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ABSTRACT: Gold nanoparticles (AuNPs) with simultaneous plasmonic and biocatalytic properties provide a promising
approach to developing versatile bioassays. However, the combination of AuNPs’ intrinsic enzyme-mimicking properties
with their surface-enhanced Raman scattering (SERS) activities has yet to be explored. Here we designed a peroxidase-
mimicking nanozyme by in situ growing AuNPs into a highly porous and thermally stable metal−organic framework called
MIL-101. The obtained AuNPs@MIL-101 nanozymes acted as peroxidase mimics to oxidize Raman-inactive reporter
leucomalachite green into the active malachite green (MG) with hydrogen peroxide and simultaneously as the SERS
substrates to enhance the Raman signals of the as-produced MG. We then assembled glucose oxidase (GOx) and lactate
oxidase (LOx) onto AuNPs@MIL-101 to form AuNPs@MIL-101@GOx and AuNPs@MIL-101@LOx integrative
nanozymes for in vitro detection of glucose and lactate via SERS. Moreover, the integrative nanozymes were further
explored for monitoring the change of glucose and lactate in living brains, which are associated with ischemic stroke.
The integrative nanozymes were then used to evaluate the therapeutic efficacy of potential drugs (such as astaxanthin for
alleviating cerebral ischemic injuries) in living rats. They were also employed to determine glucose and lactate metabolism
in tumors. This study not only demonstrated the great promise of combining AuNPs’ multiple functionalities for versatile
bioassays but also provided an interesting approach to designing nanozymes for biomedical and catalytic applications.
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Gold nanoparticles (AuNPs) possess extraordinary
surface-enhanced Raman scattering (SERS) activities
and catalytic properties, which enable prospective

applications in bionanomedicine and advanced catalysis.1−10

Until now, AuNPs have been used to catalyze various important
reactions, such as CO oxidation and C−C coupling reac-
tions.11,12 AuNPs are usually considered to be inert for biological
catalysis. Unexpectedly, Rossi et al. found that citrate-coated
AuNPs exhibited glucose oxidase (GOx)-mimicking activity for
the catalytic oxidation of glucose with oxygen.13 Such catalytic
nanomaterials with enzyme-like activities are collectively called
“nanozymes”.14−27 Since then, ever-growing interest has been
devoted to mimicking natural enzymes with AuNPs.28−35 For
example, Gao et al. utilized AuNPs to mimic peroxidase for
integrin detection.36 Yin and co-workers recently demonstrated
that AuNPs could mimic catalase and superoxide dismutase.37

On the other hand, AuNPs’ plasmonic properties endow them
with a remarkable electromagnetic field enhancement, which
is able to promote Raman reporters’ vibrations placed within
the enhanced electromagnetic field.38 Thus, AuNPs have been
successfully employed as SERS-active substrates for developing a
number of sensitive chemical and biomedical assays.1−3,39−42

The combination of AuNPs’ SERS activities and catalytic
properties will provide a particularly promising platform for real-
time probing of AuNP-catalyzed reactions and for developing
sensitive bioassays.28,43−51 For example, a few recent studies
demonstrated the simultaneous use of catalytic and plasmonic
properties of AuNPs for monitoring the catalytic reduction
of nitrophenol and nitrothiophenol with AuNPs via SERS.52

Although plasmonic nanosensors for DNA detection have
been constructed by using AuNPs as oxidase mimics,43 the
combination of AuNPs’ enzyme-mimicking properties with their
SERS activities for bioassays has yet to be explored. We reason
that such a combination would not only lower the bioassays’
cost by using cost-effective nanozymes but also provide good
sensitivity offered by SERS.

