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Abstract Gold nanoclusters (AuNCs) stabilized with bo-
vine serum albumin were utilized as a fluorescent probe for
ferrous ion. The detection scheme is based on the
quenching of the fluorescence of the modified AuNCs by
hydroxyl radical (*OH) that is generated in the Fenton re-
action between Fe(Il) and H,O,. Fe(Il) can be quantified in
the 0.08 to 100 uM concentration range, and the limit of
detection is as low as 24 nM. The method also displays
good accuracy and high sensitivity when employed to the
determination of Fe(Il) in rat cerebrospinal fluids (CSFs).
When applied to CSFs of a rat model of Alzheimer’s dis-
ease, it revealed enhanced levels of Fe(II) compared to a
control, thereby showing the important physiological role
of iron(Il) in this disease.
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Introduction

Iron is the most affluent metal ion in cellular systems and of
outstanding significance owing to its essential roles in biolog-
ical systems [1]. Almost all cells employ iron ions as a cofac-
tor for fundamental biochemical activities, such as oxygen
transport, energy metabolism and DNA synthesis, based upon
its ability to switch between the two most common redox
states: ferrous, Fe(I) and ferric, Fe(Il) [2]. Disruptions in iron
homeostasis from both iron deficiency and overload account
for some of the most common human diseases, such as ane-
mia, Parkinson’s syndrome, Alzheimer’s disease and cancer
[3]. Determination of iron content in biological systems is thus
helpful for the diagnosis of some relevant diseases. However,
much effort have been focused on the more stable and preva-
lent oxidation state, Fe*”, and various probes specific for it
have been reported [4, 5]. On the other hand, powerful method
for detection of chemically more reactive species, Fe?, is
rather limited.

The emergence of new kinds of fluorescent nanomaterials
such as gold nanoclusters (AuNCs) is now generating new
opportunities for targeting applications [6]. AuNCs [7] typi-
cally consist of several tens to a hundred of gold atoms, with
small size regime comparable to Fermi wavelength of the
conduction electrons. Since the continuous density of states
breaks into discrete energy levels, AuNCs exhibit molecule-
like properties in absorption and fluorescence [8]. Particularly,
protein-templated AuNCs have attracted special attention due
to their facile synthesis, strong fluorescence emission, high
photostability, non-toxicity and high biocompatibility [9].
They have been studied widely, and free bilirubin [10] in
blood serum samples and pathogenic bacteria [11] were de-
tected using human serum albumin encapsulated gold
nanoclusters (HSA-AuNCs). Some other biologically impor-
tant molecules such as cystatin C [12], biothiols [13], glucose
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[14], cysteine [15], xanthine [ 16], acetylcholinesterase activity
[17] etc. have been successfully determined with bovine se-
rum albumin-stabilized gold nanoclusters (BSA-AuNCs). Cy-
anide [18] and mercury ion [19] have also been determined
based on the quenching of BSA-AuNC fluorescence.

In an investigation aimed at the development of a conve-
nient and cost-effective procedure for assay of Fe*" in biolog-
ical and related circumstances, we established a fluorometric
method with biocompatible BSA-AuNCs for the determina-
tion of ferrous ion. It is proven that the fluorescence of BSA-
AuNC:s is quenched by hydroxyl radical (*OH) [20], which is
produced in the Fenton reaction between Fe?" and H,O,. Then
Fe*" can be determined by the amount of generated *OH
through fluorescent quenching. The method is sensitive, sim-
ple and rapid, and has demonstrated its feasibility by detecting
ferrous ion in cerebrospinal fluids (CSFs). Due to the impor-
tance of iron in inflammation and oxidative stress that occurs
with aging and, particularly, in Alzheimer’s disease (AD) [21],
we selected rat model of AD and determined ferrous ion in
CSFs. The results showed enhanced CSFs ferrous ion content
compared with control, which proved marked disease-
associated changes in the iron content of the AD brain.

