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ABSTRACT: Multivalent immunoprobes can improve the
sensitivity of biosensors because increased valency can
strengthen the binding aﬃnity between the receptor and
target biomolecules. Here, we report surface-enhanced Raman
scattering (SERS)-based immunoassays using multivalent
antibody-conjugated nanoparticles (NPs) for the ﬁrst time.
Multivalent antibodies were generated through the ligation of
Fab fragments fused with Fc-binding peptides to immunoglobulin G. This fabrication method is easy and fast because of
the elimination of heterologous protein expression, high degrees of antibody modiﬁcations, and covalent chemical ligation steps.
We constructed multivalent antibody−NP conjugates (MANCs) and employed them as SERS immunoprobes. MANCs
improved the sensitivity of SERS-based immunoassays by 100 times compared to standard antibody−NP conjugates. MANCs
will increase the feasibility of practical SERS-based immunoassays.
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1. INTRODUCTION
Immunoassays are one of the most commonly used rapid and
sensitive analytical methods for the detection and quantiﬁcation
of biomolecules in a wide range of ﬁelds, including disease
diagnosis, food safety, and environmental monitoring.1 Recent
immunoassays have employed various types of readout signals,
including color change, surface plasmon resonance (SPR),2
ﬂuorescence,3 electrochemistry,4 and surface-enhanced Raman
scattering (SERS),5 advancing into sophisticated analyte
detection methods. Among various types of immunoassays,
SERS-based immunoassays have attracted much attention
because of their single-molecule sensitivity, photostability, and
excellent multidetection capability.6 SERS is a phenomenon that
signiﬁcantly increases the Raman signals of molecules near
metallic nanostructures (hot spots). Typical SERS-based
immunoassays detect molecules through the assemblies of
immune substrates and SERS immunoprobes. The immune
substrates capture speciﬁc analytes from a sample. The SERS
immunoprobes recognize the analytes captured on the immune
substrates and provide SERS signals. Therefore, SERS
immunoprobes are critical for the sensitive and quantitative
detection of analytes. During two decades, several SERS
immunoprobes have been developed for the improvement of
SERS enhancement, chemical or physical stability, and multiplex
sensing ability. For example, Cheng et al. reported antibody© 2018 American Chemical Society

