
ISSN 2041-6539

rsc.li/chemical-science

Chemical
Science

EDGE ARTICLE
Jian-Rong Zhang, Rong-Bin Song, Jun-Jie Zhu et al.
A glucose/O2 fuel cell-based self-powered biosensor for probing a drug 
delivery model with self-diagnosis and self-evaluation

Volume 9 Number 45 7 December 2018 Pages 8465–8622



Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
O

ct
ob

er
 2

01
8.

 D
ow

nl
oa

de
d 

on
 3

/1
3/

20
26

 1
1:

26
:5

4 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
A glucose/O2 fue
aState Key Laboratory of Analytical Che

Innovation Center of Chemistry for Life Scie

Engineering, Nanjing University, Nanjing 2

cn; rbsong@nju.edu.cn; jjzhu@nju.edu.cn
bSchool of Chemistry and Life Science, Nan

210093, China

† Electronic supplementary informatio
instruments used in this study, character
cytometry results of cells that were in
Dox@hmSiO2 nanoparticles for different
MTT results of control experiments. See D

Cite this: Chem. Sci., 2018, 9, 8482

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 10th September 2018
Accepted 15th October 2018

DOI: 10.1039/c8sc04019b

rsc.li/chemical-science

8482 | Chem. Sci., 2018, 9, 8482–8491
l cell-based self-powered
biosensor for probing a drug delivery model
with self-diagnosis and self-evaluation†

Linlin Wang,a Haohua Shao,a Xuanzhao Lu,a Wenjing Wang,a Jian-Rong Zhang, *ab

Rong-Bin Song*a and Jun-Jie Zhu *a

Extending the application of self-powered biosensors (SPB) into the drug delivery field is highly desirable.

Herein, a robust glucose/O2 fuel cell-based biosensor is successfully integrated with a targeted drug

delivery system to create a self-sustained and highly compact drug delivery model with self-diagnosis

and self-evaluation (DDM-SDSE). The glucose/O2 fuel cell-based biosensor firstly performs its diagnostic

function by detecting the biomarkers of cancer. The drug delivery system attached on the anode of the

glucose/O2 fuel cell can be released during the diagnostic operation to guarantee the occurrence of

a therapy process. Accompanied by the therapy process, the glucose/O2 fuel cell-based biosensor can

also act as an evaluation component to dynamically monitor the therapy efficacy by analyzing drug-

induced apoptotic cells. In addition, the use of an abiotic catalyst largely improves the stability of the

glucose/O2 fuel cell without sacrificing the output performance, further ensuring long-time dynamic

evaluation as well as highly sensitive diagnosis and evaluation in this DDM-SDSE. Therefore, the present

study not only expands the application of SPBs but also offers a promising in vitro “diagnosis-therapy-

evaluation” platform to acquire valuable information for clinical cancer therapy.
Introduction

Biofuel cell-based self-powered biosensors (BFC-SPBs) are a type
of novel bioelectrochemical biosensor, which are capable
of continuously providing specic quantitative information of
various analytes according to the change in the output of
BFCs.1–4 Compared to traditional electrochemical biosensors,
BFC-SPBs possess a vital feature of obviating external power
sources owing to the integration of energy transformation with
target analysis, offering the potential for miniaturization and
on-site analysis.1,5–7 Therefore, some studies have been devoted
to developing BFC-SPBs as basic analytical tools for detecting
features in various biological analysis elds, such as immuno-
assays, aptamer sensing, and cytosensing.7–10 More interest-
ingly, two novel application scenarios of BFC-SPB have been
proposed recently. One scenario is to extend the ability of
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BFC-SPBs to multiple target detection with the assistance of
logic control or dual-fuel-driven strategies.1,11 The other
scenario is to devise BFC-SPBs that cover not only target
detection but also a detection-triggered cascade event.9,12,13 As
an example, a logic controlled BFC-SPB that manifests the
capability to sense and treat hyperlactacidemia has been
developed, where the release of a model therapeutic agent for
treatment is controlled by logic detection.12 These two scenarios
reveal that the application potential of BFC-SPBs is not conned
to single target detection, which motivated us to probe its more
advanced applications in some unreached areas like drug
delivery systems (DDSs).

DDSs that combine targeting and controllable drug release
are attracting more and more attention as they can overcome
the poor therapy efficacy of conventional chemotherapy.14–17 In
addition to major research relating to the improvement of
therapy efficacy, introducing diagnosis and evaluation compo-
nents into a DDS is another research hotspot, as these compo-
nents would provide effective cancer risk assessments and
real-time monitoring of therapeutic effects, and even clear
medication dosing instructions, thus promoting the realization
of future personalized medicine.14,15,18 At present, massive
research efforts have been made to combine a DDS with
uorescence or nuclear magnetic imaging technologies for
diagnosis and evaluation.17–20 However, the high requirements
of the imaging equipment has a negative effect on the promo-
tion and popularization of these combinations. Moreover, due
This journal is © The Royal Society of Chemistry 2018
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Scheme 1 Schematic of the composition (A) and the working principles (B) of the DDM-SDSE in the presence of miR-125a and K562 leukemia
cells.
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to inherent characteristics of imaging technologies like low
convenience and a need for imaging reagents, real-time therapy
information capture is difficult and time-consuming. To
address these issues, the application of BFC-SPBs as diagnosis
and evaluation components in DDSs seems to be a promising
strategy because this arrangement allows realization of rapid,
convenient, self-sustained and on-site diagnosis and evalua-
tion. Thus, with the intention of realizing an in vitro integrated
system for cancer risk assessment, cancer therapy and real-time
monitoring of therapy responses, we were interested to see
whether there was a suitable BFC-SPB, which can be used to
design a drug delivery model with self-diagnostic and self-
evaluation functions (DDM-SDSE) by combination with a DDS.