In this work, we prepared AuNPs within MIL-101, a highly
porous and thermally stable metal−organic framework (MOF),
by an in situ reduction strategy (Figure S2). The AuNPs
within MIL-101 were denoted as AuNPs@MIL-101. We then
demonstrated that AuNPs@MIL-101 acted not only as the
peroxidase mimics for catalytically converting Raman-inactive
reporters (i.e., caged reporters) into the active ones (i.e., activated
reporters) but also as the SERS-active substrates to enhance
the active reporters’ Raman signals (Scheme 1). Notably, the
AuNPs@MIL-101 were further decorated with oxidases to
form AuNPs@MIL-101@oxidases integrative nanozymes, which
enabled the efficient enzymatic cascade reactions (Scheme 1).
The integrative nanozymes were then successfully used to
measure the changes of glucose and lactate associated with
ischemic stroke in living animal brains. They were also used to
evaluate the therapeutic efficacy of potential drugs for alleviating
cerebral ischemic injuries. Their general applications were
further demonstrated by monitoring glucose and lactate
metabolism in tumors.

RESULTS AND DISCUSSION

AuNPs@MIL-101 with Simultaneous Peroxidase-
Mimicking and SERS Activities. Although AgNPs may
also possess simultaneous enzymatic and SERS properties,51

they are sensitive to H2O2 (Figure S1), which is necessary for the
peroxidase-like catalysis. Therefore, AuNPs were chosen in the
current study. The synthetic route of the AuNPs@MIL-101-
based nanozymes is shown in Figure S2. AuNPs were in situ
embedded into MIL-101, a model of a nanoscaled MOF host, by
a solution impregnation strategy to form the AuNPs@MIL-101
nanozymes.53 MIL-101, with high porosity and thermal stability,
was chosen as the protecting matrix to prevent AuNPs from
aggregation especially in complex biological samples.54,55 The
aggregation, if it happened, would severely affect the catalytic
activity. The formation of the AuNPs@MIL-101 nanozymes
was confirmed by TEM, XRD, and other characterizations,

Scheme 1. Schematic illustration of AuNPs@MIL-101@oxidases for efficient enzymatic cascade reactions. First, oxidases catalyzed
the oxidation of a substrate target (i.e., glucose or lactate) to produceH2O2; peroxidase-like AuNPs in AuNPs@MIL-101@oxidases
then catalytically oxidized caged Raman reporters (i.e., LMG) with H2O2 to produce active Raman reporters (i.e., MG) and
simultaneously enhanced the reporters’ Raman signals for SERS measurements.
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demonstrating the successful incorporation of highly crystalline
AuNPs within MIL-101 frameworks (Figures 1A, 3, and S3−S6).
The simultaneous peroxidase-mimicking and SERS activities

of the AuNPs@MIL-101 nanozymes were then evaluated
(Figure 1B). As shown in Figure 1B and 1D, AuNPs@MIL-101
catalytically oxidized the reduction of caged leucomalachite green
(LMG) into malachite green (MG) in the presence of H2O2 and
produced strong SERS signals, owning to AuNPs’ peroxidase-like
and SERS activities. In contrast, MIL-101 did not produce
any detectable SERS signals, indicating that the biocatalytic and
SERS enhancement properties originated from the AuNPs.
Although AuNPs themselves could also activate LMG and
produce detectable SERS signals (Figure 1D), they were not
stable and formed severe aggregation in high-salt solutions
(Figure 1C). Such aggregation prevented the use of AuNPs alone
for assays in complex biological samples. Moreover, compared
with the citrate-protected AuNPs (Figure S1), the AuNPs@MIL-
101 exhibited about a 3.6-fold higher SERS response to MG

(Figure 2). Therefore, MIL-101 not only provided the AuNPs
with much better stability but also exhibited an interesting
enrichment effect.53 These results demonstrated that the
AuNPs@MIL-101-based nanozymes possessed both peroxi-
dase-mimicking activity and SERS enhancement property,
which could be further explored for activating the reduction of
caged Raman reporters for SERS measurements.
It is well known that the enzyme-mimicking and SERS

activities are closely related to the size of the AuNPs. Therefore,
we synthesized three different sized AuNPs within MIL-101 and
investigated their effects on the SERS-active performances,
including small size (10 nm) s-AuNPs@MIL-101, medium size
(38 nm)m-AuNPs@MIL-101, and large size (57 nm) l-AuNPs@
MIL-101. As shown in Figure 3, m-AuNPs@MIL-101 exhibited
the best SERS-active performance. Therefore, m-AuNPs@MIL-
101 were used in the subsequent detection.