Experimental
Chemicals and reagents

Bovine serum albumin (BSA) and ascorbate oxidase (AO)
were purchased from Sigma-Aldrich (http:/www.
sigmaaldrich.com). Chloroauric acid (HAuCl, - 4H,0),
ferrous chloride (FeCl,), sodium acetate trihydrate
(CH5COONa - 3H,0), acetic acid (CH3COOH), ascorbic
acid (AA) and hydrogen peroxide (H,O,) were purchased
from Sinopharm Chemical Reagent Co. Ltd. (http:/www.
sinoreagent.com). The stock solution of H,O, was freshly
diluted from 30 % solution. All other chemicals, such as
ferric chloride (FeCl;), were of analytical grade and used
without further purification. All solutions were prepared
with water purified by a Milli-Q Purification System (http://
www.merckmillipore.com/CN/en).

Synthesis and characterization of BSA-AuNCs

BSA-stabilized gold nanoclusters were synthesized in aque-
ous solution according to a previous publication [22]. In a
typical experiment, all glassware used in the experiments
was cleaned in a bath of freshly prepared aqua regia (HCI :
HNO;=3 : 1, V : V), and rinsed thoroughly with purified
water prior to use. 15.0 mL aqueous HAuCl, solution
(10 mM) was added to BSA solution (15.0 mL, 50 mg -
mL ") under vigorous stirring at 37 °C. Two minutes later,
1.5 mL of 1 M NaOH solution was introduced and the mixture
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was allowed to incubate at 37 °C under vigorous stirring for
24 h. The color of the solution changed from light yellow to
light brown, and then to deep brown. The solution was then
dialyzed using a Solarbio MD44 dialysis bag (Molecular
Weight Cut-off: 8000-14,000, www.shsolarbio.com) in 1 L
double distilled water for 48 h to remove unreacted HAuCl,
or NaOH, and the double distilled water was changed totally
every 12 h. The final solution was diluted to 200 mL with
purified water and stored at 4 °C in refrigerator. The
morphological characterization of BSA-AuNCs was per-
formed by high-resolution transmission electron microscopy
(HR-TEM), images were taken with a JEOL JEM2100F mi-
croscope operated at 200 kV (Japan electron optics laboratory
Co., Ltd, www.jeol.co.jp/en/). As for the synthesis
reproducibility of and characterization BSA-AuNCs, see
Electronic Supplementary Material (ESM).

Analytical procedures

The fluorescence measurements were performed on a Perkin
Elmer LS-55 spectrofluorometer (www.perkinelmer.com.cn)
equipped with a quartz cell (1 cm* 1 cm) in the fluorescence
mode. For fluorescence detection of Fe?", appropriate amount
of H,O, and different concentrations of ferrous ion were
added to an aliquot of 3 mL NaAc-HAc buffer (pH 5.70)
solutions containing BSA-AuNCs (400 pL), which were
placed in 5 mL colorimetric tubes. The mixtures were incu-
bated at room temperature for 5 min before the spectral mea-
surements. Finally, the fluorescence intensity of the test solu-
tion (F) and the blank solution (F,) were recorded, in which F
and F, are the maximum emission intensities of the BSA-
AuNCs system in the presence and absence of Fe’",
respectively.

Sample treatment and determination

Preparation of rat cerebrospinal fluids (CSFs) samples: Two
groups of Wistar female rats were used, that is, animal model
group of AD and control group (ESM). Each rat was anaes-
thetized with 0.8 mL of 3.5 % chloral hydrate dissolved in
normal saline [23], and the CSFs samples were collected using
a microinjector, whose needle was connected with a plastic
pipe terminated in another needle. The CSFs samples were
centrifugated at 1000 rpm for 5 min, the resulting supernatants
were collected for the following detection experiments.

As for the fluorescence detection of ferrous ion in biolog-
ical samples, appropriate amount of H,O, and different
amount of sample solution were added to an aliquot of 3 mL
NaAc-HAc buffer (pH 5.70) solutions containing BSA-
AuNCs (400 pL), plus certain amount of ascorbate oxidase
(AO), which were placed in 5 mL colorimetric tubes. Then
fluorescence intensity was recorded using the LS-55
spectrofluorometer.
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Data were expressed as the mean+standard deviation. All
experiments were repeated three times, and the data were cal-
culated with Microsoft Excel.

