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ABSTRACT: Tacrolimus (FKS06) is widely used in the prevention of organ transplant rejection and the treatment of autoimmune
diseases, but it is difficult to detect within the low and narrow concentration range in practical clinical fields. A magnetic plasmonic
superstructure-targets-plasmonic superstructure-based sandwich-type SERS biosensor is presented here to ultrasensitively detect
FK506 in the blood of organ transplant patients. The spiky Fe;O,@SiO,@Ag flower magnetic superstructure and hollow Ag@Au
superstructure enhanced the SERS signals by providing rich sharp tips, cavities, and abundant hot spot gaps. And the magnetic
feature makes it easy to concentrate and separate the biological target. Using the designed sandwich-type SERS biosensor, FK506
could be detected within a range of 0.5—20 ng/mL with a detection limit of 0.33 ng/mL. All results indicated that the sandwich-type
SERS biosensor has good stability, sensitivity, and anti-interference properties. It is noteworthy that this allowed us to successfully
analyze FKS06 in the blood of transplant patients, which is in strong agreement with the clinical results. Consequently, the attractive
sandwich-type SERS biosensor can be used for the detection of FK506 in real samples, which is promising for clinical diagnosis.

KEYWORDS: SERS, plasmonic superstructure, sandwich-type, FKS06, clinical diagnosis

T acrolimus (FKS06) is a commonly prescribed immuno- develop a simple method for monitoring FKS06 levels in real
suppressant used to prevent organ and tissue rejection in time in clinical settings.

patients who have undergone a transplant. In large, FK506 has been detected in blood through a variety of
prospective, randomized, multicenter trials, FKS06 proved to methods over the past 30 years, which can primarily be
be more effective than cyclosporine microemulsion in grouped into three categories: immunoassays,” ' chromato-
enhancing survival of patients and their grafts following solid graphic methods (mainly including LC-MS/ MS):H'IZ and
organ transplantation.” The FK506-based maintenance im- volumetric absorption microsampling (VAMS) combined with
munosuppression therapy is associated with a significantly liquid mass methods. There are some disadvantages associated
lower rate of acute rejection and better graft survival compared with the widespread use of the immunoassay technique,
to the cyclosporine A-based regimen.” Generally, FKS06 has a particularly when certain antigens with a similar structure are

very narrow therapeutic window, with a concentration range of present in a system, the obtained results will be influenced by

approximately 5—20 ng/mL in kidney transplant patients.””>

Several diseases such as chronic allograft nephropathy, diabetes Received: July 25, 2022
mellitus, arterial hypertension, and neurotoxicity have been Accepted: September 29, 2022
linked to FK506 concentrations.” Due to the severity of Published: October 7, 2022

potential adverse effects, it is imperative for physicians to
routinely monitor patients on an FKS06-based immunosup-
pressive regimen.” Therefore, it is essential and important to
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Scheme 1. Schematic Preparation of Dual Plasmonic Superstructures and Sandwich-Type Sensor for Detecting FK506 in

Patient Blood Samples Based on SERS
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cross-reactivity. The LC-MS/MS method is easier to
distinguish than the immunoassay. The LC-MS/MS methods
do have some disadvantages, including a time-consuming
assay, expensive instrumentation, the pretreatment, and
centralization for blood samples in a qualified laboratory.
VAMS technology allows for convenient, minimally invasive,
and economical collection of blood from the patient’s home
and can even be combined with LC-MS/MS to detect the
presence of FK506 in the blood. Raman spectroscopy is a new
generation of detection technology that has already achieved
initial results in the laboratory, which are promising in
definitely providing patients with a better consultation
experience in clinic use.

Surface-enhanced Raman scattering (SERS) enhances the
Raman signal 10°-fold and enables single-molecule identi-
fication.”® Due to its ability to reveal relevant chemical,
biological, material, and structural information, SERS has
evolved into an interdisciplinary analysis technique with the
advantages of cost-effectiveness, ultrahigh sensitivity, a narrow
Raman band, multiplexing capability, and light stability."*~*" In
order to improve SERS sensitivity, rational design of substrates
with different nanomaterial structures becomes important,
since Raman enhancement is affected by the composition, size,
and substrate with nanomaterial structures.”’ A nanostructure
modified with precious metals has strong enhancement (called
hot spots) in the electromagnetic field due to the plasma
coupling effect in the gaps between particles.””

