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ABSTRACT: We designed and synthesized aptamer-immobilized mag-
netic mesoporous silica/Au nanocomposites (MMANSs) for highly
selective detection of unlabeled insulin in complex biological media
using MALDI-TOF MS. The aptamer was easily anchored onto the gold
nanoparticles in the mesochannels of MMANs with high capacity for
highly efficient and specific enrichment of insulin. With the benefit from
the size-exclusion effect of the mesoporous silica shell with a narrow pore
size distribution (~2.9 nm), insulin could be selectively detected despite
interference from seven untargeted proteins with different size
dimensions. This method exhibited an excellent response for insulin in
the range 2—1000 ng mL™. Moreover, good recoveries in the detection of
insulin in 20-fold diluted human serum were achieved. We anticipate that
this novel method could be extended to other biomarkers of interest and
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potentially applied in disease diagnostics.
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Bl INTRODUCTION

The insulin hormone plays a central role in physiological
glycometabolism and is associated with diabetes and related
diseases. ~ Highly sensitive and selective detection of this kind
of disease biomarker in biological fluids is of profound value in
clinical diagnostics, disease monitoring, and follow-up ther-
apy.*® Conventional immunoassays®~"" are still standard
technologies nowadays and are highly sensitive, but they
generally require extremely tedious processes, expensive
instruments, and qualified staffs. Currently, several innovative
methods have been developed with great achievements as well
as limitations. For instance, electrochemical antibody-based
biosensors have been applied to the ultrasensitive detection of
insulin in human blood.'>** However, they involve complicated
and time-consuming electrode surface modification procedures,
and the antibodies are expensive and unstable. Although new
biomimetic receptors, as one of the alternatives to antibodies,
have been synthesized for highly selective detection of insulin
by taking advantage of the imprinting effect,'* this method
exhibits poor sensitivity. Aptamers have many inherent merits,
apart from the specific binding affinity of the antibody, such as
inexpensive synthesis, good stability, easy chemical modifica-
tion, and no batch-to-batch variations.'>™"” Recently, the
construction of nanomaterial-based aptasensors has offered
new opportunities for improved performance of protein
biomarker detection."®" For example, aptamer-conjugated
NIR fluorescent quantum-dots (QDs) have been designed to
detect insulin with excellent sensitivity and selectivity.”
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However, it is worth noting that the QDs are toxic and
unstable, and the weak 7z—7x stacking interaction between
ssDNA and oxidized carbon nanoparticles (OCNPs) may lead
to false positive results. Therefore, it is considerably demanding
to develop a simple and robust method for both sensitive and
selective detection of insulin in complex biological fluids.

Matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF MS) has been extensively
employed in detection of various disease biomarkers in
biofluids with high sensitivity, accurate qualitative determi-
nation, fast speed, and high throughput.*' In our previous work,
aptamer-functionalized magnetic nanocomposites have dramat-
ically contributed to target enrichment efficiency.”>**> None-
theless, the selective detection of a specific biomarker in the
presence of excess interference was limited. As we know, insulin
is present at low picomolar levels in human blood and is
confronted with interference from a wide range of proteins and
peptides as well as high levels of salts and lipids.**™® MS
signals of less abundant insulin were normally suppressed by
those of highly abundant species.””*® Thus, it is important to
eliminate background interference as much as possible prior to
MS analysis to improve detection selectivity.””>°

Mesoporous silica materials, because of their desirable
features, are particularly accessible mesochannels with well-
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designed pore size distribution, high surface area, hydro-
philicity, and chemical stability, and have become attractive
vehicles for highly selective capture of low molecular- welght
targets (e% endogenous peptides,®’ phosphopeptides,®* and
N-glycans™) while excluding high molecular- welght targets by
means of the size-exclusion mechanism.>*™>® Herein, for the
first time, we synthesized aptamer-immobilized magnetic
mesoporous silica/Au nanocomposites (MMANS) for insulin
detection. As illustrated in Scheme 1, thiol group (SH)