AuNPs@MIL-101@oxidases for in Vitro Detecting
Bioactive Small Molecules. AuNPs were reported with both

Figure 1. (A) Typical TEM image of AuNPs@MIL-101. (B) Schematic illustration of AuNPs@MIL-101 acting not only as the peroxidase mimics
for catalytically converting Raman-inactive reporters leucomalachite green (LMG) into the active ones (malachite green, MG) in the presence of
H2O2 but also as the SERS substrates for enhancing the active reporters’ Raman signals. (C) Photo and (D) corresponding SERS spectra of the
samples containing (1) LMG+H2O2 (control), (2) LMG+H2O2 +MIL-101, (3) LMG+H2O2 + AuNPs, and (4) LMG+H2O2 + AuNPs@MIL-101
in 50 mM Tris-HCl (pH 7.0).

Figure 2. (A) SERS spectra of MG with AuNPs or AuNPs@MIL-101. (B) Normalized SERS signal of MG at 1615 cm−1 with AuNPs or AuNPs@
MIL-101.
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GOx-like and peroxidase-like activities, which in principle would
enable self-activated cascade catalysis for glucose detection
without using GOx.35 However, m-AuNPs@MIL-101 did not
show any obvious GOx-mimicking activity (Figure S11). This
result demonstrated that it is necessary to couple oxidases for the
efficient enzymatic cascade reactions. Previously, we have shown
that by coupling two or multiple enzymatic catalysts within a
nanoscaled space, the overall efficiency of the enzymatic cascade
reactions would be significantly enhanced due to the “nanoscale
proximity effects”.56 Therefore, for effectively monitoring
bioactive small molecules (e.g., glucose and lactate), integrative
nanozymes were constructed. By self-assembling oxidase (i.e.,
GOx or lactate oxidase, LOx) and AuNPs@MIL-101 together,

two integrative nanozymes, AuNPs@MIL-101@GOx and
AuNPs@MIL-101@LOx, were obtained (Figure S2).
The cascade catalytic activities of the two integrative

nanozymes were first assessed. The assembled oxidase oxidized
the substrate (i.e., glucose or lactate) to produce H2O2, which
would continue to oxidize LMG into Raman-active MG via
AuNPs’ catalysis (Scheme 1). The in situ formedMGwould then
generate SERS signals for measurements (Figure 4A). As shown
in Figure S12A, when AuNPs@MIL-101@GOx was added
into the solution containing glucose and LMG, the reaction
solution produced distinguishable SERS signals after incubation.
When MIL-101@GOx was tested, no SERS signals were
obtained since MIL-101 was not an effective peroxidase mimic.

Figure 4. (A) Schematic illustration of in vitro detecting glucose (or lactate) with the corresponding integrative nanozymes. (B) Plots of Raman
intensity of MG at 1615 cm−1 versus glucose concentrations. Inset: Linear response to glucose concentrations. (C) Plots of Raman intensity of
MG at 1615 cm−1 versus lactate concentrations. Inset: Linear response to lactate concentrations. (D) Selective detection of 500 μMglucose in the
absence (1) and presence of 10 μM 5-HT (2), 10 μM AA (3), 10 μM DA (4), 10 μM DOPAC (5), 1 mM lactate (6), and 10 μM UA (7),
respectively. (E) Selective detection of 500 μM lactate in the absence (1) and presence of 10 μM 5-HT (2), 10 μMAA (3), 10 μMDA (4), 10 μM
DOPAC (5), 1 mMglucose (6), and 10 μMUA (7), respectively. Final concentrations of AuNPs@MIL-101@oxidases and LMGwere 100 μg/mL
and 200 μM, respectively. Error bars indicate standard deviations of three independent measurements. Raman intensity of MG at 1615 cm−1 for
glucose (lactate) was normalized as unity.

