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Staphylococcus aureus (S. aureus) is one of the most threatened food-borne pathogens. Thus, it is necessary to
establish fast, portable and reliable tools to realize the identification of S. aureus. Herein, the authors describe an
effective colorimetric-based biosensor for the detection of S. aureus in multiple types of samples. Initially, a
nanozyme composed of gold and iron oxide nanoparticles was synthesized and further modified with S. aureus-
specific aptamer via Au-S bond. By utilizing the intrinsic peroxidase-like activity of the above magnetic con-
jugates, 3,3',5,5'-tetramethylbenzidine (TMB) can be transferred to oxTMB by oxidation of hydrogen peroxide
(H20>), resulting in a visible blue color. However, the introduction of S. aureus can turn off the UV-vis absor-
bance signals of TMB-H20; system, due to the identification property of the nanozyme probe. Consequently, the
optical density of the mixed solution measured at 652 nm decreased linearly as the concentration of S. aureus
increased from 10 to 10° CFU mL ™%, with the visible limit of detection as low as 10 CFU mL ™. The as-prepared
sensor can detect S. aureus in spiked water, milk and urine samples quantitatively during 12 min without any pre-
enrichment, separation or washing steps. In our perception, the one-step colorimetric assay show promise in

practical on-site detection of S. aureus.

1. Introduction

Staphylococcus aureus (S. aureus) is a facultative anaerobic and Gram-
positive coccus [1], which is widely distributed and spread through air,
water and food. S. aureus emerged as one of the most significant food-
borne pathogens threatening human health since it can cause a variety
of diseases, ranging from mild skin and soft tissue infections, food
poisoning to life-threatening diseases such as pneumonia, endocarditis,
osteomyelitis, sepsis, scalded skin syndrome and toxic shock syndrome
[2-4]. In addition, S. aureus possesses various virulence factors and can
develop multiple resistances to antimicrobial agents, leading to a dra-
matic increase in the risk of infection [5]. Therefore, the detection of
S. aureus has become an important research topic in food safety and
public health.

For the past few decades, bacterial culture and colony counting has
still been considered as the gold standard for detecting S. aureus, even
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though it was time-consuming, cumbersome to operate, and high de-
mands on the operator and the laboratory environment, wasting valu-
able time of patients with serious bacterial infections [6]. Nucleic acid
detection strategies such as real-time quantitative polymerase chain
reaction (QPCR) have attracted considerable attention, not only because
it can significantly shorten the analysis time, but also because it can
amplify target regions of the bacterial genome exponentially within a
few hours, making it more selective and sensitive. However, the DNA
polymerase used in PCR is easily inhibited by matrix-related factors in a
variety of samples and the results of PCR may be unreliable when low
levels of the target bacteria are present in large volume samples [7]. In
addition, PCR-based assays are not suitable for on-site detection due to
their high instrumentation and reagent handling requirements [8].
Currently, immunological detection technologies rely on the high
specificity of antigen-antibody reactions to achieve rapid and accurate
detection [9]. More importantly, aptamers, as short RNA or
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single-stranded DNA oligonucleotides, have attracted a great deal of
attention as an alternative to antibodies since their discovery in the late
1990s [2], which can fold freely into unique three-dimensional confor-
mations once they bind to the targets [10]. Compared to antibodies,
aptamers offer numerous advantages, such as ease of large-scale chem-
ical synthesis, amenability to modification, and resistance to denatur-
ation and degradation [11]. Therefore, a number of bacterial-specific
aptamers [2,12-15] have been selected and used for bacterial identifi-
cation in combination with different amplified output signals, such as
colorimetry [16], fluorescence [17], chemiluminescence [18], Raman
scattering [19] and surface plasmon resonance [20]. Among these
methods, the colorimetric method has been widely used in the field of
on-site detection due to its operational convenience, simplicity, speed,
and portability.