As we know well, some biochemical substances, such as
circulating miRNAs,21–23 specic proteins24,25 and circulating
tumor cells,7,26 in tumor microenvironments can be recognized
as noninvasive biomarkers for the diagnosis of cancer and
therapy-induced apoptotic cells are identied as an indicator of
therapeutic effects.27–29 Therefore, in this study, we rstly devise
a glucose/O2 fuel cell-based self-powered biosensor (SPB) by
designing the anode and the cathode differently with the
intention of detecting such two indicators independently.
Additionally, to prove the possibility of integrating the SPB with
This journal is © The Royal Society of Chemistry 2018
a DDS, we prex the DDS onto the anode of the SPB we devised
via a well-designed xing strategy which can ensure that the
diagnosis process is able to stimulate the DDS release
synchronously; the release of DDS further assures the occur-
rence of targeted therapy and therapy efficacy assessments.
Specically, k562 leukemia cells are selected as model tumor
cells, and circulating miRNA-125a (miR-125a) is employed as
a corresponding biomarker.30,31 The detailed design and
working principles of the DDM-SDSE for leukemia are depicted
in Scheme 1. The glucose/O2 fuel cell-based SPB consists of
a partial complementary DNA double strand-decorated porous
gold nanobowl/glassy carbon anode (PDS/pAuNB/GC), and
a hollow mesoporous N-doped carbon sphere/glassy carbon
cathode (PSp/hmNCS/GC) modied with a phosphatidylserine-
binding peptide. The DDS (HA@Dox@hmSiO2), which is
fabricated by encapsulating doxorubicin (Dox, anticancer drug)-
loaded hollow mesoporous silica (hmSiO2) with hyaluronic acid
(HA), is linked to the 30 end of PDS on the anode of the glucose/
O2 fuel cell-based SPB by EDC/NHS chemistry (Scheme 1A).32

Initially, the pAuNB can catalyze the oxidation of glucose at the
anode to produce electrons, and hmNCS can catalyze the
reduction of oxygen on the cathode to accept the electrons
transferred from the anode. But the maximum power density
Chem. Sci., 2018, 9, 8482–8491 | 8483
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(Pmax) of DDM-SDSE is at a low level on account of the blocking
effect of HA@Dox@hmSiO2 on the anode. Once the DDM-SDSE
is exposed to a k562 cell-containing system, the Pmax increases
to a high level as the miR-125a can competitively hybridize
with PDS and simultaneously actuate the release of
HA@Dox@hmSiO2 from the anode, alleviating the blocking
effect. Such an increase in the Pmax works as a diagnosis signal
for cancer risk assessment. Synchronously, the released
HA@Dox@hmSiO2 can internalize into K562 leukemia cells by
HA-mediated recognition and cellular endocytosis. With the
enzyme-responsive degradation of HA in cells,33 Dox can be
released from HA@Dox@hmSiO2 to induce the apoptosis of
K562 cells. During the therapy process, no change occurs in the
Pmax of the DDM-SDSE until the appearance of apoptotic cells.
Due to the stable exposure of phosphatidylserine on the extra-
cellular leaet of the plasma membrane,28,29,34 the apoptotic
K562 cells can be captured by the PSp modied cathode.
Therefore, the Pmax of the DDM-SDSE eventually displays
a dramatic time-dependent decrease due to the gradually
increased blocking effect on the reduction of oxygen caused by
the continuous capture of apoptotic K562 cells from the given
system. Such a time-dependent decrease in Pmax serves as
a signal for real-time evaluation of the therapeutic effects of
HA@Dox@hmSiO2 and to further build an unbiased apoptotic
kinetic model (Scheme 1B). Overall, on the basis of the above
proposed strategies, an SPB has been successfully integrated
Fig. 1 A transmission electronmicrograph (TEM) image (A), a high resolut
diffraction (XRD) pattern (C) of PAuNB. A TEM image (D), a HRTEM image
desorption isotherms (G) of hmNCS. Inset: the Barrett–Joyner–Halenda
glucose/O2 fuel cells and control cells without fuel or catalysts (H) and th
density (Pmax) generation (I) of the fuel cell using pAuNB and hmNCS a
Triplicate experiments were performed.