conjugated SERS nanotags for the accurate diagnosis of prostate
cancer.7 Guerrini et al. reported that Ag nanoparticles (NPs)
coated with spermine can be used for gaining genomic
information on DNA duplexes.8 Kim et al. demonstrated
dealloyed intra-nanogap particles with highly robust and
quantiﬁable SERS signals.9 Wang et al. developed Au NPs
decorated with a speciﬁc aptamer and a Raman reporter for the
multidetection of cancerous exosomes.10
Multivalency between two or more combined biomolecules
plays an important role in many biological actions by providing a
strong binding aﬃnity.11 In biosensing, the use of multivalency
can be highly advantageous because the increased valency can
increase the binding aﬃnity between the receptor and target
molecules up to tens of times, improving the biosensor
sensitivity.12 Moreover, it has been recently demonstrated that
multivalent bioreceptors enable the more selective detection of
target molecules.13,14 Consequently, SERS-based immunoassays
adopting multivalency could exhibit maximized sensitivity and
selectivity for analytes, bringing us one step closer to the
practical applications of SERS-based immunoassays. However,
as SERS-based immunoassays using multivalent antibodies have
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designed and expressed Fab−FcBP. The generation of Fab−
FcBP makes it possible to easily produce a multivalent antibody
because FcBP can simply bind to the Fc region of IgG. As shown
in Figure 1a, a multivalent antibody is producible by the ligation
of Fab−FcBP to the Fc region of IgG.
As a proof of concept, we tried to generate a multivalent
antibody capable of eﬃciently detecting J1. Because overexpression of the Notch ligand J1 is associated with increased
progression, metastasis and recurrence of prostate cancer, breast
cancer, glioma, and head and neck cancers, a speciﬁc antibody
against J1 is expected to be used in the diagnosis of cancerrelated Notch signaling overexpression.22,23 In addition, the J1
antibody can be used as a therapeutic agent by blocking the
binding of J1 to the Notch receptor.24 We employed a Fab
fragment derived from the J1 monoclonal antibody, which was
found in the phage display antibody library. A J1Fab−FcBP
fusion gene was synthesized using a secretion signal peptide, J1
VH-CH, a (GGGGS)3 linker, a codon-optimized FcBP
(DCAWHLGELVWCT), a His tag, a secretion signal peptide,
and J1 VL-CL, cloned into a pKB-Fab100 vector, and expressed
in the Escherichia coli strain TG1 via induction with 1 mM,
isopropyl-1-thio-β-D-galactopyranoside at 30 °C overnight
(Figure 1b). The cells were pelleted and resuspended in
periplasmic extraction buﬀer containing 0.2 M Tris-HCl, 0.5
mM ethylenediaminetetraacetic acid, and 0.5 mM sucrose at pH
8.0. After centrifugation, soluble J1Fab−FcBP fragments from
the supernatant were puriﬁed using protein L resin. The J1Fab−
FcBP fusion protein was detected at its predicted size of 27 kDa
by western blotting (Figure 1c). The puriﬁed J1Fab−FcBP was
reacted with the J1 antibody at room temperature, and the
formation of J1Fab−FcBP and the J1 antibody complex
(multivalent J1 antibody) was conﬁrmed by western blotting
(Figure S1).
To examine the antigen-binding ability of the multivalent J1
antibody, an SPR sensor chip with an immobilized J1 peptide
was reacted with the multivalent J1 antibody, standard J1
antibody, and IgG. As shown in Figure 2a, J1 peptide (0.5 mg/
mL) was immobilized at the 250 RU level on the chip surface
and blocked with amine-PEG (1 mg/mL); then, the multivalent
J1 antibody, standard J1 antibody, or IgG was ﬂowed over the J1
peptide-coated chip. The binding ability of the multivalent J1
antibody to the J1 peptide was approximately twofold more
eﬃcient than that of the J1 antibody. In addition, when the
concentration of the multivalent J1 antibody was increased to
0.1, 0.2, 0.4, 0.6, and 0.8 μM, the RU values of SPR for the J1
peptide increased to 70, 160, 300, 538, and 669 RU, respectively
(Figure 2b). These data clearly conﬁrm that the multivalent J1
antibody, which contains four antigen-binding sites, has
signiﬁcantly enhanced binding avidity compared with the
conventional antibody.
The multivalent J1 antibody developed herein can be
eﬀectively applied to sensor systems that require improved
binding activity because it is eﬃciently immobilized by
interacting with the immobilized antigen on the surface of the
sensor. The binding ability of the multivalent J1 antibody to the
J1 peptide on various solid surfaces was explored. First, the
multivalent J1 antibody (0.1 mg/mL) or J1 antibody (0.1 mg/
mL) was immobilized on a Au chip, and the J1 peptide was
ﬂowed over the chip at various concentrations (50 000, 5000,
500, 50, 5, and 0.5 ng/mL) and analyzed using SPR imaging
(Figure S2a). The signal of the multivalent J1 antibody that
reacted with the J1 peptide at the surface was brighter than that
of the J1 antibody, indicating that the multivalent J1 antibody

not yet been implemented, we developed a multivalent
antibody-conjugated NP as a novel SERS immunoprobe.
For the application of multivalency in immunoassays, it is a
priority to produce multivalent receptors with increased targetbinding aﬃnity in a simple mass-produced manner. We
constructed a multivalent antibody simply by attaching Fab
fragments fused with Fc-binding peptides (Fab−FcBP) to the Fc
region of immunoglobulin G (IgG). This method makes it
possible to prepare multivalent antibodies routinely without the
loss of antibody activity because complicated fusion protein
expression steps and chemical ligation processes are not
required. We produced a multivalent antibody against Jagged1
(J1) and evaluated the binding property of the multivalent
antibody against the antigen. Furthermore, we fabricated
multivalent antibody−NP conjugates (MANCs) and employed
them as SERS immunoprobes for the ﬁrst time. Importantly, J1
was detectable at a low concentration of 10 pM using MANCs.
This limit of detection (LOD) is 100 times lower than that of
standard J1 antibody−NP conjugates (SANCs). We expect that
various types of multivalent antibodies will be generated and
corresponding types of MANCs will be developed. Therefore,
SERS-based immunoassays using MANCs might be used in the
real world for disease diagnosis, environmental monitoring, and
biochemical analysis.

