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Abstract
A fluorometric and magnetic resonance (MR) dual-modal detection scheme is presented for determination of ascorbic acid (AA).
It is based on the use of a blended Au/MnO2@BSA mixture that was prepared via a biomimetic strategy, using bovine serum
albumin (BSA) as the template at physiological temperature. The MnO2@BSA fraction (one part of the composite) is not
susceptible to MR but can be degraded to MR-active compounds upon a redox reaction with even ultralow concentrations of
AA. In parallel, the blended Au/MnO2@BSA recovers its fluorescence because MnO2@BSA acts as a quencher of the fluores-
cence of circumjacent Au@BSA (the other part of the composite). Fluorescence typically is measured at excitation/emission
wavelengths of 470/625 nm. Leveraging on this redox reaction between MnO2 and AA, a dual-mode detection scheme for AA
was developed. Both the fluorescence and theMR signal increase with the concentration of AA. The lowest limit for the detection
of AA is 0.6 μM in the fluorometric mode and 0.4 μM in the MR mode. Analysis of AA-spiked serum samples showed that the
recoveries obtained by either the fluorometric and MR mode can reach 94%. This is the first report of the use of blended
nanoparticles with their inherent cross-validation regularity.
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Introduction

Ascorbic acid (AA, also known as vitamin C) plays important
roles in many metabolic processes [1–3]. It is vital to develop

detectionmethods of AA in pharmaceutical preparations, food
products, and clinical diagnosis. Various analytical ap-
proaches have been developed for detecting AA, such as fluo-
rometry [4], chemiluminescence [5], and electrochemical
method [6–8], of which fluorometry has attracted more atten-
tion because of their outstanding sensitivity and rapid imple-
mentation [9]. Fluorescent detecting probes for AA were
formed with different sensors, such as quantum dots [10],
up-conversion materials [11], rare earth persistent lumines-
cence nanoparticles [12], and Au nanoclusters [13].
Although fluorescent methods own numerous virtues, any
single detection mode has its inherent limitations. Thus, it is
remarkable to improve the detection performance of fluores-
cent methods by combining with other complementary mea-
suring strategies. MR-based assay is homogeneous, light-in-
dependent, and easy to operate compared to colorimetric assay
and fluorometry [14]. Consequently, fluorescence/MR dual-
modal strategy is considered to be a promising approach to
acquire more accurate clinical diagnosis information [15, 16].
For instance, Xu et al. developed a magnetic/fluorometric bi-
modal sensor for GSH based on CDs-MnO2 platform [16].
Chen et al. compounded Eu(DPA)3/Gd(DPA)3@Lap as MR/
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fluorescence dual-modal sensor for AA detection [15].
Nevertheless, these functional materials were synthesized by
complicated chemical steps, which hamper their future bio-
medical applications due to their environmentally unfriendly
characteristics and poor reproduction. It also should be point-
ed out that few interactions existed in the reported sensing
materials in the dual-modal detection. Thus, the development
of measuring strategies using cross-validation of dual-modal
detection based on eco-friendly materials is of great
importance.

Inspired by bio-mineralization, a green process that em-
ploys peptides or proteins as bio-templates to synthesize
inorganic nanoparticles has been observed. Compared with
traditional chemical strategies, this strategy presents mul-
tiplicity of advantages, including milder synthesis condi-
tions, no organic solvents, good bio-compatibility and re-
production [17, 18]. Bovine serum albumin (BSA) has
been demonstrated a good template to prepare inorganic
nanoparticles for biomedical applications [19, 20]. By
using this bio-mimetic strategy, our group has successfully
prepared a series of function nanoparticles for bio-imaging
applications, such as the positive blood pool contrast agent

with high relaxivity and a prolonged imaging time window
[21], tiny tumor bimodal targeted imaging in vivo [22], and
photoacoustic/MR imaging-guided tumor-targeted
photothermal therapy [23]. The above nanoparticles were
formed in a single particle state, even for those multi-
functional nanoparticles.

