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ABSTRACT: Understanding ligand binding on silver nanoparticles Coazdcsi;;?:d with halide atfinitystoYAg surface

AAc = acetoacetate

(AgNPs) is crucial regarding its behavior in photocatalytical and
bioanalytical applications. However, the preferentially adsorbed
species on AgNPs and their relative binding affinities are uncertain
when halide ligands are involved. Herein, we demonstrate the
variations in the adsorbed species on citrate-reduced AgNPs upon  7hin + minimal gaps
ligand exchange to CI7, Br™, and I" and propose a mechanism based AgNPs
on surface-enhanced Raman spectroscopy (SERS) results. When Cl~

is introduced to the AgNPs, citrate anion desorbs, but its

decomposition product, acetoacetate (AAc”), is relatively preferred AgNPs@| ﬁ

for coadsorption. When the halide ligands are bulkier (Br™ or I7), -’ AAc

AAc” is also displaced due to stronger repulsion, while residual
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anionic surfactants (AS) can bind to the AgNPs presumably through

the gaps between the bulky halide ions. Further, the above-mentioned coadsorbed species are present together with a cationic
protein (type I collagen). AS persist in their coadsorption when I” ligands coat the AgNPs, resulting in the interference SERS spectra
of AS overlapping with collagen. In contrast, collagen outperforms AS on Br™ ligand coated AgNPs, and thus, no interference was
observed. This study will bring attention to the potential pitfalls during precise surface functionalization of AgNPs or other

plasmonic nanostructures for interfacial properties and applications.

B INTRODUCTION

Dating back to the 4th century, silver nanoparticles (AgNPs)
were used in decoration for their exceptional optical properties
when sized at nanoscale.’ A similar phenomenon was
discovered in gold nanoparticles (AuNPs) by Faraday in the
19th century” and later explained by the Mie scattering
theory.” Nowadays, AgNPs are used in a broad range of
applications in which their surface chemistry and near-field
properties are crucial for their performances.””” In a highly
recognized method of synthesizing AgNPs,'’ sodium citrate is
used as both a reducing agent and a capping ligand to give a
monodispersed, stable colloidal solution. The as-prepared
surface layer of citrate is often exchanged by other ligands to
provide specific functionalities in need of various applica-
tions.”" ' "

While the formation of a complete coating layer over the
AgNPs upon ligand exchanges with halides (C17, Br™, and I7)
has been widely accepted,'*™'® evidence that contradicts such
an assumption is not rare.'”>' However, the opinions
emerging from this evidence were divergent. A tentative
assignment of the coadsorbed species on 1™ ligand coated
AuNPs to polyvinylpyrrolidone (PVP) by Huang et al.'” was
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later corrected to citrate anions by Xie et al. and Park et al,
based on similar experiments in which they exposed AuNPs to
I~ and thiols, respectively.'®'” On the contrary, Perera et al.
found that halides and thiol ligands can readily eliminate
citrate anions but leave unspecified organic cations on
AuNPs.”” Recently, Wang et al. observed the coadsorption of
an unspecified surface anion with Br~ and trace amounts of
fentanyl on AgNPs.”' The existing evidence is inconclusive for
depicting a mechanism of the coadsorption and, more
importantly, the binding affinities of the species on different
ligand coated AgNPs. Clarifying the coadsorption mechanism
of citrate, halides, and other species on the AgNPs is crucial to
many applications that rely on the surface properties, including
photocatalysis,”* bioanalysis,”> and therapeutics.”
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Previous studies on the adsorption of ligands with AgNPs
were conducted using a range of techniques, including
transmission electron microscopy (TEM),** X-ray photo-
electron spectroscopy (XPS),””***® Fourier-transform infrared
spectroscopy (FT-IR),'”*>*® second harmonic generation
(SHG),27 UV—vis spectroscog)y,zg’29 and surface-enhanced
Raman spectroscopy (SERS).”*”%* In particular, SERS was
recently used to study the binding of citrate and other bound
species on AuNPs for its advantages in directly probing the
molecular vibrational modes at an enhanced resolution
originating from the surface plasmon resonance (SPR).”>*?

Here, using SERS, we investigate the changes in the
coadsorbed species on citrate-reduced AgNPs when CI~, Br~,
and I” ligand exchanges take place and propose a mechanism
explaining these observations. Our results suggest the presence
of coadsorbed species on the AgNPs even after allowing
sufficient time and concentration for halide ligand exchanges;
however, the preferred species are different when the ligand
changes from CI™ to Br~ or I". Further evidence of the
competition between the species and protein to coadsorb with
halide ligands on AgNPs emphasizes the determinative role of
the halide ligands on the varied binding affinity of the species,
which also highlights the complexity of bioanalytical scenarios
in general. This study not only provides a thorough
understanding of the binding interactions of AgNPs with
citrate, halides, proteins, and other soluble species but also
illustrates a novel way to reveal the surface chemistry of
plasmonic NPs for the precise control of functionalities in
photocatalytical, bioanalytical, and medical applications.

B EXPERIMENTAL SECTION

Materials. Trisodium citrate dihydrate (Na;C¢H;O,-2H,0
or Na;Cit-2H,O, Pure Science Ltd, New Zealand), silver
nitrate (AgNOj, Apollo Scientific Ltd., UK), hydroxylamine
hydrochloride (NH,OH-HCl, Sigma-Aldrich, US), potassium
chloride (KCl, Pure Science Ltd., New Zealand), potassium
bromide (KBr, Merck KGaA, Germany), potassium iodide (KI,
Sigma-Aldrich, US), sodium hydrosulfide hydrate (NaHS,
Sigma-Aldrich, US), hydrochloric acid (HCl, CARLO ERBA
Reagents S.rl, Italy), sodium hydroxide (NaOH, CARLO
ERBA Reagents S.rl, Italy), sodium acetate trihydrate
(CH;COONa-3H,0, NaAc-3H,0, Pure Science Ltd., New
Zealand), and magnesium sulfate (MgSO,, Fisher Chemical,
UK) were purchased and used without further purification. A
collagen solution was prepared following the procedures
reported elsewhere,”* while replacing 0.5 M acetic acid by $
mM HCI to avoid interference from its methyl (—CH;) and
carboxyl (—COOH) groups.