2. RESULTS AND DISCUSSION
Multivalent antibodies bind to multiple sites on one target,
which may result in higher functional aﬃnity and avidity over
their monomeric forms depending on the number of binding
sites.15−18 Multimeric forms of antibodies are produced by
genetic engineering, hybrid hybridomas, or chemical conjugation, and they have been extensively tested for use as therapeutic
agents and in tumor diagnostics.19−21 However, production of
multivalent antibody by genetic engineering or hybrid hybridomas method has been found too low in yield and laborintensive. The chemical conjugation of two or more antibodies
or antibody fragments is also ineﬀective and can severely impair
antibody activity. Hence, a new approach is needed to produce
multivalent antibodies without complicated processes and
without compromising the activity of the antibody. Here, we
present an easy and fast way to produce multivalent antibodies
that eliminate the need for heterologous expression and fusion of
antibodies or chemical modiﬁcations, facilitating the production
of multivalent antibodies without the loss of antibody activity.
Figure 1a shows a schematic representation of the multivalent
antibody production. The Fab fragment is a region of the
antibody that retains its antigen-binding activity but lacks the Fc
portion of IgG. For the preparation of a multivalent antibody, we

Figure 1. (a) Schematic representation of multivalent antibody
production. Fab−FcBP is ligated to the Fc region of IgG to generate
a multivalent antibody. (b) Schematic diagram of the phagemid vector
in which the Fab fragment of the J1 monoclonal antibody is cloned. (c)
Western blot analysis of J1Fab−FcBP.
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covered with the J1 peptide (1 mg/mL), and Cy3-labeled
multivalent J1 or J1 antibodies were reacted at diﬀerent
concentrations (1000, 500, 250, 100, and 10 μg/mL);
ﬂuorescence images were then captured at 532 nm. The
multivalent J1 antibody reacted with the J1 peptide even at 0.01
μg/mL, whereas the standard J1 antibody reacted with the J1
peptide at a minimum concentration of 0.1 μg/mL (Figure S2c).
Fourth, immunoprecipitation of the multivalent J1 antibody
using the J1 peptide revealed that the multivalent J1 antibody
reacted more than twice as much as the J1 antibody (Figure
S2d). These results demonstrate the wide applicability of
multivalent antibodies.
To investigate the SERS-based immunoassay with multivalency, we developed a SERS immunoprobe using a multivalent
J1 antibody. Figure 3a shows a schematic illustration of MANC
preparation. Au NPs (20 nm) were modiﬁed with malachite
green isothiocyanate (MGITC), a commonly used Raman
reporter that resonantly absorbs light near the wavelength of 633
nm, and then reacted with a thiolated, multivalent J1 antibody.
The thiolated antibody was prepared by the amine-based
conjugation of the antibody to N-hydroxysuccinimidyl-11mercaptoundecanoate. SANCs were also prepared in the same
manner by using the standard J1 antibody instead of the
multivalent J1 antibody. As an immune substrate, we adopted a
standard J1 antibody-immobilized Au nanoplate. The singlecrystalline Au nanoplates were synthesized in the vapor phase as
previously reported (Figure S3).25 Brieﬂy, the Au slug was
placed in a horizontal quartz tube furnace system and heated to
1130 °C, maintaining the chamber pressure at 5−15 Torr. Next,
the Au vapor was transported to the sapphire substrate where the
Au nanoplates were grown. The synthesized Au nanoplates were
transferred onto a silicon wafer, and the surfaces of nanoplates
were modiﬁed by Cys3-protein G and standard J1 antibody
sequentially. Because the single-crystalline Au nanoplates have
ﬂat and clean surfaces, they allow uniform antibody immobilization and can provide stable and reproducible SERS signals.25
The Au nanoplates allow uniform antibody immobilization and
can provide stable and reproducible SERS signals.25 The right
panel of Figure 3a displays a MANC-on-nanoplate structure

Figure 2. (a) Antigen-binding abilities of the multivalent J1 antibody
(0.5 and 1 μM), standard J1 antibody (1 μM), and IgG (1 μM) using J1
peptide-coated SPR chips. RU values were obtained from three
independent experiments. (b) Antigen-binding ability of the multivalent J1 antibody (0.1, 0.2, 0.4, 0.6, and 0.8 μM) using J1 peptidecoated SPR chips.

