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ABSTRACT: Successful synthesis of glyconanoparticles has
attracted much attention due to their various biointeractive
capabilities, but it is still a challenge to understand different
single-cell responses to exogenous particles among cell popula-
tions. Herein, we designed polyaniline-containing galactosylated
gold nanoparticles (Au@PGlyco NPs) via in situ polymerization of
ortho-nitrophenyl-f-galactoside assisted by Au nucleation. The

single cell immunomodulation
M1 macrophage ‘M2 macrophage

nanogold-carrying polyaniline block produced electromagnetic WL QP
enhancement in surface-enhanced Raman scattering (SERS). The s X2 1
underlying polymerization mechanism of ortho-nitrophenyl N\ }
compounds via the formation of Au nanoparticles was investigated. LB R‘f s

Depending on how the galactoside moiety reacted with f-
galactosidase derived from bacteria, the Au@PGlyco NPs-
mediated SERS biosensor could detect low amounts of bacteria (~1 X 10* CFU/mL). In addition, a high accumulation of Au@
PGlyco NPs mediated the immune response of tumor-associated M2 macrophages to the immunogenic M1 macrophage transition,
which was elicited by reactive oxygen levels biostimulation using single-cell SERS-combined fluorescence imaging. Our study
suggested that Au@PGlyco NPs may serve as a biosensing platform with the labeling capacity on galactose-binding receptors

expressed cell and immune regulation.

KEYWORDS: glycopolymer gold nanoparticles, surface-enhanced Raman scattering, biosensing, single-cell detection,

macrophage polarization

1. INTRODUCTION

Carbohydrates play an essential role in a diverse array of
biological activities, including molecular recognition, cell
adhesion, metabolism, and immune responses.' > Due to the
functionality of carbohydrates, glycopolymer-based nano-
particles are emerging as novel materials that enable well-
defined structures with high affinities and biocompatibilities
due to the multivalent binding between glycans and proteins,
providing attractive materials for applications in immune
regulation,4 vaccines,’ targeted delivery,(”7 infection treat-
ment,®’ and biosensing.m’“ Recently, Jain et al. reviewed the
possible development of galactosylated nanoparticles for active
delivery to tumors by modern sensing of bio-targeting lectin
receptors (e.g., glycoprotein receptor in hepatocellular
carcinoma, C-type lectin receptor in dendritic cells, macro-
phages, and tumor cells, and galactose lectin receptor in cancer
cells)6 or active transport to the glucose/galactose binding
proteins of Escherichia coli (E. coli)."” In addition to the utility
of glycosides for improving targeting capacity, there has been
emerging interest in the development of galactose terminal
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nanoparticles to facilitate the efficacy of checkpoint inhibitor-
based immunotherapy by repolarizing macrophages of tumor-
associated macrophages (M2) into the proinflammatory (M1)
type.">™"° Although it has been found that the exposure of
greater galactose moieties showed greater advantages in
promoting the shift of the macrophage transition,'*'® the
correlation between galactosylated material accumulation and
macrophage reprogramming has not been elucidated. There-
fore, smart optical carrier development with a less invasive
approach is required for a better understanding of the dynamic
in carbohydrate-related biological processes, including target-
ing, internalization, and endogenous stimuli—response.
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Scheme 1. Possible Formation Pathway of the Au@PGlyco NPs by an Interfacial Catalysis-Assisted Reduction of the Nitro
Moiety at ONPG Followed by 1,4-Coupling Polymerization through the Capture of the Anilino Radical from the Oxidation of
2-Aminophenyl f-p-galactopyranoside with Au Ions at the Au Seed Interface”
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“The polyaniline-containing galactosylated molecules are constructed on the surface of the Au NPs.

In general, glycopolymer-based nanoparticles can promote
endocytosis of cellular internalization and endow a more
potent multivalent effect,”'*~'® and it can be designed through
two methods: polymerization with carbohydrate-functionalized
monomers and implantation of carbohydrates onto a polymer
backbone through thiol ligand (Au—S) binding.'” The
conjugation methods for linking saccharide chains include
the ring opening of hexose to expose the free aldehyde group
followed by reaction with amino groups at the nanocarrier,"®
esterification of galactose to link alkynyl to an azido-functional
polymer,"” and chemical substitution at the C2 and CS-
pyranose positions.”” However, the synthesis of sugar-coated
and glycopolymer-bioconjugated gold nanoparticles requires
complex preparation and additional post-modification,*"**
which usually denature the ligands and affect the functionality.
An example of such modification includes the oxidation of the
C-6-OH positions in saccharides.”***

Herein, we developed a facile core—shell polymerization
process to fabricate homomultivalent galactose-functionalized
Au nanoparticles by simultaneous hybridization of ortho-
nitrophenyl-f-galactoside (ONPG) and nucleation growth of
Au seeds (Scheme 1). In situ Raman measurements
demonstrated the rapid evolution of surface-enhanced Raman
scattering (SERS) signals from the formation of a polyaniline
(PANI)-structured backbone chain after the reduction of
HAuCl, by NaBH, based on the SERS signal amplification by
plasmonic Au NPs.>** The primary interfacial polymer-
ization was universal for extending the fabrication of other Au
core-coating PANI-based shell NPs. The PANI-containing
galactose pendants are SERS-active glycopolymers in close
proximity to the Au nanoparticle surface (Au@PGlyco NPs).
Apart from the label-free method that is susceptible to foreign
signals”’~*” and the labeling SERS-tags method that requires
additional synthesis techniques for modifying specific reporters
or ligands,”***™** we designed a SERS-active glycopolymer on
Au NPs that could respond to the galactose-related enzyme
and cellular receptors. Considering the SERS-active glycopol-
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ymer coating, this new design of Au@PGlyco NPs for bio-
SERS sensing and non-invasive micro-SERS technology28 31733
could directly monitor galactose-targeted reaction with SERS
response in two typical biological platforms: (1) the negative
signal change of Au@PGlyco NPs for a bio-SERS response to
P-gal, acting as a sensitive bacterial sensor at 100 CFU/mL E.
coli and (2) the concentration-dependent galactose-based
positive SERS response of single-cell analysis for investigating
the macrophage model through the galactose-binding receptor
binding effect, which could improve cell endocytosis and
simultaneously enhance reactive oxygen species (ROS) levels®
in cells and thus increase the transition of macrophages from
M2 to M1.