In order to overcome the disadvantages of natural enzymes such as
high-cost and low stability under harsh environmental conditions [21],
an important recent development in colorimetric sensors is the
increasing use of nanozyme [22]. In contrast to many nanomaterials
with intrinsic peroxidase-like activity, such as manganese dioxide
nanorods [23], gold nanoparticles [24] and copper sulfide nanocubes
[25], ferroferric oxide nanoparticles (FesO4 NPs), as a typical transition
metal oxides, have received tremendous attention due to its outstanding
peroxidase-like activity, low-cost, and non-toxicity [26, 27, 28].
Furthermore, their catalytic performance can be substantially improved
by coating metal catalysts on the surface of magnetic nanoparticles to
form hybrid nanocomposite [21,29]. These artificial enzymes catalyze
the oxidation of 3,3',5,5'-tetramethylbenzidine (TMB) and 2,2'-azino-bis
(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) to produce colored
products in the presence of hydrogen peroxide (H205), which has been
successfully used to detect HyO, [30], ascorbic acid [21], alkaline
phosphatase [22], etc.

Inspired by the above considerations, this study aims to establish a
fast and robust one-step colorimetric method for the detection of
S. aureus. Fig. 1 illustrates the entire process of the proposed S. aureus
detection method. Fe3O4 nanoparticles with strong peroxidase-like ac-
tivity were firstly synthesized by co-precipitating method, and then
decorated with gold nanoparticles via in-situ reduction method. To
identify the target, the thiol-modified S. aureus-specific aptamer were
conjugated to the as-prepared Fe304/Au nanocomposites by Au-S bonds
[31]. Upon addition of S. aureus, the apt-Fe304/Au nanocomposites
preferentially bind to the surface of the bacteria, resulting in the
shielding of their catalytically active sites. With the addition of H20s,
the catalytic oxidation of TMB by nanocomposites was inhibited, then
the blue product was formed and generated the lighter color. The color
change from dark blue to light blue is the result of a decrease in catalytic
activity proportional to the S. aureus concentration. Qualitative and
quantitative analysis of S. aureus was achieved by visual and spectro-
photometric measurements of different levels of the blue product.
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Importantly, our one-step method does not require any separation or
washing procedures.

2. Experimental
2.1. Materials and reagents

Ferric chloride (FeCl3-6H,0, 99%) were obtained from WWW.
GUANGFUBIAOWU.COM (Tianjin, China) and Ferrous chloride
(FeCly-4H50, 99%) were obtained from Tianjin Guangfu Fine Chemical
Research Institute (Tianjin, China). Hexadecyl trimethyl ammonium
Bromide (CTAB) and 3,3,5,5'-Tetramethylbenzidine (TMB) were pur-
chased from Shanghai Macklin Biochemical Co.,Ltd. (Shanghai, China).
Chloroauric acid (HAuCly-3H50, 99%) were purchased from Alfa Aesar.
Reagents such as Sodium hydroxide (NaOH) were all obtained from
Beijing Chemical Reagent Co., Ltd., (Beijing, China). As previously re-
ported [32], the 5'-thiol-modified DNA aptamer (5'SH-GCA ATG GTA
CGG TAC TTC CTC GGC ACG TTC TCA GTA GCG CTC GCT GGT CAT
CCC ACA GCT ACG TCA AAA GTG CAC GCT ACT TTG CTA A-3') was
selected for recognition of S. aureus, which provided by Sangon Biotech
Co., Ltd. (Shanghai, China). Double-distilled water (ddH20) and
phosphate-buffered saline (PBS, 0.01 M, pH 7.4) were home-made. All
chemicals and reagents employed were of analytical grade and were
used without any further purification.

2.2. Instruments

The UV-vis absorption spectra were measured with a spectropho-
tometer (TU-1810 DPC Persee, Beijing, China) using a 1 cm path-length
quartz cell. Transmission electron microscopy (TEM) images of nano-
particles were performed on a JEOL JEM-2100F transmission electron
microscope operated at an accelerating voltage of 200 kV (JEOL, Japan).
Fourier transform infrared (FTIR) spectra in the region from 4000 to
500 cm ™! were recorded as KBr discs on a Nicolet 6700 FTIR spec-
trometer (Thermo Fisher Scientific, USA) for evaluating various encap-
sulated nanoparticles. The zeta potential measurements were
determined using a zeta potential analyzer (NanoBrook 90 Plus Zeta,
Brookhaven, USA).