Scheme 1. Proposed Method for Insulin Detection Based on
the IBA-MMAN Complex
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modified insulin binding aptamers (IBAs) are easily conjugated
onto the surface of gold nanoparticles via the Au—S bond. The
mesopores of obtained IBA-MMANSs with suitable pore size
allow insulin entrance while they repel large proteins outside of
the mesochannels, serving as the “screening shell”. Meanwhile,
insulin is highly efficient and selectively enriched by numerous
IBAs which fold into the compact G-quadruplex structure.””
Thanks to the size-exclusion effect and magnetic separation,
background interference is greatly diminished. Finally, the
insulin-IBA-MMAN complex is exposed to a harsh environ-
ment to release the captured insulin. When incorporated with
MALDI-TOF MS, our novel method enables fast analysis,
accurate qualitative determination, and highly selective
detection of insulin in complex media.

B EXPERIMENTAL SECTION

Chemicals. The human insulin binding aptamers (IBAs) were
synthesized by Sangon Biotechnology Company (Shanghai) with the
following sequence: 5'-SH-(CH,)4-(ACAG4TGTG4),-3". The human
insulin, immunoglobulin G (IgG), human serum albumin (HSA), a;-
antitrypsin, horseradish peroxidase (HRP), p-casein, lysozyme,
cytochrome C (Cyt C), trifluoroacetic acid (TFA), and a-cyano-4-
hydroxycinnamic acid (CHCA) were purchased from Sigma-Aldrich.
Tris(2-carboxyethyl) phosphine hydrochloride (TCEP) was obtained
from Alfa Aesar. Other chemicals were all of analytical grade. Human
serum was donated from Zhongshan Hospital (Shanghai). Ultrapure
water (18.2 MQ cm) was purified by a Milli-Q_system (Millipore,
Bedford, MA).

Synthesis of Magnetic Mesoporous Silica/Au Nanocompo-
sites (MMANSs). The MMANs were prepared usmg the protocol
introduced by Deng et al. with slight modifications.” First, Fe;O,
particles were synthesized by our previous method.* Second, to
obtain Fe;O,@SiO, particles with monodispersion and uniform
thickness of silica, Fe;O, particles (1.4 g) were first incubated with
HCI aqueous solution (100 mL, 2 M), and then rinsed with deioned
water. Then, the Fe;O,@SiO, particles were prepared via a sol—gel
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approach.* Third, the Fe;0,@SiO,@Au composites were made with
same method as described in the reported protocol. Finally, the
Fe;0,@Si0,@Au composites (0.16 g) were used as seeds, and
mesoporous silica with controlled thickness was coated on the seeds
via a CTAB-mediated sol—gel process. The other synthesis procedures
stayed unchanged.

Characterizations. The morphologies of MMANs were inves-
tigated by transmission electron microscopy (JEOL 2011). Powder X-
ray diffraction (XRD) patterns were recorded on a Bruker D4 X-ray
diffractometer with Ni-filtered Cu Ka radiation (40 kV, 40 mA).
Nitrogen sorption isotherms were measured at 77 K with a
Micromeritcs Tristar 3000 analyzer. The Brunauer—Emmett—Teller
(BET) surface area was obtained from the analysis of the adsorption
isotherm in the relative pressure (P/P,) range 0.036—0.28. Pore
diameter and distribution curves were calculated by the BJH (Barrett—
Joyner—Halenda) method from adsorption branch. The concentration
of DNA was measured by a SHIMADZU UVmini-1240 spectrometer
system at 260 nm. Magnetometry was examined using a super-
conducting quantum interference device (SQUID) at 300 K.

Preparation of IBA-MMANs. A 10 yM portion of IBAs was
treated with 2.5 mM TCEP at pH 5.0 for 1 h in the dark. Afterward,
MMANSs were incubated with TCEP-activated IBAs for 12 h at room
temperature in the dark. Subsequently, IBA-MMANSs were separated
from the supernatant with the help of a magnet. The collected IBA-
MMANSs were washed with 10 mM PBS (10 mM Na,HPO,, 2 mM
KH,PO,, 137 mM NaCl, 2.7 mM KCl, pH 7.4) and stored in 10 mM
TE buffer (10 mM Tris, 1 mM EDTA, pH 8.0) at 4 °C at a
concentration of 20 mg mL™" for further use. Then, absorption data
for the supernatant containing unreacted IBA and the original IBA
solution were determined by UV absorption spectrophotometer,
respectively. The immobilization efficiency of IBA was calculated
according to absorbency variation at 260 nm.

