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ABSTRACT: The development of immunosensing assays for in
vitro diagnostics has attracted great attention in recent years.
Various substrate materials and immobilization methods of
biomolecules were exploited for immunosensors, but their
bioactivity and longevity have been facing serious challenges. To
address this limitation, we investigated a natural silk cocoon
membrane as immunosensing substrate material. By using its
intrinsic properties, the target biomolecules were immobilized on
the membrane through directional immunoaffinity recognition.
The silk cocoon membrane-based immunosensor showed great
potential for both qualitative and quantitative immunoassays,
through naked-eye observation or analyzing the change in red
color intensity, respectively. The immunosensor exhibited significant detection capability for anti-D (titer 1:1024) sensitized red
blood cells. The colorimetric responses of concentrations ranged from 1 μg/mL to 1 ng/mL, and the detection limit for anti-D was
3.4 ng/mL. The immunosensor also showed excellent stability for the immobilized antibodies when stored at 4 and 25 °C; the
bioactivity remained unchanged or slightly declined within 40 weeks. Even at 37 °C, the bioactivity began to decline after 12 weeks.
This current work highlights the potential of using the natural silk cocoon membrane as a substrate for a versatile and thermally
stable immunosensing platform for application in immunoassays.

1. INTRODUCTION
The development of immunosensing assays for in vitro
diagnostics has witnessed significant and tremendous progress
in the past few decades.1−3 It is known that a critical
requirement of diagnostic devices including immunosensors is
the longevity of their bioactivity. The choice of substrate
material and the attachment method of a biorecognition
molecule (antibody or antigen) on the substrate material are
two key factors for the longevity of immunosensors. Various
substrate materials, such as paper, nanomaterials, metals, and
optical fibers, are widely used for immunosensing assays.4

Especially, paper-based biosensors have been proposed as
alternative platforms, because of their availability, inexpensive-
ness, and ease in being functionalized.5 However, a
biorecognition molecule anchored to the surface of a paper
or other substrates with oriented immobilization and natural
conformation to ensure its biological activity and functionality
remains one of the major challenges in the development and
application of a robust and sensitive immunosensor.6,7 The
most common methods of immobilization of biomolecules are
direct passive physical adsorption and crosslinker-mediated
chemical reactions. The main drawback of the physical
adsorption is random orientation, which may affect the binding

efficiency, and chemical linker-based immobilization is also not
site-specific and may deteriorate the activity of biorecognition
molecules due to structural deformation.8−10 Therefore,
continuous efforts have been made to develop a facile and
mild method of oriented immobilization of biorecognition
molecules and find new substrate materials, to improve the
binding efficiency and stability of the immunosensor.6,7,11,12

Recently, silk from Bombyx mori, which is mainly composed
of unique protein biopolymers fibroin and sericin with
bioactivity, has been widely used as a biofunctional substrate
material due to its good mechanical stability and elasticity,
good biocompatibility, biodegradability, and immunogenic-
ity.13−15 Silk can be regenerated and used to fabricate different
substrates for various applications of biosensors.16−19 Fur-
thermore, silk possesses the ability to stabilize biomolecules.
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Some researchers consider that the mechanism of stabilization
is the higher crystallinity of the β-form structure in the
regenerated silk fibroin films, which enhance the stabilization
during storage, and others think that silk protein could form a
protective barrier by increasing protein−protein interactions
and reducing compound or protein mobility to promote
protein stability.20−22 The stabilization effects of silk have been
demonstrated in blood components, enzymes, virus, mono-
clonal antibodies (mAbs), vaccines, antibiotics, DNA, RNA,
etc.23−29

This paper studied the natural silk cocoon membrane disc
(SMD) as a new immunosensing substrate material by using its
intrinsic properties, including natural biomembrane structure,
composition of fibrous protein biopolymer, and natural stable
performance. A specific mouse mAb directed against the silk
proteins was used to activate the SMD by site-specific binding.
The bridging and capture of antibodies were sequentially
bound to the SMD via orderly immunoaffinity recognition, but
not through physisorption or chemical modifications. The
SMD-based immunosensing platform can be used for both
qualitative and quantitative immunoassays (Scheme 1) and
provides a general immunosensing substrate and effective
immobilization of proteins. SMD-based immunosensors have
been successfully applied to the straightforward qualitative
detection of blood grouping antigens of RBCs in our previous
study.19 This study aimed to further evaluate the quantitative
performance and thermal stability of the SMD-based
immunosensing platform.

