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Abstract: Protein tyrosine sulfation is a common post-translational modification that stimulates
intercellular or extracellular protein-protein interactions and is responsible for various important
biological processes, including coagulation, inflammation, and virus infections. Recently, human
P-selectin glycoprotein ligand-1 (PSGL-1) has been shown to serve as a functional receptor for
enterovirus 71 (EV71). It has been proposed that the capsid viral protein VP1 of EV71 is directly
involved in this specific interaction with sulfated or mutated PSGL-1. Surface-enhanced Raman
spectroscopy (SERS) is used to distinguish PSGL-1 and VP1 interactions on an Au nanoporous
substrate and identify specific VP1 interaction positions of tyrosine residue sites (46, 48, and 51).
The three tyrosine sites in PSGL-1 were replaced by phenylalanine (F), as determined using SERS.
A strong phenylalanine SERS signal was obtained in three regions of the mutated protein on the
nanoporous substrate. The mutated protein positions at (51F) and (48F, 51F) produced a strong
SERS peak at 1599-1666 cm™!, which could be related to a binding with the mutated protein and
anti-sulfotyrosine interactions on the nanoporous substrate. A strong SERS effect of the mutated
protein and VP1 interactions appeared at (48F), (51F), and (46F, 48F). In these positions, there was less
interaction with VP1, as indicated by a strong phenylalanine signal from the mutated protein.

Keywords: P-selectin glycoprotein ligand-1; viral protein 1; surface-enhanced Raman spectroscopy;
nanoporous; phenylalanine

1. Introduction

Protein tyrosine sulfation (PTS) is a significant post-translational modification that occurs via the
tyrosyl protein sulfotransferase (TPST) catalyst through the transfer of the sulfuryl group (SO37!) from
3’-phosphoadenosine-5’-phosphosulfate, resulting in the addition of a specific tyrosyl residue within
a target protein [1-4]. PTS is of vital importance as it facilitates protein-protein interactions (PPIs),
which regulate many biological events, such as virus infection, inflammation, immune responses,
and physiological and pathological diseases [3,5-8]. Notably, the pathogenic mechanism can be
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evaluated via the activity of PTS. PTS facilitates and controls the chemokine receptor-ligand binding,
which is relevant in inflammatory responses [5,9-13]. PTS-based PPIs have potential for disease
treatment via a target protein. Mutated tyrosine residues in CC chemokine receptor 5 strongly reduce
human immunodeficiency virus-1 infection (50%—70%) when compared to control residues [10,14].
Monitoring PTS activity in PPIs is essential for recognizing and understanding biological functions
and mechanisms.

Enterovirus 71 (EV71) is a non-enveloped positive-stranded RNA virus composed of four structural
proteins (VP1, VP2, VP3, and VP4) [15,16]. It belongs to the picornaviridae family, which produces
agents that are responsible for hand, foot, and mouth disease [15,16]. In addition, there is no effective
antiviral agent known to be effective in treating EV71 infection. Notably, P-selectin glycoprotein
ligand-1 (PSGL-1) is a functional receptor for EV71 [15]. PSGL-1 is primarily expressed on the
surface of circulating leukocytes, where it mediates platelet rolling and inflammatory processes [15,16].
The N-terminal tyrosine sulfation of PSGL-1 is crucial for the binding of specific strains of EV71
through its capsid protein (VP1), which enables virus infection [15,16]. The three key tyrosine residue
sulfation specific positions at 46, 48, and 51 are placed on the PSGL-1 terminal [3,4,17]. During PPlIs, it
is difficult to clearly distinguish the specific positions of PTS sites in VP1 interactions, and the process
is time-consuming. PPIs greatly affect the function and structure of proteins and change the regulation
of the target protein. Thus, it is important to investigate PPIs for commercial drug design.