Synthesis of the AgNPs. Lee-Meisel's method'® was
followed for synthesizing citrate-reduced AgNPs. A mixture of
3.3 mL of 0.5% (w/v) silver nitrate and 94 mL of DI water was
heated to boiling. Then, 3.0 mL of 1% (w/v) Na,Cit-2H,0
was rapidly added to the boiling mixture. The mixture was kept
boiling under vigorous stirring for 1 h and then cooled down to
room temperature. The green-gray cloudy solution was
transferred to a Schott bottle and topped up to 100 g with
DI water. The solution was stored at 4 °C and kept away from
light.

Leopold’s method®® was followed for synthesizing hydroxyl-
amine-reduced, citrate-free h-AgNPs. An initial mixture of 3.0
mL of 100 mM NaOH, 10.0 mL of NH,OH-HCI, and 77 mL
of DI water was prepared at room temperature. Then, under
vigorous stirring, 10.0 mL of 10 mM AgNO; was added
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dropwise to the mixture. The dropwise addition took about 1
to 2 min to finish, and the mixture was kept stirring for another
10 min. The yellow-gray cloudy solution was then transferred
to a Schott bottle, stored at 4 °C, and kept away from light.

Both methods produce polydisperse, polycrystalline AgNPs
with characterizations shown in Figure S1.

Centrifugation, Ligand Exchange, and Aggregation
of the AgNPs. The preparation methods for key samples of
this study are briefly described below in three steps. A full list
of sample preparation methods is shown in Table S1.

1 Centrifugation: In a 1.5 mL Eppendorf tube (Protein
LoBind), 1000 uL of AgNPs was centrifuged at S krpm
for 15 min. After centrifugation, 900 uL was removed
from the supernatant, and the remaining 100 yL was
redispersed using a vortex mixer at a low speed at 200
rpm for 1 s.

2 Ligand exchange: To the concentrated 100 yL of AgNPs
was added 100 L of S mM KCI (or 1 mM KBr or 1
mM KI), and the mixture was incubated at room
temperature for S min ([Cl™]g,; = 1.25 mM, calculated
as in the 400 L final mixture, same below; [Br™ g, =
025 mM; [I" )4,y = 0.25 mM).

An alternative route in the ligand exchange step was
followed for introducing citrate and its decomposition
products to h-AgNPs, for the investigation of bound
species on AgNPs@Cl. To the concentrated 100 yL of
h-AgNPs was added 65 uL of heat decomposed 2 mM
Na;Cit and 35 yL of 10 mM KCl, and the mixture was
incubated at room temperature for S min ([Cl ]z, =
125 mM, equivalent [Cit],, oy = 0.325 mM). Heat
decomposition of Na;Cit was carried out by keeping 1
mL of a 2 mM Na;Cit solution in a 1.5 mL Eppendorf
tube at 95 °C for 3 h.

3 Aggregation: The resulting 200 uL solution was mixed
with 200 uL of 5 mM MgSO, (or S mM MgSO, in 2
mM HCl or 50 pg/mL collagen in 2 mM HCI), to form
the 400 uL final aggregated mixture.

SERS/Raman Measurements. SERS spectra of AgNP
solutions were measured using a Horiba Jobin-Yvon LabRam
HR spectrometer equipped with a Symphony CCD detector
cooled with liquid N, at —130 °C, in a backscattering
configuration through a LM Plan FI Olympus air objective
(x50, NA = 0.50) by focusing at 300 ym below the solution/
air interface. Excitation was provided by a 514 nm argon-ion
laser (Melles-Griot) at around 10 mW for an exposure time
ranging from 3 to 10 s, with 10 accumulations. Each sample
was around 200 yL and was contained in the cap of the
Eppendorf tube of the corresponding sample to avoid cross
contamination. Raman spectra of collagen film were measured
using the same setup but with a laser focusing around 20 ym
above the solid/air interface (defocused)® to reduce the
fluorescence from solid collagen. Flat-field correction was
carried out to minimize the static features from the notch filter
and the response of the CCD (see the SI for details). The
intensity of each Raman spectrum is normalized to count per
second and stacked by offsetting (or scaling when indicated).

B RESULTS AND DISCUSSION

Without Halide Ligand Exchange (AgNPs@Cit): The
Adsorption of Citrate. Lee-Meisel’s protocol is known to
produce AgNPs with an adsorbed citrate layer (AgNPs@Cit),
although oxidative and thermal decomposition products of
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Figure 1. (a) Structure of the citrate anion with notation for each carbon atom (t = terminal carboxyl, c = central carboxyl, h = hydroxyl, b =
bridge). (b) Sample preparation steps for AgNPs@Cit. (c) SERS spectra of AgNPs@Cit aggregated using MgSO,. Note that the two spectra from
2600 to 3800 cm™" are not superimposed, as they were measured at different grating positions (same below). (d) Possible binding coordinations of
citrate with Ag atoms. Associated SERS peaks (in cm™) from citrate are attached to the bonds. The red arrow indicates the —CH,— group
vibrations. The blue colored text highlights the partial protonation of citrate and the related SERS peaks. Notations (same below): s = symmetric
stretching, as = asymmetric stretching, st = stretching, d = scissoring, w = wagging.