8484 | Chem. Sci., 2018, 9, 8482–8491
with a DDS to realize a DDM-SDSE, which can serve as an in vitro
“diagnosis-therapy-evaluation” research platform to provide
valuable information for the clinical treatment of cancer to
some extent.
Results and discussion
Design and characterization of abiotic catalysts for the BFC

Because one of the designed functions of the SPB is to evaluate
the therapy response of the DDS and this event will last for some
time, the demand for the long-term stability of the glucose/O2

fuel cell becomes greater. However, durability has been
considered to be an inherent deciency of commonly used
biocatalysts (enzymes) in BFCs.35,36 In this case, two high activity
abiotic catalysts, pAuNB and hmNCS, were selected and fabri-
cated for catalyzing the oxidization of glucose and the reduction
of oxygen (see experimental procedures). The morphology of as-
prepared pAuNB was rst investigated by scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM). As shown in Fig. S1,† the prepared pAuNB possessed
a bowl-shaped structure with a well-dened cavity. The TEM
image revealed that the pAuNB had a diameter range of 200–
250 nm and consisted of many irregular Au particles. Careful
inspection disclosed a large amount of small pores on the
surface of pAuNB, which could facilitate the diffusion of elec-
trolytes and substrates (Fig. 1A). In the high resolution TEM
ion transmission electronmicrograph (HRTEM) image (B) and the X-ray
(E), the X-ray photoelectron (XPS) spectra (F) and nitrogen adsorption–
(BJH) pore size distributions of hmNCS. The power density curve of
e time courses of the open circuit voltage (OCV) and maximum power
s the anodic and cathodic catalyst, respectively. Scan rate: 1 mV s�1.

This journal is © The Royal Society of Chemistry 2018
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image, the d-spacing of the lattice was measured to be 0.24 nm,
illustrating that the most exposed crystal plane was the Au (111)
facet (Fig. 1B). In addition, some surface defects like disloca-
tions and steps were observed, endowing the pAuNB with
a higher surface energy and more efficient exposed catalytic
active sites to improve the catalytic capability of pAuNB towards
glucose.36,37 Further analysis of the chemical structure of pAuNB
was carried out by X-ray diffraction (XRD). All of the peaks
shown in Fig. 1C can be indexed as the pure face-centered cubic
Au, whichmatched well with the standard data of Au (JCPDS no.
04-0784). Moreover, the intensity of the peak corresponding to
Au (111) was the highest, further conrming that this facet is
the most exposed crystal plane.

The morphology and chemical features of the as-prepared
hmNCS were also investigated. As shown in Fig. 1D, the
hmNCS was hollow spherical-shaped with ultra-thin carbon
layers and possessed a diameter of about 250 nm. Further
analysis by high resolution TEM revealed that these carbon
layers were partially graphitized (Fig. 1E). Besides, X-ray
photoelectron spectroscopy (XPS) was performed to further
probe the chemical composition of the hmNCS. The C 1s, O 1s
and N 1s bands were all detected in the wide XPS spectrum
(Fig. S2†), suggesting the presence of C, O and N elements in the
hmNCS. The high-resolution XPS for N 1 could be separated
into three peaks at 398 eV, 399 eV and 400.5 eV, which were
assigned to pyridinic, pyrrolic and quaternary N (Fig. 1F). By
comparing the intensities of these three peaks, we could
conclude that the hmNCS was furnished with high content of
pyridinic N. Such a high content of pyridinic N would signi-
cantly enhance ORR activity.35,38,39 Moreover, we recorded the N2

adsorption–desorption isotherms and pore size distribution
plots for the hmNCS (Fig. 1G and the inset). Based on these
isotherms, the Brunauer–Emmett–Teller (BET) surface area was
calculated to be 267.8 m2 g�1, and the pore size was centered at
8.9 nm (inset). Such a high surface area and porous structure
Fig. 2 (A) A TEM image of hmSiO2, where the inset is a high-magni
HA@Dox@hmSiO2. (C) The release tests of Dox from Dox@hmSiO2 (I) and
(pH 5.0) without HAase; (II) acetate buffer (pH 5.0) without HAase; (III) a
HAase. Confocal laser scanning microscopy (CLSM) images of the K562
different times. Scale bars: 15 mm. Triplicate samples were used.

This journal is © The Royal Society of Chemistry 2018
would provide many active sites to enhance their catalysis
toward ORR.

To probe the potential application of pAuNB and hmNCS, the
glucose/O2 fuel cell with pAuNB and hmNCS as the anodic and
cathodic catalyst was fabricated using cell culture medium as an
electrolyte. Comparative studies of the performance of control
fuel cells without glucose, pAuNB or hmNCS were also examined.
The power density curve of the glucose/O2 fuel cell is displayed in
Fig. 1H. Clearly, the glucose/O2 fuel cell produced a relative high
maximum power density (Pmax, 145 � 1.2 mW cm�2), suggesting
good catalytic activity of pAuNB and hmNCS towards the oxi-
dization of glucose and the reduction of oxygen, respectively. In
contrast, in the cases of the fuel cells without glucose (black
trace), pAuNB (pink trace) or hmNCS (blue trace), the measured
power densities were all below 25 mW cm�2, suggesting that the
contribution from corrosion currents is almost negligible.
Moreover, the glucose/O2 fuel cell was able to operate in cell
culture medium for at least 42 h with almost no decay in the
output voltage and Pmax (Fig. 1I), demonstrating the good
chemical stability of these two abiotic catalysts. These above
results conrmed that the fabricated nanomaterials are suitable
candidates for the development of robust and high-efficiency fuel
cells.
Fabrication and characterization of the targeted drug delivery
system

