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Abstract: The profiling of oxidase-catalyzed biomarkers is an
essential procedure for the diagnosis and precise treatment of
metabolic diseases. Inspired by the metabolism of H,O, in
peroxisomes, a novel chemiluminescent silica nanodevice
(CSN) was designed for the sensitive and selective sensing of
intracellular oxidase-catalyzed biomarkers. Oxidases catalyzed
the oxidation of biomarkers followed by the production of
H,0,, and then the generated H,O, was employed to trigger
chemiluminescence of the CSN. Utilizing this nanodevice, we
not only accurately quantified intracellular glucose but also
developed its further application for facile insulin sensitizer
screening. Furthermore, sensitive and multiparametric analysis
of oxidase-catalyzed biomarkers like lactic acid, uric acid, and
ethanol was demonstrated. Thus, this peroxisome-inspired
CSN holds great promise for the general diagnosis of metabolic
diseases and in drug discovery.

Oxidases are involved in the H,O,-generating catabolism of
numerous biomarkers such as D-glucose, L-lactic acid, uric
acid, ethanol, cholesterol, and fatty acids. The abnormal
catabolism of these biomarkers is closely related to various
metabolic diseases including diabetes, lactic acidosis, gout,
and obesity.l'! Therefore, the monitoring of these related
biomarkers is routinely required for disease diagnosis, to
understand pathogenic processes, and to evaluate pharmaco-
logic responses to a therapeutic intervention. Traditional
chromatographic, spectrometric, and electrochemical meth-
ods have been widely used for the off-line quantitative
analysis of these biomarkers.”! However, these methods
suffer from low specificity, tedious procedures, or require-
ment of bulky equipment and highly skilled operators.
Moreover, they lack the ability to detect intracellular
biomarkers in a non-invasive way and thus cannot provide
the real-time and spatial distribution of biomarkers at the
cellular level. Recently, many fluorescence-based biosensors
for the non-invasive analysis of the aforementioned small-
molecule biomarkers have been developed.[3] For instance,
a fluorescent probe was developed for the imaging of glucose
uptake in living cells.!! They are effective but usually showed
several disadvantages such as the requirement of a bulky
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excitation light source, strong background interference from
biological matrices, and low robustness owing to photo-
bleaching of the probes.”

Chemiluminescence (CL) has attracted extensive atten-
tion in recent decades because of its high sensitivity, accurate
quantification, simple instrumentation, and lack of photo-
excitation requirement.””! Until now, various H,0,-mediated
CL systems based on luminol, lucigenin, or peroxyoxalate
(PO) were developed.”! Among them, the PO-CL system was
broadly used in consumer products such as light sticks and
fishing lures and in biological diagnosis because of its high CL
efficiency, durable lifetime, and tunable CL wavelength.)
Additionally, the PO-CL system has a highly sensitive and
selective response toward H,0,! and thus has potential
applications in the detection of biomarkers that can produce
H,0, catalyzed by oxidases. However, most PO-CL reagents
are hydrophobic and thus cannot be readily applied to
aqueous bio-systems.'’! Hence, it is challenging to develop
a hydrophilic PO-based CL probe for in situ or even intra-
cellular H,0O, detection. In this regard, one pioneering work
has shown the successful design of a novel CL probe for
in vivo imaging of H,O, in the peritoneal cavity of living mice
by using oxalate-grafted polymeric nanoparticles."!! Never-
theless, the authors did not illustrate the intracellular
detection of H,0O,. Polymeric nanoparticles with diameters
larger than 150 nm would be mostly excluded from cellular
internalization by non-phagocytic cells.” Thus the nano-
particles!! may preclude the capability of intracellular
detection due in part to their larger size (ca. 550 nm).
Moreover, their CL quantum yield (CL-QY) can be further
improved by substituting a phenyl moiety with electron-
withdrawing groups.”*! The use of highly efficient PO-CL
reagents has been carried by loading PO-CL reagents in
hydrophobic micro-containers such as micelles."¥ However,
those strategies were not used to detect intracellular H,O,,
much less H,0,-generating biomarkers.