2.3. Bacterial culture

All the bacterial strains used in this study were provided by the
Department of Hygienic Inspection, School of Public Health, Jilin Uni-
versity (Changchun, China). With the exception of Vibrio para-
haemolyticusstrain (V. parahemolyticus, ATCC17802) grown in Tryptone
Soya Broth supplemented with 3.0% NaCl, Staphylococcus aureus
(S. aureus, ATCC 25923), Escherichia coli 0157:H7 (E. coli O157:H7,
ATCC 25922), Listeria monocytogenes (L. monocytogenes, ATCC 19111)

apt-Fe,O /AutS. aureus

Peroxidase
like activity

NG —— @~

Fig. 1. Schematic diagram of the preparation technology for Fe30,/Au nanocomposites and colorimetric detection of S. aureus.
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and Salmonella typhimurium (S. typhimurium, ATCC 13311) were incu-
bated in Luria-Bertani medium for 18 h at 37 °C with shaking at
approximately 180 rpm. The concentrations of bacteria were deter-
mined on the standard plate count agar using the counting method.
Inactive bacteria were obtained by incubating with 4% formaldehyde
overnight at 4 °C and washing three times (3000 rpm, 15 min) with
phosphate-buffered saline (PBS, pH 7.4). The suspensions of inactive
bacteria diluted to different concentrations were stored at 4 °C.

2.4. Synthesis of Fe304/Au nanocomposites

The Fe304 NPs were manufactured by co-precipitating method ac-
cording to an improved method for synthesizing MNPs-Au by Bozkurt A
G [33]. Briefly, 3.46 g FeCl3-6H>0 and 1.30 g FeCl,-4H,0 were dissolved
in 10 mL of ddH»0 and the solution was stirred at 350 rpm for 20 min
until the color was clear and the solid was completely dissolved. Then
60 mL of 1 M NaOH was added dropwise into the mixture with
continuous stirring at 350 rpm for 40 min. After that, the black pre-
cipitate was collected using a permanent magnet and washed several
times with ddH20 and 20 mL of 1 M HCIOg4, respectively. After placing in
an oven for 2 h at 37 °C, the precipitate was collected magnetically by
washing three times with ddHO again. Finally, the products were dried
in vacuum overnight at 60 °C. The dried Fe3O4 NPs were ground and
stored at 4 °C.

To improve the catalytic performance of Fe3O4 NPs, the prepared
Fe304 NPs were further decorated with gold nanoparticles by CTAB via
in-situ reduction method. Typically, 0.02 g of Fe3O4 NPs were dissolved
in 5 mL ddH,0 and sonicated for 10 min until the particles were uni-
formly dispersed. Then 5 mL of EDTA-2Na-NaOH mixture (1 g of
EDTA-2Na dissolved in 10 mL of 1 M NaOH) was added to the Fe3O4 NPs
solution and stirred at 350 rpm for 5 min. After removing the superna-
tant by magnetic separation, 7 mL of 0.1 M CTAB, 3 mL of 1% HAuCly
and 600 pL of 1 M NaOH were added in sequence. After stirring at 350
rpm for 5 min, 150 mg of hydroxylamine hydrochloride was added and
stirred for another 5 min. After undisturbed placing at room temperature
for 24 h, the black products were washed 3 times with ddH»0, and re-
suspend into 10 mL solution. The 2 mg mL~' Fe304/Au nano-
composites was obtained and stored at 4 °C for later use.

Synthesis of apt-conjugated Fe304/Au nanocomposites (apt-FezO4/
Au nanocomposites).

The thiol-modified S. aureus aptamers were heated at 95 °C for 2 min,
and then cooled to room temperature for activation. 1 mL of 2 mg mL ™
Fe304/Au nanocomposites was mixed with 10 pM aptamer (15 pL), then
placed on a rotary mixer for 12 h 2 mg mL™! apt-Fe304/Au nano-
composites were magnetically washed 3 times with ddH,0, then
resuspend in ddH2O to 1 mL, and stored at 4 °C for later use.