In the prepared DDS, hmSiO2 was applied as a hollow drug
carrier; Dox was encapsulated as a chemotherapeutic agent.
Moreover, HA, which could specically interact with the over-
expressed transmembrane glycoprotein (CD44) on the surface
of K562 leukemia cells and would be degraded by hyaluronidase
(HAase),33,40 was employed to cover the surface of hmSiO2 to
prevent the premature release of Dox, endowing the nano-
carriers with a targeting ability and allowing HAase-responsive
release of drug within the cells. The hmSiO2 was rst
fication image. (B) The zeta potential of hmSiO2, Dox@hmSiO2 and
HA@Dox@hmSiO2 (II–IV) under different conditions: (I) acetate buffer

cetate buffer (pH 5.0) with HAase; and (IV) PBS buffer (pH 7.4) without
cells after incubation with (D) HA@Dox@SiO2 and (E) Dox@hmSiO2 for

Chem. Sci., 2018, 9, 8482–8491 | 8485
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Fig. 3 (A) Polarization curves and the current at 0.1 V (inset) of different
electrodes in PBS buffer (10mM, pH¼ 7.4) with 5mMof glucose: (I) GC;
(II) pAuNB/GC; (III) PDS/pAuNB/GC; (IV) HA@Dox@hmSiO2/PDS/
pAuNB/GC; (V) HA@Dox@hmSiO2/PDS/pAuNB/GC after the incuba-
tion with miR-125a (1.0 � 10�15 M) and (VI) HA@Dox@hmSiO2/PDS/
pAuNB/GC after the incubation with miR-21 (1.0 � 10�14 M). (B)
Polarization curves and the current at 0.3 V (inset) of different elec-
trodes in O2 saturated PBS buffer: (I) GC; (II) hmNCS/GC; (III) PSp/
hmNCS/GC; (IV) PSp/hmNCS/GC after the incubation with apoptotic
cells and (V) PSp/hmNCS/GC after the incubation with viable cells. The
scan rate of all tests is 5 mV s�1. Triplicate experiments were performed.
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prepared using a traditional template method (see experimental
procedure).41 As shown in Fig. 2A, the hmSiO2 displayed
a regular hollow spherical structure with a loose shell (�20 nm).
To obtain its surface area and pore information, nitrogen
absorption–desorption analysis was also conducted. Based on
the nitrogen absorption–desorption curve (Fig. S3A†), the BET
specic surface area was 524.7 m2 g�1. The pore size distribu-
tion revealed 4.2 nm mesopores (Fig. S3B†), which correspond
to the pores formed in the loose shell. Beneting from such
a high surface area and suitable pore size, the hmSiO2

possessed a loading amount of Dox as high as 325 mg mg�1. The
zeta potential experiments displayed an obvious surface charge
inversion aer the loading of Dox. Furthermore, with the HA
coating, the zeta potential recovered to a negative value
(Fig. 2B). These alterations were consistent with what was found
in our previous work, conrming the successful assembly of
HA@Dox@hmSiO2.

To verify the role of HA in the devised targeted drug delivery
system, we investigated the in vitro release prole of Dox from
Dox@hmSiO2 and HA@Dox@hmSiO2 under different condi-
tions. As shown in Fig. 2C, 62% of Dox in Dox@hmSiO2 leaked
into the acetate buffer solution within 20 h (curve I), while only
13.2% of DOX in HA@Dox@hmSiO2 leaked under the same test
conditions (curve II), suggesting the protective effect of the HA
shell against premature release. Aer the addition of HAase into
the acetate buffer, the release proportion of the Dox from
HA@Dox@hmSiO2 increased to 67% at the same time interval
(curve III). As almost the same proportion of the Dox in
HA@Dox@hmSiO2 leaked into the PBS (pH ¼ 7.4, 9%, curve IV)
and acetate buffer solution (pH ¼ 5.0, 13.2%, curve II) in the
absence of HAase, the above-mentioned increase in the release
proportion could be attributed mainly to the degradation of HA
by HAase instead of the acidic environment. Thus, the coating
of HA allowed the HAase-responsive release of drug within the
cells. Moreover, we probed the targeting ability of HA by
confocal laser scanning microscopy (CLSM) and ow cytometry
analysis. Aer the cells were respectively incubated with
Dox@hmSiO2 and HA@Dox@hmSiO2 for different times, the
CLSM images of the cells were collected. Red uorescence from
Dox was observed in the CLSM images in the group of
HA@Dox@hmSiO2, indicating the endogenous HAase-triggered
release of drug within the cells (Fig. 2D). More importantly, the
uorescence intensity in the CLSM image collected at any time
was obviously enhanced compared to that of corresponding
CLSM image in the group of Dox@hmSiO2 (Fig. 2E), illustrating
the targeting ability of HA. Flow cytometry analysis further
conrmed the above results, as the increased rate of uores-
cence intensity over time in the HA@Dox@hmSiO2 group was
higher than that of the Dox@hmSiO2 group (Fig. S4†).
Construction and electrochemical analysis of the anode and
cathode