has higher binding aﬃnity to the J1 peptide than the J1 antibody.
Second, we compared the binding capacity of the multivalent J1
antibody or J1 antibody to J1 peptide using the dot blot method.
The multivalent J1 antibody and J1 antibody were added to the
nitrocellulose membrane, and Cy5-labeled J1 peptide (1 μg/
mL) was reacted; the degree of ﬂuorescence at 635 nm was then
detected. The multivalent J1 antibody showed an intensity at 1
nM similar to that at 100 nM of the J1 antibody, indicating that
the sensitivity of the multivalent J1 antibody increased by
approximately 100-fold (Figure S2b). Third, a glass surface was

Figure 3. (a) Schematic illustration of MANC preparation for J1 peptide detection. In the presence of J1, MANC-on-nanoplate structures are
constructed and SERS signals of MGITC are observed. (b) SERS spectra of MGITC obtained from MANC-on-nanoplate structures by varying the
concentration of J1. (c) SERS spectra of MGITC obtained from SANC-on-nanoplate structures with varying J1 concentrations. (d) Plot of band
intensity at 1175 cm−1 vs the concentration of J1. Magenta and cyan bars were obtained using MANCs and SANCs, respectively. Data represent the
mean plus standard deviation of eight measurements.
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Figure 4. (a) SEM images of MANC-on-nanoplate structures with varying J1 concentrations. (b) SEM images of SANC-on-nanoplate structures with
varying J1 concentrations. (c) SERS intensity and number of MANCs on nanoplates (1 μm × 1 μm) as a function of J1 peptide concentration. (d)
SERS intensity and number of SANCs on nanoplates (1 μm × 1 μm) as a function of J1 peptide concentration.

To explore the SERS-based immunoassay with multivalency
in depth, we captured scanning electron microscopy (SEM)
images of MANC- and SANC-on-nanoplate structures,
respectively, with varying J1 concentrations (Figures 4a,b and
S6). When MANCs were used to detect J1, the number of
MANCs increased from 10 pM to 10 μM, similar to the SERSbased immunoassay results. Figures 4a and S4 clearly show that
MANCs were well attached to the Au nanoplates without
aggregation for all J1 peptide concentrations. When SANCs
were employed, the number of SANCs increased slightly from 1
nM to 10 μM. At a J1 peptide concentration of 10 μM, MANCs
were more densely assembled on the nanoplate than SANCs,
indicating that MANCs have a higher binding aﬃnity to the J1
peptide than SANCs. For the quantitative analysis, we compared
the SERS intensity and the number of SERS immunoprobes in a
unit area (1 μm × 1 μm nanoplate). Figure 4c,d represents plots
of the SERS intensity and the number of MANC- or SANC-onnanoplate structures versus the J1 peptide concentration. The
SERS intensity and the number of SERS immunoprobes are well
correlated because the SERS signals are obtained from hot spots
formed by the SERS immunoprobes. At high J1 concentrations
of 10 μM, 100 nM, and 1 nM, the numbers of MANCs were 429,
202, and 131 and the numbers of SANCs were 207, 148, and 91,
respectively. At low J1 concentrations of 100, 10, and 1 pM, the
numbers of MANCs were 77, 50, and 34 and the numbers of
SANCs were 89, 61, and 46, respectively. These results suggest
that the high binding aﬃnity of MANCs for J1 could enhance
the sensitivity of the SERS-based immunoassay for J1. A single
target analyte can be more strongly captured by collective and
multiple binding molecules for enhanced target recognition. For
many targets and receptors, therefore, enhanced binding