Interestingly, in virtually all eukaryotic cells, the oxidase-
catalyzed H,0O,-generating bioreactions and subsequent scav-
enging of H,O, for avoiding its toxicity are mainly carried in
the organelle peroxisomes (Scheme 1a).""! Inspired by the
two-step metabolism of H,0, generation and scavenging
within peroxisomes, we proposed a new strategy for the
general intracellular detection of oxidase-catalyzed biomark-
ers by employing the released H,O, as the messenger and
a high QY PO-CL probe as the sensitive and selective
reporter for H,O, (Scheme 1b). As a demonstration, a novel
chemiluminescent silica nanodevice (CSN) was constructed
for both disease diagnosis (that is, in situ and intracellular
detection of oxidase-catalyzed biomarkers) and drug devel-
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Scheme 1. The two-step process of a) H,0, generation and scavenging
in the peroxisome and b) the peroxisome-like chemiluminescent nano-
device. c) The fabrication process of the CSN and its application in
intracellular oxidase-catalyzed biomarker detection. AH = enthalpy
change.

opment (that is, insulin sensitizer screening). As shown in
Scheme 1c, the CSN contains three essential components:
1) Biocompatible mesoporous silica nanoparticles for the
storage and delivery of highly H,O,-sensitive bis(2-carbopen-
tyloxy-3,5,6-trichlorophenyl) oxalate (CPPO), 2)rhodami-
ne B (RhB) covalently doped in the silica skeleton as the
fluorescent reporter for converting chemical energy into
a light signal, and 3) the electrostatically adsorbed oxidases
on the surface of mesoporous silica as the converter for
selectively catalyzing the oxidation of biomarkers to produce
the messenger molecule H,O,. It is noteworthy that the
adsorbed oxidases not only could remain active as previously
reported,'® they also formed a compact shell to protect
CPPO from leaking. In this paper, we first characterized the
CSN;; then, the luminescence properties such as dynamics and
stability were investigated. Subsequently, a series of bio-
markers including glucose, alcohol, lactic acid, and uric acid
were used to verify the ability of the CSN to detect the
oxidase-catalyzed biomarkers for disease diagnosis. To dem-
onstrate its potential application in drug development, the
model drug insulin sensitizers for diabetic therapy were also
screened by the glucose oxidase-adsorbed CSN.

To construct the intelligent CSNs, covalently RhB-doped
mesoporous silica nanoparticles (MSNPs-RhB) were first
prepared according to a modified sol-gel method (see the
Supporting Information).'” TEM (Figure 1a) and high-
resolution TEM (HRTEM, Figure 1b) images showed the
spherically shaped MSNPs-RhB with an ordered mesoporous
structure and an average diameter of 118 + 31 nm (Figure 1c¢).
The mesoporous structure was further confirmed by N,
adsorption—desorption analysis (Figure 1d). Pore volume,
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Figure 1. a,b) Representative TEM and HRTEM images of MSNPs-RhB.
c) Size distribution of MSNPs-RhB (152 samples). d) N, adsorption—
desorption isotherms and pore-size distribution curves (inset) of
MSNPs-RhB. e) TGA curves with the heating rate of 10°Cmin~".

f) Fluorescence spectra of RhB and PO-CL probe and the CL spectrum
of PO-CL probe, which was stimulated with H,O,. [RhB]=10 um, [PO-
CL probe] =500 pugmL™", [H,0,]=100 um, 20 mm PBS (pH 7.2) as
solvent, A,,=555 nm, 25°C.

specific surface area, and pore-size distribution of MSNPs-
RhB were 0.233 cm®g ™!, 350.464 m*g~', and 3.7 nm, respec-
tively. These characteristics endowed MSNPs-RhB with an
enormous loading capacity for PO-CL reagents. The FTIR
spectrum of MSNPs-RhB showed an emerging band at
1650 cm™" ascribed to the CO-NH stretching vibration
(Supporting Information, Figure S1), which suggested the
covalent doping of RhB in the MSNPs. The amount of the
doped RhB was estimated to be ca. 6.81 wt % by thermog-
ravimetric analysis (Figure 1¢). After loading CPPO into
MSNPs-RhB (designated as the PO-CL probe), the charac-
teristic band of CPPO at 1788 cm ™' in its FTIR spectrum was
observed and ascribed to the vibration of the oxalate group of
CPPO, demonstrating the successful loading of CPPO into
MSNPs-RhB (Figure S1). Furthermore, by comparing the
thermogravimetric curves of MSNPs-RhB and PO-CL probe,
the calculated CPPO loading amount was as high as 7.67 % by
mass, which allows continuous long-time CL sensing (Fig-
ure 1e). Then, the CL spectrum of the PO-CL probe with
stimulation of H,O, was measured. As shown in Figure 1 f, the
maximum CL peak of the PO-CL probe was at 588 nm, which
was red-shifted 3 and 10 nm with respect to the fluorescent
spectra of RhB and PO-CL probe, respectively. The red
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luminescence suggested that the probe was suitable for
biological analysis.