Having the above-discussed materials at hand, we then inves-
tigated the feasibility of the anode with the integrated ability of
a sensing biomarker and actuating the drug delivery event by
recording the polarization curves in the presence of glucose. As
8486 | Chem. Sci., 2018, 9, 8482–8491
shown in Fig. 3A, an extremely weak oxidation current was
observed for the naked GC electrode (curve I), while an obvious
oxidation current at about 0.1 V was detected for the pAuNB-
modied GC electrode (pAuNB/GC, curve II), which could
correspond to the oxidation of glucose. The current was as high
as 1.51� 0.06mA cm�2, conrming the good catalysis of pAuNB
towards glucose oxidation. Modifying pAuNB/GC with thiolate
PDS slightly decreased the current to 0.99 � 0.04 mA cm�2, due
to the steric effects of PDS (curve III). Aer further incubating
the above electrode with HA@Dox@hmSiO2, the current
sharply decreased (curve IV), indicating the successful assembly
of the HA@Dox@hmSiO2/PDS/pAuNB/GC anode. Moreover,
with the addition of 1.0 � 10�15 M miR-125a, the current
recovered to 0.92 � 0.03 mA cm�2 (curve V). In contrast, nearly
no change in the current was observed in presence of 1.0 �
10�14 M miR-21 (0.32 � 0.02 mA cm�2, curve VI vs. 0.24 �
0.04 mA cm�2, curve IV). These results suggested that the
competitive formation of fully hybridized base pairs between
miR-125a and the PDS specically triggered the model drug-
HA@Dox@hmSiO2 to move away from the anode to diminish
the blocking effect. Therefore, the designed anode could be
employed to diagnose the biomarker and to actuate the drug
delivery event, simultaneously.

Similarly, polarization analysis was also performed to
explore the feasibility of the cathode for evaluation of thera-
peutic effects. As shown in Fig. 3B, no obvious oxygen reduction
current was detected for the GC electrode in the physiological
solution (curve I). In contrast, an obvious oxygen reduction
current of 1.91 � 0.09 mA cm�2 was observed at 0.3 V for the
hmNCSmodied GC electrode under same conditions (hmNCS/
GC, curve II), highlighting the high ORR activity of hmNCS. The
functionalization of the hmNCS/GC electrode with PSp
decreased the reduction current at 0.3 V to 1.25� 0.05 mA cm�2

due to steric effect of PSp (curve III), verifying the successful
assembly of the PSp/hmNCS/GC cathode. As the PSp could
capture the apoptotic K562 cells to produce an extra blocking
effect, a further decrease in reduction current at 0.3 V was
discovered aer incubating the PSp/hmNCS/GC cathode with
This journal is © The Royal Society of Chemistry 2018
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apoptotic K562 cells for 30 min (0.63� 0.07 mA cm�2, curve IV).
But incubating the same cathode with living K562 cells gener-
ated negligible reduction of the current at 0.3 V (1.47 � 0.08 mA
cm�2, curve V vs. 1.25 � 0.05 mA cm�2, curve III), illustrating
the good selectivity of the PSp/hmNCS/GC cathode. Therefore,
the designed cathode has the capability to evaluate therapeutic
effects by the real-time supervision of apoptotic cells.

Evaluation and visual verication of the DDM-SDSE

Given the above feasibility analysis, integration of the fabricated
anode and cathode is expected to form a DDM-SDSE system
which is capable of realizing the cascade functions of diagnosis,
therapy and evaluation. To conrm this, the DDM-SDSE was
incubated in K562 cell culture medium and the Pmax of the
DDM-SDSE was collected over time. As shown in Fig. 4A, upon
the emergence of miR-125a, the Pmax increased quickly in the
initial 2 h, followed by a plateau for about 4 h, and then started
to decrease. Finally, the Pmax no longer decreased aer oper-
ating for 14 h (square, black line). In contrast, we operated the
Fig. 4 (A) The time course of maximum power density generation in the
and different concentrations of miR-125a (0.1 fM, black line, square; 1.0 fM
for the DDM-SDSE, respectively. Scan rate: 1 mV s�1. (B) CLSM images o
K562 cell-containing RPMI 1640medium for different times in the presen
fluorescence) before imaging, and the red fluorescence derived from D

This journal is © The Royal Society of Chemistry 2018
similar DDM-SDSE without miR-125a, and there was nearly no
change in the Pmax observed during the whole operation time
(Fig. S5†). This result suggested that the change of the Pmax in
the presence of miR-125a could be attributed to the occurrence
of certain events instead of system disturbances from operation
conditions, the degradation of catalyst activity and so on. At
certain time points, CLSM analysis of K562 cells from the DDM-
SDSE was performed to make clear the aforementioned changes
in the Pmax. In these experiments, Dox (red uorescence) could
be employed as an endogenous dye to reect the internalization
of the targeted drug delivery system into cells, while an extrinsic
dye (Hoechst 33258, brilliant blue uorescence) was used to
differentiate the apoptotic/living cells.33 As shown in Fig. 4B and
S6,† red uorescence appeared in the second hour, indicating
the presence of Dox in the cells. However, in the absence of miR-
125a, no obvious red uorescence was observed in the CLSM
images of the cells collected at any time (Fig. S7†). Considering
that the drug-loaded nanocarriers were prexed on the anode,
we can draw conclusions that the diagnosis of miR-125a and the
DDM-SDSE. The RPMI 1640 medium containing 1.0 � 104 K562 cells
, red line, circle; and 10 fM, blue line, triangle) is used as the electrolyte

f K562 cells collected from the DDM-SDSE after operation in 1.0 � 104

ce of 0.1 fMmiR-125a. The cells were further stainedwith Hoechst (blue
ox. Scale bar: 25 mm. Triplicate experiments were performed.