2.5. The peroxidase-like activity of apt-Fe304/Au nanocomposites

Steady state kinetic measurements were conducted by monitoring
the absorbance change at 652 nm with an ultraviolet-visible spectro-
photometer in time-drive mode. Experiments were carried out using
0.15 mg mL~! apt-FesO4/Au nanocomposites (100 pL) in 250 pL reac-
tion buffer solution (0.2 M acetid acid (HAc)-sodium acetate (NaAc)
buffer, pH = 4, room temperature) with 50 pL samples (S. aureus at
concentrations of 10° CFU mL~! or PBS buffer) in the presence of 42 mM
TMB and 9800 mM H,0, as substrate. The initial rates of the process
were calculated using the molar absorption coefficient of the reaction
product oxTMB (¢652 nm = 39,000/(M*cm)). In order to display the ki-
netic characteristics, the velocity changes of the reaction were evaluated
with changing concentrations of TMB by fixing the concentration of
H20, (9800 mM), vice versa. The apparent kinetic parameters were
estimated based on the Michaelis-Menten equation. The Michaelis-
Menten constant was calculated using Lineweaver-Burk plots of the
double reciprocal of the Michaelis-Menten equation, 1/v=(Kp/Vmax)-(1/
[S1) +1/Vmax, Where v is the initial velocity, viyax is the maximum
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reaction velocity, [S] is the substrate concentration, and K, is the
Michaelis constant.

2.6. Detection of S. aureus

The S. aureus stock solution was serially diluted into the following
standard solutions (10-1 x 10° CFU mL’l) using sterile PBS. After
optimization of experimental conditions, each S. aureus standard solu-
tion (50 pL) was added into the colorimetric reaction system, which
contained 100 pL of apt-Fe30,4/Au nanocomposites (0.15 mg mL 1) and
90 pL HAc-NaAc buffer (pH = 4). Then the suspension was gently vor-
texed on a rotary mixer for 10 min. For the negative control, sterile PBS
was used. Subsequently, 5 pL of 42 mM TMB and 5 pL of 9800 mM H0,
were added in solution without any washing process. After reaction for
2 min at 37 °C, the spectrum in the range of 380-800 nm was recorded
by an ultraviolet-visible spectrophotometer. Referring to the data pro-
cessing process of Zhang [34] and Fu [35], the normalized absorbance
value at 652 nm was calculated according to the following formula:
Anorm = (Aes2 — Amin)/(Amax — Amin). Among them, Apom is the
normalized absorbance value, Agsz is the absorbance value at 652 nm,
Amax and Apj, are the maximum and minimum values in the series of
data respectively.

2.7. Detection of S. aureus in real samples

To further investigate the potential practical applications of the
method, multiple types of samples are selected as real sample models.
Tap water, Nanhu Lake water and industrial wastewater were selected,
in addition, urine samples were obtained from a hospital and milk
samples were purchased from a local supermarket. These samples were
firstly filtered for sterilization through 0.22 pm filter (Merck Millipore,
USA), then S. aureus at concentrations of 102, 104, 10° CFU mL ™! was
artificially inoculated into the pasteurized extract samples and detected
using this detection protocol described in the previous section, except
that PBS buffer was replaced with real samples.

3. Results and discussion
3.1. Characterization of the apt-Fe304/Au nanocomposites

To increase the catalytic activity of magnetic nanoparticles, gold
nanoparticles as metallic catalyst was coated on FegO4 NPs by in-situ
reduction method. The morphology characteristics and size distribu-
tion of synthesized nanocomposites are shown in Fig. 2, Fe3O4 NPs are
uniformly distributed with an average size of 10.33 nm measured by
Image J software. The size of Fe304/Au nanocomposites increases to
79.72 nm, which demonstrates that Fe304 NPs were decorated with gold
to form Fe304/Au nanocomposites. Subsequently, the thiol-modified
S. aureus aptamers were covalently linked to Fe3O04/Au nano-
composites via a gold-sulfur bond for specific identification of target
bacteria, and the size of the probe increases to 96.83 nm. In addition, the
results of particle size evaluation by DLS are shown in Fig. S1, compared
to Fe3O4 NPs, the average size of Fe3O4/Au nanocomposites increases
obviously from 44.72 nm to about 146.66 nm. Then the average diam-
eter of apt-Fe3O4/Au nanocomposites increases to 299.07 nm after
modification of the aptamer. To further confirm the successful immo-
bilization of Au on Fe304 NPs, the EDS element map was used to char-
acterize the distribution of different elements in the composites. As
shown in Fig.S2, it could be observed that the main elements distributed
on the surface of the material were Fe and Au, with the mass percentage
of elements were 28.2 wt% and 71.8 wt% respectively.