2. RESULTS AND DISCUSSION

Figure la shows a transmission electron microscopy (TEM)
image of the prepared Au@PGlyco NPs with polyhedral
structures, including pentagon, hexagon, sphere, and triangle
shapes. The average diameter of these particles was estimated
to be 18.1 + 5.7 nm from the dark contrast area in the TEM
image, and the particles consisted of a face-centered cubic (fcc)
Au crystal structure (Figure S1). The hydrodynamic diameter
is 33.4 = 8.0 nm with a polydispersity index (PDI) of 0.057,
showing high dispersity of colloids in water (Figure S2).>” The
larger particle diameter by dynamic light scattering (DLS)*"**
compared with TEM size analysis was expected due to the
increase in the additional thickness of the water-swellable
organic capping layer'***** around the surface of a solid Au
nanoparticle (~18.1 nm) in water. The coating of glycan-based
macromolecule was validated by element- and structure-
analysis instruments as described below. By high-magnification
TEM imaging (Figure 1b-i), obvious light contrast (~2.6 nm)
surrounding the solid counterpart of the nanogold was
obtained with respect to the coating of organic composites
due to the mere addition of ONPG molecules during the
synthesis. The high-resolution TEM (HR-TEM) shown in
Figure lc presents the highly crystalline structure of the
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Figure 1. (a) TEM image, (b-i) high-magnification TEM image, and
(c) HR-TEM image of Au@PGlyco NPs. Inset in (a): particle
diameter distribution by TEM image. Corresponding EDS mapping
images of (b-ii) Au and (b-iii) N in a single particle.

measurement of the Au@PGlyco NPs determined ~5.28% of
weight loss for the organic galactoside deposition (Figure S3a).

The FT-IR spectra of ONPG powder and Au@PGlyco NPs
prepared using different concentrations of ONPG are shown in
Figure 2a. The relatively strong signals at 3400, 1035, and 1066
cm™ in the FT-IR spectra of Au@PGlyco NPs were attributed
to the —OH stretching, C—O stretching, and C—OH bending
from the galactose structure, respectively.”” The binding
energy of C 1s appeared at 286.5 eV, which was assigned to
the sugar-based fingerprints of the C—O—-C and C—OH
structures*’ based on X-ray photoelectron spectroscopy (XPS)
(Figure S3b). Notably, the intensities of specific peaks at 1525
em™' (Vpym) and 1378 em™ (v,,), which were attributed to
the NO, group,*' were dramatically decreased upon the
formation of the Au@PGlyco NPs (Figure 2a). To understand
the organic structure from the conversion of the ONPG
precursor after reaction, we performed Raman spectroscopy to
explore the molecular structure of Au@PGlyco NPs. Figure 2b
shows the great enhancement of the Au@PGlyco NPs bands at
1159, 1232, 1314, 1343, 1423—1507, and 1590—1627 cm ~,
which did not match the characteristic Raman bands of ONPG
powder, galactose powder, or galactose-coated (Au@GA) NPs
(Figure S4a). The highly enhanced Raman signals of the Au@
PGlyco NPs originated from the well-known SERS mechanism
that promotes strong coupling with the electromagnetic field

periodic pattern of d; (2.35 A), and d, (2.09 A) corresponds to
the (111),, and (200),, planes. EDS mapping measurements
(Figure 1b-ii,b-iii) determined that trace amounts of N were
distributed on the surface and main body of the Au@PGlyco
NPs; these N atoms originated from the conjugation of
nitrogen to the galactoside moiety. The additional TGA

by nanogold through molecular adsorption due to prox-
imity.”*”***} The SERS enhancement is induced at 633—671
nm (Figure SSa—d). The evolved SERS signal is a function of
laser power by using 671 nm laser as a model (Figure SSa—c).
Noted that the corresponding SERS evolution matched with
the surface plasmon resonance of Au@PGlyco NPs at 633—

a oo blws  EzdzaEem)e
~ [30mM M ST A | EERTRITRE
X =
S W s | 1 Il
60 mM <
p S I Il I
S Vet g | I
= ~ Pk = | |
§ 30 mM 3400 1066 1035 & | Au@PGlyco I
‘= |[15mM ] I
£ =
E M ] -
f ONPG (é =
= W W & 3
1525' 1378 = z
4000 3500 1500 1000 600 800 1000 1200 1400 1600 g Au@PNP e
- . -1
Wavelength (cm™) Raman shift (cm™) 2
‘ =
C —N Is d —_1mM 0.4 —— 72 ' ©/
Cumulative Fit Peak 5mM -~ —" wn
— Fit Peak 1 at 400.4 eV —_ | —15mMx 1) 303 — " 4 )
—— Fit Peak 2 at 398.3 eV = |—omM&12) g . 14 B
—_ = ——60 mM (x 1/8) E - 7]
@ S | —sommx1s = 540 nm|[® Au@PNPG
) o — 100 mM (x 1/8) & /
- 1 < : —— 320 nm |04
= = 0. NO,
: 0 20 40 60 80 100
= g ONPG concentration (mM) oH
o = 785
[=} 1 |
@» ' Au@ONP
o
< P add T
396 398 400 402 404 200 400 600 800 1000 600 800 1000 1200 1400 1600
Binding energy (eV) Wavelength (nm) Raman shift (cm™)

Figure 2. (a) FT-IR spectra of the ONPG molecule and Au@PGlyco NPs prepared with 15, 30, 60, 80, and 100 mM ONPG. (b) SERS spectrum
of Au@PGlyco NPs, PANI powder, and PANI+N,H,. (c) N 1s orbital XPS spectrum of Au@PGlyco(gy mm oneg) NPs. (d) Absorption spectra of
Au@PGlyco NPs prepared using 1—100 mM ONPG molecules (without sample purification). The green arrow indicates the Au@
PGlyco(gy mu onpg) NPs, and the dashed line label indicates the laser light position at 785 nm. Inset: plot of absorbance at 320 nm (blue line) and
540 nm (black line) versus ONPG concentrations. (e) SERS spectrum of Au-based NPs synthesized using ONP, PNPG, PNP, and ONP-Glc

molecules.
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671 nm (Figure S5d,e),* and responded to the relative low
SERS performance by low absorbance of Au@PGlyco NPs at
785 nm (labeled by a green arrow and dashed line in Figure
2d), which may be related to the far-field effect by the
electromagnetic field of nanogold.””****** The inferior SERS
performance at 785 nm is also affected by longer wavelength
excitation photons based on the Raman intensity proportional
to the fourth power of laser excitation frequency (1*).** The
SERS signal intensity of the Au@PGlyco NPs is linearly related
to the sample concentrations (Figure SSe—h), indicating the
offered SERS due to the dispersed Au NPs (Figure SSi) rather
than the appearance of boost SERS generation as high as 10—
100***** orders of magnitude by aggregation-related hot
spots.