Chem. Sci., 2018, 9, 8482–8491 | 8487
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liberation of the targeted drug delivery system have been
successfully realized in the devised DDM-SDSE. The release of
drug-loaded nanocarriers diminished the blocking effect on the
anode, thus the rising tendency of Pmax in the initial 2 h clearly
demonstrated the diagnosis process. Subsequently, a common
therapy-lag phenomenon has been reected in the Pmax of
DDM-SDSE.42,43 Specically, the intensity of the intracellular red
uorescence increased signicantly in the following 4 h and
then remained stable, suggesting that the internalization of the
liberated drug-loaded nanocarrier into cells and the release of
Dox within cells had both been completed within 6 h. However,
at this time, no Dox-induced apoptotic cells existed, as no bril-
liant blue uorescence was observed. Therefore, the unchanged
Pmax during this period presented well the delayed result of the
Dox therapy. With extending time, the apoptotic characteristic
(blue chromatin condensation) was progressively enhanced,
indicating the increased proportion of apoptotic cells in the
medium. In contrast, for the control group, no apoptotic char-
acteristics were detected at the same time interval (Fig. S7†),
demonstrating that the increased proportion of apoptotic cells is
caused by the miR-125a triggered drug nanocarrier release from
the anode. Since apoptotic cells could be captured to block the
ORR on the cathode, the continuous descending trend of Pmax in
this period perfectly provided precise information of cell
apoptosis and the therapy effect. Moreover, an MTT (3-[4,4-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) assay
was also carried out to screen cell activity. In the presence ofmiR-
125a, the variation tendency of the cell activity coincided well
with that of CLSM analysis, and the cell activity in the control
group showed no distinct change (Fig. S8†). These results further
Fig. 5 (A) The power density curves of the DDM-SDSE operating in 1.0
different concentrations of miR-125a. (B) The plot of Pmax vs. the concen
125a from 0.01 fM to 10 fM. (D) The power density curves of the DDM-SD
presence of different numbers of apoptotic cell. (E) The reduction of P
curves of apoptotic cell number generation in the DDM-SDSE in the pre

8488 | Chem. Sci., 2018, 9, 8482–8491
conrmed that the fabricated DDM-SDSE can work as an in vitro
“diagnosis-therapy-evaluation” research platform.

In this DDM-SDSE, miR-125a serves not only as the
biomarker of cancer for its diagnosis, but also as the initiator
for the cascade “drug nanocarrier release-therapy-evaluation”.
As a result of this design, we speculated that the DDM-SDSE
may possess miR-125a-dependent drug delivery capacity. To
verify this hypothesis, we recorded the Pmax of DDM-SDSE with
varying amounts of miR-125a (Fig. 4A). It is obvious that the
Pmax of all of the DDM-SDSEs generally displayed a similar
variation in trend. But the Pmax at the plateaus gradually
increased with an increase in miR-125a concentration, because
more drug nanocarriers were ousted from the anode,
decreasing the blocking effect on the anode. Furthermore, the
plateau stage had the tendency to shorten due to the facilitated
therapy caused by the increased amount of the liberated drug-
loaded nanocarrier. From the above results, we concluded
that the designed DDM-SDSE can possess the ability of on-
demand drug delivery because the liberated amount of drug-
loaded nanocarrier is determined by the expression levels of
miR-125a. We further evaluated the quantitative analysis capa-
bility of self-diagnosis in the DDM-SDSE. With an increasing
concentration of miR-125a , the value of stable Pmax progres-
sively increased, and had a linear relationship with the
concentration of miR-125a over the range of 0.10–25 fM
(Fig. 5A–C). The limit of detection for miR-125a was estimated
to be 0.1 fM, which was better or at least comparable to those of
other miRNA analyses on the basis of uorescence or electro-
catalytic amplication.44 Such ideal sensitivity endows the
designed DDM-SDSE with the potential for the early-stage
diagnosis of tumors. Next, we explored whether the self-
� 104 K562 cell-containing RPMI 1640 medium in the presence of
tration of miR-125a. (C) The plot of Pmax vs. the concentration of miR-
SE operating in 25 fM miR-125a-containing RPMI 1640 medium in the

max vs. the logarithm of the apoptotic cell numbers (NA-cells). (F) Time
sence of different concentrations of miR-125a.