Hence, we describe a BSA-mediated strategy for biomi-
metic synthesis of blended Au@BSA and MnO2@BSA
mixture nanoparticles, denoted Au/MnO2@BSA, in a
one–pot manner for fluorometric/MR dual-modal cross-val-
idation detection of AA in human serum. As outlined in
Scheme 1, in the absence of AA, the red luminescence at
625 nm wavelength of Au@BSA can be efficiently
quenched by the circumjacent MnO2@BSA. However, in
the presence of AA, the red luminescence of Au@BSA
recovers due to the degradation of MnO2@BSA by AA,
and particularly, MR is activated along with the degrada-
tion of the original MR-inert MnO2@BSA into MR-active
compounds. Based on measuring the changes of fluores-
cence and MR signals, the involved AA concentration can
be calculated in a cross-validation dual-modal detection
fashion.

Scheme 1 Schematic of biomimetic synthesis of blended Au/MnO2@BSA and the process of detecting AA
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Experimental section

Materials

Manganese chloride tetrahydrate (MnCl2·4H2O), sodium hy-
droxide, and N-Ethylmaleimide were purchased fromAladdin
Reagent Co., Ltd. (Shanghai, China, www.aladdin-e.bioon.
com.cn). Bovine serum albumin (BSA) was purchased from
Alfa Aesar China Co., Ltd. (www.alfachina.cn).
HAuCl4·4H2O was bought from HWRK Chem Co., Ltd.
(Beijing, China, www.hwrkchemical.com). L-ascorbic acid,
Tris-acetate-EDTA, and other salts were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China,
www.reagent.com.cn). Agarose gel was purchased from
Yeasen Biotech Co. Ltd. (Shanghai, China, www.yeasen.
com). All chemicals were used without further purification.
Deionized water (18.2 MΩ·cm resistivity at 25 °C) was used
throughout the entire experiments.

One-pot biomimetic synthesis of blended
Au/MnO2@BSA nanoparticles

Briefly, 125 mg of BSAwas dissolved in 50 mL of ultrapure
water, then 0.25 mL of 100 mM MnCl2·4H2O and 1 mL of
HAuCl4·4H2O (25 mM) were added into above solution slow-
ly under stirring at 37 °C. Three minutes later, 0.5 mL of
NaOH (1 M) was injected into the reaction flack, maintained
at 37 °C for 12 h. Finally, the product was dialyzed against
deionized water for 24 h to remove excess precursors.

Biomimetic synthesis of individual Au@BSA
and MnO2@BSA nanoparticles

Au@BSA nanocluster was synthesized following the report-
ed method [24]. The synthetic method of MnO2@BSA nano-
particle is similar to that of the blended Au/MnO2@BSA.
The experimental procedures are provided in the supporting
information.

Material characterizations

The size and morphology of nanoparticles were obtained by
transmission electron microscopy (TEM, G2 F20, Tecnai).
The photoluminescence spectra and UV − visible absorption
spectra weremeasured using LS-55 fluorescence spectrometer
(PerkinElmer) and Cary 50 UV-vis spectrophotometer
(Varian), respectively. Hydrodynamic diameter and size dis-
tribution of nanoparticles were measured by a dynamic light
scattering (DLS) analyzer (nano-ZS, Malvern). The relaxation
times were measured on a 1.5 T minispec mq 60 NMR ana-
lyzer (Bruker, Germany). The X-ray photoelectron spectros-
copy (XPS) measurements were performed using a PHI-5000

CESCA system (PerkinElmer) with radiation from an Al Kα
(1486.6 eV) X-ray source.

Colloidal stability studies

The nanoparticles ware dispersed in ultrapure water and phos-
phate buffered saline (pH 7.4), respectively. Stability studies
were evaluated by monitoring the changes of size distribution,
UV-vis absorption, fluorescence intensity and longitudinal re-
laxation time (T1).