citrate are also present in the final solution.”” To record the
SERS spectra of the bound citrate with sufficient resolution,
the AgNPs@Cit are concentrated by centrifugation and
aggregated using MgSO, (Figure 1b). (Note that MgSO,
would not displace the adsorbed citrate from AgNDPs, as
SO, has a much weaker binding affinity to Ag atoms
compared to citrate.’’) The acquired spectrum (Figure Ic)
shows characteristic citrate SERS peaks at 2934 (v,(CH,)),
2723 (v(O-H), in «'-COOH), 1700sh (v(C,—OH), «'-
C,O0H) (sh = shoulder; see notation of carbon atoms (C,) in
Figure la, same below), 1660 (v(C=0), ¥'-C,007), 1414sh
(v,(COO7), unbound), 1397 (v,(C.007), bound), 1360sh
(v,(C,007), bound), 1297w (v(C,—0), k'-C,00~ or «“
C.O0OH) (w = weak), 1084 (v(C,—C,)), 1024 (v(C.—C,),
bound), 948 (v(C,—C,), unbound), 925 (v(C,—C,), bound),
899sh (¢(C—COO)), and 835 cm™ (¢(C,—0)), in addition
to a broad peak at 218 cm™' assigned to v(COO-Ag),
indicating the binding of citrate via its carboxyl (—COO™)
group (Table S2, sample 2-1-1).**7"** The binding
coordination of citrate in AgNPs@Cit resembles the citrates
on the rough surfaces of AuNPs (with adatoms), highlighted
by the prominent 1084 cm™" peak of v(C,—C,) that indicates
at least one terminal carboxyl (—C,007~) group and the central
carboxyl (—C.OO~) group in citrate are bound to the Ag
atoms (Figure 1d).***
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Cl~ Ligand Exchange (AgNPs@Cl): The Desorption of
Citrate and the Coadsorption of Acetoacetate (AAc)
with CI~ Ligands. Upon mixing with CI~ (AgNPs@C],
[Cl Jgna = 1.25 mM) and aggregated using MgSO, (Figure
2a), a weak SERS spectrum is observed (Figure 2c, green). In
addition to the peak at 239 cm™ (l/(Ag—Cl))13 showing the
direct binding of CI™ to Ag atoms, other peaks are identified at
2935, 2849, 1610, 1436sh, 1398w, 1299w, 1098vw, 1128,
1062w, 926w, and 889w cm™' (Table S3, sample 3-1-3). These
peaks are not affected with further increases in CI~
concentration or time allowed for ligand exchange (the
maximum [Cl™]4,, = 2.5 mM, time increases from S to 60
min, Figure S3). Therefore, despite the opposite claims
elsewhere,””** our results imply that, although CI~ ligands
form a near-complete layer, a considerable amount of Ag atoms
remains exposed for direct binding with species.

A straightforward assumption for the bound species is citrate
in a different coordination, since the spectrum of AgNPs@Cl
seems to match most of the citrate peaks from AgNPs@Cit,
but the minor differences are of concern. A new peak at 2849
cm™! is revealed as the intensity of the 2935 cm™ peak
diminishes. The peak at 2935 cm™ was previously observed in
bound citrate;*™*” however, the 2849 cm™ peak was scarcely
reported. Interestingly, the 2935 and 2849 cm™" peaks can also
be observed with a higher speed centrifugation with no
addition of KCI nor aggregation using MgSO, (Figure S4,

https://doi.org/10.1021/acs.jpcc.2c01092
J. Phys. Chem. C 2022, 126, 8692—8702
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Figure 2. (a, b) Sample preparation steps for AgNPs@Cl and h-AgNPs@Cl + AAc. (c) Stacked SERS spectra of AgNPs@Cl aggregated using
MgSO, (green) or using HCI acidified MgSO, (blue). Full scale spectra (follow left y-axes) were displayed to show the Ag—Cl peak below 300
cm™!, whereas weak features are highlighted by zooming in the same spectra (indicated by the purple arrow), with y-axes on the right side for the
scales. (d) Possible binding coordinations of AAc with exposed Ag atoms on AgNPs@Cl. Associated SERS peaks (in cm™) from AAc are attached
to the bonds (The red arrow indicates the —CH,— group vibrations.). The pink colored text highlights the enol form of AAc and the related SERS

peaks.

sample 1-1-3). This could suggest that the species is also
adsorbed onto AgNPs@Cit before CI™ ligand exchange takes
place.

For further investigation, a citrate-free synthesis of AgNPs
(h-AgNPs) was carried out, and the NPs were aggregated using
MgSO,. The h-AgNPs have an intrinsic layer of CI™ (h-
AgNPs@Cl,,,,) introduced during the synthesis by the
reducing agent NH,OH-HCI. Although the existing CI™
concentration ([Cl7 ],y = 0.375 mM) is much lower than
that in AgNPs@Cl ([Cl ],y = 1.25 mM), a clean spectrum
was observed after MgSO, aggregation, with no evident peaks
except the v(Ag—Cl) and water peaks (Figure S4, sample 3-3-
1). This observation confirms that those peaks in AgNPs@Cl
are relevant to citrate or its decomposition products.

To differentiate citrate from its decomposition products,
fresh Na,Cit at different concentrations ([Cit]g,, = 0.25 to 2.5
mM) was added to the h-AgNPs@Cl,, followed by the
aggregation using MgSO, (Figure SS). The SERS spectra of
fresh Na;Cit are observed and are different from the spectrum
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of AgNPs@Cl, showing peaks at 2937vw (v,(CH,)), 1622
(v,,(COO7)), 1415sh (v,(COO~), unbound), 1373
(v,(C,007), bound), 1028 (v(C—~C,)), 951 (v(C~C,),
unbound), 923 (v(C,—C,), bound), 899sh (¢(C—COO)), and
833w cm™' (1(C,—0)),”*"***" in addition to the strong
v(Ag—Cl) peak at 240 cm™' (Table S2, sample 3-5-3)."°
However, when we add extra KCl into the mixture of Na;Cit
and h-AgNPs@Cl,,; to match the CI” concentration in
AgNPs@Cl, the above peaks disappear (Figure S6). The
absence of citrate signals suggests that the electrostatic
repulsion of ClI™ and citrate anions counteracts the affinity of
citrate anions to coadsorb with CI~. Hence, the whole
spectrum with the 2849 cm™' peak can only be attributed to
the decomposition products of citrate. The decomposition
products of citrate were investigated in previous studies.
Munro et al. investigated the SERS spectra of acetonedicarbox-
ylic acid (H,ADC) and acetoacetic acid (HAAc) on AgNPs,
and later, Grys et al. measured ADC*”, AAc”, and acetate
(Ac”) on AuNPs.**?’

https://doi.org/10.1021/acs.jpcc.2c01092
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Figure 3. (a) Sample preparation steps for AgNPs@Br and AgNPs@1. (b, c) Stacked SERS spectra of AgNPs@Br (orange) and AgNPs@I (red)
aggregated using MgSO,, or using HCl acidified MgSO, (blue). Full scale spectra (follow left y-axes) were displayed to show the Ag—X (X = Br, I)

peaks below 300 cm™

, whereas weak features are highlighted by zooming in the same spectra (indicated by the purple arrow), with y-axes on the

right side for the scales. (d) Possible binding coordinations of AS with exposed Ag atoms on AgNPs@Br and AgNPs@I. The difference in the SERS
peaks (in cm™) of AgNPs@Br/AS compared to AgNPs@I/AS is highlighted beside the associated bonds. The blue colored text highlights the

partial protonation of AS and the related SERS peak.