As shown in Fig. 3a, the absorption peak of gold nanoparticles syn-
thesized by sodium citrate reduction method is at 520 nm. When the
gold nanoparticles are coated on Fe3sO4 by in situ reduction method, the
UV-visible absorption peak is red-shifted to 550 nm. The FTIR spectrum
of Fe3O4 NPs, Fe304/Au nanocomposites and apt-FesO4/Au
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Fig. 3. a UV-Vis absorption spectra of Au NPs and Fe304/Au nanocomposites. b FT-IR spectra of Fe304/Au nanocomposites (red line) and apt-Fe;O4/Au nano-
composites (green line). ¢ Zeta potential measurements of Fe304 NPs, Fe304/Au and apt-Fe;04/Au nanocomposites. (For interpretation of the references to color in

this figure legend, the reader is referred to the Web version of this article.)

nanocomposites is illustrated in Fig.3b and Fig.S3. The characteristic
absorption peak located at 580 cm™! can be attributed to the Fe-O
stretch vibrations [36]. The absorption band at 1220, 1450, 1730 and
3400 cm ! can be assigned to the stretching vibration of G-O bond, C-N
bond, C=0 bond and O-H bond, respectively [37]. The Zeta potential
values of Fe304 NPs, Fe304/Au and apt-Fe304/Au nanocomposites were
21.67 £+ 0.39, 18.26 + 0.49 and 3.48 + 0.62, respectively (Fig. 3c), the
potential value decreases after coupling aptamer due to the electro-
negativity of naked DNA. The above results demonstrated that the
aptamers were expectantly conjugated on the surface of Fe304/Au
nanocomposites. Moreover, TEM image of S. aureus captured by apt--
Fe304/Au nanocomposites is shown in Fig.S4, indicating that apt--
Fe304/Au nanocomposites play a good role in enriching bacteria.

3.2. Validation of hypothesis

The peroxidase-like activity of the Fe3O4/Au nanocomposites was
estimated by the catalytically oxidation of TMB by HoO5. When Fe304/

Au nanocomposites was added to TMB in the presence of HyO5 (black
line), significant absorption peak at 652 nm can be seen as in Fig. 4a.
Fe304/Au nanocomposites had a good catalytic activity of peroxidation,
because its shape provided sufficient active sites for catalytic oxidation
of TMB. On the other hand, there were slight absorption peak variances
in the absence of Fe304/Au nanocomposites (blue line). When S. aureus
aptamers was covalently linked to Fe304/Au nanocomposites to form
apt-Fe304/Au nanocomposites, the absorption peak at 652 nm was
slightly decreased (red line), indicated that the catalytic activity of
Fe304/Au was obscured by the aptamers. Furthermore, when bacteria
were captured by apt-Fe304/Au nanocomposites, the absorption peak at
652 nm was further reduced, which proved that bacteria could mask the
peroxidase-like catalytic activity of Fe3O4/Au nanocomposites (green
line).

To demonstrate that our one-step method does not require any sep-
aration and washing procedures, we compared the absorption intensity
results of magnetic cleaning twice and no washing step after apt-Fe3O4/
Au nanocomposites captured S. aureus, as shown in Fig.S5. Student’s t-



Talanta 232 (2021) 122448

H. Zhang et al.
a L5 b 15 --apt-Fe O /Au
—-apt-Fe O /Au+S. aureus|
12 1
o 1.0 v
2 b
: =
Z 0.5 261 /
< g $
~—_"/\_’_ o° $
3 4
00— ——— 4
T T 0 T T T T
500 600 700 800 0 200 400 600 800
Wavelength (nm) Time (s)
G = d
——apt-Fe304/Au 0.6  WPeFes0s/Au
——apt-Fe304/AutS. aureus ’ 4 apt-Fe304/Au+S. aureus
44
. 0.5
2 3 2
o = 0.4
< B
3 >
> -
1 0.3
1 T T T T T T T 0.2 T T T T T T T
0 1 2 3 4 5 6 8 0.0 02 04 06 08 1.0 1.2 14 1.6
€ v (MM) e s (mM™)
Cc
2.5 f1.0
——apt-Fe304/Au « apt-Fe304/Au
—— apt-Fe3O4/Au+S. aureus
2.0- 4 apt-Fe3Oy4/Au+S. aureus
: 0.8
S 151 2
) 2 0.6
(=} ™ ’ 3
= =
” 1.0 - ;
0.4+
005 T T T T T T T T
200 400 600 800 0.001 0.002 0.003 01.004 0.005
C 20, (MM) l/cmo2 (mM")