Gel electrophoresis analysis

Briefly, 5 μL of the solution of Au@BSA, MnO2@BSA, the
blended Au/MnO2@BSA and Au@BSA +MnO2@BSAwere
loaded onto a 2% agarose gel respectively. Subsequently, the
electrophoresis experiments were carried out in 1 × Tris-ace-
tate-EDTA (TAE) at 80 V for 60 min. Finally, the imaging of
the gel was obtained by a digital camera.

The sensitivity study of blended Au/MnO2@BSA
for AA detection

1 mL of the blended Au/MnO2@BSA aqueous solution
(2 mg/mL) was added to a centrifuge tube, and then 1 mL of
AA solution with different concentrations (0, 4, 8, 20, 40, 80,
100, 200, 400 and 600 μM) was slowly titrated. The changes
of fluorescence spectra and relaxation times of the mixture
were recorded after reaction, respectively.

The selectivity study of blended Au/MnO2@BSA
for AA detection

To evaluate the selectivity of blended Au/MnO2@BSA for AA
detection, the responses of blended Au/MnO2@BSA were in-
vestigated by adding various interfering substances including L-
glutamine (L-Gln), Glucose (Glc), L-alpha-Alanine, L-Alanine,
L-Histidine (L-His), Cysteine (Cys), Glutathione (GSH), Cu2+,
Na+, Ca2+, K+, Mg2+, and Fe3+ to 1 mL of blended Au/
MnO2@BSA solution (2 mg/mL), respectively. The changes
of fluorescence spectra and relaxation times of the mixture were
recorded, respectively. The concentrations of Cu2+, L-Gln, Glc,
L-alpha-Alanine, L-Alanine, L-His, Cys, and GSH were
0.1 mM, while Na+, Ca2+, K+, Mg2+, Fe3+ were 1 mM.

Detection of AA in human serum

To evaluate the detection efficiency of Au/MnO2@BSA in
actual samples, serum samples collected with heparin antico-
agulant technology were diluted 15-fold and added NEM
(1.35 μM). Then, serum sample (1 mL) was mixed with
1 mL of Au/MnO2@BSA aqueous solution (2 mg/mL) to
obtain the original content of AA under fluorescence and

Microchim Acta (2019) 186: 89 Page 3 of 9 89

http://www.aladdin-e.bioon.com.cn
http://www.aladdin-e.bioon.com.cn
http://www.alfachina.cn/
http://www.hwrkchemical.com
http://www.reagent.com.cn
http://www.yeasen.com
http://www.yeasen.com


MRmode. Finally, the serum samples were added into differ-
ent concentrations of AA (5, 10, and 15 μM), followed by be
measured again to calculate sample recovery rate.

Results and discussion

Preparation and characterizations of blended
Au/MnO2@BSA

Blended Au/MnO2@BSAmixture nanoparticles were synthe-
sized by a one-pot biomimetic mineralization approach. The
detailed reaction mechanism is discussed in literatures [25,
26]. In order to reveal the formation process of the blended
Au/MnO2@BSA, we monitored the change of UV–vis ab-
sorption and fluorescence spectra of at different time points
(2 min, 5 min, 10 min, 1 h, 2 h, 6 h, and 12 h). The UV–vis
absorption spectra shown in Fig. S1 in the electronic
supporting information show a comparison with the

absorbance spectrum of BSA. The formation of a new absorp-
tion band between 300 and 450 nm is observed after 5 min.
The steady increase while the reaction continues is attributed
to the surface plasmon absorbance of MnO2 [27]. Then, their
corresponding fluorescence spectra were also recorded (Fig.
S2, supporting information). After 6 h, it was found an emis-
sion peak at 625 nm detected under excitation at 470 nm, and
this emission goes up along with the reaction time.