Results and discussion
The fluorescent probe design

Among noble-metal nanoclusters, BSA-AuNCs are more
prominent for bioanalysis due to their small size, excellent
stability and biocompatibility. The working principle of fluo-
rometric assay of Fe?" is schematically represented in
Scheme 1. BSA-AuNCs exhibit strong fluorescence, arising
from intraband transitions of free electrons of the BSA-
AuNCs [24]. In the presence of *OH, which is produced by
Fenton reaction between Fe** and H,0,, the fluorescence in-
tensity of the BSA-AuNCs can decrease significantly, attrib-
utable to the oxidation of Au(0) to Au(I) by *OH [20]. Thus it
is possible for us to fabricate a facile means with BSA-AuNCs
for the detection of Fe*" ion in the presence of H,0,.

Detection of Fe** using BSA-AuNCs as fluorescent probe

In order to establish the proof-of-concept for our bioassay
strategy outlined in Scheme 1, we conducted an experiment
and evaluated the fluorescence change resulted from the inter-
action between BSA-AuNCs and *OH. As can be seen from
Fig. 1, the emission spectrum of BSA-AuNCs (TEM image
showed the average size is about 2 nm, Electronic Supplemen-
tary Material, Fig. S1) displayed an emission peak at around
638 nm upon excitation at 490 nm. Addition of Fe?'/H,0,
significantly quenched the fluorescence of BSA-AuNCs,
while addition of Fe** or H,O, hardly changes the fluores-
cence of BSA-AuNCs. The photographs of the four samples
under UV light (inset, Fig. 1) also coincided with the fluores-
cence variation. The evolution of fluorescence intensity of the
four solutions mentioned above demonstrated the feasibility
of the strategy. The same effect was obtained as AuNCs dec-
orated silica particles described in reference [20], but the syn-
thesis of BSA-AuNCs is simpler, and no fluorescent dye is
needed. Consequently, the fluorescent procedure can be
established for the low-cost and simple detection of Fe*",
using biocompatible BSA-AuNCs as fluorescent probe.

The response of the fluorescent probe is usually affected by
the media pH, temperature, and the reaction time. Therefore,
in order to achieve sensitive detection of Fe?", effects of these
parameters were studied and optimized. pH is a crucial factor
for the detection system, and we find that stability of BSA-
AuNCs will change across pH range (Electronic Supplemen-
tary Material, Fig. S2) because of BSA denaturation, but the
fluorescence of BSA-AuNCs remains the highest when pH
ranges between 5.4 and 6.0. We then explored the effect of
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Scheme 1 Schematic illustration of fluorescent response of BSA-
AuNCs to *OH (which is produced by Fenton reaction between Fe?*
and HzOz)

pH on the fluorescence difference (AF=F, - F;) of BSA-
AuNCs in the absence (F,) and presence (F,) of Fe**. Corre-
spondingly, as shown in Fig. 2a, the fluorescence intensity
revealed the largest difference when pH of the media was in
the range of 5.5-6.0. In weak acidic media when pH was
below 5.5, AF increased with pH because of the decreased
extent of BSA denaturation which was used for the stabiliza-
tion of the gold nanoclusters; then such a difference reduced
gradually when pH was above 6.0, because of both the hydro-
lysis of Fe*" in neutral condition and BSA denaturation in
basic media. Investigation of the effect of temperature on the
fluorescence difference showed a temperature-dependent
manner, as illustrated in Fig. 2b, AF decreased with increased
temperature higher than 25 °C, owing to the decomposition of
H,0,. On the other hand, the reaction was rather rapid and AF
almost reaches the plateau only after 5 mins’ incubation (data
not shown). Therefore, to get a high sensitivity for detection of
Fe?*, a comparatively weak acidic media with the pH 5.7
(HAc-NaAc buffer, 0.1 M) and 5 min at room temperature
were chosen for further experiments.
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Fig.1 The fluorescence spectra of BSA-AuNCs with different substrates
(a) BSA-AuNCs only, (b) BSA-AuNCs with 100 pM Fe*', (c) BSA-
AuNCs with 25 uM H,0,, (d) BSA-AuNCs with 100 pM Fe?* and
25 ],lM H202
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Analytical parameters of the method