Both DFT-optimized Raman calculations (Figure S4b) and
experimental results (Figure S4c and Video S1) indicated the
low and inconsistent SERS response from the close attachment
between the Au core and ONPG molecules when compared
with the Au@PGlyco NPs-mediated SERS of the black curve
in Figure 2b. Intriguingly, these microstructured peaks due to
the Au@PGlyco NPs are similar to the vibrational structure
profiles of PANI peaks (Figure 2b). Therefore, we tentatively
determined the assignments of the Raman shift peaks: the peak
at 1627 cm™' corresponds to the C—C stretching of a
benzenoid ring, 1590 cm™' corresponds to the C=C
stretching of a quinonoid ring, 1507 cm™! corresponds to
the N—H bending, 1469 em™! corresponds to the C=N
stretching of a quinonoid ring, 1343—1314 cm™" corresponds
to the C—N stretching of a secondary aromatic amine, 1232
cm™! corresponds to the C—N stretching of a benzenoid ring,
1159 em™ corresponds to the C—H in-plane bending of a
quinonoid rin§, and 746 cm™' corresponds to the quinonoid
ring bending.**~** A slight shift at 1—7 cm™ indicates a shift in
the quinonoid/benzenoid structure of the Au@PGlyco NPs in
contrast to the pure PANI, and it is attributed to the different
chemical environment in which galactose is linked to the PANI
backbone and the condensed PANI-based glycopolymers have
strong hydrogen bonds. In Figure 2¢, the N 1s orbital of the
Au@PGlyco NPs appeared at a binding energy of 398.3 eV,
which could be assigned to the quinonoid imine (=N-). A
broadened band at ~400 eV was related to the overlapping
benzenoid amine (—N-—) and protonated benzenoid amine
(—-N"H-) structures of polyaniline.”” The higher binding
energy of the N 1s orbital at 401.1—402.6 eV corresponds to
N=O0 bonds that did not arise in spectrum.*”>® The UV—
visible spectra in Figure 2d show the appearance of a
broadening absorption profile at 1-30 mM ONPG, which
could be attributed to the generation of colloidal Au with
irregular and more aggregated particle structures (Figure S6a—
d). The typical absorption band was altered to the focused
single band and reached a plateau when ONPG concentrations
of 60—100 mM were added. At least 60 mM ONPG was
necessary to produce free-standing particles (Figure S6e).

Figure S7 shows that the overall SERS signal intensity of
Au@PGlyco NPs decreased as the ONPG concentration
decreased to 15 mM. The benzenoid ring-related Raman peaks
at 1627, 1507, 1343, and 1232 cm ™! were the dominant signals,
which were related to the preferred adsorbed orientation by
the benzenoid ring and secondary amine of PANI instead of
the imine links. We performed Raman spectroscopy to monitor
the reaction of pure PANI powder with a hydrazine reductant
(Figure 2b), and the subsequent increase in the peak intensity
at 1314 cm™' was in agreement with the relationship of the

strong band at 1314 cm™! with the increasing fraction of a

secondary aromatic amine (reduction form) from PANL

To investigate the formation mechanism of the Au@PGlyco
NPs, we set up in situ Raman measurements to monitor the
synthesis and evolution of the glycopolymer (Figure Sa).
Figure S8b and Video S2 show the reaction observation for the
immediate generation of the dark-red Au colloid after the
addition of NaBH, followed by rapid evolution of PANI-based
Raman peaks ~0.5 s post-injection. According to the DFT
simulation, the intramolecular distance between the R-NO, of
the ONPG molecule and the Au atom is shorter (0.234—0.236
nm) than the distance between the galactoside moiety and the
Au atom (Figure S4b). The electron flow through the Au atom
facilitates the reduction of the nitro group at ONPG upon the
dissociation of the NaBH, molecule. Hence, we presumed that
the initial reaction involved the conversion of the nitro group
of ONPG into 2-aminophenyl f3-p-galactopyranoside (AMPG)
by the Au interfacial catalyst-assisted reduction mecha-
nism,””*" as illustrated in (1) and (2) in Scheme 1. Figure
2d shows that the yield of Au NPs increased with an increasing
load of ONPG molecules, indicating additional electron
donation to the Au ions by the oxidation of adsorbed
AMPG (Scheme 1, (3)). We ruled out the reduction of the
Au ions from the oxidation of galactose and nitro groups of
ONPG molecules at 80 °C (Figure S9). Finally, such oxidation
of AMPG subsequently initiated the polymerization process to
form a glycopolymer that was decorated on the surface of the
Au nanocatalyst (Scheme 1, (4)). Similar oxidation-assisted
polymerization of the aniline and aniline derivatives has been
explored in the presence of Cu ions” and Ag ions.”” Regarding
the above potential reaction with Au and Cu ions, further
investigation on Ag and Cu nucleation to synthesize other
metal@PGlyco NPs with composite-, size-, and shape-depend-
ent SERS manners is ongoing and will be reported in our
follow-up paper.

Furthermore, to gain a deeper understanding of the
glycopolymer formation mechanism, we utilized 4-nitrophenyl
p-p-glucopyranoside (ONP-Glc) with substituents at the 1,4-
positions of benzene by galactose and nitro groups to fabricate
Au@ONP-Glc NPs. Figure 2e presents the noise-like SERS
signals that appear after the formation of Au NPs. Likewise, we
investigated the in situ polymerization reaction with ortho-
nitrophenol (ONP) under the same synthesis conditions as the
Au NPs. The primary peaks expressed at 1627, 1343, and 1159
cm™' were obtained (Figure 2e). In contrast, a vanishing
optical signal appears in the SERS spectrum when ONP is
replaced with para-nitrophenol (PNP) in the same colloidal
synthesis, which is related to the obstruction in the linkage
through 1,4 para-coupling benzene of the galactoside. In fact,
the same in situ hybridization could successfully fabricate other
PANI-based Au@glycopolymer NPs (i.e., polyglucosylated Au
nanoparticles from 2-nitrophenyl beta-p-glucopyranoside)
(Figure 2e), and this Au-catalyzed polymerization did not
occur when the nitro group was absent in phenyl-b-p-
galactopyranoside (Figure S10a) and when there was a lack
of ortho-nitrophyl groups in the methyl-b-p-galactopyranoside
(Figure S10b) and galactose alone (Figure S10c).