By lyophilized, the obtained light brown flocculent powder
can be easily redissolved in ultrapure water (Fig. 1a inset). The
corresponding transmission electron microscope (TEM) im-
age displays Au@BSA and MnO2@BSA are blended in the
field (Fig. 1a). Further TEM characterizations show
Au@BSA and MnO2@BSA nanoparticles have different
sizes, namely, 1–2 nm of Au@BSA and 20–25 nm of
MnO2@BSA (Fig. S3A and S3B). Based on the measurement
of interplanar distances, we can confirm that the co-existence
of Au@BSA and MnO2@BSA nanoparticles. The blended
state of nanoparticles was also verified by a DLS analyzer. It

Fig. 1 Characterizations of the blended Au/MnO2@BSA. a TEM image
of blended Au/MnO2@BSA. Inset: Digital photographs of lyophilized
powder of Au/MnO2@BSA and its redissolved solution in water. b
Size and distribution of BSA and the blended Au/MnO2@BSA. c UV-
vis absorption spectrum of BSA and the blended Au/MnO2@BSA. d The
digital photographs of the blended Au/MnO2@BSA solution before and

after centrifugation (the upside: under an incandescent lamp, the bottom:
under a UV lamp). e Gel electrophoresis after 30 min and 60 min of
running time were photographed under a UV lamp excitation (from left
to right: Au@BSA, MnO2@BSA, Au +MnO2 and the blended Au/
MnO2@BSA)
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shows a double-peak pattern, which appoints to Au@BSA
(the smaller size) and MnO2@BSA (the larger size) (Fig.
1b). The UV-vis absorption spectrum of the blended Au/
MnO2@BSA is shown in Fig. 1c. It has at least two charac-
teristic peaks, which belong to the BSA (around 280 nm) and
MnO2 (around 300 nm–450 nm), respectively. The valence
states of Au and Mn elements in the blended nanoparticles
were investigated by XPS. Fig. S4A shows the survey of
XPS spectrum of the blended Au/MnO2@BSA, and clearly
presents the co-existence of Au and Mn elements in the sam-
ple. Fig. S4B shows that the core-level XPS spectrum of Au
4f7/2 consists of two components at 84.0 eVand 85.0 eV (red
and pink). These can be assigned to Au(0) and Au(I) respec-
tively [24, 28]. The binding energies of Mn centered at
653.8 eV and 642.4 eV (Fig. S4C), corresponding to Mn(IV)
2p 1/2 and Mn (IV) 2p 3/2 spin–orbit peaks of MnO2 [29].

In order to intuitively disclose the blended state of Au/
MnO2@BSA, we first used centrifugation to separate the
Au@BSA fromMnO2@BSA by leveraging on the difference
in their density. As shown in the Fig. 1d, the original uniform
blended solution in appearance is clearly divided into two
parts after centrifugation at 13800 rpm for 30 min. The upper
supernatant is the solution of Au@BSA, while the under sed-
iment layer is the solution of MnO2@BSA. Under a UV lamp
excitation, we can distinctly observe bright fluorescent emis-
sion of the upper layer and none-emission of the down layer.
Interestingly, compared with the unseparated solution, the su-
pernatant solution after centrifugation has much stronger fluo-
rescence signal. Based on this evidence, we believe that
Au@BSA and MnO2@BSA individually exist in the original
solution. Because of the quenching effect of MnO2@BSA,
fluorescent Au@BSA in the original solution has weak fluo-
rescence, but after separation from each other, its fluorescence
recovers. To be doubly sure, gel electrophoresis was used to
further prove the mixed state of Au/MnO2@BSA in another
side. Gel electrophoresis technique has been reported to be
used to sort nanoparticles [30–32]. As shown in the Fig. 1e,
blended Au/MnO2@BSA run in 2% agarose gel in 1 × TAE
(Tris-borate EDTA) buffer together with the mixed solution of
Au@BSA and MnO2@BSA (Au +MnO2), MnO2@BSA so-
lution and Au@BSA solution. The result shows a clear sepa-
ration of Au@BSA (red) from the MnO2@BSA (brown) in
the blend Au/MnO2@BSA lane.