To confirm the SERS spectra of decomposed citrate on CI~
ligand coated AgNPs, 2 mM Na,Cit was decomposed at 95 °C
for 3 h and then added to the h-AgNPs@Cl,,, followed by
sufficient KCl and MgSO,. The spectrum is a good match for
AgNPs@Cl (Figure 2¢, pink), with characteristic features
including the 2851 and 1437 cm™, high intensity at 1399 cm™
rather than at ~1370 or ~1410 cm™}, and the absence of 1028
and 950 cm™' peaks (Table S3, sample 3-8-1). According to
previous studies, both citrate and ADC have SERS peaks at
950 cm ™' peaks, while our AAc SERS spectra feature a stronger
~925 cm ™! peak and a weaker ~890 cm™! peak, indicating the
absence of adsorbed citrate or ADC.>**’

Last but not least, when AgNPs@Cl are aggregated using
HCl acidified MgSO, at a final pH = 3 ([Cl ]4,q = 2.25 mM),
the AAc™ peaks are barely identifiable, leaving v(Ag—Cl) and
water peaks as the only strong features (Figure 2c, blue). With
its pK, at 3.58, most of the AAc™ are protonated to form
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HAAGc, therefore reducing the binding potency to Ag atoms.
Also, HAAc is unstable and may readily decompose into
acetone and carbon dioxide™ accelerated by the localized heat
introduced by the focused laser.

Based on the collection of evidence above, we could infer
that on the AgNPs after CI™ ligand exchange, a near-complete
ClI” layer forms on the AgNPs, and the negative charge repels
citrate anions. The remaining exposed Ag atoms favor
coordinate covalent bonds with the COO™ group in AAc™.
The resulting coadsorption can be described as AgNPs@Cl/
AAc.

Br~ and I~ Ligand Exchanges (AgNPs@Br and
AgNPs@l): The Desorption of Citrate and AAc and the
Coadsorption of the Anionic Surfactant (AS) with Br~ or
I Ligands. In the case of Br~ exchange (AgNPs@Br)
followed by MgSO, aggregation (Figure 3a), the SERS spectra
(Figure 3b, orange) change dramatically compared to
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AgNPs@Cl. Prominent peaks are observed at 2926, 2896,
2845, 2723, 1590, 1461, 1440, 1302, 1128, and 720 cm™, and
a characteristic peak is observed at 162 cm™ (v(Ag—Br))," in
addition to some vaguely resolvable peaks centered at 3067w,
1718w, and 1253w cm™. Most of these peaks are also
identified upon I” ligand exchange (AgNPs@I) and MgSO,
aggregation (Figure 3c, red), with differences including the
diminishing of weak features at 1253w and 1590 cm™" and the
rise of peaks at 1650w and 1165w cm™', as well as the advent
of the distinctive peak at 110 cm™" (v(Ag—I)) in replacement
of the v(Ag—Br) peak.">*® Again, we confirm that the above
peaks are not changed with further increases in concentrations
or time allowed for ligand exchange (the maximum [Br™ ], or
[T Jgna = 0.5 mM, time increases from S to 60 min, Figures S7
and S$8). Therefore, supported by previous studies, ”*° the
strong signals could be attributed to the lack of coverage on the
Ag surface by Br™ or I” ligands, leaving gaps suitable for species
to coadsorb.

To confirm the source of the peaks, Br™ and I" ligand
exchanges are also conducted on the citrate-free h-AgNPs (h-
AgNPs@Br and h-AgNPs@I). The intrinsic layer of Cl™ is
readily displaced by Br™ and I". However, in sharp contrast to
h-AgNPs@Cl, the spectra of h-AgNPs@Br and h-AgNPs@I
show identical strong features to the ones from citrate-reduced
AgNPs (Figure S9), indicating that the species are not related
to citrate or its derivatives. None of the other species that are
introduced to the system such as AgNO; or NaOH
(potentially contains Na,CO;) would provide peaks as in the
spectra. The potential of bound water molecules to be the
source of the above peaks is also considered. However, when
the samples are prepared in the D,O/H,O mixture, only the
bulk water peaks shift, whereas all the strong features are
unchanged (Figure S10).

To identify the source of the strong features, information
from previous studies was analyzed. First, similar sharp doublet
peaks at 1440 and 1460 cm™" are observed (but not discussed)
in several studies on AgNPs or AuNPs with Br™ or I” ligand
<exchanges.13’15’17’21’47’48 It seems to indicate that this feature is
not restricted to a specific experimental condition. In other
words, the unknown species could be largely identical across
various aqueous systems. Second, among all the studies above,
only Pepera et al. showed the 2800—3000 cm™" region.”® The
multiplet peaks in their KBr and KI treated AuNPs (although
they cannot be deconvoluted due to low resolution) are very
similar in terms of the intensity ratios compared to our
AgNPs@Br and AgNPs@I. Also in the same study, their KCI
treated AuNPs showed stronger peaks in the 2800—3000 cm ™"
region, whereas adenine removed those peaks; and thus, they
suggested that the unknown species are cationic and rich in
carbon, oxygen, and sp3 C—H bonds.”® In contrast, our h-
AgNPs@Cl show no peaks in 2800—3000 cm™" (Figure S6,
sample 3-4-1), and hence, we have to rule out cations or
zwitterions.