2. MATERIALS AND METHODS
2.1. SMD, mAbs, and Other Reagents. The silk cocoons

from B. mori used in this study were purchased from a local
market and treated before use. Briefly, the pupae were
discarded after cutting open the cocoons. Wax and other
impurities were removed by washing with hot water. Then, the
cocoons were punched into round discs (8 mm in diameter)
using a hole puncher. Discs with a thickness of 0.2 mm ± 0.03
mm were used in further experiments. Then, the SMDs were
immersed in PBST and incubated in a water bath at 50 °C for
4 h to improve their permeability. Finally, the discs were
washed twice with PBS and stored at 4 °C for later use. The
mAb against the silk cocoon (clone 2H3) was prepared in-

house. Blood typing antibodies IgG anti-D (2 mg/mL, with a
titer of 1:256, clone MS-26), anti-A IgM antibodies (clone
BIRMA-1), anti-B IgM antibodies (clone LB-2), and anti-D
IgM antibodies (clone RUM-1) were obtained from Millipore,
USA. Goat anti-mouse globulin (GAM-IgG), mouse anti-
human IgG (MAH-IgG), horseradish peroxidase (HRP)-
labeled GAM-IgG, HRP-labeled rabbit anti-goat IgG (RAG-
IgG), HRP-labeled rabbit anti-human IgG (RAH-IgG), FITC-
labeled GAM-IgG, FITC-labeled RAG-IgG, and precipitate
3,3′,5,5′-tetramethylbenzidine (TMB) substrate were pur-
chased from Sigma-Aldrich, USA. All analytical-grade chemical
reagents were purchased from Sinopharm Chemical Reagent
Co., Ltd. (China). PBS (1×, pH 7.2) and PBST (1× PBS with
0.05% v/v Tween-20) were prepared in-house. Whole blood
samples from adult volunteers were provided by Suzhou Blood
Centre. The blood samples were kept at 4 °C and were used
within 1 week.
2.2. Fabrication and Characterization of the SMD-

Based Immunosensing Platform. The pretreated SMDs
were first immersed in a solution of 10 μg/mL 2H3 in PBS at 4
°C overnight. Afterward, the SMDs were washed twice with
PBS. HRP-labeled GAM-IgG was used to confirm the binding
of 2H3 with colorimetric assays. GAM-IgG-FITC was used as a
detection antibody to observe the immobilization and
distribution of 2H3 on the SMDs using a confocal laser
scanning microscope (TCS Leica SP2, Wetzlar, Germany).
The activated SMDs/2H3 were further soaked in 10 μg/mL
GAM-IgG solution at 4 °C overnight to form the function-
alized SMD (F-SMD). HRP-labeled RAG-IgG and RAG-IgG-
FITC were used as detection antibodies to confirm the binding
of GAM-IgG to SMDs/2H3, as well as that of 2H3 to the
SMDs, also by using colorimetric ELISA and confocal laser
scanning microscopy.
Furthermore, the surface morphology and microstructural

changes of the SMDs associated with the sequential binding of
2H3 and GAM-IgG antibodies were directly evaluated by
atomic force microscopy (AFM) at the nanoscale level. All
AFM measurements were performed on a scanning probe
microscope (Bruker Multimode 8) using the ScanAsyst mode
with a nominal force constant of 0.4 N/m. The tip (Bruker,
ScanAsyst-AIR) has a 10° half-cone angle, a 10 nm radius, and
a resonance frequency of 50−90 kHz. In the three different

Scheme 1. Schematic Representation of SMD-Based Immunosensing Platform Fabrication and Application
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means of detection to confirm the immobilization and
distribution of 2H3 and GAM-IgG, the SMDs without binding
any antibody (naked SMDs) were taken as blank control.
The proper binding amount of 2H3 and the bridging

antibody was optimized as follows. The treated SMDs were
reacted with different concentrations of 2H3 in the range of 19
ng/mL to 20 μg/mL, with 100 μL antibody per disc. HRP-
labeled GAM-IgG was used as a detection antibody to confirm
the optimal binding of 2H3 with colorimetric assays. Then, the
SMDs/2H3 with an optimal 2H3 concentration were soaked

in GAM-IgG at different concentrations in the range of 9 ng/
mL to 10 μg/mL and 100 μL/disc at 4 °C overnight. HRP-
labeled RAG-IgG was used as a detection antibody to confirm
the optimum binding amount of GAM-IgG with colorimetric
assays as well. The images of colorimetric SMDs in different
concentrations were captured using a digital camera (Praktica,
LM20-Z35S), and quantitative analysis was performed using
digital image colorimetry (DIC). The RGB (red, green, and
blue) color intensity was analyzed using ImageJ (NIH)
software. The highest color intensity change was observed on