Figure 3. TEM images of s-AuNPs@MIL-101 (A andD),m-AuNPs@MIL-101 (B and E), and l-AuNPs@MIL-101 (C and F). (G) Raman intensity
of MG at 1615 cm−1 from SERS-active AuNPs@MIL-101 containing different sized AuNPs in 50 mM Tris-HCl buffer (pH = 7.0) with 10 mM
H2O2 and 1.25 mM LMG. Error bars indicate standard deviations of three independent measurements.
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Although AuNPs@GOx could also catalyze the cascade reactions
to generate detectable SERS signals, they were not very stable,
which limited their practical use. For AuNPs@MIL-101@LOx,
similar results were observed. These results demonstrated that it
would be feasible to detect the bioactive small molecules glucose
and lactate by using the corresponding oxidase-containing
integrative nanozymes.
We then assessed the in vitro sensing performance of the

two integrative nanozymes toward glucose and lactate after
optimizing the sensing parameters (such as temperature,
incubation time, and the loading amounts of oxidases; see
Figures S13 and S14). As shown in Figure 4B and C, the
SERS signals increased with the increase of glucose (or lactate)
concentrations. Moreover, for glucose, a linear range from
10 to 200 μM and a detection limit of 4.2 μM (based on 3δ/s)
were obtained, while for lactate, a linear range from 10 to 200 μM
and a detection limit of 5.0 μM (based on 3δ/s) were obtained.
Due to the complexity of the biological samples from living

brains, it is critical to evaluate the selectivity of the integrative
nanozymes based SERS assays. As shown in Figure 4D and E,
the key interfering species that coexist with glucose and lactate
in living brains were examined, which included sodium
ascorbate (AA), dopamine (DA), 3,4- dihydroxyphenylacetic acid
(DOPAC), uric acid (UA), and 5- hydroxytryptamine (5-HT).
Interestingly, none of them at physiological levels interfered with
the glucose and lactate detection.
The results clearly demonstrated the good sensitivity and

selectivity of the integrative nanozymes based SERS bioassays for
glucose and lactate, which were further explored for monitoring
glucose and lactate in living brains.

Monitoring Glucose and Lactate in Living Brains and
Evaluating the Therapeutic Efficacy of Astaxanthin (ATX).
The above-developed bioassays were further employed to
monitor the change of glucose and lactate in living brains
following ischemia and reperfusion (Figure 5). Both glucose and
lactate are important neurochemicals, which are widely involved
in various physiological and pathological brain functions such as
ischemia, learning, and memory. As shown in Table 1, after the
rats were administrated with global ischemia for 2 h, the striatum
glucose level decreased from a basal level of 365.8 ± 38.5 μM
(n = 3) (i.e., 100%) to 40.1 ± 14.4% (n = 3). The glucose level
then restored to 88.4 ± 4.0% (n = 3) of the basal level during the
reperfusion process (Figure 5C and Table 1). On the other hand,
the lactate level first increased from a basal level of 573.4 ±
42.6 μM (n = 3) (i.e., 100%) to 239.8 ± 8.1% (n = 3) following
ischemia and then restored to 111.8 ± 11.6% (n = 3) during the
reperfusion process (Figure 5C and Table 1). The different
dynamic response between glucose and lactate during ischemia

Figure 5. (A) Schematic illustration of monitoring glucose and lactate in living rats’ brains with integrative nanozymes based detection platform.
(B) Schematic illustration of global cerebral ischemia/reperfusion and the treatment with ATX. Schematic images of mouse and pump were
adapted from our previous results.56 (C) Dynamic changes of glucose and lactate following ischemia and reperfusion with and without ATX
pretreatment. The glucose and lactate levels before ischemia were normalized as 100.