To validate the feasibility of the PO-CL probe for H,O,
sensing, we monitored the CL signals of the PO-CL probe in
the presence of different concentrations of H,O, in phosphate
buffered saline (PBS). As shown in Figure 2 a, the CL half-life
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Figure 2. a) CL kinetics curve of PO-CL probe with H,O, stimulation
(H,O, was injected at 100 s). Inset: Calibration curve of CL signal
response to H,0, concentration. b) Stability of PO-CL probes with
added stabilizer and stored at —20°C. c) Reusability of MSNPs-RhB.
d) In vivo imaging of exogenous and endogenous H,0O, in mice.

1) Negative control, I) PO-CL probe only, 111) PO-CL probe+2 pm
H,0,, IV) PO-CL probe+8 um H,0,, and V) LPS (20 uL,
2.5 mgmL™") + PO-CL probe. Data represent mean-+SD (n=3).

of the PO-CL probe was 3.37 min. Moreover, this assay
established a linear dependence (R?=0.998) of CL intensity
on H,0, concentration from 1.0 to 100.0 pm, indicating that
the PO-CL probe incorporating hydrophobic CPPO can be
successfully applied to the quantitative detection of H,O, in
aqueous systems. In addition, the PO-CL probe retained
90.6 % of its initial activity after 21 days of storage in a sealed
tube with acetone at —20°C (Figure 2b), demonstrating the
excellent stability of the probe. Due to the covalent doping of
RhB to the skeleton of silica, the MSNPs-RhB could be
reused. Figure 2c shows that the MSNPs-RhB could be
reused for at least five cycles of cleaning and loading of CPPO
without significant loss of the CL intensity of the PO-CL
probe.

H,O, production is related to oxidative stress and
inflammation in aging, injury, and disease.' The fast, visual
detection of H,0, in vivo is important for disease diagnosis.
The constructed PO-CL probe has a long emission wave-
length (588 nm) and consequent high level of tissue pene-
tration, suggesting its potential for in vivo imaging of H,O, in
deep tissue. To verify this, the in vivo imaging of exogenous
H,0O, in the thighs of live mice was monitored. As shown in
Figure 2d, there was no obvious CL signals for the control
group (I) or the PO-CL probe-only group (II). However,
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a strong CL emission was observed for the mice with co-
injection of the PO-CL probe and H,O,, a peak emission
intensity of 30000 ps~'em™?sr™' for 2 M H,0, (III) and
80000 ps~'em s~ for 8 uym H,O, (IV). The PO-CL probe
was also used to image endogenously generated H,O, in vivo.
Lipopolysaccharide (LPS) was injected into the peritoneal
cavity to induce acute inflammation. Subsequently, PO-CL
probes were injected and an obvious CL emission of
8000 ps'cm?sr~! was observed as shown in Figure 2d (V).

To detect oxidase-catalyzed biomarkers, oxidase-immobi-
lized CSNs were constructed. Glucose oxidase (GOx),
a frequently used specific enzyme for glucose sensing,”! was
electrostatically adsorbed onto the surface of MSNPs-RhB
(G-CSN) and its performance on the extra- and intracellular
detection of glucose was studied. A visible coating layer on
the PO-CL probe was observed in the representative
HRTEM image of G-CSN, and the distinct porous channel
of the PO-CL probe disappeared because of the shielding of
the electron beam by GOx (Supporting Information, Fig-
ure S2), which suggested that GOx was successfully depos-
ited. For further confirmation, zeta potential and dynamic
light scattering (DLS) analysis were also employed. The zeta
potential of the nanodevice changed from +8.72+0.85 to
—12.70+£0.30 mV and its diameter changed from 125 to
140 nm after GOx coating (Supporting Information, Fig-
ure S3). These results further demonstrated that G-CSN was
successfully constructed. According to previous reports,””!
hydrophobic molecules in mesoporous silica showed negli-
gible release because of their low solubility. Moreover,
because GOX is larger than the pore of the PO-CL probe,?!
the gating of the adsorbed GOx may further avoid the leakage
of CPPO in the aqueous environment, but the generated
small H,O, molecules can freely transfer into the pores. As
expected, a negligible release of CPPO was observed when
CPPO-loaded silica nanoparticles were soaked in PBS for 3 h
(Supporting Information, Figure S4). The CPPO was stable in
PBS over 3 h in the presence of stabilizer (Figure S4c).