Stability analysis

The stability assessment of the blended Au/MnO2@BSAwas
investigated through incubation with DI water and phosphate-
buffered saline (PBS) over 7 days. As presented in Fig. S5A
and S5B, the hydrodynamic diameter of the blended Au/
MnO2@BSA is stable. The UV − vis absorption spectra of
the blended Au/MnO2@BSA also remain almost unchanged,
which is shown in the Fig. S5C and S5D. Taken together,

these results suggest the good colloidal stability of the blended
nanoparticles for at least 7 days. As displayed in Fig. S5E, the
fluorescence intensity at 625 nm of the blended Au/
MnO2@BSA remained almost unchanged, and the corre-
sponding fluorescent emission spectra was shown in the Fig.
S6. Moreover, no significant change is observed in longitudi-
nal relaxation times (T1) (Fig. S5F). So, we think this good
stability of the blended Au/MnO2@BSA is beneficial to their
biomedical applications.

Response capability study for AA

The component of MnO2@BSA in the blended solution can
react with AA, resulting in the degradation of MnO2@BSA
nanoparticles into Mn2+. This format transform can be
reflected on the changes of size, UV-vis absorption spectrum,
fluorescent emission and relaxation rate. Thus, we used these
four physical signals to assess the response capability of the
blended Au/MnO2@BSA for AA.

After addition of AA, the size of the blended Au/
MnO2@BSA is reduced to the size of Au@BSA, as shown
in Fig. 2a, suggesting an efficient degradation ofMnO2@BSA
by AA. Moreover, the appearance color turns to be almost
transparent after addition of AA, as shown in the inset of
Fig. 2a. UV-vis absorption spectra further reveal the collapse
of MnO2@BSA in the blended solution by AA, in which the
characteristic absorption band at 300 nm–450 nm of the
MnO2@BSA disappears after addition of AA, while the ab-
sorption band at 280 nm has no noticeable change (Fig. 2b). It
can be therefore concluded that in the presence of AA,
MnO2@BSA is reduced to Mn2+, leading to small size and
vanishing of the absorption peak of MnO2. Concurrently, the
fluorescent emission is significantly recovered as shown in
Fig. 2c. This emission enhancement is attributed to the degra-
dation of MnO2@BSA, resulting in the disappearance of the
quenching effect on Au@BSA. Particularly, the longitudinal
relaxation rate (r1) is improved to 11.245 mM−1•s−1 in the
presence of AA from that of original blended solution (r1 =
2.4749 mM−1•s−1), as shown in Fig. 2d. The MR enhance-
ment is due to the degradation of MR-inert MnO2@BSA into
MR-active Mn2+ and its further binding with macromolecular
BSA [31]. The corresponding T1-weighted MR images (Fig.
2e) and their relative quantified signal intensities (Fig. S7 in
supporting information) are provided.

Optimizing the detecting conditions

In order to measure the precise AA concentration, the concen-
tration of the Au/MnO2@BSA and detection time were opti-
mized. 1 mL of the blended Au/MnO2@BSA with different
concentrations (0.5, 1, 2, 4, and 8 mg/mL) were used to detect
AA (100 μM), respectively. This concentration of AA is chosen
for testing because it is reported that the concentrations of AA in
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the human serum range from 20 μM to 100 μM [14]. As pre-
sented in Fig. S8A and S8B, the fluorescence intensities at
625 nm and longitudinal relaxation time (T1) of Au/
MnO2@BSA gradually increased in the range of 0 to 2 mg/
mL, and then show a downtrend. This result indicated that the
optimized Au/MnO2@BSA concentration was 2 mg/mL under
fluorometric or MR mode. Then, 1 mL of the blended Au/
MnO2@BSA (2 mg/mL) were used to detect AA (100 μM) to
optimize the detection time from10min to 12 h. As shown in the
Fig. S8C and S8D, 8 h is need for the completion of the reaction.