Under the optimum experimental conditions, the capabil-
ity of the fluorometric approach for the evaluation of Fe**
was investigated. Figure 3 displayed the fluorescence
spectra of BSA-AuNCs with 25 uM H,O, in the presence
of different concentrations of Fe?". As illustrated, the
fluorescence intensities decreased gradually with an in-
creasing concentration of Fe*". Linear ranges of Fe*" con-
centrations were obtained from 0.080 to 2.5 uM and from
5.0 to 100 uM with the limit of detection (LOD) down to
24 nM (Table 1). The corresponding regression equation
of the working curve, correlation coefficient (R?), relative
standard deviation of 1.0 and 20 uM Fe*" (RSD, sepa-
rately determined in parallel six times), LOD (calculated
by 3S,/k, which referred to the quotient between three
times of the blank reagent’s standard deviation where
S,=0.05, n=11, and & was the slope of the working curve)
and the limit of quantification (LOQ, calculated by 10S,/
k) of the fluorescent sensor were all listed in Table 1. We
also tested the stability of the method, and found that
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Fig. 3 Fluorescence responses of BSA-AuNCs to the coexistence of
25 uM H,0, and different concentrations (uM) of Fe**: 0, 5, 15, 30,
50, 60, 70, 85, 100 (from top to bottom)
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BSA-AuNCs still retained its initial sensitivity toward
Fe?" after 60 days’ storage at 4 °C in refrigerator. The
good long-term stability attributes to the excellent stabil-
ity of the AuNCs. Accordingly, with biocompatible fluo-
rescent probe of BSA-AuNCs, the present fluorometric
method can allow for the sensitive, repeatable and stable
evaluation of Fe*".

Selectivity of the fluorescent probe for Fe**

To evaluate the potential interference toward Fe*" detec-
tion with BSA-AuNCs, the fluorescence response of Fe**
(80 uM or none) together with BSA-AuNCs and 25 uM
H,0, was then investigated in the presence of competing
ions or biomolecules. As shown in Fig. 4, 5000-fold ex-
cess of Na™, 3000-fold excess of K*, 500-fold excess of
Ca®", Cr*" and Mg2+, 300-fold excess of Sn*", Pb>", 200-
fold excess of glucose (Glu), 100-fold excess of glutathi-
one (GSH), and 80-fold excess of cysteine (Cys), 50-fold
excess of Fe*", 6-fold excess of Mn?', 4-fold excess of
Cu?", the signal perturbation on Fe?" detection was gen-
erally less than = 5.0 % (Electronic Supplementary Mate-
rial, Fig. S3 showed the fluorescence spectra of BSA-
AuNCs together with 25 uM H,0, and different species).
Although Mn”*" and Cu®*" may interfere with the Fe*"
determination, their content are rather low under biologi-
cal circumstances (less than 10-fold of Fe*) [25], which
will not influence the accurate assay of Fe*". Besides, it
was observed that 2-fold excess of ascorbic acid (AA)

Table 1  Analytical figures of merit for Fe?* detection

Linear range R’
(uM)

Linear regression
equation (%)

RSD LOD LOQ
(nM) (nM)