Many characterization methods have been applied to monitor PTS-based PPlIs, including mass
spectrometry, western blotting, and enzyme-linked immunosorbent assays [18-20]. These methods
usually require tedious sample preparation and expensive instruments. Moreover, the specific
monitoring of PTS-based PPIs requires a long time and a high concentration due to the instability of
sulfated target proteins in real-time applications. Therefore, rapid, simple, and quantitative methods
are needed for monitoring PTS-based PPls. In addition, a fluorescence method has been used to
monitor PTS via phenol sulfotransferase-TPST coupled enzyme assay substrates [4,17]. Atomic force
microscopy (AFM) can be employed to qualitatively and quantitatively characterize single-molecule
interactions with a very high spatial resolution. In our earlier work, AFM was used to measure
the unbinding force between sulfated or mutated PSGL-1 and VP1 in vitro [21]. It was found that
the binding strength increased following PTS treatment on PSGL-1 with a specific anti-sulfotyrosine
antibody and VP1 protein of EV1. Moreover, the tyrosine-51 residue of glutathione S-transferases
fusion-PSGL-1 (GST-PSGL-1) has less affinity compared to other tyrosine residues towards the VP1
protein of EV1. Raman spectroscopy can be used to analyze bio-species with or without a solution state;
however, weak Raman signals and limited information are obtained [22,23]. Surface-enhanced Raman
spectroscopy (SERS) can be used to investigate bio-species via Raman-active modes [24-29]. Detection
mainly involves a chemical effect and an electromagnetic (EM) effect [24,30-32]. Chemical specificity
and high sensitivity can be obtained via the SERS effect [24]. Generally, substrates roughened using
metal (Au, Ag) nanoparticles or patterned nanostructures are used to investigate bio-species, with a
high SERS effect and a high enhancement factor [25-27]. The SERS effect strongly depends on the
geometry of NSs in the micro-environment. Size-based bio-species characterization requires a large
SERS effect and reproducibility.

The present work utilizes the SERS technique to investigate the interactions between sulfated or
mutated GST-PSGL-1 and an antibody or VP1 of EV71 on a nanoplasmonic surface. The high-purity
tyrosine sulfation residues were obtained by using the GST fusion tag without affecting TPST activity on
GST-PSGL-1. Figure 1 shows the experimental design of GST-PSGL-1 and the mutants of GST-PSGL-1.
The three tyrosine residues of GST-PSGL-1 (at positions 46, 48, and 51) were mutated via substitution
by phenylalanines (F). We investigated sulfated (S) or mutated GST-PSGL-1 and VP1 protein of EV71
interactions and the interaction position of tyrosine residues via SERS spectral changes on an Au
nanoporous surface in real time. The SERS spectra were used to determine whether the GST-PSGL-1
and VP1 interactions at the three tyrosine residues had different activity abilities after being subjected
to PTS.
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Figure 1. (a) The basic structure of the glutathione S-transferases fusion-human P-selectin glycoprotein
ligand-1 (GST-PSGL-1) protein and (b) experimental design of the mutated GST-PSGL-1 protein
purified are presented using GST fusion. (c) A schematic illustration of the experimental process for
protein-protein interactions (PPIs) on the Au nanoplasmonic substrate is shown.

2. Experimental Section

2.1. Fabrication of the Au Nanoporous SERS Substrate

Various kinds of nanoporous surface have been fabricated in previous studies [33-37]. The high
density and uniformity of Au nanoporous substrates make them suitable as SERS substrates. In this
work, Au nanoporous substrates were fabricated using an Ag—Au alloy (AggyAuyg at.%) target. Briefly,
the experiment started with the deposition of 400-nm-thick Au layers via an electron beam (e-beam)
evaporator (VT1-10CE, ULVAC, Tainan, Taiwan) on polished single-crystal silicon (100) wafers primed
with a 5-nm-thick adhesion layer of Ti. Then, a 150-nm-thick Ag/Au alloy layer was deposited via
e-beam at two deposition rates (0.3 and 1 A/s, respectively). Finally, the Au nanoporous surface
was formed by dealloying Ag in concentrated nitric acid at various durations (30-210 s). A bottom
thick adhesion layer of Au was deposited to increase the adhesion strength of Ag/Au alloy to the Si
substrate to avoid film breakage during dealloying. The sample was washed with deionized (DI)
water to remove the dealloying reaction products and excess nitric acid. The morphology, chemical
composition, and optical properties of as-prepared samples were investigated using field-emission
scanning electron microscopy (FE-SEM, JSM-7001, JEOL, Tokyo, Japan), HR-TEM-EDS (JEM-2100F,
JEOL), and ultraviolet-visible spectrophotometry. Water solution contact angles on as-fabricated
substrates were measured at 25 °C with an angle meter. A 5-uL droplet of DI water was placed on the
sample surface at three sites to assess the surface wettability for measuring the average contact angle.
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2.2. Molecular Probe Detection

Rhodamine 6G was diluted in aqueous solution in the range of 1076 to 10712 M. To investigate the
SERS effect, the molecular solution was placed on the as-fabricated samples (created at rates of 0.3 and
1 A/s), and then subjected to Raman spectroscopy. Raman spectra were obtained using a confocal
microscopy Raman spectrometer (inVia Raman microscope, Renishaw, London, UK) using a He-Ne
laser with an excitation wavelength of 633 nm, a magnification of 50x, and an integration time of 10 s
over an area of 1 um X 1 pm (the size of the laser spot was ~1 um). An air-cooled charge-coupled
device (CCD) was used as the detector, and the incident power was 3 mW. Before each measurement,
the Raman shift was calibrated using the signal at 520 cm~! with the absolute intensity from a standard
silicon wafer.