Admittedly, we should figure out how to shorten the detection
time, that is what we will focus on in the near future work.

Sensitivity and selectivity study

Under the optimized experimental conditions, the sensitivity
was investigated by incubating the blended Au/MnO2@BSA
with different concentrations of AA. As shown in Fig. 3a, the
color of the reaction solution gradually fades and a gradient
fluorescence recovery is observed along with the increased

Fig. 2 The response capability of the blended Au/MnO2@BSA for AA.
The changes of size (a), UV-vis absorption spectrum (b), fluorescent
emission (c), and relaxation rate (d). e The T1-weighted MR images

and pseudo-color-map of the blended Au/MnO2@BSA at varying Mn
concentrations ranging from 0 to 0.1645 mM (the left: in the absence of
AA, the right: in the presence of AA)

Fig. 3 Studies on sensitivity of blended Au/MnO2@BSA for AA
detection in fluorometric/MR modes. a Color changes of the blended
Au/MnO2@BSA solution under an incandescent lamp and a UV lamp
excitation. b The growing values of fluorescence intensity. c Plotting the
value of (F-F0)/ F0 against AA concentration over the range from 0 to

100 μM. d Under the MR mode, the T1-weighted MR images and false-
color-map of the blended Au/MnO2@BSA added with varying AA con-
centrations (4, 8, 20, 40, 80, 100, 200, 400, and 600 μM) plus water. eThe
growing values of 1/T1. (F) Plotting the value of (1/T1–1/T0)/(1/T0) with
AA concentration range from 0 to 100 μM
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AA concentration ranging from 0 to 600 μMunder a UV lamp
excitation. The corresponding fluorescence spectra are exhib-
ited in Fig. S9. The growing values (F-F0) of fluorescence
intensities are plotted in Fig. 3b. And we found a good linear
relationship between the values of (F-F0)/F0 and the concen-
tration of AA ranging from 0 to100 μM, in which F0 and F are
the fluorescence intensities (λex/λem = 470/625 nm) in the ab-
sence and in the presence of AA respectively (Fig. 3a). The
regression equation is (F-F0)/F0 = 0.0094 + 0.0131CAA (CAA

is the concentration of AA) with a correlation coefficient of
0.9932. The limit of detection (LOD) for the detection of AA
was estimated to be 0.6 μM according to the definition of
LOD = (3σ/k) where σ is the standard deviation of blank mea-
surements (n = 10) and k is the slope of the calibration plot
[33]. The detection on the MR mode shows high consistency
with that on fluorometric mode. Much similarly, after reaction
with AA, the degraded Au/MnO2@BSA shows MR enhance-
ment, and the MR signal intensity is positively relevant to the
concentration of the added AA (Fig. 3d). Their relative signal
intensities and the growing values of 1/T1 are exhibited in Fig.
S10 and Fig. 3e. Also, a good linear relationship is obtained at
the same AA concentration range (0 to 100 μM) with a cor-
relation coefficient 0.9964 (Fig. 3f). The LOD for the detec-
tion of AAwas calculated to be 0.4 μM. It is worth noting that
when the concentration of AA is greater than 400 μM in the
reaction, the growing value experiences a slight downward
trend. As we know that the degraded Mn2+ ions can be che-
lated by BSA. This macromolecular binding limits the Mn2+

ions rotation, resulting in significant improvement in relaxa-
tion rate. However, the extra free AA can compete for Mn2+

ions from BSA-Mn2+ complex since it also has free carboxyl
groups. But we should also know that the resultant AA-Mn2+

complex has much lower relaxation rate because the capability
of small molecular AA in limiting rotation is much weaker
than that of macromolecular BSA [34].