Table 1. Glucose and Lactate in the Brain of Living Rats
Following Ischemia/Reperfusion without and with ATX
Treatment

glucose/% lactate/%

basal ischemia reperfusion basal ischemia reperfusion

without
ATX
treatment

100 37.4 99.8 100 242.8 134.2
100 42.5 84.1 100 232.9 98.8
100 40.2 85.6 100 243.7 104.5

with ATX
treatment

100 56.8 78.5 100 195.6 133.3
100 57.0 98.7 100 156.2 107.0
100 76.3 109.8 100 166.7 93.5

ACS Nano Article

DOI: 10.1021/acsnano.7b00905
ACS Nano 2017, 11, 5558−5566

5562

http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b00905/suppl_file/nn7b00905_si_001.pdf
http://dx.doi.org/10.1021/acsnano.7b00905


could be attributed to the blockage of cerebral blood flow
as well as increased anaerobic respiration, etc. (Figure S15).57,58

Ischemic stroke is one of the leading causes of death in the
world. Therefore, it is necessary to develop effective bioassays to
evaluate the therapeutic efficacy of potential drugs for preventing
ischemic stroke. Here, using ATX as a model antioxidation drug,
the above developed assays were employed to evaluate its pro-
tective effects against ischemic stroke in living brains.59 For this
purpose, the rats were pretreated with ATX for 1 week before
administrating the ischemia, which mimicked ischemic stroke
disease (Figure S15). As shown in Figure 5C and Table 1,
compared with the control rats without ATX treatment, both the
glucose and lactate fluctuation levels were significantly inhibited
for the ATX-pretreated rats during ischemia. These results
not only demonstrated that ATX could be an effective drug for
ischemic stroke but also provided a facile bioassay for evaluation
the potential drugs’ therapeutic efficacy.
Measuring Glucose and Lactate Metabolism in Normal

and Tumor Tissues. To demonstrate the general applications
of the integrative nanozymes based SERS bioassays, the glucose
and lactate metabolism in normal and tumor tissues was
measured. As shown in Table 2, the measured concentrations

of glucose and lactate in normal mice tissues were 83.3± 4.7 and
16.1 ± 4.1 μM, respectively. Remarkably, the glucose content
in tumor tissues was as low as barely measurable. In addition,
the lactate content in tumor tissues (187.7± 98.7 μM) was more
than 10 times higher than that in normal tissues. The difference
of glucose and lactate between normal and tumor tissues could
be ascribed to the Warburg effect, a metabolic hallmark of
tumor cells. Because of the Warburg effect, tumor cells rely on
aerobic glycolysis, which is an inefficient way to generate energy.
Therefore, tumor cells need to take up and consume more
nutrients (i.e., glucose) than normal cells, leading to a much
lower glucose level in tumor tissues than in normal tissues.
Furthermore, tumor tissues with hypoxia lead to the accumu-
lation of lactate, resulting in a much higher level of lactate in
tumor tissues than in normal tissues.60

CONCLUSIONS
In summary, we have demonstrated the simultaneous perox-
idase-mimicking and SERS activities of AuNPs@MIL-101-based
nanozymes. AuNPs@MIL-101 can catalytically oxidize caged
Raman reporter LMG to Raman-active MG for SERS signaling.
The integrative nanozymes were then constructed by assembling
oxidases onto AuNPs@MIL-101, which enabled the efficient
enzymatic cascade reactions for facile SERS bioassays. In vitro,
glucose and lactate were successfully detected with good
sensitivity and selectivity by using AuNPs@MIL-101@GOx
and AuNPs@MIL-101@LOx integrative nanozymes, respec-
tively. Further, the integrative nanozymes were used to monitor
the changes of glucose and lactate associated with physiological
and pathological conditions (such as ischemic stroke) in living

brains and to evaluate the therapeutic effects of ATX for
alleviating cerebral ischemic injuries. The developed integrative
nanozymes were applicable to investigating other important
biological events (such as monitoring glucose and lactate metab-
olism in tumor tissues). The current work not only demon-
strated the great promise of combining AuNPs’ multiple
functionalities for versatile bioassays but also provided an
interesting approach to designing high-performance nanozymes
for biomedical applications.