The enhancement factor (EF) was calculated according to the standard equation [25-27]:

EF — Isers % Nbulk (1)
Ibulk Niers

where Isers and Iy are the SERS and normal Raman scattering intensities, respectively, and Ngers
and Npyk are the numbers of molecules contributing to the inelastic scattering intensity, respectively,
as evaluated by SERS and normal Raman scattering measurements. The SERS effect was averaged
from twenty consecutive measurements. The commercial software COMSOL (version Multiphysics®
2019) was applied to calculate the EM field distribution on the Au nanoporous substrates [25,27].

2.3. Protein Immobilization on Plasmonic Au Nanoporous Substrate

2.3.1. Protein Preparation

The protocols used for TPST, PSGL-1, GST-PSGL-1, S-GST-PSGL-1, mutant GST-PSGL-1, and
VP-1 of EV71 are explained in our earlier publication [4,17,21]. The following molecular weights were
used in this work: NusA-tag fusion protein (60 kDa), TPST (36 kDa), GST-PSGL-1 (27.8 kDa), and VP1
(33 kDa) [21].

2.3.2. Self-Assembled Monolayers of Proteins on Au Nanoporous Substrate

To assemble protein on Au nanoporous substrates, the optimized Au nanoporous substrates were
cleaned with acetone for 10 min and then treated with oxygen plasma for 3 min. The treated Au
nanoporous surface was soaked in a 2% 3 APTES/ethanol solution for 30 min and then carefully washed
with ethanol and heated at 120 °C for 10 min to produce amine groups on the surface and remove surplus
ethanol. The APTES-modified Au nanoporous surface was then incubated in phosphate-buffered
saline (PBS; pH 7) with 12.5% glutaraldehyde for 1 h. The self-assembled monolayer (SAM) that
formed on the surface was washed with double-distilled water (ddH,0O) and dried with nitrogen gas.
Then, the surface-modified Au nanoporous substrate was immersed in 1 uM PBS with GST-PSGL-1 or
mutant GST-PSGL-1 peptides for 12 h, respectively. Next, the protein- immobilized Au nanoporous
surface was washed with PBS solution and subjected to a PTS reaction for 4 h at 37 °C, as detailed
in our earlier publication [21]. After the PTS reaction, the substrate was washed with PBS solution
three times. Finally, the protein-modified Au nanoporous surface was soaked in anti-sulfotyrosine
(1:1000 dilution) or 1 uM VP-1 in PBS for 12 h, and then unreacted probes were removed with PBS
solution and characterized using Raman spectroscopy. The surface compositions of the pristine (Au)
and protein-immobilized nanoporous substrates were analyzed using XPS with an Al K« (1486.6 eV)
X-ray source. For the pristine and protein-immobilized nanoporous surfaces, wide-scan C 1s, S 2p, N 1s,
O 1s, and Au 4f spectra were collected. The morphology of the SAM surface was investigated using
field-emission scanning electron microscopy (FE-SEM) and AFM (Dimension Icon, Bruker, Billerica,
MA, USA).
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3. Results and Discussion

3.1. Characterization of the Plasmonic Au Nanoporous Substrate

A continuous plasmonic Aunanoporous substrate was fabricated using both physical and chemical
methods, as illustrated in Figure S1 in Supplementary Materials. Both methods can be used to precisely
tune the plasmonic properties of nanoporous materials. The FE-SEM images in Figure 2a,b show
the morphology of a plasmonic Au nanoporous surface. The pore size varied with dealloying time
(30-210 s, with samples denoted as Aup_30s, Aup_60s, Aup_90s, Aup_120s, Aup_150s, Aup_180s,
and Aup_210s) and thus with the deposition rate (0.3 and 1 A/s). The Au pore sizes and contact
angles are given in Table S1. After dealloying, the composition of the Ag-Au alloy film changed from
~80:20 to ~2:20 at.%, as determined from the energy-dispersive X-ray spectroscopy (EDS) spectra.
The Au nanoporous surface had a different distribution of plasmonic porous cavity sizes, which
significantly affects the local EM field effect. The deposition rate also influences the mechanical and
physical properties of nanoporous materials. In addition, the reduction in contact angle is related to
the deposition rate. Figure 52 shows a high-resolution transmission electron microscopy (HR-TEM)
image of an optimized Au nanoporous substrate (Aup_120, 1 A/s). The pore size was 50 + 2 nm, which
creates a strong local EM environment, enabling single-molecule detection [24]. The EDS mappings
show the formation of a porous structure. Moreover, a continuous plasmonic Au nanoporous substrate
has enhanced optical properties from the visible to near-infrared regions under irradiation, which may
provide a high density of SERS hot spots.