There are several advantages of utility of Au@PGlyco NPs.
First, 20 synthetic batches of as-prepared Au@PGlyco NPs
with a small relative standard deviation at 8.94% were
obtained, indicating the good reproducible signals by the
independent synthesis (Figure S11). Second, Au@PGlyco NPs
could directly possess SERS signals by the PANI backbone on
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Figure 3. SERS spectra of (a) Au@PGlyco, (b) Au@ONP, (c) Au@PAN], and (d) Au@ONP-Glc NPs reacted with 20 M f-gal within 60 min
(inset: the proposed molecular structure based on the synthesis of Au NPs with ONPG, ONP, PANI, and ONP-Glc, respectively). (e) SERS
spectra of Au@ONPG solution mixed with 1 X 10* CFU/mL E. coli within 24 h of incubation. (f) Relationship between the SERS intensity at 1159

cm™!

and the bacterial preincubation time in PBS solution. (g) Scheme for the possible reaction of Au@PGlyco NPs with f-gal. The molecular

structures in the insets of (a)—(d) illustrate the proposed configuration of the corresponding polyaniline derivatives.

the Au surface** and offer homomultivalent targeting

capability by a galactose-rich surface without the post-
immobilized SERS probes and capping layer protection that
were reported in the previous works.”*”*~*> The enhancement
factor (EF) of Au@PGlyco NPs that contained 5.28% of
glycopolymer is 1.50 X 10* compared with the normal Raman
characteristic peak at 1159 cm™ of pure PANI (Figure S12a).
Third, as shown in Figure S13, the Au@PGlyco NPs solution
could produce consistent SERS intensity after 24 h of
incubation in culture media (i.e., PBS, McCoy’s Sa, RPM]I,
and DMEM) as well as in 0.1 mM H,0, solution, which is the
concentration level of endogenous H,O, in the cytoplasm of
cancer cells.”>*® The robust SERS-active glycopolymer with a
high EF results in the promising development of traceable
biosensors for the subsequent molecular detection. Finally, the
Au@PGlyco NPs detection toward a malachite green (MG)
molecule could be lower to a nanomolar range at 671 nm
excitation with an analytical EF (AEF) of 4.47 X 10* (Figure
S12b,c), which is larger than and/or comparable w1th the
results that used free-standing Au@Ag@polymer NPs,** A

nano-octahedral single partlcles, Au@PANI nanomaterials,"

and Au nanorods>® to be additionally used to sense small
molecules. This AEF value of 4.47 X 10" is still insufficient to
reach high sensitivity detection as reported in the literature
because there are no hotspots induced by the aggregate
state”*>*” and nanogap formation.”

2.1. SERS Sensing for Bacteria with Au@PGlyco NPs.
To evaluate the biological activity of the galactoside moiety at
Au@PGlyco NPs, the enzymatic reaction with Au@PGlyco
NPs was performed by reacting with 20 uM p-gal at room
temperature for 60 min using a 671 nm Raman system. The
presence of f-gal exhibited an observable decrease in the SERS
intensity over a period of incubation time, indicating the
enzyme reactivity of Au@PGlyco NPs triggered by f-gal
(Figure 3a). The limit of detection (LOD) of detectable
concentrations from 1077 to 107> M f-gal in Figure S14 is
1.84 X 1072 M calculated using 30/slope, where o is the
standard deviation of control samples and the slope is the
linearity constant. As shown in Figure 3b,c, the SERS
intensities of galactoside moiety-free Au@ONP and Au@
PANI NPs did not vary within 60 min of incubation with f-gal.
Likewise, the Au@ONP-Glc NPs possessed invariable SERS
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Figure 4. (a) Cell viability of Au@PGlyco NPs. (b) Bright-field image and SERS spectra of Au@PGlyco NPs-treated T24 cells. The line color
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microscopy imaging with nuclear staining in HUVECs treated with 100 ppm Au@PGlyco NPs.

intensity during the same enzymatic reaction due to exposure
to the inactive glucose group (Figure 3d).

The intensity change of the SERS peaks of the Au@PGlyco
NPs is considered to be due to the dissociation of the
polyaniline backbone at the interface during the hydrolysis
reaction triggered by f-gal (Figure 3g). A similar SERS
intensity decline was demonstrated by breaking the hydrogen
bonds after heating Au@PGlyco NPs (Figure S15), which is
associated with the decrease in the intermolecular interaction
between each SERS-active glycopolymer and weaken their
cross-linking adsorption onto the plasmonic Au NPs. Both
results elaborate that the SERS enhancement strongly relied on
the surface effect. Specifically, the multiplex nitrogen atoms at
the polyaniline-containing galactosylated molecule could bind
to the plasmonic Au NP’s surface,”* which is an on-demand
electromagnetic and chemical mechanism to exhibit strong
SERS efficiency.”***