Fig. 4. a UV-Vis absorption spectra of different reaction systems (250 pL): Fe304/Au nanocomposites + TMB + H,0; (a), apt-Fes04/Au nanocomposites + TMB +
H,0 (b), apt-Fe304/Au nanocomposites + S. aureus + TMB + Hy05 (c), TMB + Hy0, (d), S. aureus + TMB + H,0, (e). Reaction conditions were Fe304/Au
nanocomposites (0.15 mg mL’l, 100 pL), apt-Fe304/Au nanocomposites (0.15 mg mL’l, 100 pL), S. aureus (10° CFU mL’l, 50 pL), TMB (42 mM) and H,0, (9800
mM) at room temperature. b The time-dependent absorbance (at 652 nm) of apt-Fe304/Au nanocomposites (black line) and apt-Fe;04/Au nanocomposites +
S. aureus (red line). ¢ Steady state kinetic assay of apt-Fe304/Au nanocomposites and apt-Fe304/Au nanocomposites + S. aureus. The concentration of HO, was 9800
mM and the TMB concentration was varied. d Double reciprocal plots of activity of apt-Fe;04/Au nanocomposites and apt-Fe304/Au nanocomposites + S. aureus at a
fixed concentration of H,0, against differing concentration of TMB. e Steady state kinetic assay of apt-Fe304/Au nanocomposites and apt-Fe304/Au nanocomposites
+ S. aureus. The concentration of TMB was 42 mM and the H;O, concentration was varied. f Double reciprocal plots of activity of apt-Fe;04/Au nanocomposites and

apt-Fe304/Au nanocomposites + S. aureus at a fixed concentration of TMB against differing concentration of H,O,. (For interpretation of the references to color in

this figure legend, the reader is referred to the Web version of this article.)

test results showed no statistical difference between magnetic cleaning
and without washing procedures. This indicates that our determination
procedure can be achieved without washing. Then the storage stability
of prepared Fez04/Au nanocomposites was investigated by detecting
S. aureus (10° CFU mL™}) using apt-Fe304/Au nanocomposites with
different storage time. As shown in Fig.S6, the statistical analysis
showed no statistical difference between fresh synthesized nano-
composites and the one stored for one year. This indicates that as

prepared Fe3O4/Au nanocomposites has robust storage stability. As
shown in Tab.S1, samples with concentrations of 100, 500 and 1000
CFU mL ! were assayed with the established assay. The measured re-
coveries were in the range of 92.3-106.2 and the relative standard de-
viations were in the range of 3.9-12.3, indicating that the assay has good

reproducibility.
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3.3. Kinetic analysis of apt-FesO4/Au nanocomposites

The time-dependent absorbance (at 652 nm) of apt-Fe3O4/Au
nanocomposites (black line) and apt-FesO4/Au nanocomposites with
S. aureus (red line) are shown in Fig. 4b. The initial velocity of apt-
Fe304/Au nanocomposites and apt-FesO4/Au nanocomposites with
S. aureus were 0.5641 x 10° and 0.3590 x 10° M s~L. This further proves
the target-induced shielding effect due to the inhibition of catalytic ac-
tivity of Fe304/Au by S. aureus.

Typical Michaelis-Menten curves (Fig. 4c, d, e, f and Tab.S2) are
obtained in a certain range of TMB or Hy05 concentrations. With the
Line weaverBurk equation, the associated enzyme kinetic parameters
were firstly obtained at a fixed concentration of Hy,O5 against differing
concentration of TMB. As shown in Tab.S1, Michaelis-Menten constant
(Kyy) and Maximum initial velocity (Viax) were 0.8502 mM, 0.4847 x
1077 M s ! for apt-Fe304/Au nanocomposites and 1.0097 mM, 0.4203
x 1077 M s7! for apt-Fes04/Au nanocomposites with S. aureus,
respectively. Then the concentration of TMB was fixed at 42 mM, the Ky,
of apt-Fe3O4/Au nanocomposites increased from 147.2629 mM to
158.7519 mM with the increase of HyO5 in the absence and presence of
target bacteria. Ky, is a reflection of the affinity of enzyme for its sub-
strate, and it is a very useful parameter by which the affinity of the
catalyst for various substrates can be compared. The smaller the value of
K, the more strongly the catalyst binds the substrate. Compared with
the parameters of apt-Fe304/Au nanocomposites with S. aureus, K, of
apt-Fe304/Au nanocomposites was lower whereas Vi, was higher. This
indicated that the affinity between catalyst and substrate decreased after
apt-Fe304/Au nanocomposites captured bacteria.