This journal is © The Royal Society of Chemistry 2018
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evaluation component in the DDM-SDSE could be used to
quantitatively detect the Dox-induced apoptotic cells. The result
illustrated that the Pmax gradually decreased with an increase of
the cell numbers. The plot of the reduction of Pmax against the
cell number gave a linear line in the range of 5–2000 apoptotic
cells, with a limit of detection of 5 cells (Fig. 5D and E). This
sensitivity is comparable to that of the most sensitive cyto-
sensing approaches.7,32 More importantly, on the basis of the
linear line, we can calculate detailed amounts of Dox-induced
apoptotic K562 cells in the DDM-SDSE at any given time
(Fig. 5F). As a result, the designed DDM-SDSE system can
precisely assess the therapy response of the involved DDS.45
Conclusions

In summary, we have developed a self-sustained and highly
compact drug delivery model with self-diagnosis and self-
evaluation for realization of an in vitro “diagnosis-therapy-eval-
uation” research platform by integration of a targeted drug
delivery system with a robust glucose/O2 fuel cell-based self-
powered biosensor. The comprehensive design that covers the
diagnostic event-triggered drug delivery on the anode, competi-
tive reaction, blocking effect and the establishment of the eval-
uation model on the cathode ensures the successful fabrication
of this in vitro integrated platform. In addition, due to the use of
pAuNB and hmNCS as the anodic and cathodic catalyst, the
stability and output performances of the fabricated glucose/O2

fuel cell-based self-powered biosensor are good enough to ach-
ieve long-term dynamic evaluation as well as highly sensitive
diagnosis and evaluation in this in vitro integrated platform.
Clearly, this study hits a sustainable cross-link between SPBs and
drug delivery systems. It not only expands the application of SPBs
into triple cascade events, but also adds a new promising in vitro
“diagnosis-therapy-evaluation” platform to provide valuable
information for clinical cancer therapy.
Experimental
Fabrication of HA@Dox@hmSiO2

We rstly fabricated hmSiO2 by a template method, where
polystyrene spheres (PS) were used as the template.41 Speci-
cally, 250 mg of AETAC (80 wt%), 90 mL of ultrapure water and
10 mL of styrene were mixed to form a uniform solution. Aer
heating the solution up to 90 �C with mechanical agitation and
N2 agitation, 2.5 mL of V-50 (100 mgmL�1) was added, and then
kept at 90 �C for 24 h. Subsequently, the PS was obtained using
a sedimentation method in which iced ethanol was used as the
solvent. To prepare hmSiO2 NPs, 0.8 g CTAB was rstly dis-
solved in a mixed solvent (80 mL of ultrapure water, 60 mL of
ethanol and 1.5 mL of NH4OH (28%)), then the as-synthesized
PS (10 mL, 93 mg mL�1) was added dropwise into the above
mixture under vigorous stirring conditions, followed by the
addition of 4.0 g of TEOS. Aer stirring for another 12 h, the
black precipitate was collected by centrifugation. The black
precipitate was then washed thoroughly with water and dried at
room temperature. Finally, the precipitate was calcined under
This journal is © The Royal Society of Chemistry 2018
an air atmosphere (600 �C, 6 h) to remove PS and CTAB to
obtain the hmSiO2 NPs.48

The HA@Dox@hmSiO2 NPs were prepared in two steps: (1)
embedding Dox into hmSiO2 NPs for the formation of
Dox@hmSiO2 NPs, and (2) coating the Dox@hmSiO2 NPs with HA
to prevent undesired drug leakage and to target the overexpressed
transmembrane glycoprotein (CD44) on the surface of K562
leukemia cells.49 In detail, 1 mg hmSiO2 was incubated in the
solution of Dox (1 mL, 1 mg mL�1) for 24 h while stirring at room
temperature, and then the solution was centrifuged to remove the
residual Dox. The obtained Dox@hmSiO2 NPs were redispersed in
1 mL of water. Subsequently, 1 mg of HA was added to the
suspension of Dox@hmSiO2. Aer stirring for 24 h, the suspen-
sion was centrifuged, and then repeatedly washed with PBS buffer
(10 mM, pH ¼ 7.4). The loading amount of HA in the obtained
HA@Dox@hmSiO2 NPs was calculated to be 325 mg mg�1.

Fabrication of the HA@Dox@hmSiO2/pAuNB/GC anode

Before anode fabrication, the pAuNB that served as the anodic
catalyst was synthesized as follows:46,47 420 mg of AgNO3 and
400mg of PVPwere dissolved in 50mL of ethylene glycol, followed
by dropwise addition of 1.25 mL of HCl (37%) while stirring. The
mixture was heated to 150 �C in the darkness, maintained at this
temperature for 20 min, and nally cooled to room temperature.
Aer centrifugation (9000 rpm, 10 min), the product (AgCl
nanocubes) was washed with ethanol and dried under vacuum at
40 �C. Next, a 100 mL suspension of the as-prepared AgCl nano-
cubes (0.04 g mL�1), and 130 mL of hydroquinone (28 mM) were
dispersed in a PVP aqueous solution (4.5 mL, 65mM), followed by
the addition of 55 mL of HAuCl4 solution (48.6 mM) under gentle
agitation conditions. When the color of the solution turned to
blue grey, stirring was stopped and the solution was le to stand
for 2 h. The solution was then centrifuged, and the precipitation
was incubated in 0.5 mL of NH4OH (25%) for 5 min to remove the
AgCl nanocubes. Finally, the pAuNB was obtained through
centrifugation (5500 rpm) and washed thoroughly.