after the detection of J1. Only in the presence of J1, can the
MANC-on-nanoplate structures be constructed and strong
SERS signals of MGITC be observed. The estimated enhancement factor was 3.02 × 107. Figure 3b,c shows the results of
SERS-based immunoassays for J1 using MANCs and SANCs,
respectively. When MANCs were employed, the SERS signals of
MGITC gradually increased as the concentration of J1 increased
from 10 pM to 10 μM. At a J1 concentration of 1 pM, the SERS
signals were distinguishable from those of the blank sample but
undistinguishable from those of 10 pM. We estimated the LOD
of the SERS-based J1 immunoassay with MANCs to be 10 pM.
When SANCs were used, SERS signals increased in the range of
J1 concentrations from 1 nM to 10 μM. At a lower concentration
of 1 nM, similar spectra were obtained regardless of the J1
concentration. The LOD of SERS-based J1 immunoassay with
SANCs is 1 nM. To compare SERS-based immunoassays for J1
using MANCs and SANCs, we plotted the band intensity at
1175 cm−1 versus the concentration of J1 (Figure 3d). Because
1175 cm−1 band of MGITC is strongest and not overlapped by
other peaks, we choose 1175 cm−1 band for the calibration of
SERS-based immunoassays. Figure 3d clearly indicates that
MANCs enhanced the sensitivity of SERS-based immunoassay
for J1. Meanwhile, the feeble signals of the blank sample were
attributed to the well-immobilized antibody on the ultraﬂat Au
nanoplate. Additionally, we investigated the selectivity of SERSbased immunoassay for J1 (Figure S4). Only in the presence of J
peptide, strong SERS signals of MGITC were obtained. We also
demonstrated that J1 in 10% serum sample could be detected by
using the MANC-on-nanoplate structure (Figure S5). These
results indicate that the multivalent J1 antibody has speciﬁc
binding aﬃnity to J1 peptide.
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Advantec MFS) to remove any unreacted J1Fab−FcBP fragment and J1
antibody. The formation of multivalent J1 antibody was conﬁrmed by
western blotting. The standard J1 antibody was found in the phage
display antibody library.
4.3. Preparation of MANCs and SANCs. MGITC (100 μL; 1 μM
in ethanol) solution was added to the Au NP solution to make a 1 mL
solution, which was incubated for 45 min at room temperature with
orbital shaking. Simultaneously, we mixed 10 μL of HS−(CH2)10−
NHS solution (10 μM in tetrahydrofuran) and 100 μL of the
multivalent J1 antibody solution [100 ng/mL in phosphate-buﬀered
saline (PBS)] for 45 min at room temperature with orbital shaking.
Then, 50 μL of this mixture was added to the MIGTC-conjugated Au
NP solution, and the ﬁnal solution was incubated for 45 min at room
temperature with orbital shaking. To purify the MANCs from the
remaining chemicals, the solution was centrifuged (13 300 rpm for 15
min) and resuspended in 0.1× PBS. SANCs were prepared in the same
manner by using standard J1 antibody instead of multivalent J1
antibody.
4.4. Preparation of Immune Substrates Using Au Nanoplates. We synthesized single-crystalline Au nanoplates by using a
horizontal hot-wall single-zone furnace with a 1 in. inner-diameter
quartz tube. The setup was equipped with pressure and mass-ﬂow
controllers. Ar gas was ﬂowed at a rate of 100 sccm, maintaining the
chamber pressure at 5−15 Torr. The Au slug, placed in an alumina boat
at the center of the heating zone, was heated to 1130 °C, and the vapor
was transported to the lower temperature region by the carrier gas,
where Au nanoplates were grown on substrates. The epitaxially grown
Au nanoplates were transferred onto a silicon wafer by a simple
attachment and detachment process. Au nanoplates on the silicon wafer
were incubated with 1 mL of 5 nM Cys3-protein G solution in PBS for
12 h at 4 °C. Next, the nanoplates were rinsed three times with 0.1×
PBS. The Cys3-protein G-modiﬁed Au nanoplates were immersed in 1
mL of 1 nM J1 antibody solution in PBS for 12 h at 4 °C and rinsed
three times with 0.1× PBS.
4.5. SERS-Based Immunoassay for J1 Using MANCs and
SANCs. J1 protein was diluted in PBS at various concentrations (from
10 μM to 1 pM). The various concentrated J1 peptide solutions (1 mL)
were added to the prepared SERS immune substrates and shaken for 6 h
at 4 °C. Next, they were rinsed three times with 0.1× PBS, followed by
incubation in the prepared MANC or SANC solution (1 mL) for 45
min at room temperature. After washing with distilled water and drying,
SERS signals were obtained. The selectivity test and the detection of J1
protein in the serum sample were accomplished in the same manner.

aﬃnities by multivalency have been used to improve the
detection limits of diverse biosensors. Detection limits of
antibody-based immunosensors are heavily relying on antibody
aﬃnities to target molecules. Because the multivalent J1
antibodies contain four J1 binding sites, the antibodies can
interact with J1 with enhanced aﬃnities. This is why the
multivalent antibody can enhance the sensitivity of immunoassay. Because this is the ﬁrst report of SERS-based immunoassays using a multivalent antibody, we expect that various types
of multivalent antibody-based SERS immunoprobes will be
developed and used for disease diagnosis, environmental
monitoring, and biochemical analysis.