It is also noteworthy that, when we aggregate the AgNPs@
Br using HCI acidified MgSO, at a final pH = 3, no change was
observed (Figure 3b); a similar result was found in AgNPs@I
(Figure 3c). Hence, the species is likely to consist of functional
groups that are not sensitive to pH changes to maintain its
binding on the AgNPs.

As a quick summary, we found that the species could consist
of the following elements:

1 universal and soluble in aqueous solutions;
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2 weakly anionic or nonionic but not cationic;

3 not affected by D,0O, so no feature should be assigned to

—O—H or —N—H groups;

only a few Raman features, so its structure should be
simple or with repetitive units.

Based on these elements and the similarity to our SERS
spectra, here we postulate that the species in our system is a
residual anionic surfactant (AS) in a water system that contains
ether groups (—C—O—C—) to support coordinative binding
with Ag atoms. Polyoxyethylene alkyl ether carboxylic acid
could be a suitable candidate,*® with its general structure motif
including a hydrophobic long alkyl chain, several hydrophilic
ethylene oxide units, and a terminating carboxymethyl group.
This type of molecule has a generic structure such as
CH3(CH2)1'CHZO(CHZCHZO)]-CHZCOOH or, in short
CE,CH,COOH, with i and j as arbitrary numbers larger
than 4. Hence, the peaks on AgNPs@Br can be tentatively
assigned as follows: 2926 (v,(CHj;)), 2896 (v,(CH,)), 2845
(US(CHZ))) 2723 (T(CHZ) + 6(CH2)1 1590 (Vas(coo_)l KZ);
1461 (6,(CH,), ether), 1440 (5,(CH,), alkyl), 1302 (z(CH,)),
1128 (¢(C—C)), and 720 cm™ (p(CH,), alkyl) (Table S4,
sample 4-2-2),°°7>* with its proposed binding coordinations
with exposed Ag atoms depicted in Figure 3d. The different
features in AgNPs@I at 1650w cm ™' can then be assigned to
v(C=0) in bound k'-COO~, whereas the 1165w cm™" peak
can be related to the v(C—O0) in ether units (Table S4, sample
5-2-2).%”

Furthermore, considering the peaks at 2925, 2891, and 2842
cm™!, we found a much higher intensity ratio of 2842 cm™
over the other two peaks in AgNPs@I compared to AgNPs@
Br, as well as a slight blue shift in the above peaks. A similar
blue shift is also observed in the doublet at 1461 and 1440
em™ (A = =5 cm™") (Figure S11). The shift could indicate a
slightly stronger binding affinity of the species to AgNPs@I
than AgNPs@Br, which is confirmed later in this study.

In summary, we propose that upon Br~ or I" ligand
exchange, the preferred adsorption of AS on the AgNPs
overtakes the AAc™ probably due to its lower charge density.
The COO™ and —C—0O—C— groups can bind to the Ag atoms
at presumed gaps in the Br™ or I” layer. Its resistance to
desorption under acidic conditions may be explained by the
binding to Ag atoms via the —C—O—C— group. The resulting
coadsorption can be described as AgNPs@Br/AS and
AgNPs@I/AS.

An Additional Case: HS™ Ligand Exchanges (AgNPs@
HS). According to the SERS intensity of the coadsorbed
species on halide coated AgNPs, the sequence of surface
coverage of the halide ions could be described as CI™ > Br™ &
I, matching a previous study based on the rate of oxidative
decomposition of AgNPs.”” However, it is worth mentioning
that a much larger amount of CI” is required for its best
coverage over the AgNPs (i.e., lowest SERS intensity from
coadsorbed species) compared to Br~ or I". This could be
explained based on the dissociation constant of Ag—X bonds:
Ag—Cl > Ag—Br > Ag—1> Ag—S."5 Hence, we introduced an
additional set of ligand exchange experiments using NaHS on
the AgNPs. The resulting SERS spectra on AgNPs@S are very
weak with only a broad feature at 225 cm™' assignable to
v(Ag—S) (Figure 512),56 suggesting that no species is
coadsorbed with the HS™ layer on the AgNPs. It may be
explained in a combination of two aspects: (1) the smaller
radius of HS™ than I”, leading to better coverage of small gaps,
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Figure 4. (a) The aggregation of AgNPs using a type I collagen solution in HCL. (b—d) Stacked SERS spectra comparing solid collagen in Raman
and collagen in SERS ([Coll]g,,; = 25 pg/mL) on AgNPs@X (X = Cl, Br, I).

and (2) stronger binding with Ag atoms, so as to outperform
most of the organic species in our system; a study on thiol
coated AuNPs also suggested a complete removal of citrate
from the surface.”” We may accordingly expand the surface
coverage estimation as (CI~, HS™) > (Br~, I").

Binding Affinity of AS Compared to Type | Collagen:
The Determinative Role of Halides. To further investigate
the role of halide ligands on determining the binding affinity of
coadsorbed species, a more complex system involving a bulky
cationic protein was investigated.
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A type I collagen solution is mixed with the AgNPs@X at a
final pH = 3 (Figure 4a), to mimic a bioanalytical scenario.
Since type I collagen molecules are positively charged at pH =
3,°”%% they can be attracted to the negatively charged AgNPs@
X and trigger the aggregation to ensure sufficient SERS
enhancement. The aggregation of AgNPs@X with collagen
would follow a similar mechanism as a previously reported
nanoparticle/protein system, AuNPs@Cit/Hb (Hb = hemo-
globin).59 Therefore, when the mixing volumes are controlled,
the resulting size of the aggregates is dependent on the
concentration ratio [Coll]/[AgNP] in the final mixture. We
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intentionally chose six concentrations with each two
representing one aggregation mechanism to include all possible
states (Figure S13). Specifically, at low collagen concentrations
(0.5 to 1 pug/mL), each collagen molecule is surrounded by the
maximum number of AgNPs allowed, named as “maximum
coating”, while excess AgNPs float around to contribute to the
charge repulsion and the colloidal stability. The formation of
unstable clusters is also confirmed when we increase the
concentration of collagen (2.5 to S pug/mL), and such
phenomenon is referred to as “infinite clustering”. Lastly, at
high collagen concentrations (10 to 25 pg/mL), “self-
terminated aggregation” will occur to form finite-sized clusters
with the size of the clusters determined by the adsorption
kinetics, as proposed by Moerz et al.>’