For the construction of the HA@Dox@hmSiO2/pAuNB/GC
anode, 10 mL of the pAuNB solution (1 mg mL�1) was rstly
dropped onto the surface of the GC electrode with a diameter of
3.0 mm. Aer drying, 10 mL PDS (1.0 � 10�5 M) was dropped
onto the surface of the pAuNB/GC electrode and incubated at
4 �C overnight to form the PDS/pAuNB/GC electrode. The PDS
and the pAuNB/GC electrode were bound by Au–S bonding.44

Aer the PDS/pAuNB/GC electrode was rinsed by water, the PDS/
pAuNB/GC electrode was incubated with 10 mL of BSA (1 wt%)
for 1 h to block the nonspecic binding sites. Finally, the elec-
trode was incubated with 10 mL of the HA@Dox@hmSiO2

solution (0.1 mg mL�1) at 4 �C overnight. The formation of the
HA@Dox@hmSiO2/pAuNB/GC anode was due to the amidation
reaction between the –NH2 at the 30 end of PDS and the carboxyl
of HA. The HA@Dox@hmSiO2/pAuNB/GC anode was rinsed
thoroughly to remove unbonded HA@Dox@hmSiO2 NPs.

Fabrication of PSp/hmNCS/GC cathode

The hmNCS was rstly prepared according to the previous
literature.50 Briey, 60 mL of ethanol, 11.36 mL of ultrapure
Chem. Sci., 2018, 9, 8482–8491 | 8489
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water and 1.30 mL of ammonia solution were mixed together
and stirred for 10 min, followed by the addition of 2.38 mL of
TEOS. Aer stirring for 7 h at room temperature, 183.1 mL of
H2O and 37.2 mL of ethanol were added into the mixture, and
then the mixture was kept stirring for an additional 15 min. At
this point, 6 g of CTAC (25%, wt%) was added dropwise under
vigorous stirring, and the mixture was stirred for another
30 min. Subsequently, 0.41 g of resorcinol, 0.84 mL of formal-
dehyde and 2.94 mL of TEOS were successively added with
vigorous stirring while the time interval of addition was 30 min.
Finally, this mixture was stirred overnight and then transferred
into autoclaves, and maintained at 150 �C for 12 h. Aer
centrifugation, the precipitate was washed and dried under
vacuum. The product was calcined at 350 �C for 3 h and at
950 �C for 4 h, and then etched by 10% HF to remove SiO2. Aer
washing several times, we obtained the hmNCS.

For the construction of the PSp/hmNCS/GC cathode,
10 mg of hmNCS was rst dispersed in 10 mL of carbox-
ymethyl chitosan solution (0.1 mg mL�1) by ultrasound, and
then the solution was stirred for 12 h, leading to the intro-
duction of carboxyl onto the surface of hmNCS. Then, 10 mL
of the as-prepared carboxylated hmNCS solution was dropped
onto the surface of the GC electrode and dried at 37 �C for 2 h.
The above obtained electrode was further incubated with 10
mL PSp (FNFRLKAGAKIRFGRGC, 1 mg mL�1) for 12 h and
then rinsed with water to remove unbonded PSp. Because of
the amidation reaction between –NH2 on the peptide and
–COOH on the hmNCS, the PSp/hmNCS/GC cathode was
obtained.
Construction of DDM-SDSE

The above prepared anode and cathode were placed in the same
electrolytic cell containing 200 mL of cell culture medium and
K562 cells. Aer the addition of glucose, we recorded the
polarization curves of the DDM-SDSE at each interval by LSV
(onset voltage: the open-circuit voltage; scan rate: 1 mV s�1),
and the power output (P) was calculated according to the
formula P ¼ UI. The results were normalized to the projective
surface area of the GC electrode (0.07 cm2).
Cell culture and cell cytotoxicity assay

The leukemia cells (K562 cell) bought from Nanjing Key Gen
Biotech Co., Ltd. were cultured in RPMI 1640 medium (Gibco,
Grand Island, NY) containing 10% fetal calf serum
(FCS, Sigma), penicillin (100 mg mL�1) and streptomycin
(100 mg mL�1) in an incubator (5% CO2, 37 �C). For MTT
analysis, the cells were removed from the DDM-SDSE system
at different times and washed with PBS, and then incubated in
10 mL of MTT solution (0.5 mg mL�1). Aer 4 h, the stained
cells were lysed by DMSO. Finally, we recorded the absorbance
(abs) at 630 nm in a Full Wavelength Scanning Multi-function
Reader (Varioskan Flash, ThermoFisher Scientic) and
calculated the cell viability according to the equation: cell
viability (%) ¼ (mean abs. value of sample/mean abs. value of
control) � 100%.
8490 | Chem. Sci., 2018, 9, 8482–8491
Drug targeted delivery and in vitro cytotoxicity

In order to observe the cellular uorescence in K562 cells, the
cells were removed from the DDM-SDSE system at different
times and then transferred to confocal microscopy dishes, and
were nally stained by Hoechst 33258 at 37 �C for 15 min. Aer
thoroughly washing with PBS, we observed uorescence
immediately using CLSM (TCS SP5, Leica).
Dox release experiments

In order to explore the protective effect of HA, the HAase-
mediated drug release and the rates of drug efflux in vitro, the
HA@Dox@hmSiO2 and Dox@hmSiO2 were incubated in 20 mL
of PBS (10 mM, pH ¼ 7.4) with or without HAase for different
times. Aer centrifugation, the supernatant was used as
a sample. The absorbance of these samples at 480 nm was then
measured using a UV-vis spectrophotometer.
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