3.4. Optimization of experimental conditions

In order to obtain the optimal peroxidase catalytic activity of Fe3O4/
Au nanocomposites, temperature and pH were optimized by investi-
gating the absorbance of oxTMB at 652 nm and the results are shown in
Fig.S7a,b. The value of absorbance increased with the increasing of
temperature from 4 °C to 60 °C. However, the optimum growth tem-
perature for live bacteria is around 37 + 2 °C, that is commonly used
temperature for bacterial culture and real sample testing in laboratory.
Based on the above considerations, 37 °C was chosen as the optimal
reaction condition catalyzed by Fe3O4/Au nanocomposites. Then the
highest absorbance catalyzed by Fe3Os4/Au nanocomposites was ob-
tained at HAc-NaAc buffer when pH value was 4 (Fig.S7b). Subse-
quently, The concentration of apt-Fe3O4/Au nanocomposites and
enrichment time were optimized by calculating relative activity (Rela-
tive activity = (Ag-A)/Ao, where A and A are the absorbance of oxTMB
at 652 nm in the absence and presence of S. aureus, respectively) (Fig.
S7¢,d). As the concentration of apt-Fe304/Au nanocomposites increased
from 0.01 mg mL ™! to 0.15 mg mL™}, the value of relative activity
increased, while the concentration of apt-Fe3sOs/Au nanocomposites
increased above 0.15 mg mL ™}, the value of relative activity decreased.
Therefore, the final concentration of 0.15 mg mL™! of apt-Fe304/Au
nanocomposites was used to reach the maximum relative activity. When
apt-Fe304/Au nanocomposites were enriched S. aureus for 10min, the
relative activity could reach 45%, and then within 20 min-120 min, the
relative activity was stable at about 35%. Therefore, the most appro-
priate enrichment time was 10 min. In addition, the amount of TMB in
the color reaction was optimized, as shown in Fig.S7e. When 5 pL of
TMB (10 mg mL™1) was added, the relative activity reached more than
20%, which was the optimal dosage for the reaction. On the basis of
these results, subsequent experimental conditions were chosen to give
the best results: (a) temperature: 37 °C; (b) pH = 4; (¢) 0.15 mg mL ! of
Fe304/Au nanocomposites; (d) enrichment time: 10 min.

3.5. Sensitive detection of S. aureus

The performance of the colorimetric strategy was experimented
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under optimal assay conditions. The bare-eye limit of detection (LOD)
for S. aureus was determined to be 10 CFU mL ™. Then the instrument
LOD was calculated according to the following formula: LOD = 3SD/
slope. Where SD represents the standard deviation of negative control
samples, and the slope was obtained from the fitted standard curve [38].
The detection limit of this assay was calculated to be 26 CFU mL™!. As
shown in Fig. 5a, the absorbance value is gradually decreased at 652 nm
with increasing S. aureus concentration, revealing that S. aureus shield
the peroxidase-like catalytic activity of FegO4/Au nanocomposites. The
standard curve was plotted with the logarithm value of S. aureus con-
centration as the x-coordinate and the normalized absorbance value at
652 nm as the y-coordinate (Fig. 3b). The linear regression equation was
Aporm = —0.1031gN+-0.623, R? = 0.995, indicating that the established
detection system had a good linear relationship. As shown in Tab.S3,
compared with other methods reported in recent years for the detection
of S. aureus, such as lateral flow assay, MNP-TiO,-AP-SMCC-Biosensors
or Chemiluminescence resonance energy transfer aptasensor, the
detection system constructed in this study has a wider linear range and
lower detection limit.

3.6. Specificity of the assay

To assess the specificity of the established assay, four common
foodborne pathogens including E. coli 0O157:H7, L. monocytogenes,
V. parahemolyticus, and S. typhimurium were selected for comparison
with S. aureus, and the PBS sample was employed as negative control. As
shown in Fig.6a, a remarkable decreased at 652 nm is observed in the
presence of S. aureus alone and S. aureus mixed other interfering species,
compared to those of the negative groups. Further, Fig. 6b shows that
the normalized absorption intensities at 652 nm have a significant dif-
ference in the absence and presence of S. aureus. The above experimental
results proved that the assay was highly specific for S. aureus, which was
due to the highly specific affinity between an aptamer and its target on
the outer surface of S. aureus.