When AgNPs@Cl are mixed with collagen, no residual
SERS peaks from citrate or AAc are found (Figure 4b, dark
green), matching the spectrum of MgSO,/HCl aggregated
AgNPs@Cl. The observed SERS peaks are assignable to
collagen based on a dry collagen spectrum (Table SS). SERS
peaks of collagen are observed at [Coll]z,y = 25 ug/mL at
3357,2934 (v(CH,;); v(CH,)), 2877 (v,(CH;)), 1731 (v(C=
0), in COOH of Asp or Glu), 1670 (Amide I (¢(C=0), p-
sheet); 1,,(CO0O7)), 1636 (Amide I (v(C=0), 3,,-helix);
1,(CO07)), 1444 (5(CH,); 5(CH,)), 1410 (1,(COO7)),
1384 (v,(CO07)),1321 (z(CH,); 7(CH,)), 1264 (Amide III,
8(N-H)), 1244 (Amide III, (C—N)), 1027 (v,s, Phe or
Tyr), 934 (v(C—C), backbone), and 854 cm™ (¢(C—C), Pro
ring) (Table $5).°°7%* The enhanced v,(COO™) peak at 1410
cm™ could indicate the formation of direct coordinative
binding of collagen with Ag atoms.

However, when AgNPs@Br are mixed with collagen,
dramatic changes are observed in the SERS spectra compared
to the MgSO,/HCI aggregated AgNPs@Br (Figure 4c). We
observe a significant decrease in the AS peaks at 2844, 2721,
1587, 1460, 1439, and 1126 cm™' concurrently with the
presence of strong collagen peaks. On the other hand, when
mixing AgNPs@I with collagen, the AS peaks are untouched
(see the red dashed lines in Figure 4d), highlighted by the
strong C—H peaks at 2844 and 1438 cm™' even after mixing
with collagen at the highest concentration. The SERS spectra
at all collagen concentrations show a clear superposition of AS
and collagen features in AgNPs@I/Coll (Figure Sl4e and
Figure S14f). Also, a much weaker peak at 1410 cm™' was
observed to show a diminishing direct binding of collagen to
the Ag atoms.

A common peak at ~3360 cm™' that appears with all three
AgNPs@X/Coll is assigned to v,(N—H) in NH, or NH,"
groups, with its charge driven adsorption onto the AgNPs
being viewed as the cause for the blue shift to 3360 cm™" from
3320 cm™! in non-SERS conditions.”® Further analysis of the
v(N—H) peak and the v(C—H) peak (2940 cm™") from the
non-SERS spectrum of collagen shows monotonic increases in
the blue shifts (see the dotted lines and labels in Figures 4b, 4c,
and 4d) which may indicate the strongest electrostatic
interaction of the NH;" group to the I” ligand layer, followed
by Br™ and CI".

The functional groups in collagen that can be identified in
the SERS spectra are important for elucidating the competitive
adsorption with AS on the AgNPs (Figure S15). The
—COO™/—COOH groups in collagen are apt to form
coordinate bonds with Ag atoms, whereas the —NH,* (x =
1, 2, 3) groups can electrostatically attach to the negatively
charged surface of AgNPs@X. These groups are present at the
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terminals of collagen molecules but are more abundant in side
chains® such as Lys and Arg (for —NH,") and the shorter Asp
and Glu (for —COO~), which are exposed on the surface of
proteins in general”” The —C—OH group in much shorter
side chains like Ser or Hyp may also assist binding with Ag
atoms as supportive electron donors.

In the case of AS, it shares similar Ag—O binding
mechanisms via —COO~/—COOH and —C—O—-C— groups
yet lacks the electrostatic attraction via the —NH," groups.
Since the property of the molecule supports an affinity of AS <
Coll, the overall AS > Coll could then be related to the
property of AgNPs@I. While the spectrum suggests a stronger
collagen binding via the NH;" group as the ligands change
from CI” to Br~ and then to I”, the other collagen peaks
showed no significant shifts but a weakening binding via the
—COO™ group. In contrast, the above-mentioned blue shift of
the C—H peak of AS coadsorbed on AgNPs@I shows stronger
direct coordinative binding with Ag atoms. We can speculate
that a strong “shielding effect” due to the increasing radius of
halide ions (Cl™ < Br~ < I7) supports the higher binding
affinity of AS than collagen.

Now, based on the above discussions and evidence, we are
able to elucidate the binding in the coadsorbing layer, which
can be more accurately described as AgNPs@[ (A/B)/C], with
A representing the strong ligands (that dominate the binding
with Ag atoms), B also directly binding with Ag atoms but
filling the presumed gaps of A, and C weakly attaching to
AgNPs indirectly over the layer of A and B through
electrostatic interactions. With Br™ ligands, the adsorption of
collagen causes AS to desorb from the AgNPs, forming
AgNPs@[ (Br/gap)/Coll]. With I™ ligands, AS are “shielded”
by the “deeper” gaps by I” ions due to its largest radius among
the three. The exposed Ag sites would be hardly accessible by
collagen side chains, and the resulting coadsorption can be
described as AgNPs@[(I/AS)/Coll]. The coadsorption
mechanism may also be applicable to other proteins with
adequate amounts of —COO~, —NH;", and —C—OH groups
in the amino acid side chains.®®

B CONCLUSION

Based on our SERS study, we demonstrated the variations in
the coadsorption affinity of citrate, AAc, and AS with different
halide ligands on AgNPs (in Table 1).