Previously, we prepared various SERS substrates with
different nanomaterial structures for the construction of
SERS-active biosensors.'®**~>* A plasmonic superstructure
with strong, uniform, and stable SERS “hot spot” areas was
confirmed to improve SERS activity.”” > For example, flower-
shaped nanoparticles with branched superstructures have large
relative surface area and rough surface morphology for SERS
enhancement.” And the magnetic structure has distinguished
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itself for rapid in vitro detection because it can be quickly
separated and recovered to enrich the target for further
sensitivity improvement. As the petals of a Ag flower have a
strong resonance hot spot superstructure, this results in a large
relative surface area for the capture of a target.”* In addition,
Au@Ag core—shell nanoparticles showed higher SERS
enhancement than monometallic Au or Ag nanoparticles of
similar size.”>*® In view of the SERS enhancing mechanism
and previous work,"***** we believe that the design of SERS
materials should be optimized in terms of material
composition, sharp tips, cavities, and hot-spots in order to
maximize SERS signal amplification. Therefore, the develop-
ment of the most attractive plasmonic superstructure-based
biosensor will enable the detection of FK506 in real samples in
an easy, fast, and sensitive manner.

Here, the plasmonic superstructure of Fe;O,@SiO,@Ag
flowers and Ag@Au are synthesized and specifically modified
with antibodies to construct a sandwich-type SERS sensor
capable of rapidly and efliciently detecting FKS06. As shown in
Scheme 1, the highly branched petals of the magnetic
plasmonic superstructure of Fe;0,@Si0,@Ag flowers provide
a large surface area for effective capture target and generation
of plasma hot spots. The miniature magnetic core gives
Fe;0,@SiO,@Ag flowers superior magnetic properties, which
further enrich the target. Next, the coupled AntiFKS06
antibodies on the surfaces of Fe;O,@SiO,@Ag flowers show
high specificity and sensitivity for the target FK506. And the
antibody IgM-modified Ag@Au plasmonic superstructure is
also used to target FKS06, forming a plasmonic superstructure-
targets-plasmonic superstructure sandwich structure (Fe;0,@
Si0,@Ag-AntiFKS06-FKS06-IgM-Ag@Au) to maximally am-
plify the SERS signals. As a result of the dual plasmonic
superstructure, FKS06 can be detected at concentrations
ranging from 0.5 to 20 ng/mL, with a minimum detection limit
of 0.33 ng/mL. Importantly, the sensor could be successfully

https://doi.org/10.1021/acssensors.2c01603
ACS Sens. 2022, 7, 3126—-3134


https://pubs.acs.org/doi/10.1021/acssensors.2c01603?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.2c01603?fig=sch1&ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.2c01603?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sensors

pubs.acs.org/acssensors

a

800} € 718.7 nm 60 |
628.0 nm = ;'\0.3 I
=600 | I =30 3
E 434.6 nm 497: nm 3 . :,
= I g o} 20.2f
Q400 8 E
@ =30t =
200 30.1
-60 | &4
0 L L N . L ) L 0.0 ) .
1 11 111 1\Y% -10000 0 10000 200 400 600 800
Field (G) Wavelength (nm)

600

o

log(EVIE,?

-600
-600 -400 -200 O

X (nm)

200 400 600

Figure 1. TEM images of Fe;0, (a) and Fe;0,@SiO, (b), SEM images of Fe;0,@SiO,—Ag seeds (c) and Fe;0,@Si0,@Ag flowers (d); (e) the
corresponding hydrated particle size statistical chart; (f) the hysteresis curve chart (inset: the picture before and after magnetic absorption); (g) the
UV—vis absorption spectrum; (h—k) the elemental analysis images of Fe;0,@Si0,@Ag flowers; (1) the FDTD simulation diagram of Fe;0,@
SiO,@Ag flowers. I-1V are Fe;0,, Fe;0,@Si0,, Fe;0,@Si0,—Ag seeds, and Fe;0,@Si0,@Ag flowers, respectively.

applied to analyze FKS06 in the blood of transplant patients
with high agreement with the clinical results. This sandwich-
type probe provides a new potential biosensing technique for
the detection of FKS06, which is expected to be used for
clinical diagnosis.