Figure 1. Characterization of the stepwise fabrication process of the SMD-based immunosensing platform. (A) Colorimetric ELISA assays to
confirm the binding of 2H3 and GAM-IgG on the SMD; (B) confocal laser scanning microscopy images to confirm the binding of 2H3 and GAM-
IgG on the SMD; and (C) AFM images to confirm the binding of 2H3 and GAM-IgG on the SMD. (i) Naked SMDs as the blank control, (ii)
SMD/2H3, and (iii) SMD/2H3/GAM-IgG.
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the red channel in this study. Therefore, the change in the red
(ΔRed) color intensity was used to quantitatively determine
the analytical performance of the immunosensing system.
2.3. Analytical Performance of the SMD-Based

Immunosensing Platform. To analyze the performance of
the SMD-based immunosensing platform, MAH-IgG as a
capture antibody was immobilized onto the SMD/2H3/GAM-
IgG overnight at 4 °C to detect the humanized IgG-type anti-D
antibody, against the RhD (rhesus D) antigen, based on the
principle of the solid-phase antiglobulin test.30,31 The reaction
of anti-D with the SMD/2H3/GAM-IgG/MAH-IgG was
detected by using two different color-rendering methods. At
first, two-fold serial dilutions of IgG anti-D from 1:1 to 1:1024
were used to sensitize the type O RhD (+) RBCs. The washed
RBCs were diluted to 5% with normal saline and mixed at
equal volumes with diluted anti-D in a separate tube. The
mixture was incubated at 37 °C for 30 min. IgG-type anti-D-
sensitized RBCs were washed with normal saline four times
and resuspended with normal saline to either 50% for the SMD
immunosensor or 5% for the tube antiglobulin test. Then, 5
μL/disc of 50% anti-D sensitized RBCs was added to the
SMD/2H3/GAM-IgG/MAH-IgG. Subsequently, 200 μL of
PBS was applied to each SMD to elute the unbound blood
cells. Unsensitized RBCs were used as the negative control.
The adsorption of sensitized and unsensitized RBCs on the
SMD/2H3/GAM-IgG/MAH-IgG was observed by the naked
eye. At the same time, the tube antiglobulin test was also used
for comparison. One hundred microliters of MAH-IgG was
added to each tube, which included 100 μL of 5% sensitized
RBCs, and it was centrifuged at 200 g for 1 min. The
agglutination of RBCs with different anti-D dilutions was
observed.
To further analyze the quantitative performance of the

SMD-based immunosensing platform, the SMD/2H3/GAM-
IgG/MAH-IgG was incubated at 37 °C for 30 min with anti-D,
which was diluted from 1 μg/mL to 1 ng/mL and 100 μL/disc,
respectively. After washing, 100 μL/disc of HRP-labeled RAH-
IgG was added, and the discs were incubated at 37 °C for 30
min. After washing, the TMB substrate was added for
chromogenic reaction (100 μL/disc), and the discs were
incubated at 37 °C for 10 min. The reaction was stopped by
washing the discs three times with pure water. The results were
captured with a digital camera and quantitatively analyzed
based on DIC.

2.4. Thermal Stability of the SMD-Based Immuno-
sensing Platform. The long-term thermal stability of the
SMD-based immunosensing platform was studied at different
storage conditions by testing the validity of anti-D on the
immunosensors at different time intervals. Air-dried SMD/
2H3/GAM-IgG/MAH-IgG were stored at 4, 25, and 37 °C
(accelerated stability test) for 40 weeks. At selected time
intervals, the activity of the SMD-based immunosensors was
determined by detecting anti-D at a concentration of 1 μg/mL
by colorimetric ELISA and quantitatively analyzed using DIC.
Additionally, we investigated the long-term stability of the

SMD-based immunosensing platform, coupled with blood-type
antibodies (anti-A, -B, and -D) at 4, 25, and 37 °C for 20
weeks. At selected time intervals, the stability of the SMD-
based immunosensor with immobilized blood group antibodies
was determined using RBCs. The application of the SMD-
based immunosensor to RBC antigen typing and blood group
antibody coupling and blood group antigen detection
procedures were described in detail in our previous study.19