Table 1. Summary of the Coadsorption Conditions and an
Estimated Sequence of Their Affinity to Bind to AgNPs in
the Presence of Different Halide Ligands

affinity comparison

ligand neutral acidic (collagen)
no halide  Cit > (AAc, AS)”
ClI™ Cit ® AS = 0; AAc >0 AAc = Cit ®# AS = 0; Coll > 0
Br~ AS > (AAc, Cit) Coll > AS > (AAc, Cit)
I~ AS > (AAc, Cit) AS > Coll > (AAc, Cit)

“Undefined sequence in the brackets.

Without halide ligand exchange, we confirm that citrate
dominates the binding to AgNPs via the COO—Ag bond, while
other species (AAc or AS) are not favored to coadsorb on
AgNPs@Cit as indicated by the absence of the ~2850 cm™
peak.
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When AgNPs are coated by Cl™ ligands, citrate is no longer
favored to coadsorb due to its strong negative charge. Instead,
AAc can coadsorb with CI” onto the few exposed Ag atoms. AS
is not as favored in this condition.

Unlike CI~ (or HS™) ligands which form compact layers on
the AgNPs, bulkier Br™ or I” ligands were confirmed to leave
gaps, allowing the coadsorption with AS. In contrast, small
anions (Cit or AAc) are increasingly repelled by the thicker
negatively charged surface layer, giving near zero affinity. An
increase in the affinity of AS could be explained by a “shielding
effect” again due to the thickening of the negatively charged
layer of halides from Br™ to I", leading to the deepening of the
presumed gaps, which supports AS to prevail in the
competitive coadsorption with collagen.

In addition to the main findings, it is also interesting to note
that AgNPs@[(Br/gap)/Coll] spectra match the best to the
solid collagen in relative peak intensities (Figure 4c) while
giving the strongest —N—H peak (~3370 cm™') among the
three (although not the greatest blue shift). It may be a
coincidence, but the observation could also be attributed to the
combination of the following aspects: (i) The weak direct
binding due to the thickness of the Br~ ligand layer—The
charge-transfer (CT) mechanism for SERS is known to distort
the protein structure.”” (i) The attraction due to the —NH,*
group of which the distribution over the collagen molecule is
arbitrary and, therefore, allows uniform near-field enhancement
via the electromagnetic (EM) mechanism. (iii) The weaker
binding affinity of AS rather than collagen as explained—It
could explain the fact that Br™ is a common option for ligand
exchange on AgNPs for bioanalytical applications to resolve
native protein structures. However, the above discussions are
preliminary and may inspire researchers to undertake further
studies to elaborate and resolve them in detail.
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Characterization and data correction methods

UV-Vis spectroscopy

UV-Vis extinction spectra of silver nanoparticles were measured using a Cloudspec spectrophotometer (Marama Labs, New Zealand)'
covering wavelengths from 250 nm to 800 nm.

Transmission electron microscopy (TEM) and selected area electron diffraction (SAED)

TEM samples were diluted using DI water and casted onto formvar/carbon coated copper grids (200mesh, ProSciTech, Australia).
Images were acquired with and JEOL 2100F electron microscope operated at 200 keV and the SAED pattern was acquired using a Gatan
833J45N camera.

Flat-field correction for the SERS/Raman spectra

To identify and correct the artificial features on the notch filter and the uneven response of the CCD, we collected a series of spectra
of a continuous white light and fitted to polynomial functions. The relative discrepancies of the spectra were: (1) averaged to identify
the feature of the notch filter; (2) rearranged according to the raw pixels of the CCD and averaged to identify the uneven response of the

CCD.
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Preparation of silver nanoparticles

TEM, SAED, UV-Vis extinction spectra of AgNPs and h-AgNPs
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Figure S1. TEM images, SAED patterns and UV-Vis extinction spectra of AgNPs following Lee-Meisel’s method® and h-AgNPs
following Leopold’s method®. For UV-Vis, both AgNPs and h-AgNPs were centrifuged at 5 krpm for 15 min to concentrate to 1/10 of

the original volume. Dilution factor (DF) = 40.
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Centrifugation speed and time of AgNPs
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Figure S2. SERS spectra showing aggregation induced by high-speed centrifugation speed in AgNPs (sample number from bottom:

1-1-1, 1-1-2, 1-1-3).

Noticeable aggregation caused by centrifugation at 14.5 krpm is identified using SERS before adding MgSO4 or protein. To avoid this,
we investigate the effect of centrifugation speed and time to choose a point at which good AgNPs recovery rate is achieved with low

aggregation.
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CI ligand exchange

Optimization of KCI concentration and time for AgNPs
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Figure S3. Stacked SERS spectra of the concentration and time series for ligand exchange of AgNPs using KCI (sample number from

bottom: 2-1-1, 3-1-1, 3-1-2, 3-1-3, 3-1-4, 3-1-5, 3-2-1, 3-2-2).
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Investigation of the species on AgNPs@(Cl using citrate-free synthesis (h-AgNPs)
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Figure S4. Stacked SERS spectra of the investigation of coadsorbed species on AgNPs@Cl (sample number from bottom: 3-1-3, 1-1-3,

3-3-1, 3-5-3, 3-6-1, 3-8-1).

With the partial coverage of Cl" on h-AgNPs@Clpart, SERS of citrate can be observed in h-AgNPs@Clpar/NazCit (compare sample 3-5-3
vs blank sample 3-3-1), however different from the bound species on AgNPs@CI (which has sufficient CI°, sample 3-1-3). Heat
decomposition at 95°C for 3 h in solution partially oxidize the citrate to acetoacetate, showing changes in the spectra to
(h-AgNPs@Clpar/NazCit (decomposed), sample 3-6-1). Adding sufficient CI" in this case (h-AgNPs@Cl1/Na;Cit (decomposed), sample

3-8-1) removes the bound citrate (indicated by the 920 cm™! peak and the ~1370 cm™' shoulder), gives same spectra as AgNPs@Cl.
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Figure S5. Stacked SERS spectra of citrate binding on h-AgNPs@Clpart (sample number from bottom: 3-3-1, 3-5-1, 3-5-2, 3-5-3, 3-5-4,

2-1-1).