Figure 2. Field-emission scanning electron microscopy (FE-SEM) top-view images of as-fabricated

plasmonic Au nanoporous substrates fabricated using deposition rates of (a) 0.3 A/s and (b)1 AJs, and
various dealloying durations (scale bar: 500 nm) were present.

The surface plasmon resonance (SPR) spectra of Aup_120s (0.3and 1 A/s) and Aup_150s
(0.3 and 1 A/s) substrates are shown in Figure S3. The Ag/Au alloy film SPR peak at 485 nm significantly
shifted after the Ag/Au alloy film was dealloyed. Two strong SPR shifts appeared at 681 nm for
Aup_150s (1 A/s) and 735 nm for Aup_120s (1 A/s) compared to those for a deposition rate of
0.3 A/s (649 nm for Aup_150s and 688 nm for Aup_120s); these peaks are attributed to the strong
multi-polarization electric field coupling in small porous cavities [24-27,33]. COMSOL was used to
calculate the optical properties of the optimized Au nanoporous substrate as detailed in SI. We believe
that the higher EM field was generated by continuous nanoporous cavities, which allow the detection
of lower concentration target species via SERS.

The as-fabricated Au nanoporous samples (30 to 210 s, 0.3 and 1 A/s) created strong Raman
vibrational modes when rhodamine 6G (R6G) was used as the molecular probe. The SERS spectra of
10° M R6G on as-fabricated Au nanoporous samples were obtained at a laser wavelength of 633 nm,
as shown in Figure 3a,b. A strong R6G SERS characteristic peak (Isgrs) was obtained at 1363 cm™! for
all samples and corresponds to the v(C=C) aromatics mode [26]. The large local EM field enhancement
was found in the nanoporous cavity zone, which may allow for multipolar excitations and enhanced
Raman scattering. In addition, the matched Raman laser energy with the nanoporous SPR band can
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enhance the maximum SERS response. Sample Aup_120s (1 A/s) had an increased SERS intensity due
to its optimal spacing between porous cavities, as shown in Figure 3c. The enhancement factor (EF)
was calculated using Equation (1); the optimized Au nanoporous substrate Aup_120s (1 A/s) obtained
enhancement in the order of 107, using the relatively strong band at 1363 cm~!, and was thus used for
further studies. The SERS peak intensity at 1363 cm™! for an R6G concentration of 1077 to 10712 M
was examined on the optimized Au nanoporous sample, as shown in Figure 3d. The optimized Au
nanoporous substrate had a strong SERS intensity due to multipolar enhancement, making it suitable
for detection at the single-molecule level. The SERS spectra of R6G were enhanced greatly and equally
at each 20 point sampling position on the Au nanoporous substrate, indicating good activity and
reproducibility of the sample.
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Figure 3. Surface-enhanced Raman spectroscopy (SERS) spectra of 10" M R6G molecule on as-fabricated
Au nanoporous substrates with the deposition rates of (a) 0.3 and (b) 1 A/s were taken with different
dealloying times and examined at a Raman laser wavelength of 633 nm. (c) The SERS characteristic
peak at 1363 cm™! was present with intensities for various deposition rates and dealloying times.
(d) The SERS spectra of R6G molecules (1077, 10, and 10712 M) on an optimized Au nanoporous
substrate were examined at a Raman laser wavelength of 633 nm. The relationship of relative Raman
intensities with the concentration of the R6G molecule on an optimized Au nanoporous substrate was
shown using Isggrs peaks at 1363 cm™.

3.2. Chemisorption of Protein-Immobilized Plasmonic Au Nanoporous Substrate

The active peptide (ATEYEYLDYDFL)-containing sulfation site of GST-PSGL-1 was immobilized
on the functionalized Au nanoporous surface by 3-amino-propyltriethoxysilane (APTES) and
glutaraldehyde as linker molecules. The protein immobilization process was confirmed using
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X-ray photoelectron spectroscopy (XPS) and SERS characterization. The XPS spectra of C 1s, O 1s, N 1s,
S 2p, and Au 4f are shown in Figure 4a—e.