B EXPERIMENTAL SECTION

Material and Reagents. HAuCl,-3H,0, ascorbic acid (AA,
99.7%), and tetraethyl orthosilicate (TEOS) were purchased form
Sigma-Aldrich (Beijing, China). AgNO; (>99.0%), FeCl,-6H,0,
ethylene glycol (EG), ethanol, NaOH, N-butylamine, sodium citrate
(SC), tannin (TA), Na,HPO, 12H,0, and NaH,PO, were bought
from Sinopharm Group Co. Ltd. (Shanghai, China). N-Hydrox-
ysulfosuccinimide (NHS) sodium salt, and N-(3-(dimethylamino)-
propyl)-N’-ethyl-carbodiimide (EDC) were purchased from Bide
Pharmaceutical Technology Co., Ltd. Hexadecyl trimethylammonium
bromide (CTAB, 99.0%) and HCHO (37%) were bought from TCI
Shanghai (Shanghai, China). Diethylene glycol (DEG) was bought
from Sangon Biotech (Shanghai, China). Polyvinylpyrrolidone (PVP,
MW = 40000), mycophenolate mofetil, rapamycin, cyclosporine A,
and uric acid were bought from Energy Chemical (Shanghai, China).
CH;COONa-3H,0, 11-mercaptoundecanoic acid (MUA), bilirubin,
and cholesterol were bought from Shanghai Macklin Biochemical Co.,
Ltd. (Shanghai, China). S-Amino-2-mercaptobenzimidazole (AMBI)
and albumin from bovine serum were bought from Aladdin
(Shanghai, China). FK-506 antibody and normal mouse IgM were
purchased from Santa Cruz Biotechnology (Shanghai, China). Mouse
FKS06-binding protein-like (FKBPL) ELISA kit was from Jonin Bio.
There was no further purification of any of the chemicals used. All
experiments were conducted with deionized water.
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Characterization. A TU-1810 UV—vis spectrophotometer
(Purkinje General Instrument Co., Ltd., China), HT-7700 trans-
mission electron microscope (Hitachi, Japan), ATR8300-Raman
spectrometer (OPTOSKY, China), KQ-600 KDE High Power CNC
Ultrasonic Cleaner (Kunshan Shumei, China), Type 7404 Vibrating
sample magnetometer (LakeShore, USA), D8 Advance X-ray powder
diffractometer (Bruker, Germany), Zeta-sizer nano ZS90 nanoparticle
size, and a { potential analyzer (Malvern, UK) were used.

Synthesis of Fe;0,@Si0,@Ag Flowers. Fe;O, magnetic
particles were synthesized on the basis of ref 37. Afterward, 0.01 g
of as-prepared Fe;0, particles was dispersed in a mixture of deionized
water-ammonia-ethanol (1 mL/0.8 mL/18 mL). Then, TEOS in
ethanol was slowly dropped into the above mixture by vigorously
sonicating at room temperature for 60 min. Then, 0.1 g of Fe;O,@
SiO, microspheres was thoroughly cleaned five times with ethanol
and then was dispersed in 1 mL ethanol and mixed with 9 mL of
AgNO; (1 mM) for 30 min under vigorous ultrasonication.
Subsequently, 5 uL of butylamine (1 M) was added and ultrasonically
dispersed for 1 h. The resulting product of Fe;O,@SiO,-Ag seed
solution was magnetically separated and dispersed in 20 mL of
ethanol for future use. A 0.5 mL aliquot of Fe;O,@SiO,-Ag seed
solution was added to 200 mL of 0.2 mM AgNO; aqueous solution.
Then, 150 uL of 37% formaldehyde and 300 uL of 25% ammonia
solution were sequentially added. After 2 min, 400 mg of PVP powder
was added. The final products of Fe;O,@SiO,@Ag flowers are
washed and obtained by magnetic separation.