Enrichment of Insulin by IBA-MMANSs. For insulin enrichment
in standard solutions, 200 L aliquots of insulin with different
concentrations (2—5000 ng mL™") were equilibrated with 10 uL of
IBA-MMAN suspension in PBS under vigorous shaking for 1 h. The
insulin-TBA-MMAN material was isolated by magnetic separation and
washed with PBS and 5% (v/v) acetonitrile (ACN) aqueous solution.

For the investigation of the size-exclusion effect of the as-prepared
IBA-MMANEs, insulin was mixed with seven proteins in PBS at a molar
ratio of 1:50 (final concentrations: 34.4 nM insulin and 1.72 uM
protein). Then, the mixture was incubated with IBA-MMAN:Ss for 1 h.
The next steps were the same as those described above.

For real sample analysis, 20-fold diluted human serum samples were
spiked with 500, 200, 100, 50, and 20 ng mL™ insulin. Then, 200 uL
portions of spiked samples were reacted with the IBA-MMANS for 1 h.
The insulin-IBA-MMAN material was isolated by magnetic separation
and washed with 10 mM PBS containing 0.1% Tween-20 to remove
any nonspecific binding, and then rewashed with PBS to remove the
residual Tween-20.

MALDI-TOF MS Analysis. A 1 uL portion of eluate was deposited
onto the MALDI-MS plate, and then 3 yL of CHCA (4 mg/mL, 50%
ACN, 0.1% TFA) was deposited as the matrix. MALDI mass spectra
were obtained in linear positive ion mode using AB SCIEX TOF/TOF
5800 (Applied Biosystems) with the Nd:YAG laser at 355 nm, a
repetition rate of 200 Hz, and an acceleration voltage of 20 kV.

B RESULTS AND DISCUSSION

Characterization of MMANSs. The as-fabricated multifunc-
tional MMANS were characterized by several techniques. The
Fe;0, particles (a diameter of ~300 nm) and Fe;0,@SiO,
particles (a silica layer of ~20 nm) are identified by the TEM
images (Figure lab). Wide-angle XRD patterns of Fe;0,@
SiO,@Au composites (Supporting Information Figure S1)
demonstrate the efficient deposition of gold nanoparticles on
the surface of Fe;O,@SiO, microspheres. As displayed in
Figure 1lc,d, the obtained MMANs are uniform and
monodisperse with a mesoporous silica layer of ~60 nm, and
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Figure 1. TEM images of (a) Fe;O, particles, (b) Fe;0,@SiO,
particles, and (c, d) MMANS.

tiny gold nanoparticles are densely embedded between the
transparent mesoporous silica shell and the Fe;0,@SiO, core.
The N, adsorption/desorption isotherm for MMANSs (Figure
2a) exhibits a type IV isotherm with a BET surface area of 155
m* ¢! and a pore volume of 0.166 cm® g~". The large surface
area of MMANS allows the immobilization amount of IBA to
be 0.246 nmol/mg (RSD = 8.13%, n = 6), which benefits
recognition capability. The highly open mesochannels with a
narrow pore size distribution at 2.9 nm are presented in Figure
2b, and are available for IBA and insulin (a mean value of 2.69
nm for an insulin monomer)*' diffusion while excluding
proteins with large size dimension via the size-exclusion effect.
The magnetic hysteresis loop of the MMANS is indicated in
Supporting Information Figure S2. The MMANs possess
superparamagnetism, and the magnetization value is about
20.7 emu g~". Furthermore, the MMAN’s show a rapid response
to the magnetic field and have good dispersibility in aqueous
solution (Supporting Information Figure S3), which is crucial
to enrichment and separation steps.