(a) 5 cs| (b) o o1s|[ (¢) ,omms‘ (d)
162.24

399.22 [\
397.7 [\
b\ 167.90

J“ %_—J/ \ AJA\\/\’

N / [ A
_/ k/% / s/l N —J w $8.05

T T P { fae o o T T T T T T T
284 286 288 290 9 528 530 532 53 536 538 "94 ‘96 ‘98 -000 402 404 158 160 16 164 166 168 170 172 82 8-0 86 88 90 W
~v m'“

Binding energy (eV)

531.84

.

5% APTES

Functionalized-nanoporous

Figure 4. The XPS spectra of protein immobilization on the Au nanoporous substrate were characterized.
(a)C1s,(b)O1s,(c) N1s,(d) S2p and (e) Au 4f spectra were respectively present for verifying chemical
components on the Au nanoporous substrate.

For the functionalized Au nanoporous surface with oxygen plasma treatment, the AuO, spectrum
exhibited a weak signal peak at binding energies of 85.01 and 88.05 eV, which confirms the formation
of O and OH on the Au nanoporous surface, and SAM formation [38,39]. The Au 4fs5, and Au
4f7;, spectra exhibited strong signal peaks at 83.50 and 87.23 eV, respectively. The peak intensity
decreased after protein assembly on the surface due to multi-SAM formation. The O 1s spectrum of
the functionalized Au nanoporous surface exhibited an emission peak at 532.24 eV, which indicates the
formation of a nano-sized oxidation layer [38]. For the APTES-modified Au nanoporous surface, the C
1s spectrum exhibits strong emission peaks at 284.78 and 288.96 eV, which correspond to C—C and
O-C=0, respectively [21,27,40]. The O 1s spectrum of the APTES-modified Au nanoporous surface
exhibits a strong emission peak at 532.73 eV, which corresponds to O-C=0 from the APTES layer.
The N 1s spectrum of the APTES-modified Au nanoporous surface exhibits a strong emission peak
at 398.45 eV, which corresponds to NH, from the APTES layer. The glutaraldehyde-modified Au
nanoporous surface C 1s spectrum exhibits an emission peak at 288.96 eV, which corresponds to H-C=0;
these results confirm the chemisorption of glutaraldehyde [21]. The O 1s and N 1s spectra of the
glutaraldehyde-modified Au nanoporous surface are similar to those obtained for the APTES-modified
surface. The XPS peaks at 287.04 and 289.17 eV for C 1s are from the immobilized GST-PSGL-1 on
the Au nanoporous surface, which correspond to C-N, H-C=0, and C=0-N, respectively [21,40].
The disappearing glutaraldehyde H-C=0O peak at 288.96 eV confirms the immobilization of the
proteins. The XPS peaks in the O 1s spectrum from the immobilized GST-PSGL-1 on the Au nanoporous
surface appear at 530.24 and 531.84 eV, which can be assigned to N=0O and C=0-OH, respectively.
The shifted N 1s spectrum shows peaks corresponding to C-N, N=0O, and the oxide NH,/NH3™" at
397.70, 399.22, and 402.57 eV, respectively, which strongly indicate the presence of proteins. It shows
that greatly influential interactions between protein molecules via amino groups can be found. The S
2p spectrum peak at 167.90 eV can be assigned to SO42~, which confirms the PTS reaction on the
GST-PSGL-1-assembled surface. These peaks are consistent with SAM chemical states. Therefore,
there is strong chemisorption between proteins and the Au nanoporous surface. The fabricated
protein-assembled substrate surface was used for further SERS studies.

Figure 5 shows the SERS spectra of GST-PSGL-1 and S-GST-PSGL-1 immobilized Au nanoporous
substrates obtained at a Raman laser wavelength of 633 nm. The SERS spectra of the APTES-modified
functionalized Au nanoporous substrate show weak C-O-C, Si-O-5i, or Si-O-C Raman bands at
813 and 1007 cm™, respectively, confirming that APTES had self-assembled on the substrate [41].
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Notably, the O-C=0 stretching modes had significant shifts at 1590-1700 cm™ after the protein was
immobilized on the Au nanoporous substrate via the SAM procedure, as marked in Figure 5a.
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Figure 5. (a) The immobilization of protein on the Aunanoplasmonic substrate. An amino group formed
on the functionalized Au nanoporous surface was followed by a self-assembled monolayer (SAM)
layer, 3-amino-propyltriethoxysilane (APTES)/ethanol solution, and glutaraldehyde. GST-PSGL-1
or S-GST-PSGL-1 was then immobilized on the SAM-modified Au nanoporous surface. At each
step, samples were characterized at a Raman laser wavelength of 633 nm. Marked SERS bands at
15001700 cm™! are highlighted. (b) The SERS spectrum of the APTES-modified Au nanoporous
substrate shows the O-C=0 stretching mode at 1601 cm~!. (c) The glutaraldehyde-modified substrate
SERS spectrum shows strongly shifted O-C=0 stretching modes at 1594 and 1655 cm~L. (d,e) After the
PTS reaction, the observed C=C and O-C=0 peaks shifted to 1593 and 1627 cm~!, respectively.