3. RESULTS AND DISCUSSION
3.1. Characterization and Optimization of the SMD-

Based Immunosensing Platform. Instead of using complex
surface chemistry activation methods, the SMD was activated
and functionalized via a specific mAb and bridging antibody by
immunoaffinity recognition. The stepwise construction of the
SMD-based immunosensing platform was characterized by
colorimetric ELISA, fluorescence microscopy, and AFM,
respectively. The HRP-labeled GAM IgG and HRP-labeled
RAG-IgG secondary antibodies were used in colorimetric
ELISA to validate the binding of specific antibody 2H3 and
bridging antibody GAM-IgG. After adding the TMB, the
activated SMDs showed a dark-purple color (Figure 1A(ii−
iii)), while the control naked SMDs only showed an original
white color due to being without 2H3 binding (Figure 1A(i)).
An FITC-labeled GAM IgG and an FITC-labeled RAG IgG
were used to demonstrate the efficient attachment and
homogeneous distribution of the antibodies on the SMDs,
which were analyzed by fluorescence microscopy. Upon the
attachment of 2H3 and GAM-IgG, the activated SMDs showed
a strong fluorescent signal on the silk fibers (Figure 1B(ii−iii)).
The image of the control sample shows a basal level of
fluorescence in the native SMD (Figure 1B(i)), which could be
attributed to the inherent autofluorescence of natural silk.32

The SMD nanoscale morphological and structural changes

Figure 2. Determination of the optimal binding concentration of antibodies using colorimetric ELISA. (A) SMD/2H3 and (B) SMD/2H3/GAM-
IgG. (i) Digital images of the colorimetric ELISA responses. (ii) Quantitative analysis of the ΔRed color intensity of the different binding
concentrations with linear regression.
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were recorded by AFM. Since the natural SMD presents a
substantial superficial roughness, we focused on a specific fiber
considering its height as a baseline (Figure 1C(i)). The surface
nano-roughness increased slightly as the antibody binding
process occurred (Figure 1C(ii, iii)). These results demon-
strated that 2H3 was successfully bound to the SMDs, and the
bridging antibody GAM-IgG was efficiently attached to 2H3,
forming F-SMDs.
The efficient binding and uniform distribution of antibodies

on the SMD were studied at the macroscopic level and
nanoscopic level by the three different methods, indicating its
potential as the immunosensor substrate. The specific mAb
2H3 directed against the silk proteins was used to activate the
SMD by site-specific binding, through taking advantage of the
silk membrane being a kind of substrate with biological
activity. The bridging antibodies were sequentially bound to
the SMD/2H3 also via efficient immunoaffinity recognitions,
which fully retained the bioactivity. The immunoaffinity
recognition replaced common physisorption or chemical
modifications, which may have resulted in antibody leach-out
or reduced antibody activity.7,10 This affinity binding increased
the stability of the binding and enhanced the organization and
direction of the binding site.33 Therefore, controlling the
orientation of antibodies will lead to improved analyte binding,
resulting in higher biosensor sensitivity.10

The determination of the optimal binding concentration of
antibodies by colorimetric ELISA is shown in Figure 2A(i) and
Figure 2B(i). The optimal concentrations occurred when the
reaction between antibodies was saturated, and the ΔRed color
intensity remained practically constant (Figure 2A(ii) and
Figure 2B(ii)). The optimal concentrations of 2H3 and GAM-
IgG were 1.25−2.5 and 0.625−1.25 μg/mL, respectively.
Therefore, these concentrations were used to construct the
immunosensing platform.
3.2. Analytical Performance of the SMD-Based

Immunosensing Platform. In this study, the IgG-type
anti-D was used to analyze the performance of the SMD-based
immunosensing platform, which was similar to the assay for
RBC antigen typing by the indirect antiglobulin test based on
paper.31 The detection model-based solid-phase antiglobulin
test taking the IgG-type anti-D as the detection object was

used to analyze the performance of the SMD-based
immunosensing platform. Figure 3A(i) indicates that the
SMD-based immunosensor could detect the higher dilution of
anti-D-sensitized RBCs at 1:1024, while the tube method
detected the dilution of anti-D at 1:256 (Figure 3A(ii)). The
colorimetric ELISA results displayed the colorimetric re-
sponses of the SMD-based immunosensor in the presence of
different concentrations of anti-D between 1 μg/mL and 1 ng/
mL (Figure 3C(i)). The change in the blue color of the
immunosensor surface clearly showed a rise in ΔRed color
intensity with the increase in anti-D concentrations, indicating
that the developed SMD-based immunosensor could effec-
tively detect IgG-type anti-D. Based on the colorimetric
responses, two calibration plots were obtained. The linear
regression equations for anti-D were expressed for low- and
high-concentration calibration plots with correlation coeffi-
cients of 0.978 and 0.966, respectively (Figure 3C(ii)). The
limit of detection (LOD) of anti-D was determined to be 3.4
ng/mL. The LOD was calculated by three standard deviations
of the blank (SDB) divided by the slope (m) of the low-
concentration calibration curve (3 × SDB/m).
The color change of the red channel was highly sensitive to