023 24 80
031°

0.080-2.5
5.0-100

0.9962
0.9910

AF:O.25+6.125ferrous ion
AF=9.5+ 1.04Cferrous ion

a and b: relative standard deviation of AF corresponding with 1.0 and
20 uM Fe** | respectively
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Fig. 4 Selectivity of the fluorescent sensor for Fe>" over other
representative competing ions or biomolecules in aqueous solution.
Black column: fluorescence intensity of BSA-AuNCs with coexistence
of 25 uM H,0, in the absence of Fe**; red column: in the presence of
Fe**. Concentration: Na*, 400 mM; K*, 240 mM; Ca>*, Cr’" and Mg*",
40 mM; Sn?", Pb*", 24 mM; Fe*', 4 mM; glucose, 16 mM; GSH, 8 mM,;
cysteine, 6.4 mM; Mn?*, 480 uM; Cu®*, 320 puM; ascorbic acid, 160 uM;
The error bars represent the standard deviation of three measurements

would recover the fluorescence of the Fe?" detection sys-
tem, which was consistent with the results reported previ-
ously [26]. To eliminate the potential interference of AA
in biological samples, a specific enzymatic reaction [27]
was utilized in our experiments by the oxidation of AA to
DHA with enzyme ascorbate oxidase (AO). The results
demonstrate that AO effectively reduces the effect of
AA for Fe** detection. Therefore, it is possible to use
BSA-AuNCs as a fluorescent probe for Fe*" detection in
some biological samples.

Determination of Fe?* in CSFs from Wistar rats model
of Alzheimer’s disease

Encouraged by the above-mentioned investigations, we eval-
uated if the fluorescent probe described here can be utilized to
monitor Fe** in complex samples such as rat cerebrospinal
fluids (CSFs), which is an ideal source that reflects the meta-
bolic and pathological states of the central nervous system. It

was reported that iron homeostasis in central nervous system
is a very tightly regulated process [28], which is associated
with aging-related progressive deterioration and with neuro-
degenerative disorders such as Alzheimer’s disease. We ob-
tained Wistar female rats model of AD and determined the
Fe?* content in CSFs (Sample 1-3), normal Wistar female rats
CSFs were used as control (Sample 4-6). In addition, certain
amount of standard solution of Fe*" was added into the corre-
sponding sample solutions for testing recovery. The results
were shown in Table S1. It can be seen that a good recovery
of 94.5-113 % was obtained, showing the good selectivity,
high accuracy of the method. What’s more, enhanced ferrous
ion content in CSFs of AD model compared with control
demonstrated the perturbed iron distribution and the important
physiological role of iron in Alzheimer’s disease.

Comparison with other methods

Comparative information from some studies on determination
of Fe(Il) by various methods for the figure of merits is given in
Table 2. The suggested method has relatively low LOD and
wide linear range for the Fe(Il) compared to other methods
reported in Table 2. What’s more, our method does not need
complex synthesis procedures and is more simple and cost-
effective, which were favorable to the sensitive determination
for Fe(IT) in biological and other samples.

Conclusion

In summary, BSA-stabilized gold nanoclusters as a fluores-
cent probe for highly sensitive and selective determination of
Fe** was presented. Under optimized conditions, we demon-
strated the practical application of this assay by measuring the
levels of Fe*" in CSFs of Wistar female rats as AD model,
indicating acceptable accuracy of the method. This strategy
offers an alternative approach for low cost, simple, stable and
sensitive detection of Fe**, and is beneficial for its applica-
tions including bioassays, nanotechnology, and clinical
diagnostics.

Table 2 Figure of merits of comparable methods for determination of Fe(II)

Methods used Analyticl ranges LODs Optimum Applicability to References
pH value specific samples

fluorescent Probe: BDP-Cy-Tpy 0.1to 7.0 uM 12 nM 74 HL-7702 cells [29]

fluorescent probe : 0.2t0 20 uM 0.2 uM 34-11.3 MCEF-7 cells [30]

RhoNox-1

colorimetric method 0 to 40 uM 2.94 uM 2-11 aqueous solutions of [31]

different metal ions

fluorescent probe: Not mentioned 3.6 UM in ACN-H,O (9:1, v/v) not mentioned [32]

DansSQ

fluorometric probe: BSA-AuNCs 0.08 to 100 uM 24 nM pH 5.7 cerebrospinal fluids Our work
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