Before testing the response of G-CSN to glucose, several
factors including the adsorption time of GOx, the CL half-
time, and cytotoxicity of G-CSN were studied. The adsorption
amounts of oxidase after incubation for 1, 5, 10, and 15 min
were similar because of the rapid adsorption of the oxidase
onto the surface of silica (Supporting Information, Figure S5).
As a compromise between the catalytic activity of GOx and
the stability of CPPO in G-CSN, the adsorption time of 5 min
was used for the following trials. In addition, the CL kinetics
of G-CSN for the glucose response was investigated (Sup-
porting Information, Figure S6). Compared to the direct
reaction between the PO-CL probe and H,0,, G-CSN
exhibited a longer CL half-life of 36.07 min because of the
continuous formation of H,O, through the GOx-catalyzed
oxidation of glucose and thus provided a long-time signal for
sensing. The cytotoxicity of G-CSN was also investigated
(Supporting Information, Figure S7), which was negligible in
human hepatoma (HepG2) cells even at a concentration as
high as 200 ugmL~". Overall, these results demonstrated that
the G-CSN could be an effective probe for both extracellular
and intracellular glucose profiling.
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The response of G-CSN to different concentrations of
glucose in PBS was measured over a range of 2.0-200.0 um
(Supporting Information, Figure S8). The resulting curve
showed good linearity (R*=0.995). The detection limit
(0.47 um) is much lower than the normal level of intracellular
glucose,™ enabling us to use this G-CSN for intracellular
glucose monitoring. To validate the tolerance and accuracy of
G-CSN detection in a biological environment, we also used
the G-CSN to evaluate the blood glucose levels of live mice.
After 12 h of fasting, the blood glucose was monitored at
hourly intervals by using both G-CSN and standard glucose
testing strips (Supporting Information, Figure S9). The con-
sistency of the blood glucose levels measured using G-CSN
and the commercial testing strips demonstrated that the other
components in serum did not show significant interference
and the G-CSN was reliable even in the complex biological
fluids.

The level of intracellular glucose is related to many
physiological or pathological conditions such as exogenous
glucose level, insulin level, and the receptor sensitivity toward
insulin. The low sensitivity of the body to insulin would lead
the occurrence of diabetes.” Before the intracellular glucose
detection, the uptake and localization of G-CSN into HepG2
cells were studied by 3D confocal fluorescence imaging. As
shown in Figure 3a—c, a strong red fluorescence signal was
observed and well distributed throughout the entire cyto-
plasm of HepG?2 cells, indicating the successful intracellular
uptake of G-CSN. To demonstrate the intracellular glucose
detection using G-CSN, HepG2 cells were pretreated with
different concentrations of exogenous glucose and insulin
before imaging because insulin can significantly increase
intracellular glucose levels through the glucose transporter 4
(GLUT4) transporting process.*"! As expected, when treated
with 1 mm glucose, G-CSN labeled cells showed a slightly
stronger CL signal than those in the absence of glucose
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Figure 3. a—c) Laser scanning confocal microscopy (LSCM) images of
HepG2 cells incubated with G-CSN for 30 min (RhB=Red): a) Fluores-
cence and b) bright-field images and c) overlay image: Z-projection
(main), YZ-plane (right), XZ-plane (bottom). d) Luminescence images
of G-CSN detection of intracellular glucose using after incubation of
HepG2 cells for 30 min in the glucose-free culture media containing
(from left to right) 0 mm glucose, T mm glucose, 20 mm glucose,

1 mm glucose and 20 um insulin, and 20 mm glucose and 20 pm
insulin. Before imaging, extracellular glucose and G-CSN were
removed.

Angew. Chem. Int. Ed. 2017, 56, 14596 —14601

Communications

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

(Figure 3d). Meanwhile, further enhanced CL signal was
observed after incubation with a higher concentration of
glucose (20 mMm), demonstrating the effect of exogenous
glucose on the intracellular glucose level. In addition, after
the simultaneous pretreatment of glucose and insulin, a much
stronger CL signal was observed in the cells. These results
showed that insulin could promote the transport of glucose
from the extracellular environment into the intracellular
environment, indicating the important role of insulin in
adjusting intracellular glucose levels.