Synthesis of Ag@Au. The Ag NPs and Ag@Au plasmonic
superstructure were prepared according to previous work with slight
modification.”"*® Ag NPs: 100 mL of aqueous solution containing 5
mM SC and TA was heated under vigorous stirring for 15 min. After
boiling, 1 mL of 25 mM AgNOj; was injected and then, the solution
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Figure 2. TEM images of Ag NPs (a) and Ag@Au (b); (c—e) SEM images and the elemental analysis images of Ag@Au; (f) the UV—vis
absorption spectrum; (g—i) the FDTD simulations of Ag NPs, Au NPs, and Ag@Au.

was cooled. Another 0.5 mL of 25 mM SC and 1.5 mL of 2.5 mM TA
were rapidly injected, and then, 1 mL of 25 mM AgNO; was added
after 1 min for reaction. After that, 19.5 mL of sample is discarded,
and 16.5 mL of deionized water was added to dilute the seed solution.
Under 90 °C, this process was repeated for 4—6 times to obtained the
products. The obtained nanoparticles were used by centrifugation and
washing.

A 5 mL aliquot of Ag NPs was taken after centrifugation and
dispersed in 0.1 M of CTAB. Then, 2.5 mL of 2.5 mM AMBI was
added and then diluted to 30 mL under 60 °C for 2 h. Then, 0.1 M of
AA, 0.01 M of NaOH, and 0.01 M of HAuCl, were successively added
and diluted to 10 mL under vigorous stirring for 1 min. After standing
overnight at 30 °C, the obtained nanoparticles were centrifuged and
washed twice with water for further use.

Functionalization of Fe;0,@SiO,@Ag Flowers and Ag@Au
with Antibody. Fe;0,@Si0,@Ag flowers-AntiFK506 was adopted
by a two-step coupling method. First, the Fe;O,@SiO,@Ag flowers
containing 20 mM of MUA were sonicated for 2 h in ethanol solution
for carboxylation. Then, 20 mg of NHS and 20 mg of EDC were
slowly dripped into the resulting MUA-modified Fe;0,@SiO,@Ag
flowers in PBS solution and incubated for 0.5 h at 37 °C. After that,
the MUA-modified Fe;O,@SiO,@Ag flowers with surface carboxyl
activation were washed by magnetic separation. Lastly, 2 uL of 100
pg/mL of AntiFKS06 solution was added and incubated for another
0.5 h, and then, 5% (w/v) of BSA solution was added for another 0.5
h to block the reaction site. The final product was washed and stored
in PBS buffer (10 mM, pH 7.4).

IgM was attached onto the surface of Ag@Au through simple Au—
S bond action, and the specific experimental process was as follows: 5
uL of 50 pug/mLof IgM was added to 1 mL of Ag@Au solution and
incubated for 0.5 h under 37 °C. Similarly, a certain amount of BSA
was added the solution to block the reaction site. And the product was
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also subjected to the same centrifugal washing process and then
stored at 4 °C for further use.

Sandwich Immunoassay Protocol for FK506. First, human
serum was centrifuged at 1000 rpm for S min, and the supernatant
was resuspended and diluted 2-fold with PBS solution. A 100 uL
aliquot of 0.0125 g/mL of Fe;0,@SiO,@Ag flowers-AntiFK506 was
mixed with 1 mL of different serum samples and incubated at 37 °C
for 1 h. The resulting complex was collected by magnetic separation
and washed with PBS to remove impurities. After that, the Ag@Au-
IgM was added into the above solution and incubated for 1 h at 37
°C. Lastly, the resulting sandwich complex was collected by an
external magnetic field to wash with PBS for three times and then
resuspended in 20 uL of PBS buffer for subsequent SERS
measurement. The parameters of the Raman spectrum measurement
are set as follows: 633 nm laser, S0X Telephoto objective, 200 mW
excitation power, 5000 ms integration time, and a 2 s acquisition time.

Functionalization of Plasmonic Superstructure Fe;0,@
SiO,@Ag Flowers and Ag@Au for PSA. The procedure is similar
to that of FK506: 100 uL of 0.0125 g/mL of Fe;0,@SiO,@Ag
flowers-AntiPSA was mixed with 1 mL of different serum samples and
incubated for 1 h at 37 °C. The sample was then washed with PBS
and mixed with Ag@Au-AntiPSA for another 1 h at 37 °C. The
resulting sandwich complex was collected and washed and
resuspended in 20 uL of PBS buffer for subsequent SERS
measurement at the same measurement conditions.