In fact, f-gal is an essential enzyme that induces the lactose
transport and metabolism system of E. coli bacteria, which can
catalyze the hydrolysis of the galactoside moiety into
monosaccharide units.’” In Figure 3e, Au@PGlyco NPs were
mixed with 10* CFU/mL E. coli bacteria for 1 h of incubation.
The SERS signal change of the Au@PGlyco NPs shown in
Figure 3e was a response to the f-gal activity originating from
living E. coli bacteria due to the lack of noteworthy toxicity of
the Au@PGlyco NPs (Figure S16). The SERS intensity was
measured as the Au@PGlyco NPs reacted with E. coli bacteria
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ranging from 10* to 10' CFU/mL, as shown in Figure 3f and
Figure S17. Compared with 1 h of incubation between the
bacteria and Au@PGlyco NPs, 6 h of incubation released
enough f-gal to improve the SERS signal change rate, allowing
reliable detection of at least 1X 10> CFU/mL. This SERS
strategy based on the cluster-glycoside effect’’ and surface
sensing mechanism is superior to the traditional colorimetric
assay, which uses an ONPG indicator using a UV-vis
spectrometer and has an LOD of 10’—10° CFU/mL (Figure
S18). The results were also superior to those of Nugen et al.,
who designed enzyme-induced metallization colorimetric
assays that had LOD values of 1 X 10° CFU/mL when gold
nanorods were used and 1 X 10* CFU/mL when
bacteriophage-conjugated magnetic probes were used.’”*®
2.2. Au@PGlyco NPs-Mediated SERS Sensing and
Immune Regulation in Mammalian Cells. Figure 4a
indicates that Au@PGlyco NPs exhibited almost no cytotox-
icity (viability >86% at 100 ppm,,;) to various cell lines,
including T24, Vero, HUVECs, and M2-polarized THP-1 cells
after 24 h of treatment with the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay. The Au@
PGlyco NPs might have a low cytotoxicity because the
nanogold with the glycopolymer coating is bioinert. Inspired
by the successful cellular detection of 10—20 nm Au NPs from
the SERS image in microscopy,”"””” next, we used micro-SERS-
based analysis to evaluate the cellular uptake and distribution
of Au@PGlyco NPs in mammalian cells. Figure 4b shows an
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Figure S. (a) Surface marker transition of M2 macrophages treated with 100 ppm Au@PGlyco NPs by SERS imaging and fluorescence microscopy
imaging with CD80/CD163 labeling for single-cell analysis with M1 polarization status assessments. The correlation of SERS intensity and
fluorescence intensity changes of the CD80 and CD163 is indicated by different color arrows. Red arrows represent a high SERS signal and high
CD80/low CD163 cells, green arrows represent a low SERS signal and low CD80/high CD163 cells, and white arrows represent a cell with no
SERS signal but shows strong CD163 expression. (b) Quantification of DCFHDA fluorescence images of M2-like macrophages treated with Au@
PGlyco NPs at 100 ppmy,,; for different time points. (c) Single-cell ROS levels in M2-like macrophages after treatment with 100 ppm Au@PGlyco
NPs monitored by SERS-combined fluorescence imaging. Receiver operating characteristic (ROC) curves of the SERS intensity for the (d) M1/
M2 ratio (n = 23) and (e) ROS level (n = 43) revealed Au@PGlyco NPs to be a good predictor of M2-to-M1 polarization in macrophages. The
area under the curve (AUC) of the M1/M2 ratio was 0.865 (p < 0.01), whereas it was 0.735 for the ROS level (p < 0.01).

adequate SERS response signal intensity from the particle-
treated T24 cells with low background noise. Figure 4c
presents the SERS mapping images (at 1159 cm™) of T24
cells treated with different doses of the Au@PGlyco NPs,
which depict the distribution of Au@PGlyco NPs-mediated
SERS signals within the cells. The quantified SERS signal
intensity allowed the SERS-targeted T24 cells to be sensed by
using 1.25 ppbs,) SERS probe/cell and subsequently
experienced a dose-dependent increase (Figure 4d). Afterward,
the bioimage of the Au@PGlyco NPs-mediated SERS intensity
(at 1159 cm™") was recorded after treating mammalian cells,
including Vero cells, HUVECs, and M2 macrophages, with
Au@PGlyco NPs for 8 h (Figure 4e). The highest SERS
intensity was detected in the T24 and M2-like macrophages
(Figure 4d), which had higher SERS intensities than the Vero
cells and HUVECs with the same treatment. This observation
could be explained by the high expression of galactose-related
receptors, such as galactose-type C-type lectin (MGL), on the
M2-like macrophages;**** these receptors could facilitate the
internalization of Au@PGlyco NPs by receptor targeting. The
parallel result by atomic absorption spectroscopy shows that
the cell uptake of Au@PGlyco into the M2-like macrophages is
7.58 X 1077 ppm/cell, which is 2.5—5.7-fold higher than the
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same incubation time with the galactose shell-free Au NPs at
1.33-3.02 X 1077 ppm/cell ppm (Figure S19).

Additionally, we observed the inhomogeneous SERS signals
of the Au@PGlyco NPs across the whole cell body, as shown
in Figure 4c,e; this observation suggested the different
subcellular distributions of the NPs in different cell types.
For example, the Au@PGlyco NPs that primarily accumulated
in the nuclei of the HUVECs were visualized by the
combination of SERS-labeling and Hoechst 33258-staining
analysis in a high-magnification image (Figure 4f). It can also
be seen that the SERS-based signal was adjacent to that of the
cell membrane. In Vero cells and M2 macrophages, the SERS
signal of the Au@PGlyco NPs appeared adjacent to that of the
cell membrane in addition to cytosolic distribution rather than
in the nucleus (Figure $20), suggesting that the Au@PGlyco
NPs are present in different subcellular locations in different
cell types.

Galactose is known as a proinflammatory factor for immune
modulation.”> We next performed a macrophage polarization
test to investigate the bioactivity of galactose on the surface of
Au@PGlyco NPs. Assisted by fluorescence staining with CD80
(M1-like macrophage marker, red fluorescence) and CD163
(M2-like macrophage marker, green fluorescence), M2-like
macrophages treated with Au@PGlyco NPs presented higher
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red fluorescence and reduced green fluorescence with aging
time compared with parent cells (Figures S21 and S22). This
result showed that the Au@PGlyco NPs exhibited immuno-
modulatory activity for inducing inflammatory activation
resulting from the Ml-like polarization of macrophages. In
parallel experiments of M2 macrophages cultured with Au@
tannic acid (TNA), Au@TNA@PEG, Au@ONP-Glc, Au@
PANI, and Au@ONP NPs, named based on the reacted
precursors (Figure S23), the macrophages show no significant
fluorescence changes in the ratio of CD80/CD163 markers
compared with the particle-free treatment group (Figure S24).
Interestingly, we also observed enhanced CD80 marker
expression in MO-like macrophages after induction by Au@
PGlyco NPs (8 h) to elicit inflammasome activation in
macrophages (Figure S25).

Based on the sensitive SERS results of the Au@PGlyco NPs
in cells, a tomographic mapping of the cells with high and low
particle accumulations might be helpful in identifying down-
stream effects when single-cell responses are compared. To
show this concept, M2-like macrophages treated with Au@
PGlyco NPs and stained with CD80/CD163 markers were
subjected to SERS image analysis (Figure Sa). Through the
high spatial resolution of the SERS imaging, the individual M2
macrophages could be distinctly discriminated by the
accumulation of Au@PGlyco NPs. The strong SERS signal
in the cell images due to the higher loading of the Au@PGlyco
NPs (labeled as red arrows) corresponds to the high red
fluorescence of the M1 marker and low green fluorescence of
the M2 marker. This imaging correlation is the high particle
accumulation-induced M1 transition from M2. In contrast, the
lower SERS intensity signal corresponds to the low red
fluorescence and high green fluorescence of the macrophages
in the cell images, indicating that the lower particle
accumulation of Au@PGlyco NPs (labeled as green arrows)
was insufficient for triggering the M2-to-M1 transition. A white
arrow is used to label cells with a very low SERS signal, which
were detected due to the high green fluorescence, which
suggested the presence of few Au@PGlyco NPs within the cell,
resulting in the presence of the M2-like macrophage phenotype
and a lack of M1 stimulation effects.