The SERS spectrum of the APTES-modified Au nanoporous substrate shows the O-C=0 stretching
mode at 1601 cm~!, which is correlated to impurities in the ATPES solution, as shown in Figure 5b.
The glutaraldehyde-modified substrate SERS spectrum shows strongly shifted O-C=0 stretching modes
at 1594 and 1655 cm~!, which correspond to glutaraldehyde immobilization, as shown in Figure 5¢ [42].
The stretching mode of the O-C=0 region can greatly influence interactions between protein molecules
via amino groups. The SERS spectra of the GST-PSGL-1 modified Au nanoporous substrate show
a strong C=C Raman band at 1586 cm™?, confirming the immobilization of GST-PSGL-1 [43—46].
In addition, the stretching mode of O-C=0 at 1619 cm™" shifted to a lower region compared to that of
the glutaraldehyde-modified Au nanoporous substrates. S-GST-PSGL-1 formed on the Au nanoporous
substrates via the PTS reaction. An anionic sulfate is assigned to the asymmetric 50,2~ and -SO;
stretching modes at 984, 1030, and 1192 cm~ L, confirming GST-PSGL-1 modification via the PTS
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reaction [27,47]. After the PTS reaction, the observed C=C and O-C=0 peaks shifted to 1593 and
1627 cm™, as shown in Figure 5d,e, respectively, indicating the presence of a protein. The SERS shifts
are listed in Table S2. These results are consistent with the XPS results, as detailed in Figure 4.

3.3. Protein-Protein Interactions on the Plasmonic Au Nanoporous Substrate

Figure 6 shows a SERS spectrum of the GST-PSGL-1 mutant’s immobilization on an Aunanoporous
substrate obtained at a Raman laser wavelength of 633 nm. The SERS band positions were significantly
changed due to the various GST-PSGL-1 mutants; these peaks are assigned to proteins, amides,
and lipids, as listed in Table S3 [25,26,47-50]. The tyrosine residue positions 46, 48, and 51 of
GST-PSGL-1 were positions mutated to phenylalanine (F). Weak phenylalanine SERS bands were
observed at 998-1005 cm™~!, confirming the presence of the mutant on the surface. Strong SERS peaks
appeared at 1595-1650 cm™!, which are related to the O-C=0 stretching modes of phenylalanine [44,51].
In addition, a strong anionic sulfate SERS peak appeared at 986 cm™~! for the non-mutant GST-PSGL-1.
In the case of the GST-PSGL-1 mutant’s immobilization on an Au nanoporous substrate, the anionic
sulfate SERS peak appeared at 11001300 cm™!. A series of the GST-PSGL-1 mutant’s O-C=0 stretching
modes were presenting new and shifted SERS bands at 1591 and 1626 cm™! for (46, 48, 51), 1638 cm™!
for (46F), 1622 and 1649 cm™! for (48F), 1595 and 1622 cm™! for (51F), 1626 cm™! for (46F, 48F), 1602
and 1632 cm™! for (46F, 51F), 1592 and 1631 cm™! for (48F, 51F), and 1644 cm™! for (46F, 48F, 51F),
which can be used to determine the quality and conformation of the mutated protein. Three regions
of the mutated protein (46F, 48F, 51F) on the Au nanoporous substrate showed highly enhanced
SERS intensity at 1001 cm~! due to a high quantity of phenylalanine. Furthermore, the SERS relative
intensity of the peak positions at 1626-1649 cm™! (O-C=0) were compared to detect the SERS activity
of the mutated regions on the Au nanoporous substrate (Figure 6b). The maximum mutated protein
SERS intensity (at O-C=0) was reduced compared to that of the control GST-PSGL-1 on the Au
nanoporous substrate due to the structure being modified by phenylalanine. Nevertheless, the mutated
GST-PSGL-1 positions at 48F, 51F, (46F, 48F), and (46F, 51F) on the Au nanoporous substrate showed
greatly enhanced SERS intensity (at O-C=0). These positions could be used to understand interactions
with antibodies or VP1 of EV71.