B RESULTS AND DISCUSSION

Characterization of Fe;0,@Si0,@Ag Flowers. First,
Fe;0, nanoparticles with a particle size of 238 + 12.25 nm,
determined by measuring the diameter of about 400
nanoparticles, are synthesized by the solvothermal method
(Figure 1a).”” Then, the Fe;0,@SiO, and Fe;0,@SiO0,-Ag
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Figure 3. (a) The UV—vis absorption spectrum of different nanoparticles; (b,c) Raman spectrum of different substrates and substances; (d) Raman
spectrum of different ratios of Fe;0,@SiO,@Ag flowers-AntiFKS06 and Ag@Au-IgM (FK506 = 10 ng/mL); (e) simulated conformation and SEM
images of different Fe;O,@Si0,@Ag flowers; (f,g) Raman spectrum of different concentrations of AgNOj to obtain different Fe;O,@Si0,@Ag
flowers for 4-ATP (10~* M) and with Ag@Au-IgM for FKS06 (10 ng/mL).

seeds are obtained with particle sizes of about 336 + 19.7 and
364 + 13.9 nm, respectively (Figure 1b,c). Finally, the
magnetic plasmonic superstructure of Fe;0,@SiO,@Ag
flowers with superbranching is successfully prepared. The
SEM image clearly indicates that Fe;O,@SiO,@Ag flowers
have a flower-like morphology (Figure 1d). And the
approximate hydrated particle size is further verified in Figure
le. The consequent change in zeta potential also further
demonstrates the change in surface ligands of the Fe;O,@
Si0,@Ag flowers (Figure S1).*° PVP as a surfactant results in
a zeta potential of 28.7 mV for Fe;0,. Fe;0,@SiO, is —37.1
mV for the deprotonation of the hydroxyl group on its surface.
In Fe;0,@Si0,-Ag seeds, the zeta potential is —16.0 mV as a
result of n-butylamine reduction, indicating that oxygen sites
are likely to be bound by Ag". A further reduction of Fe;O,@
Si0,-Ag seeds resulted in Fe;O,@SiO,@Ag flowers (—21.7
mV). And the Fe;0,@SiO,@Ag flowers are further charac-
terized by XRD (Figure $2).** Compared with Fe;0,, Fe;0,@
SiO,, and Fe;0,@Si0,@Ag seeds, the new diffraction peak at
39.4° corresponds to the (111) crystal plane of cubic Ag.
When the Ag shell is integrally formed, the new peaks of 39.4°
(111), 45.0° (200), and 77.4° (311) prove the successful
synthesis of the superstructure. The results of the magnetic
response characteristics of the Fe;0,@SiO,@Ag flowers are
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shown in Figures 1f and S3. The magnetic saturation value
gradually decreases with the formation of flower-shaped Ag
shells. However, no hysteresis loops are observed for all of the
synthesized magnetic particles, indicating that all magnetic
particles exhibit superparamagnetic properties. These super-
paramagnetic properties prevent aggregation and enable rapid
redispersal of magnetic nanoparticles in the absence of a
magnetic field, thus enabling their application in bioseparation
and bioassay. And at the same concentration of different
materials can achieve good magnetic separation within the
same time (3 min), indicating that the smaller magnetic
strength of Fe;O,@SiO,@Ag flowers does not affect the
subsequent magnetic separation process for the assay.

Fe;0, typically exhibits resonance absorption around 435
nm with a wider plasma band, which is due to its ferromagnetic
behavior, resulting in particle polydispersity. In contrast, when
the flower-like Ag shell is formed, a clear resonance absorption
peak occurs at 378 nm (Figure lg).39 In addition, the
elemental analysis further indicates the presence of Fe, O, Si,
and Ag and the predominant distribution of Ag in the surface
layer (Figure lh—k). The Ag petals are hundreds of
nanometers long with branches on the petals and rich narrow
gaps between the particles. These gaps will provide a large
number of hot spots for SERS.>* The FDTD simulation dose
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sample containing above all).

illustrated in Figure 1l indicates a high intensity electro-
magnetic field at the silver petal tip.