To investigate the possible mechanism of the M2-to-Ml1
transition after Au@PGlyco NPs treatment, we used
DCFHDA staining to investigate the generation of ROS
(Figure Sb and Figure S26). Interestingly, the ROS expression
level in M2 macrophages after Au@PGlyco NPs treatment
exhibited a time-dependent increase. The particle-free treat-
ment group (8 h) lacked significant green emission. However,
the appearance of large error bars in Figure Sb might be due to
the different uptake in each macrophaége caused by the
heterogeneity in the cell population.””®” It has been
demonstrated that the cells that received the same stimulation
can behave differently due to the different epigenetic regulation
and growth period (unsynchronized cell cycle status) in single
cells even from the same cell line.*"*”~% This argument of cell
heterogeneity was further examined through single-cell imaging
analysis. Figure Sc shows the co-localization (8 h) of single-cell
ROS levels in M2-like macrophages with real particle
concentration administration using SERS-combined fluores-
cence imaging. These individual macrophage imaging exami-
nations showed large generation of ROS from the high
internalization of Au@PGlyco NPs.

Finally, the bio-analytical reliability of the Au@PGlyco NPs-
SERS platform was studied. The approximate AUC (area

under the curve) derived from the receiver operating
characteristic (ROC) curve was subjected to assessment. The
ROC curves were used to assess the discriminating capacity of
SERS signals and the M1 macrophage polarization (by the
MI1/M2 ratio), and the AUC value was considered the
prediction capacity for the macrophage polarization from
unstimulated controls. As shown in Figure 5d, the AUC of the
M1/M2 ratio is 0.865 (p < 0.01), suggesting that our method
possessed a strong effect on the M1 macrophage polarization.”
The specificity (true negative rate) and sensitivity (true
positive rate) are 0.778 and 0.786, respectively, while the
false positive rate is only 0.222, indicating that our method
provided an acceptable model for macrophage polarization
induction and prediction. Figure Se shows 0.846 sensitivity and
0.529 specificity with 0.735 AUC according to the Au@PGlyco
NPs-induced ROS levels. It is undeniable that transferring the
absorbance of Au@PGlyco NPs to the NIR region can prevent
the green fluorescence quenching during signal analysis, which
would be beneficial to the further improvement of the ROC
curves of future prediction models. In contrast to previous
reports (Table S1) with our work, this SERS imaging
application with single-cell immunity platform is the first
report on the heterogeneity of macrophages in relation with
the internalization of Au@PGlyco NPs for the transition status
of particle-modulated macrophages.

Again, the bacteria determination assessment was analyzed
in Figure S27. The AUC of the ROC curve is 0.901 (p <
0.001) with 0.813 specificity and 0.833 sensitivity. Through the
specific bio-cleavage via the f-gal enzyme (Figure 3g), the
turn-off signal change of the Au@PGlyco NPs has the expected
good discriminating capacity in live bacteria detection.

3. CONCLUSIONS

We successfully developed an in situ hybridization of
glycopolymer/Au NPs with ortho-nitrophenyl functional
glucoside and galactoside that could be applied to other
ortho-nitrophenyl compounds for evolving intrinsic PANI-
based SERS. Relying on the galactose moiety, the Au@PGlyco
NPs acted as a novel bio-SERS probe to sense bacteria in
concentrations of at least 10> CFU/mL and exhibited
exceptional imaging ability toward living cells by targeting
galactose-binding receptors and particle internalization. The
sensing platform of Au@PGlyco NPs was promising for deeper
exploration of the intracellular mechanisms with exogenous
biomolecules with a positive correlation of uptake concen-
trations with downstream biological reactions based on insights
into single-cell detection using galactose-responsive SERS
monitoring. Au@PGlyco NPs may promote the production of
ROS via interaction with a galactose-binding receptor and thus
trigger the macrophage reprogramming transition to the
immunogenic type (M1), providing the potential applications
of immunomodulation.

4. MATERIALS AND METHODS

4.1. Chemicals and Materials. Hydrogen tetrachloroaurate(III)
trihydrate (HAuCl,-3H,0, 99%) and 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT assay reagent) were from
Alfa Aesar. Ethanol (95%) was from ].T. Baker. 2-Nitrophenyl-S-
galactoside (ONPG, >99%), 4-nitrophenyl-f-galactoside (PNPG,
99.9%), and 2-nitrophenyl-f-glucopyranoside (ONP-Glc) were from
Biosynth Carbosynth. Hydrogen peroxide solution (H,0,, 34.5—
36.5%), P-galactosidase (f-gal, from E. coli), polyaniline emeraldine
base (PANI, M, ~ 5000), and malachite green (MG) oxalate salt
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(>90%) were from Sigma-Aldrich. Sodium terahydridoborate
(NaBH,) was from Riedel-de Haen, and 2-nitrophenol (ONP,
99%) and 4-nitrophenol (PNP, 99%) were from Acros Organics. D-
(+)-Galactose anhydrous (>98%) was from TCI, Luria-Bertani (LB)
broth was from AthenaES, and phosphate-buffered saline (PBS, pH
7.0) was from Thermo. Aqueous solutions were prepared using
deionized H,O (DI water). McCoy’s Sa, Dulbecco’s modification of
Eagle’s medium (DMEM), and Roswell Park Memorial Institute
(RPMI) medium were from Corning.

4.2. Preparation of the Au@PGlyco NPs. The synthesis of Au@
PGlyco NPs was prepared by heating 10 mL of HAuCl, solution (1
mM) in an oil bath at 80 °C with magnetic stirring for 10 min
followed by addition of 1 mL of ONPG solution (100, 80, 60, 30, 15,
5,and 1 mM). After another 10 min of heating, 0.2 mL of NaBH, (20
mM) as the reducing agent was subsequently added into the above
stock solution for 1 min. The stock solution was cooled down to room
temperature under 60 min of stirring. To purify the samples, the stock
solution was centrifuged at 6000 rpm for 10 min, thus the supernatant
was removed, and the resulting pellet was resuspended in DI water.
This purification was repeated three times. The purified samples were
stored in DI water at 4 °C for further use. To evaluate the formation
of Au@PGlyco NPs, ONPG was replaced with 80 mM PNPG, PANI,
ONP, PNP, galactose, ONP-Glc, and 19.3 mM PANI with the same
synthesis conditions.