METHODS AND EXPERIMENTAL
Chemicals and Materials. Chromium(III) nitrate (Cr(NO3)3·

9H2O), 1,4-benzene dicarboxylic acid (H2BDC), hydrofluoric acid,
chloroauric acid, sodium citrate dehydrate, leucomalachite green,
malachite green, glucose, sodium ascorbate, dopamine, 3,4-dihydroxy-
phenylacetic acid, uric acid, 5-hydroxytryptamine, L-(+)-lactate acid,
glucose oxidase (E.C.1.1.3.4, from Aspergillus niger), and astaxanthin
(≥97%, from Haematococcus pluvialis) were obtained from Sigma and
used as received. Lactate oxidase was obtained from TOYBO CO., Ltd.
Other chemicals were of at least analytical reagent grade and used
as received. The stock solution of LMG was prepared by dissolving
LMG into DMSO. Artificial cerebrospinal fluid (aCSF) at pH 7.4
containing NaCl (126 mM), KCl (2.4 mM), KH2PO4 (0.5 mM), MgCl2
(0.85 mM), NaHCO3 (27.5 mM), Na2SO4 (0.5 mM), and CaCl2
(1.1 mM) was used. Ringer’s solution was used as the perfusion solution
for in vivo microdialysis. The Ringer’s solution was prepared by mixing
NaCl (147 mM) and CaCl2 (4.4 mM) into deionized water. All aqueous
solutions used in the experiments were prepared with deionized water
(18.2 MΩ·cm, Millipore).

Instrumentation. PowderX-ray diffraction (XRD)datawere collected
on an ARL SCINTAG X’TRA diffractometer by using Cu Kα radiation
(Thermo). Transmission electron microscopy (TEM) was performed
on a JEOL 2100F or FEI TF-20 transmission electron microscope at
an acceleration voltage of 200 kV. UV−visible absorption spectra were
collected on a UV−visible spectrophotometer with a 1.0 cm quartz cell
(Beijing Purkinje General Instrument Co. Ltd., China). Raman spectra
were obtained on an Advantage Raman spectrometer (Japan) with a
633 nm laser.

Preparation of MIL-101 and AuNPs@MIL-101. (a) Water-
soluble MIL-101 was synthesized as follows.61,62 A 14.4 mL amount of
aqueous solution containing Cr(NO3)3·9H2O (1200 mg, 3 mmol),
hydrofluoric acid (0.6 mL, 3 mmol), and H2BDC (492 mg, 3 mmol)
was added in a hydrothermal autoclave reactor, which reacted at 220 °C
for 8 h. The green product and crystallized H2BDC byproduct were
obtained after natural cooling. The product was purified by washing with
DMSO. The purified light green product was dried at 80 °C under
vacuum for further experiments. (b) AuNPs@MIL-101 was prepared
by a solution impregnation strategy.53 Briefly, 50 mg of MIL-101 was
suspended in 30 mL of 0.1% (w/v) HAuCl4 aqueous solution and was
kept under continuous stirring at 45 °C for 2.5 h. Then, the solution was
heated to vigorous boiling, followed by quick injection of 220 μL of 30%
or 10% (w/v) sodium citrate and further stirring for another 40 min at
boiling. After cooling, the AuNPs@MIL-101 products with small-sized
and medium-sized AuNPs were collected and purified by centrifugation.
The two AuNPs@MIL-101 products were named s-AuNPs@MIL-101
and m-AuNPs@MIL-101, respectively. The AuNPs@MIL-101 with
large-sized AuNPs (called l-AuNPs@MIL-101) was obtained by a seed-
mediated growth method using m-AuNPs@MIL-101 as the seeds.
A 2 mL amount of 10 mg/mL seeds was suspended in 12.5 mL of
2.8 mM NH2OH·HCl aqueous solution and kept under vigorous
stirring. Then 150 μL of 50 mM HAuCl4 was added into the above
solution, which was further stirred for another 30 min. The l-AuNPs@
MIL-101 was collected and purified by centrifugation.