Besides sensitivity, the selectivity of the blended Au/
MnO2@BSA is another key property for human serum

detection application. The selectivity study of the blended Au/
MnO2@BSA for AA was evaluated by monitoring the both
changes of the fluorescence intensity and longitudinal relaxa-
tion rate (1/T1). Firstly, the blended Au/MnO2@BSAwas incu-
bated with various biologically relevant metal ions, amino acids
and redox species, respectively. As shown in Fig. 4a and b, no
significant changes are observed in either the fluorometric
mode or in MR detection mode, except for Na2S, cysteine,
and GSH. Fortunately, the impacts of these three interferents
are further effectively inhibited by adding N-ethylmaleimide
(NEM) which commonly used as a scavenger, can exclusively
react with sulfhydryl compound and eliminates the interference
effectively [35]. After adding NEM (0.3 mM), Au/
MnO2@BSA is no longer responsive to Na2S, cysteine, and
GSH, but its response to AA is not affected.

The above results collectively show that the blended Au/
MnO2@BSA have good stability, high sensitivity, in detecting
AA under fluorometric and MR mode. Particularly, these two
detection modes are highly interacted, providing a cross-
validation dual-modal accurate detection.

Cross-validation detection of AA in human serum
under fluorometric/MR dual modes

The feasibility of the practical application of the blended Au/
MnO2@BSA was demonstrated in the detection of AA in
human serum (1/15, v/v) treated by NEM (1.35 μM). By a
standard addition method to estimate the concentration of AA
in dilute human serum, of which the original concentration of
AA in serum was calculated to be 72.343 μM (fluorometric
mode) and 89.581 μM (MR mode), respectively. Different
concentrations of AA (5, 10, and 15 μM) were spiked respec-
tively into human serum. Finally, the fluorescence and relax-
ation were measured and compared with the standard AA
solution. As shown in the Table 1, under the fluorometric
mode, the recoveries of the spiked AA are from 94% to
106%. Under the MR mode, the recoveries are from 107%

Fig. 4 Selectivity of blended Au/MnO2@BSA for AA detection in
fluorometric/MR modes. Under the fluorometric mode (a), and the MR
mode (b), selectivity of the blended Au/MnO2@BSA towards AA or
other biological species (Cu2+, Ca2+, Fe2+, Mg2+, K+, Na+, Na2S, L-
Gln, Glc, L-alpha-Alanine, L-Alanine, L-His, Cys and GSH). The

concentrations of Cu2+, L-Gln, Glc, L-alpha-Alanine, L-Alanine, L-His,
Cys, and GSH were 0.1 mM, while Na+, Ca2+, K+, Mg2+, Fe3+ were
1 mM. The N-ethylmaleimide (NEM) concentration was 0.3 mM. Error
bars represent the standard deviations of three repetitive experiments
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to 116%. These satisfactory recovery values demonstrate the
good potential applicability of the blended Au/MnO2@BSA
for the quantitative detection of AA in the biological samples.
We summarized published fluoroscopic probes for AA detec-
tion and made a brief comparison with this work. From
Table S1, it is easy to find that for the first time, this work
proposes a green one-pot synthesis method that can achieve
fluorometric/MR dual-modal cross-validation AA detection at
the same time.

Conclusions

In summary, blended Au/MnO2@BSA nanoparticles are syn-
thesized via a one-pot albumin-mediated biomimetic minerali-
zation strategy. This green chemistry can concurrently generate
uniform fluorescent Au@BSA and MR-switchable
MnO2@BSA nanoparticles. Comparing with other synthetic
methods, this approach is environmentally benign and straight-
forward. The blended Au/MnO2@BSA nanoparticles show
AA-induced cross-validation response in fluorometric/MR dual
modalities, resulting in fluorometric/MR signal enhancements.
Particularly, these dual enhancements are found to be positively
correlated with the AA concentration. Based on this principle,
the blended Au/MnO2@BSA demonstrates good performance
in the detection of AAwith high sensitivity and selectivity in a
cross-validation fluorometric/MR dual-modal detection fash-
ion. Besides, there are still many challenges for AA imaging
due to the interferences from complex components in the cells
and living tissues. Thus, the specific responsiveness of
nanoprobes to AA still needs to be improved.
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