4.3. Characterization. The nanoparticle images were studied by
transmission electron microscopy (TEM, Hitachi H-7500) at 80 keV
and scanning electron microscopy (SEM, JSM-6700F) at 10 keV.
Energy-dispersive spectrometry (EDS) measurements for detecting
Au and N elements were performed by high-resolution transmission
electron microscopy (HR-TEM, JEOL-2100F). The absorption
spectra were recorded using an ultraviolet—visible spectrophotometer
(UV—vis, JASCO V-730). The Au concentrations of the Au-based
materials were quantified by atomic absorption spectroscopy (AAS,
SensAA GBC). The crystalline structure of nanoparticles was
characterized by X-ray diffraction on a multipurpose X-ray thin-film
diffractometer (XRD, Rigaku). The FT-IR spectra of dried samples
were obtained using Fourier-Transform Infrared spectroscopy (FT-
IR, JASCO-4700). The chemical state of nitrogen was identified by X-
ray photoelectron spectroscopy (XPS, Thermo Fisher Scientific
ESCALAB Xi*). The hydrodynamic diameter and polydispersity
index (PDI) of Au@PGlyco NPs were measured by a dynamic light
scattering spectrometer (DLS, Malvern, U.K., Zetasizer Nano ZS90).
The content of the organic composite layer at the surface of Au@
PGlyco NPs was weighted by thermogravimetric analysis (TGA)
using a TA-QS0 thermogravimetric analyzer at a ramp rate of 20 °C
min~" in air.

4.4, SERS Measurement of Solution Samples. The SERS
spectra were measured using a portable 671 nm Raman system
(LiveStrong Optoelectronics, LS-PT 671) assembled with a power-
adjustable 671 nm laser (100 mM, 0.1 nm full width at half-
maximum) and a low noise spectrometer module (<13 cm™
resolution). All samples were prepared in DI water with the desired
concentration, and a 10 uL aliquot of respective solution was dropped
onto a silicon substrate. SERS spectra were subsequently acquired on
a portable-Raman spectrometer using a 671 nm excitation laser with
100 mW power. The spectra were employed with an acquisition time
of 1 s with three accumulations.

To evaluate the Raman reproducibility of Au@PGlyco NPs, 20
synthetic batches of Au@PGlyco NPs with 15 ppmy,,] were measured
at 671 nm excitation. The SERS intensity at 1159 cm™' was recorded
and plotted versus the number of sample batches. The relative
standard deviation (RSD) was further calculated.

The colloidal stabilities of 30 ppm[,,] Au@PGlyco NPs in H,0,
PBS, cell culture media (McCoy’s Sa, RPMI, and DMEM), and 0.1
mM H,O0, were evaluated using SERS measurement. The Au@
PGlyco NPs was incubated in these solutions for 0, 2, 8, and 24 h at
37 °C for subsequent SERS measurement at 671 nm excitation.

4.5. Calculations of the Enhancement Factor (EF) and
Analytical Enhancement Factor (AEF). The values of the EF and
AEF were obtained experimentally using the following equation:

ormal

Inormal X CSERS (1)

EF = Iggrs X C,

To determine the EF of Au@PGlyco NPs, the intrinsic PGlyco
molecules were examined in the calculation, where Iggpg is the SERS
intensity of Au@PGlyco NPs at 1159 cm™" and I, is the Raman
intensity of pure PANI molecules at 1159 cm™" (Figure S12a). Cgpgs
of the PGlyco concentration was estimated at 0.51 ppm by using 9
ppmpy,] Au@PGlyco NPs according to the TGA measurement
(Figure S3a), and C, gy is the concentration of pure PANI molecules
at 1860 ppm. To simplify the computational complexity to ignore the
polymer molecular weight range and molecular structure of the
PGlyco polymer structure, we quantified the glycopolymer weight by
TGA as comparison units and took the pure PANI at 1860 ppm as a
computational comparison.

The external malachite green (MG) was further examined for
calculating the AEF value of Au@PGlyco NPs, where Iggs is the
SERS intensity of MG at 797 cm™" with 30 ppmj,,; Au@PGlyco NPs,
I oma is the Raman intensity of pure MG molecules at 797 cm™,
Cgers is the concentration of MG at 1 nM, and C, ., is the
concentration of MG at 10 uM (Figure S12b,c). This AEF
measurement provided a simple method in the liquid phase for the
reproducible and reliable comparison of the Raman enhanced activity
between the molecules in the solution and the colloidal subtract
sample.”"

4.6. SERS Detection of f-Galactosidase (f-Gal) Using Au@
PGlyco NPs. The f-gal with a series of concentrations (nM) was
accessed by measuring the SERS intensity change at 1159 cm™ of
Au@PGlyco NPs reacted with f-gal. To investigate the enzymatic
response of Au@PGlyco NPs over time, 100 L of ff-gal solution (20
uM) was added into 100 L of Au@PGlyco solution with 30 ppmi,,;.
The SERS spectra of the mixture were recorded at 0, 1, 10, 30, and 60
min of incubation using the 671 nm portable-Raman system. To
investigate the dynamic relationship between the f-gal concentration
and SERS intensity of Au@PGlyco NPs, 100 uL of f-gal solution (1,
2, 3, 4, and 5 nM) was added into 100 uL of Au@PGlyco solution
with 30 ppm;,,). After 60 min of incubation, 10 L aliquot of each
solution was measured using the 671 nm portable-Raman system. The
dynamic relationship of the f-gal concentration versus the SERS
intensity of Au@PGlyco NPs was plotted.

4.7. Bacterial Cultivation and SERS-Based Measurement. E.
coli was cultured in LB broth medium overnight at 37 °C. Gram-
negative bacterium E. coli O157:H7 was centrifuged at 8500 rpm for S
min and re-suspended in PBS buffer more than three times for
subsequent quantification with optical density at 600 nm (ODy,,)
using a microplate reader (BioTek/SYNERGY-H1). For determining
the number of bacterial cells, 100 L of bacterial suspension (10, 10,
10% 10% and 10' CFU/mL) was added into 100 uL of Au@PGlyco
solution with 12 ppmp,,] for measuring the SERS intensity of Au@
PGlyco NPs. The SERS spectrum of a 10 uL aliquot mixture was
measured using a 671 nm portable-Raman spectrometer after 1 and 6
h of incubation at room temperature.