3.7. Analysis of real samples

The accuracy and applicability of our proposed method were further
explored by conducting three replicate analyses of S. aureus in model
samples. As control, we used traditional culture-based method for
identification of S. aureus in raw water. However, there is almost no
bacterial colony observed in the culture plate (Fig.S8), maybe the
growth of bacteria was inhibited completely during the chlorination
disinfection process. So S. aureus spiked in these samples were moni-
tored and the results obtained are summarized in Table 1. The average
recoveries for water, urine and milk water samples were in the range of
86.5-122.3%, respectively. The relative standard derivations (RSDs)
were all less than 15%. These results definitely indicate that the setup
method has strong anti-interference ability for quantifying S. aureus in
real samples.

4. Conclusion

In summary, we have developed a one-step colorimetric assay for
detection of S. aureus simply, rapidly, sensitively, selectively and reli-
ably. Based on target-induced shielding against the peroxidase
mimicking activity of apt-Fe3O4/Au nanocomposites, the color change
from dark blue to light blue was proportional to the concentration of
S. aureus. Under optimal conditions, S. aureus can be readily detected by
bare eye at alow LOD of 10 CFU mL ! in 12 min with a wide linear range
from 10 to 10° CFU mL . Moreover, the feasibility of our approach was
carried out by water samples without any pre-enrichment, separation or
washing steps. Therefore, it is envisaged that our colorimetric assay will
be widely used for the rapid determination of other pathogens in prac-
tical samples.
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Fig. 5. a UV-Vis absorption spectra of the colorimetric detection assay in the presence of different S. aureus concentrations (0, 10, 102,10%,10%, 10% 10° CFUmL ™),
Inset: photograph of the colorimetric reaction with the concentration of S. aureus at blank and 10° CFU mL™" b The calibration curve for S. aureus (Anorm vs the
logarithm of S. aureus concentration). Error bars represent the standard deviation of three replicates.
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Fig. 6. Results of specificity assessment. a UV-Vis absorption spectra of the colorimetric detection assay in the presence of different bacterial (each at 10° CFU
mL™Y). b Normalized absorption intensity at 652 nm in the presence of different bacteria. Error bars represent the standard deviation of three replicates.

Table 1
The recovery and RSD value of detecting S. aureus in spiked water and milk samples (x £+ s, n = 3).
Found (CFU-mL™1) Added (CFU-mL™%) Recovered (CFU-mL™1) Recovery (%) RSD (%)

Tap water 1 BDL? 1.0 x 10? 1.1 x 10% 111.3 5.8
Tap water 2 BDL’ 1.0 x 10* 0.8 x 10* 87.2 5.7
Tap water 3 BDL? 1.0 x 10° 1.1 x 10° 111.1 1.4
Nanhu Lake water 1 BDL? 1.0 x 10? 1.1 x 10% 106.9 1.7
Nanhu Lake water 2 BDL? 1.0 x 10* 1.0 x 10* 102.3 1.7
Nanhu Lake water 3 BDL? 1.0 x 10° 1.0 x 10° 103.2 4.4
Industrial wastewater 1 BDL" 1.0 x 10? 0.9 x 102 86.5 12.3
Industrial wastewater 2 BDL? 1.0 x 10* 1.1 x 10* 108.7 7.6
Industrial wastewater 3 BDL* 1.0 x 10° 0.9 x 10° 94.4 11.4
Urine sample 1 BDL? 1.0 x 10? 1.1 x 102 113.5 10.3
Urine sample 2 BDL? 1.0 x 10* 0.9 x 10* 91.3 8.8
Urine sample 3 BDL’ 1.0 x 10° 1.2 x 10° 122.3 9.6
Milk 1 BDL? 1.0 x 102 1.0 x 10? 105.0 7.8
Milk 2 BDL? 1.0 x 10* 0.9 x 10* 96.1 5.2
Milk 3 BDL? 1.0 x 10° 1.1 x 10° 105.4 6.2
# BDL below detection limit.
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