The S-GST-PSGL-1-immobilized Au nanoporous substrate was allowed to interact with
anti-sulfotyrosine and examined at a Raman laser wavelength of 633 nm. Figure 6c shows a SERS
spectrum of S-GST-PSGL-1 interaction with anti-sulfotyrosine. Strong anionic sulfate SERS bands
appeared at 978 and 1282 cm™!, corresponding to stretching modes of SO4%~, -SO3, and S=O, which
may correspond to the strong interaction between the sulfated protein and the antibody. The major and
minor Raman assignments of the protein and antibody were performed in the 600-1800 cm~! range;
they are listed in Table S4. The SERS peaks shifted to higher and lower regions due to the chemical
configuration of protein interactions with the antibody, as shown in Figure 54 and S5. The non-mutated
and mutated GST-PSGL-1 positions at (46, 48, 51), (46F), (48F), (51F), (46F, 48F), (46F, 51F), (48F, 51F),
and (46F, 48F, 51F) have higher affinities toward the antibody, which was confirmed by the presence of
a SERS band at 978-986 cm™! from anionic sulfate groups. For the mutated GST-PSGL-1 positions at
(48F) and (46F, 51F), anionic sulfate group SERS bands shifts appeared at 1100-1300 cm~!, which could
be correlated to the specific interaction of mutated protein and antibody. Moreover, the weak SERS
characteristic peak of phenylalanine obtained at 997-1000 cm~! indicates the presence of mutated
protein on the Au nanoporous substrate. The O-C=0 stretching mode appeared at 1599-1666 cm ™.
The SERS spectra for all samples shifted to lower or higher regions due to antibody interactions.
The relative SERS intensity of the peak positions at 1599-1666 cm~! (O-C=0) were compared to detect
SERS activity at mutated regions on the Au nanoporous substrate (Figure S4). The mutated protein
positions at (51F) and (48F, 51F) had high peak intensities at 1599-1666 cm™!, which could be related
to non-binding with the mutated protein and the antibody. These positions exhibit a strong SERS
effect on the Au nanoporous substrate. In addition, the mutated protein positions at (46F), (48F), (46F,
48F), (46F, 51F), and (46F, 48F, 51F) SERS intensity (O-C=0) decreased due to strong binding with the
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mutated protein and the antibody. Therefore, the mutated protein positions at (51F) and (48F, 51F) play
the most important roles in VP1 interaction.
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Figure 6. The SERS spectra of the GST-PSGL-1 mutants on the SAM-modified Au nanoporous substrate
were examined at a Raman laser wavelength of 633 nm. (a) Marked SERS bands at 1500-1700 cm~! are
highlighted. (b) The relationships of relative SERS intensities for the various protein mutants on the
Au nanoporous substrate were determined using Isgrs peak regions at 998-1005 and 1626-1649 cm™!
(c) The SERS spectra of S-GST-PSGL-1 and antibody-sulfotyrosine interaction on the Au nanoporous
substrate were examined at a Raman laser wavelength of 633 nm.