4.8. Bacterial Viability. The bacterial viability of E. coli mixed
with Au@PGlyco NPs was calculated by culturing bacteria on an LB
agar plate. Briefly, 100 uL of bacterial suspension (10* CFU/mL) was
added into 100 uL of Au@PGlyco NPs (12, 18, 24, and 30 ppmiy,))
for incubation at 37 °C overnight. After incubation, the mixture was
centrifuged at 8500 rpm for S min and resuspended in PBS. Then,
100 pL aliquot of the mixture was plated on an LB agar plate for
bacterial cultivation. The number of bacterial colonies was counted
after 24 h of cultivation, and the bacterial viability was recorded. To
further confirm the bacterial morphology after incubation with Au@
PGlyco NPs, 100 uL of bacterial suspension (10° CFU/mL) was
added into 100 uL of Au@PGlyco NPs (30 ppmy,,)) incubated at 37
°C overnight for TEM images.

4.9. Cell Culture. T24 (human bladder cancer cell), Hela (human
cervical cancer cell), Vero (monkey epithelium cell), HUVEC
(human endothelium cell), and THP-1 (human macrophage) cells
(American Type Culture Collection, Manassas, VA) were cultured
with McCoy’s Sa medium (T24), Dulbecco’s Modified Eagle’s
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Medium (DMEM) (Hela, Vero, and HUVEC), and RPMI-1640
medium (THP-1) supplemented with 10% fetal bovine serum (FBS)
and a 1% antibiotic-antimycotic agent. All cell lines were maintained
in a 37 °C incubator with a humidified environment of 5% CO,
atmosphere.

4.10. Macrophage Differentiation and Polarization. THP-1
monocytes were cultured in RPMI-1640 medium with 100 nM
phorbol 12-myristate 13-acetate (PMA) for 24 h to induce MO
differentiation and then subsequently stimulated by 20 nM IL-4 for 48
h to induce M2 polarization. The resulting MO and M2 macrophages
were subjected for further SERS experiments.

4.11. SERS Detection and Mapping of Living Cells. Cells (1 x
10°) were seeded on a 3.5 cm glass bottom dish (Alpha Plus) and
treated with Au@PGlyco NPs (100 ppm(,)) for 8 h, and then cells
were washed with phosphate buffered saline (PBS) and subjected for
SERS detection by a microscope (Olympus 1X73) equipped with
spectrometers (MRS-iHR 320). The Raman signals were acquired
using 671 nm laser with 3 mW for 1 s acquisition. For SERS signal
mapping of cells, the same condition was applied with 40X40 pixels
for 200%200 pm?* (low resolution) and 40x40 pm? (high resolution).
The signals at 1159 cm™' were subjected to heat mapping of living
cells.

4.12. Fluorescence Microscopy for Macrophage Polar-
ization Observation. The macrophages treated with Au@PGlyco
NPs were washed and fixed by 4% paraformaldehyde at 4 °C for 10
min and then incubated with 1% bovine serum albumin (BSA) for 1 h
at room temperature to block non-specific antibody binding. After
BSA blocking, cells were washed three times by PBS and incubated
with anti-CD80 (rabbit, 1:200 dilution, Abcam) and anti-CD163
(mouse, 1:200 dilution, Invitrogen) antibody at 4 °C overnight.
Finally, the cells bound with a primary antibody were subsequently
incubated with a secondary antibody conjugated with Alexa Fluor 594
(red fluorescence for CD-80 recognition) or Alexa Fluor 488 (green
fluorescence for CD163 recognition) for 1 h at room temperature.
The stained macrophages were measured by a fluorescence micro-
scope (Olympus IX73).

4.13. Cell Viability. Human umbilical vein endothelial cells
(HUVEC), HeLa cells, Vero cells, and human urinary bladder cells
(T24) were used to study the cytotoxicity of Au@PGlyco NPs on
mammalian cells. The cells (8 X 10%) were seeded in a 96-well plate
overnight. The cells were incubated with 0—100 ppm,,) of Au@
PGlyco NPs. After incubating for 24 h, the Au@PGlyco NPs-
containing medium was replaced with a fresh medium. The MTT
reagent (1.2 mM) was added into each well, and cells were further
incubated for 1 h After removing the medium, DMSO was added into
each well to dissolve formazan crystals. Finally, the absorbance was
measured at 565 nm with a microplate reader (Synergy H1, BioTek)
and the cell viability was calculated.

4.14. Fluorescence Microscopy for ROS Generation. T24,
HUVEC, and Vero cells were treated with Au@PGlyco NPs (100
ppmy4,) for 8 h. Additionally, M2-polarized THP-1 were treated with
the same concentration of Au@PGlyco NPs for 45 min, 1 h, 2 h, 4 h,
and 8 h. After treatment, cells were then stained by 10 yM DCFHDA
dye for 30 min and imaged by a fluorescence microscope.

4.15. Cell Uptake Experiment. The macrophages were treated
with 100 ppm Au@tannic acid (TNA), Au@TNA@PEG, Au@
PGlyco, Au@2NP, Au@TNA, or Au@TNA@PEG NPs for 8 h and
subsequently dissolved in 12 M HCL The dissolved solutions were
subjected to the uptake NPs measurement by atomic absorption
spectroscopy (AAS) for Au concentration determination.

The Au@TNA and Au@TNA@PEG NPs were prepared according
to the previous report,”” which was kindly provided by Prof Mei-Yi
Liao at National Pingtung University (Taiwan).

4.16. Statistical Methods. Statistical analyses were performed
using Prism (version 7; GraphPad, San Diego, CA, USA). The ROC
curves were used to assess the discriminating capacity of the SERS
signals from Au@PGlyco NPs in bacteria detection, the ROS level,
and macrophage polarization status (M1/M2). The AUC value was
considered the prediction capacity for the bacteria treatment group
from bacteria-free control and the macrophage polarization ratio

52304

(M1/M2) from untreated M2 macrophages. An AUC greater than 0.9
indicated excellent prediction efficacy, and an AUC between 0.7 and
0.9 indicated good efficacy. An AUC between 0.5 and 0.7 indicated
poor diagnostic efficacy, an AUC under 0.5 indicated the lack of a
diagnostic value of the prediction model, and p value <0.0S was
considered to represent statistical significance.”>”*

4.17. Computational Details. All density functional theory
(DFT) calculations were carried out by means of the Gaussian 16
package, adopting the B3LYP hybrid exchange and correlation
functional and LANL2DZ basis set. The optimized geometries
correspond to true energy minima by considering that all vibrational
frequencies were real and positive.
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