells, 
especially for highly unstable and easily decayed sub-
strates. Therefore, this study is envisaged to be of great 
importance in both understanding the behavior and func-
tion of cells in vivo and testing drug efficacy and toxicity 
in vitro. 
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