It is known that S-GST-PSGL-1 acts as a mediator between cells and an external virus. The VP1
(1 um) of EV71 was diluted using PBS solution, with which about 2 mL was taken and immobilized
onto the protein-modified samples for 12 h. The mutated GST-PSGL-1 and VP1 of EV71 interaction
on the Au nanoporous substrate was examined at a Raman laser wavelength of 633 nm; the results
are shown in Figure 7. The major and minor Raman assignments of PPIs were performed in the
600-1800 cm™! range; they correspond to amides, amino acids, and lipids, as listed in Table S5 The
strong SERS bands of PPIs (mutated GST-PSGL-1 and VP1) that appear at 1361 cm™! for (46, 48, 51)
are assigned to lipids, those at 1121 cm™! for (46F) are assigned to C-C trans-conformation, those at
826 cm~! for (48F) are assigned to NHp, those at 1601 cm™! for (51F) are assigned to O-C=0, those at
1139 cm™! for (46F, 48F) are assigned to C—C trans-conformation, those at 1567 cm~! for (46F, 51F) are
assigned to amides, those at 838 and 858 cm~! for (48F, 51F) are assigned to NHj and lipids, and those
at 1131 cm™! for (46F, 48F, 51F) are assigned to C—C trans-conformation [25,26,44,52,53]. The results
indicate that the SERS signals were significantly different for each mutated protein interaction with
VP1 due to the different structural composition of protein. The SERS characteristic peaks are mostly
from VP1, which indicated the binding strength of PPIs. Figure S5 shows the SERS spectra of VP1
dropped on an Au nanoporous substrate. The peaks correspond to the amides, amino acids, and lipids
of VP1. Moreover, the SERS relative intensity of the peak position at 1600 cm™ was compared to
the detected SERS intensity of PPIs (Figure 7b). The strong SERS intensity of the mutated protein
at (48F), (51F), and (46F, 48F) indicates less interaction with VP1 due to the presence of a strong
phenylalanine signal from the mutated protein. Therefore, the activity of mutated GST-PSGL-1 at
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positions (48F), (51F), and (46F, 48F) may control the path for virus entry, which is consistent with our
previous work and detailed in SI. The AFM measurements of S-GST-PSGL-1 mutants and VP1 of EV71,
as shown in Figure 7c. Generally, selectin-PSGL-1 interactions depend on the microenviroment of
the interacting molecules (molecular structure). PTS-based GST-PSGL-1 may regulate the interaction
of VP1 of EV71. The force measurement procedure described in a previous paper was applied in
this study. AFM was used to measure the unbinding force between the outer sheath protein VP-1 of
EV71 and GST-PSGL-1. Through APTES and glutaraldehyde (GA), the proteins were, respectively,
covalently attached on the apex of the AFM tip and silicon substrate. Then, the unbinding forces
between the proteins were analyzed. The unbinding force between sulfated-GST-PSGL-1 and VP-1
was obviously stronger than that of nonsulfated-GST-PSGL-1 since the specific bonding between the
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Figure 7. The SERS spectra of GST-PSGL-1 mutant and VP1 proteins of enterovirus 71 (EV71) interactions
on the SAM-modified Au nanoporous surface were examined at a Raman laser wavelength of 633 nm.
(a) Marked SERS bands at 1500-1700 cm™! are highlighted. (b) The relationships of the relative
Raman intensities for various mutant proteins and VP1 interactions on Au nanoporous substrate were
determined using the Iggrs peak region at 1600 cm~L. (c) The unbinding force of VP1 probe V0~V7.

4. Conclusions

In this study, Au nanoporous SERS-active substrates were utilized for detecting PPIs. Protein
immobilization on the Au nanoporous substrate was confirmed using XPS and SERS. The mutated
protein SERS effect was investigated through the observation of a strong phenylalanine SERS signal.
The mutated protein positons at (51F) and (48F, 51F) exhibited a high SERS effect at 1599-1666 cm™1,
which could be related to non-binding with the mutated protein and anti-sulfotyrosine interaction on
the Au nanoporous substrate. The stretching mode of O-C=0 (phenylalanine) at the 1600 cm~! SERS
band was compared to the mutated protein and VP1 interactions. The strong SERS effect of the mutated
protein and VP1 interactions was obtained at (48F), (51F), and (46F, 48F); these positions indicated
less interaction with VP1 due to the presence of a strong phenylalanine signal from the mutated
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protein. The proposed method will help in drug development and contribute to the understanding of
physiological and pathological mechanisms.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6412/10/4/403/s1,
Figure S1: Schematic illustration of fabrication of Au nanoporous substrate, Figure S2: HR-FETEM image of
optimized Au nanoporous substrate and EDS mappings of areas marked in HR-FETEM image, Figure S3: SPR

spectra of as-fabricated Au nanoporous substrate created at deposition rates of (a) 0.3 A/s and (b) 1 A/s with
optimized dealloying times (120 and 150 s, respectively). (¢) COMSOL calculation of smooth and roughed Au
nanocavity, Figure S4: Relationship of relative Raman intensities for various mutants and antibody-sulfotyrosine

interactions on Au nanoporous substrate determined using ISERS peak regions at 990-1010 and 1601-1636 cm™!,
Figure S5: VP1 of EV71 on Au nanoporous substrate examined at Raman laser wavelength of 633 nm, Table S1:
Nanopore size and contact angle of as-fabricated Au nanoporous substrates, Table S2: Raman assignment for
protein immobilized on Au nanoporous substrate [1-12], Table S3: Raman assignment for protein mutants on Au
nanoporous substrate [1-12], Table S4: Raman assignment for protein-antibody interaction on Au nanoporous
substrate [1-13], Table S5: Raman assignment for PPIs on Au nanoporous substrate [3-13].
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