the concentration of the target analyte. Compared to the tube
test, the SMD-based immunosensor could detect the higher
dilution of anti-D sensitized RBCs, and the relatively low LOD
of the anti-D antibody was obtained. Owing to the versatility of
natural SMD-based immunosensing platforms in terms of
target analytes, they showed great potential for both qualitative
and quantitative detection of a broad spectrum of analytes.
Additionally, the SMD-based immunosensor developed in this
work could be easily applied to any target analyte for which
monoclonal/polyclonal antibodies are available. Furthermore,
SMDs are natural materials with a three-dimensional porous
structure.34,35 Instead of immobilizing proteins onto a two-
dimensional solid surface, captured molecules can diffuse into
the porous multilayers of the SMDs. The 3D porous structure
of SMDs offers high antibody binding capacity due to its high
surface area.
3.3. Thermal Stability of the SMD-Based Immuno-

sensing Platform. Biosensors are prone to aging, which can
be characterized as a decrease in signal over time, so stability is

Figure 3. Analytical performance of the SMD immunosensor for the detection of IgG anti-D. (A) Detection of anti-D with the SMD-based
immunosensing platform and tube test. (i) Different dilutions of anti-D sensitization of RBCs as the analytes on the SMD-based immunosensing
platform; (ii) dilutions of anti-D determined by tube test. (B) Detection principle of anti-D sensitization of RBCs on the SMD-based
immunosensing platform. (C) The colorimetric responses of different concentrations ranging from 1 μg/mL to 1 ng/mL using the SMD-based
immunosensor. (i) Digital images of the colorimetric responses of anti-D; (ii) linear regression equations for detection of anti-D between low- and
high-concentration calibration plots.
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essential for developing a practical biosensor. Silk biomaterials
are inherently very stable to changes in temperature and
moisture. The silk fibroin possesses a unique ability to stabilize
immobilized proteins and small molecules due to its proteins’
hydrophobic nature and high glass transition temper-
ature.20,23,24 In this study, the antibodies were sequentially
immobilized on the SMDs by affinity interaction between the
antigen and antibody. Through colorimetric ELISA, the results
confirmed that the captured antibodies (including MAH-IgG
and blood typing antibodies) on the SMD maintained their
bioactivity in different storage conditions (Figure 4A). Maybe

due to the protective effect of the silk protein, the bioactivity of
MAH-IgG on the SMD probably remained unchanged for 40
weeks when stored at 4 °C, the stability slightly declined within
40 weeks when stored at 25 °C, especially at higher
temperatures (37 °C), and the bioactivity began to decline
slightly after 12 weeks of storage according to the change in
ΔRed color intensity (Figure 4B). Comparing with the stability
of 2H3 and 2H3/GAM-IgG coated on microplates without any
protective agent (Figure S1), the SMD-based immunosensing
platform showed a superior thermal stability, which was able to
withstand prolonged high-temperature stress.
Figure 5 shows the thermal stability results of the SMD-

based immunosensor with blood typing antibodies (anti-A,
anti-B, and anti-D) at 4, 25, and 37. The three groups of
antibodies on the SMD-based immunosensor retained a stable
activity within 20 weeks under 25 and 4 °C. However, the
three groups of antibodies on the SMD-based immunosensor
have also begun to lose the ability to agglutinate antigen-
positive RBCs after 12 weeks of storage at 37 °C, which was
similar to the MAH-IgG detected by colorimetric ELISA. It
was superior to the stability of the primary blood typing
antibodies, which experienced direct passive physical adsorp-
tion and dried on the paper.36 Formulations unstable at
temperatures ≥25 °C are difficult to transport and store,

particularly in locations with inadequate refrigeration systems.
Since the SMD-based immunosensor developed in this work
can be stored at room temperature, without the need of cold-
chain equipment, it could be a reasonable solution for such
resource-limited settings in the future.

4. CONCLUSIONS
In summary, this study describes investigations into the use of
the natural silk cocoon membrane as substrate material for
immunosensing due to its thermal stability at different
temperatures. The specific mAbs, bridging antibodies, and
capture antibodies could sequentially and directionally bind
and uniformly distribute on the SMD via immunoaffinity
recognitions, to form a versatile and stable immunosensing
platform. The developed immunosensor demonstrated great
potential for both qualitative and quantitative immunoassay
detection. The SMD-based immunosensors show satisfactory
stability during long-term ambient storage, which is especially
suitable for applications in resource-limited settings. The SMD
can be used as a general substrate material to develop novel
immunosensing platforms for a wide spectrum of analytes.
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