Citrate-protected AuNPs were prepared with the same method as
AuNPs@MIL-101 without adding MIL-101. Citrate-protected AgNPs
were synthesized according to a literature method.51

Preparation of AuNPs@MIL-101@oxidases Integrative Nano-
zymes. A 10 mg sample of AuNP@MIL-101 was redispersed in 900 μL
of buffer (50 mM Tris-HCl, pH = 7.0); then 20, 50, 100, or 200 μL of

Table 2. Glucose and Lactate in Normal and Tumor Tissues

glucose/μM lactate/μM

normal 82 15
80 12.9
88 20.5

tumor 192
89

4.2 282
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10 mg/mL GOx (or LOx) was added to the solution. The resulting
mixture was thoroughly mixed and further incubated at 28 °C for 2 h.
After centrifugation at 4000 rpm for 5 min to remove the unassembled
GOx (or LOx), ∼10 mg/mL integrative nanozymes loaded with
different amounts of oxidases were obtained.
AuNPs@MIL-101 for Catalytic Oxidation of Caged Raman

Reporters and for SERS Measurements. For a typical test, 10 μL of
10 mg/mL AuNPs@MIL-101 was added into 50 mM Tris-HCl buffer
(pH = 7.0) containing H2O2 (3 μL, 100 mM) and LMG (50 μL,
25 mM). The final volume of the mixed solution was adjusted to 1 mL
with the buffer. The mixture was then incubated at 37 °C for 30 min and
used for SERS measurements.
In Vitro Glucose and Lactate Measurement with AuNPs@MIL-

101@oxidases Integrative Nanozymes. Typically, different con-
centrations of glucose (or lactate) and AuNPs@MIL-101@GOx
(or AuNPs@MIL-101@LOx) were added into 50 mM Tris-HCl buffer
(pH = 7.0) containing LMG. The final volume of the reaction solution
was adjusted to 1 mL. The final concentration of the integrative
nanozymes was 100 μg/mL, and the final concentration of LMG was
200 μM. After incubation for 90 min (at 45 °C for glucose and 37 °C for
lactate), the SERS spectra of the reaction solutions were recorded.
Living Brain Ischemia and Reperfusion Surgery. All the animal

studies were approved by the Committee for Experimental Animals
Welfare and Ethics of Nanjing Drum Tower Hospital, the Affiliated
Hospital of Nanjing University Medical School. Male adult Sprague−
Dawley rats (250−300 g) were obtained from Jiesijie Laboratory Animal
Co. (Shanghai, China). The living brain ischemia and reperfusion surgery
of rats was performed following our previous protocols.56 Briefly, global
ischemia (2 h) and reperfusion (2 h) were induced by occluding both
carotid arteries with nontraumatic arterial clips for ischemia and then
removing the clips for reperfusion. During the surgery, aCSF solution
was continuously perfused at 2 μL/min. The samples were collected with
a microdialysis probe and diluted by a factor of 10 for further SERS
measurements by the integrative nanozyme.
ATX Pretreatment. To study the therapeutic effects of ATX, six rats

were randomly divided into two groups. One group (group I) was fed
with food and water, while the other group (group II) was not only fed
with food and water but also intraperitoneally injected with ATX
(10 mg/kg/day) for 7 consecutive days before the ischemia/reperfusion
surgery. Four hous before the surgery, group II received ATX (10mg/kg)
treatment once again.
Measuring Glucose and Lactate Metabolism in Normal and

Tumor Tissues.Mice bearing xenografted human colon tumors (from
CT-26 cells) were chosen as the tumor model. When the tumor sizes
were ca. 200−250 mm3, the samples were collected from the tumor
using a microdialysis probe. Specifically, a guide needle (0.4 × 40 mm)
was intracutaneously inserted into the tumor with a depth of 1−2 mm
from the epidermis surface. A linear microdialysis probe (CMA 30) was
then carefully inserted through the needle. After carefully removing the
needle, the linear microdialysis probe was kept in the tumor for sample
collection. The sample collection was performed by perfusing Ringer’s
solution at 1 μL/min. Before the microdialysis sample collection, the
perfusion was run for at least 90 min for equilibration. The samples of
normal tissues were collected from the same position of healthy mice
under the above referred conditions.
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