Investigation of Size-Exclusion Effect of IBA-MMANSs.
To investigate the size-exclusion effect of IBA-MMAN:S, insulin
was mixed with several untargeted proteins with different
dimensions with a 1:50 molar ratio of insulin to protein. The
parameters of seven standard proteins are listed in Supporting
Information Table S1. Before enrichment, insulin was difficult
to distinguish, and only interferent peaks could be observed
(Supporting Information Figure S4a—g). However, these peaks
disappeared, and strong peaks assigned to insulin were shown
after enrichment with IBA-MMANSs (Figure 3a—g). Owing to
the size-exclusion effect of the mesoporous silica shell, the
untargeted proteins with size dimension larger than that of
mesopores were excluded outside of the mesochannels while
only insulin could enter, significantly eliminating background
interference and resulting in high selectivity and enrichment
efficiency. In contrast, a control experiment was carried out to
verify the critical role of the mesoporous silica shell. IBA-
conjugated Fe;O,@SiO,@Au nanocomposites (IBA-MANs)
were treated with the same complex samples. The MS intensity
of insulin enriched by IBA-MANs was extremely low as a result
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Figure 2. (a) Nitrogen adsorption—desorption isotherms and (b) pore
size distribution of MMANS.

of suffering from serious interference and nonspecific
competitive interaction of untargeted proteins with high
concentrations (Supporting Information Figure SSa—g). All
the results are in agreement with our expectation that the
mesoporous silica shell can minimize the background signal and
lead to enhanced selectivity and enrichment efficiency.

Determination of Insulin by IBA-MMANSs. Several
factors that could affect the release behaviors of insulin were
studied (see details in the Supporting Information Figure S6).
Under optimized conditions, the sensitivity of our method was
estimated at various insulin concentrations, and the MS
intensity increased with an increasing amount of insulin (Figure
4a). A good linear relationship with R* = 0.983 in the
concentration range from 2 to 1000 ng mL™! was obtained, as
shown in Figure 4b. Saturation tendency occurred at higher
concentrations (1000—5000 ng mL~', data not shown).
Notably, the peak from insulin could still be identified when
the concentration was as low as 2.0 ng mL™" (0.344 nM) with
signal-to-noise (S/N) ratio of 47.94 (Supporting Information
Figure S7). This detection limit was much better than those of
the previous methods using aptamer-based biosensors, 10 nM
by Cha et al.** and § nM by Pu et al.** It validates the fact that
both high capacity of aptamer and magnetism facilitate
immunoreactions between the aptamer and the target, which
improves detection sensitivity.
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Application of IBA-MMANSs for Insulin Determination
in Human Serum. In order to examine the feasibility of our
method for real sample analysis, we employed IBA-MMAN:Ss to
determine insulin in 20-fold diluted human serum samples
spiked with different amounts of insulin. Supporting
Information Figure S8 describes the MS spectra of the samples
with various concentrations from 500 to 20 ng mL™' after
enrichment with IBA-MMANS; the peaks of insulin (marked
with asterisks) could be clearly identified. In addition, as
displayed in Table 1, satisfactory recoveries of the four spiked
serum samples were achieved.

Table 1. Insulin Detection in 20-Fold Diluted Human Serum
Samples

sample added found RSD (%)
no. (ng mL™!) (ng mL™) recovery (%) n=23
1 500 452.4 90.5 104
2 200 194.6 97.3 11.5
3 100 112.8 112.8 8.4
4 S0 58.1 116.2 124

B CONCLUSIONS

In summary, we have synthesized aptamer-immobilized
magnetic mesoporous silica/Au nanocomposites (MMANs)
for highly selective detection of unlabeled insulin using
MALDI-TOF MS. Due to the large surface area and highly
accessible mesoporous nature of MMANS, the aptamer is easily
built in the mesochannels with high capacity. By combining the
size-exclusion effect of mesopores with magnetism, the as-
fabricated IBA-MMAN has been successfully utilized for highly
selective and efficient enrichment of insulin from complex
media. This reliable aptamer-based nanosystem coupled with
MALDI-TOF MS holds new promise for other biomarker
detection in biofluids.
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XRD patterns of Fe;O, particles, Fe;O,@SiO, microspheres,
and Fe;0,@SiO,@Au composites; saturation magnetization
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determination of the optimal release conditions and detailed
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