The positive response of G-CSN-labelled cells towards
insulin was also confirmed. As shown in Figure 4, HepG2 cells
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Figure 4. Response of G-CSN-labeled cells under various physiological
conditions for insulin sensitizer screening. Statistical analysis was
performed using independent-sample t-tests, *** P.<0.001, **

P <0.01. All data represent mean=+SD (n=3).

incubated in insulin exhibited a two-fold CL intensity increase
over those in the control group, implying their higher
intracellular glucose level induced by insulin. After a 48 h
incubation with insulin, the cells did not show a significant
further increase in glucose levels, which suggests that the
long-term incubation of insulin could effectively transform
the normal cells into insulin resistant (IR) cells. Based on this,
insulin sensitizers could be screened by monitoring the
intracellular glucose levels in IR HepG2 cells under exposure
to various diabetic drugs. As a demonstration, rosiglitazone
(RSG), an insulin sensitizers, was chosen as the positive
medicine, and glibenclamide (GLI) and acarbose (ACA), two
drugs used to treat diabetes through non-insulin-related
mechanisms, were chosen as the negative medicines.” As
expected, after treatment of IR cells with RSG and further
stimulation with insulin, the level of intracellular glucose of
IR HepG2 cells increased compared to that of IR cells
without the RSG treatment. Moreover, this level was close to
that of insulin-treated non-resistance cells, which indicated
the recovery of the sensitivity of IR cells after exposure to
RSG. However, the intracellular glucose level of negative
groups did not show an obvious increase. To further verify
that the intracellular luminescent emission is due to the GOx-
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catalyzed generation of H,0O,, an inhibitor of GOXx, silver
sulfate, was used. As expected, in the presence of silver
sulfate, the CL was dramatically reduced compared with the
group without silver sulfate, whether extracellular or intra-
cellular (Supporting Information, Figure S10). These results
suggested that G-CSN can be successfully used to screen
insulin sensitizers.

In theory, the CSNs with H,0O,-mediated PO-CL probes
and oxidases could provide a general platform to detect any
substrates that could be oxidized by corresponding oxidases
and produce H,0O,. These substrates include glucose, lactate,
uric acid, ethanol, cholesterol, choline, L-lysine, fatty acids,
pyruvate, glutamate, xanthine, D-galactose, amino acids, and
sn-glycerol-3-phosphate. We explored the universality of the
proposed oxidase-coated CSN for the detection of three other
disease-diagnosis- or drunk-driving-related biomarkers (that
is, lactate, uric acid, and ethanol). Similarly to the GOx
adsorption, we coated PO-CL probes with lactate oxidase (L-
CSN), uricase (U-CSN), and alcohol oxidase (A-CSN) to
construct three types of biomarker probes. They were used to
detect extracellular lactic acid (Supporting Information,
Figures S11 and S12), uric acid (Supporting Information,
Figures S13 and S14), and ethanol (Supporting Information,
Figures S15 and S16), respectively. All the oxidase-incorpo-
rated CSNs exhibited linear response relationships between
the CL intensities and the concentrations of their correspond-
ing biomarkers. The limits of detection (LOD, 30) were 0.36,
0.31, and 0.37 um for lactic acid, uric acid, and ethanol,
respectively. These LODs were much lower than the concen-
tration of the biomarkers in real biological samples, and lower
than those of some fluorescent methods,**¥ showing the
practical applicability in clinical diagnosis.

In conclusion, we presented a novel CSN for the intra-
cellular profiling of oxidase-catalyzed biomarkers for disease
diagnosis and screening of insulin sensitizers for drug devel-
opment. As a demonstration, the representative biomarkers
glucose, alcohol, L-lactic acid, and uric acid were successfully
detected. Furthermore, insulin sensitizers were also accu-
rately discriminated for diabetes treatment by using the G-
CSN. Taking advantage of its sensitivity and specificity, this
versatile oxidase-coated CSN system can serve as a useful
platform for studying specific biomarkers in vitro and in vivo
by a series of catalytic oxidation and CL reactions, even for
monitoring biomarkers (such as acetyl choline and creatinine)
that require multiple oxidases to produce H,O,. Therefore,
the current approach showed potential applications in new
drug development for insulin resistance and other disease-
related biomarker monitoring (lactic acidosis and gout).
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