Characterization of Ag@Au. In SERS, precious metals
such as Au and Ag are widely used because of their unique
photoelectric properties.” Likewise, the bimetallic Ag—Au
composite system plays a synergistic role and has better
enhanced Raman scattering properties.”” Consequently, a
bimetallic plasmonic superstructure based on Ag@Au is also
successfully synthesized. Figure 2ab shows that the synthe-
sized Ag NPs have good dispersion and size distribution with
38.43 + 1.4 nm by counting about 200 nanoparticles, and the
Ag@Au consists of raspberry-shaped hollow particles with a
uniform size of about 59.76 + 2.8 nm by measuring the
average size of 400 nanoparticles. According to the DLS
results, the particle size of both Ag NPs and Ag@Au increased
relative to TEM due to the influence of hydrated layers (Figure
S4a,b). And the zeta potentials of Ag NPs and Ag@Au are
—46.0 and 53.5 mV, respectively, for the presence of carboxyl
ligands and CTAB on the surfaces (Figure S4c). The elemental
distribution in SEM (Figure 2c—e) and XRD (Figure S5) also
proved the successful synthesis of the Ag@Au bimetallic
plasmonic superstructure. In addition, a change in UV—vis in
Figure 2f further indicates that the acquisition of Ag@Au
bimetallic plasmonic superstructure has been successful, as the
absorption peak shifts from 428 nm (Ag NPs) to the 600 nm
(Ag@Au), which is primarily due to the plasmon resonance
absorption of Au. According to FDTD simulations, both silver
nanospheres and gold nanospheres exhibit lower electro-
magnetic field strengths than Ag@Au bimetallic composite
plasma superstructures (Figure 2g—i). SERS signals may be
improved by designing superstructures based on the theoretical
results presented.

Optimized Condition for Sensing FK506. For the
purpose of constructing a SERS biosensor for detecting FK506
with good specificity and high sensitivity by Fe;O,@Si0,@Ag
flowers and Ag@Au, Fe;0,@Si0,@Ag flowers and Ag@Au
are further modified using FKS506 specific antibodies
(antiFKS06) and IgM antibodies, respectively. As shown in
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Figure 3a, the UV absorption profiles of Fe;0,@SiO,@Ag
flowers and Ag@Au modified antibodies both have distinct
protein characteristic absorption peaks around 280 nm. The
packaging efficiency of AntiFKS06 on is 68.98% (Figure S6).
And the corresponding characterization of zeta, DLS, and
stability is shown in Figures S7—S9. Fe;0,@Si0,@Ag flowers
are modified with MUA prior to modification of antiFK506
owing to the sulthydryl group at the one end of MUA, which
can form a Ag—S bond, while the carboxyl group at the other
end can be used to combine with the amino group on the
FKS506 antibody by forming an amide bond. So, after
connecting MUA and antiFK506, Fe;O,@Si0,@Ag flowers’
particle size gradually increased (Figure S7a,b), and the zeta
potential changed from —21.7 to —22.4 and then to —10.0 mV
(Figure S7c). This phenomenon should be caused by the
carboxyl group at one end of MUA, resulting in a more
negative potential. A significant increase in zeta potential is
observed when antiFKS06 is modified to form a film on the
surfaces of strongly negative Ag shells. The particle size
increased to 165.5 nm after Ag@Au is coupled with the IgM
antibody, and the zeta potential increased significantly (Figure
S8). It was also demonstrated that the two superstructures of
modified antibody could be stabilized without changing their
properties for over five months, as evidenced by their
performance in detection experiments (Figure S9).

Then, as shown in Figure 3b, the Raman signal of Fe;O,@
SiO,@Ag flowers, Ag@Au, and FK506 showed FK506 with
several Raman peaks including 848 cm™" (bending out of plane
of C—H, C—0-C, and C—C-C), 1128 cm™' (bending in-
plane of aromatic ring), 1450 cm™' (C—OH stretching), and
1664 cm™ (H,C=CH, stretching).43 There was a character-
istic peak at 1408 cm™" in the interface energy controlled by
the AMBI ligand Ag@Au,”~* In contrast, Fe;0,@Si0,@Ag
flowers did not show any obvious characteristic absorption
peak. Consequently, the Raman characteristic peak of FK506
at 1450 cm™' is selected for subsequent quantitative
experimental analysis. And the sandwich-type probe-enhanced
FK506 Raman signal is 5—10 times stronger than that of the
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single plasmonic superstructure (Figure 3c). This result also
tentatively demonstrates that the sandwich-type probe has a
significant effect on the enhancement of Raman signal. In
addition, the SEM image clearly demonstrated that the
sandwich superstructure of Fe;0,@SiO,@Ag flowers-
AntiFKS06-FKS06-IgM-Ag@Au had been successfully formed
(Figure S10).