3. CONCLUSIONS
We report the production of a multivalent antibody for the J1
peptide by attaching Fab−FcBP to the Fc region of IgG. The
multivalent J1 antibody can be easily and eﬃciently prepared
without the loss of antibody activity because this method does
not require complicated multivalent antibody expression or
chemical modiﬁcation steps. Moreover, we evaluated the
binding of the multivalent antibody to the antigen using SPR,
Au chip dot blot, immunoprecipitation, and glass chips.
Furthermore, we fabricated MANCs and employed them as a
SERS immunoprobe for the ﬁrst time. The MANCs exhibited a
higher binding aﬃnity for the J1 peptide than the SANCs, thus
resulting in highly sensitive detection of the target substance. We
anticipate that multivalent antibody-conjugated SERS immunoprobes can serve as potential tools for practical sensing and
medical diagnostics.
4. EXPERIMENTAL SECTION
4.1. Materials and Instruments. J1 protein, notch-1, notch-3, and
thymidine kinase were purchased from Abcam (USA). Cys3-protein G
was purchased from MiCoBioMed (Korea). Citrate-stabilized Au NPs
(20 nm), BSA, and human serum were purchased from Sigma-Aldrich
(USA). MGITC was purchased from Setareh Biotech (USA). NHydroxysuccinimidyl-11-mercaptoundecanoate (HS−(CH 2 ) 10 −
NHS) was purchased from ProChimia (Poland). SEM images were
obtained using a Nova230 system at an accelerating voltage of 15 keV.
SERS measurements were carried out using a LabRAM HR system
(HORIBA Jobin Yvon). The excitation source was a He−Ne laser
operating at λ = 633 nm, and the laser spot was focused on a sample
through a 50× objective lens. The SERS signals were recorded with a
thermodynamically cooled electron multiplying charge-coupled device
(Andor) mounted on a spectrometer with a 1200-groove/mm grating.
SPR experiments were performed with carboxyl dextran CM-5 gold
chips on a Biacore 3000 device (Biacore AB).
4.2. Preparation of Multivalent J1 Antibody. A J1Fab−FcBP
fusion gene coding a secretion signal peptide, J1 VH-CH, a (GGGGS)3
linker, a codon-optimized FcBP (DCAWHLGELVWCT), a His tag, a
secretion signal peptide, and J1 VL-C was synthesized. A pKB-Fab100
vector containing J1Fab−FcBP was transformed in the E. coli strain
TG1 by heat shock, and protein expression was induced with 1 mM
isopropyl-1-thio-β-D-galactopyranoside at 30 °C overnight. The cells
were harvested and lysed in periplasmic extraction buﬀer (0.2 M TrisHCl, 0.5 mM ethylenediaminetetraacetic acid, and 0.5 mM sucrose at
pH 8.0). After centrifugation, soluble J1Fab−FcBP fragments from the
supernatant were puriﬁed using protein L resin (GE Healthcare). The
level of expression and purity of the J1Fab−FcBP fusion protein were
analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis
and then by western blotting. The concentration of J1Fab−FcBP was
determined by Bradford assay (Bio-Rad). Next, a puriﬁed soluble
J1Fab−FcBP fragment was ligated to the Fc region of J1 antibody to
produce multivalent J1 antibody using 1:3 reaction ratio between J1
antibody and J1Fab−FcBP for 2 h at room temperature. The reaction
mixture was then ﬁltered with a centrifugal ﬁlter (MWCO 200 kDa,
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(16) Nuñez-Prado, N.; Compte, M.; Harwood, S.; Á lvarez-Méndez,
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Tumor Targeting and Imaging with Engineered Trivalent Antibody
Fragments Containing Collagen-Derived Sequences. PLoS One 2009,
4, No. e5381.
(12) Wright, D.; Usher, L. Multivalent Binding in the Design of
Bioactive Compounds. Curr. Org. Chem. 2001, 5, 1107−1131.
37834

DOI: 10.1021/acsami.8b13180
ACS Appl. Mater. Interfaces 2018, 10, 37829−37834