The enhancement effect of the sandwich-type probe for
FK506 was investigated. As shown in Figures 3d and S11, the
Raman signal is best when the ratio of Fe;0,@SiO,@Ag
flowers-AntiFK506 to Ag@Au-IgM is 3:2. And as shown in
Figure 3e, the number and length of petals of the magnetic Ag
flower increased with the gradual increase of AgNO;
concentration. Fe;0,@SiO,@Ag flowers exhibit the best
enhancement effect on 4-ATP when the AgNO; concentration
is 0.25 mM (Figure 3f). And the same excellent results are
obtained in the detection of FK506 with Fe;O0,@SiO,@Ag
flowers (Figure 3g). The main reason for this is that too many
Ag flower petals reduce the stacking density of magnetic Ag
flowers, which adversely affects the formation of interparticle
hot spots. At the same time, Ag flake petals that are too long
and too many branches reduce the dispersion and magnetic
responsiveness of Ag flake particles.

Detection of FK506 in Complex Sample and Patient’s
Blood. After optimizing various conditions, FKS06 was
quantified using a sandwich-type probe. As shown in Figure
4a,b, the SERS signal peak at 1450 cm™! increased
continuously in the concentration range of 0.01—200 ng/mL
of FKS06. The linearity is good in the range of 0.5—20 ng/mL
(y = 65.02x + 964.28), and the detection limit is 0.33 ng/mL.
Compared with other methods, it has better advantages in
detection limit and sensitivity (Table S1). As shown in Figure
4c,d, the RSD of Raman detection for 15 randomly selected
measurement points on the substrate is 2.23%, indicating the
good homogeneity of the SERS probe. The sandwich-type
probe is capable of detecting FK506 quantitatively with a high
degree of specificity. The presence of other macrolide
immunosuppressants, coapplied drugs, and interfering sub-
stances in the serum environment does not produce any
distinctive characteristic signal at 1450 cm™" (Figures 4e,f and
S12). And the recoveries of FK506 in PBS buffer and human
serum are further examined to detect FKS06 in complex
systems by a sandwich-type probe. As shown in Figure S13 and
Table S2, the recoveries are 96.7—102.9% in PBS buffer and
98.0—103.0% in human serum, respectively. These results
indicate that the sandwich-type probe has the ability to
specifically detect FKS06 in a complex environment.

As a result, two gland transplant and three renal transplant
patients were analyzed using the sandwich-type probe for
FKS06 in serum samples (Figure Sa). FKS06 was successfully
detected in blood samples, which demonstrates the reliability
of the sandwich-type probe in real samples and shows the
promise for the immunoassay in clinical organ transplant
patients. In addition, the calibration results were basically
consistent with those of commercial kits, which further proves
the accuracy of the platform (Figure Sb,c). And replacement of
surface ligands of the Fe;0,@SiO,@Ag flower and Ag@Au
plasmonic superstructure enable the detection of other
biomarkers (Figure S14). Those findings demonstrate that
the Fe;0,@Si0,@Ag flower and Ag@Au plasmonic super-
structures are universal in the detection of biomarkers and
indirectly suggest that the sandwich-type probe SERS platform
is of considerable practical value.
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Figure S. (a) Scheme of FK506 detection in patient blood samples;
(b,c) Raman spectrograms and signal statistics of FKS06 detection in
patient blood samples.

B CONCLUSIONS

In all, a simple and effective method for detecting FKS06 in
blood has been developed by double plasmonic superstructures
(Fe;0,@Si0,@Ag flowers and Ag@Au). The sandwich
plasmonic superstructure SERS platform for the detection of
FK506 was demonstrated with high sensitivity, specificity, and
reproducibility. The detection limit of FK506 is 0.33 ng/mL
with a detection window of 5—20 ng/mL. Moreover, this
method can also be capable of monitoring the level of FK506
in the serum of actual patients. Furthermore, the plasmonic
superstructures can be utilized for the analysis and detection of
other disease markers. Therefore, the proposed sandwich-type
SERS biosensor is a simple and attractive technique for real
sample detection, which has the potential to be used for the
clinical diagnosis.
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