The intrinsic Cl” layer on h-AgNPs@Clpart is not sufficient to cover the surface, therefore we observed fresh citrate species on the SERS
spectra, as the concentration goes higher ([Cit]aqga = 10 mM, so [Cit]fna = 2.5 mM, sample 3-5-4), the spectra become similar to the

as-prepared citrate-reduced AgNPs@Cit without ligand exchange (sample 2-1-1).
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Figure S6. Stacked SERS spectra of citrate and its derivative binding on h-AgNPs@C]l (sample number from bottom: 3-4-1, 3-3-1,

3-7-1, 3-9-1, 3-9-2).

Additional experiment on sodium acetate added to h-AgNPs@Clpart shows blank spectra as control. Similarly, with sufficient Cl, even

when 10 mM NasCit is added, no SERS peak from citrate molecule can be observed on h-AgNPs@Cl.
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Br and I' ligand exchange

Optimization of KBr concentration and time for AgNPs
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Figure S7. Stacked SERS spectra of the concentration and time series for ligand exchange of AgNPs using KBr (sample number from

bottom: 2-1-1, 4-1-1, 4-1-2, 4-1-3, 4-2-1, 4-2-2).
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Optimization of KI concentration and time for AgNPs
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Figure S8. Stacked SERS spectra of the concentration and time series for ligand exchange of AgNPs using KI (sample number from

bottom: 2-1-1, 5-1-1, 5-1-2, 5-1-3, 5-2-1, 5-2-2).
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Investigation of the species on AgNPs@Br and AgNPs@]I using citrate-free synthesis (h-AgNPs)
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Figure S9. Stacked SERS spectra of AgNPs@X and h-AgNPs@X (X = Br, I), showing similar residual peaks with or without

citrate-related species (sample number: AgNPs@Br, 4-2-2; h-AgNPs@Br, 6-1-1; AgNPs@], 5-2-2; h-AgNPs@], 6-2-1;).
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Figure S10. Stacked SERS spectra of h-AgNPs@X (X = Br, I) with D>O exchange, showing similar residual peaks in sample in
D>0:H20 = 190:210 = 0.9 compared to pure H>O sample (sample number: h-AgNPs@Br in H20, 6-1-1; h-AgNPs@Br in D-O/H-0,

6-3-1; h-AgNPs@I in H>0, 6-2-1; h-AgNPs@I in D,O/H>0, 6-4-1;).
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C—H vibrations of AS on Br™ or I modified surface of AgNPs
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Figure S11. Stacked SERS spectra of AgNPs@X (X = Br, I) highlighting the relative changes in C—H peak intensity and the blue shifts

of the peak center (sample number: AgNPs@Br, 4-2-2; AgNPs@]I, 5-2-2;).
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AgNPs@HS concentration series and the aggregation using collagen
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Figure S12. Stacked SERS spectra of the concentration and time series for NaHS ligand exchange for preparing AgNPs@HS, as well

as a collagen spectrum on AgNPs@HS (sample number from bottom: 2-1-1, 7-1-1, 7-1-2, 7-1-3, 7-2-1).

The SERS spectrum of collagen suggests that the AgNPs is not completely etched (oxidatively decomposed) by the addition of 0.2 mM

of NaHS within the time period of the SERS measurement. Therefore, the absence of coadsorbed species due to ligand exchange of

HS" is confirmed.
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Investigation of the binding affinity of the coadsorbed species in competition with type I collagen

AgNPs aggregation states at different concentration ratio [Coll]/[AgNPs]
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Figure S13. (a, b, c) The changes in the UV-Vis extinction spectra and the visual color changes. (d, e, f) The proposed aggregation

mechanisms of AgNPs@Cl with collagen at [Coll] = 0.5 to 25 pg/mL.
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SERS spectra of aggregated AgNPs@X (X = Cl, Br, I) at different collagen concentrations
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Figure S14. Stacked SERS spectra of AgNPs@X (X = Cl, Br, 1) aggregated using HCI acidified MgSO4 (@Cl = green, @Br = orange,

@I =red) and AgNPs@X/Coll of [Coll]final at 0.5, 1, 2.5, 5, 10 and 25 pg/mL (as labelled).
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Figure S15. Amino acid residues in collagen that contain side chains functional groups that bind to AgNPs,

including -COOH, -C—OH, -NHx and -Ph (i.e., -C¢Hs).
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Summary of preparation methods for all samples: centrifugation, ligand exchange and aggregation of the
silver nanoparticles

Table S1. Extended sample preparation methods including the optimization of centrifugation and ligand exchange conditions. The

optimized parameters are_underlined and bold. All samples are prepared using Eppendorf Protein LoBind® 1.5mL tubes.

Experiment Centrifugation: Ligand exchange: Aggregation: Sample
rotational speed | type of salt, salt or collagen concentration, | number
and time concentration and time | and acid concentration #)

Ligand Volume (nL) 1000 — 900 = 100 | 100 + 100 (or split into 200 + 200 =400 uL

+coadsorbed uL specified volumes, e.g.,

species 50+ 50) =200 uL

1. Centrifugation

Cit AgNPs@Cit: S krpm, 15 min; | - - 1-1-1
Rotational speed and | 10 krpm, 10 min; 1-1-2
time

14.5 krpm, 10 min; 1-1-3

2. Citrate adsorption

Cit AgNPs@Cit 5 krpm, 15 min; DI water, 5 min; 5 mM MgSOq; 2-1-1

3. Ligand exchange: CI
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Cl +AAc AgNPs@Cl: 5 krpm, 15 min; 1 mM KCI, 60 min; 5 mM MgSOy; 3-1-1
KCI concentration 2 mM KCl, 60 min; 3-1-2
5 mM KCl, 60 min 3-1-3
([CI']fina1 = 1.25 mM); 3-14
6 mM KCl, 60 min; 3-1-5
10 mM KCl, 60 min;
Cl +AAc AgNPs@Cl: 5 krpm, 15 min; 5 mM KCl, 20 min; 5 mM MgSOq; 3-2-1
KClI time 5 mM KCl, 5 min; 3-2-2
Clpart h-AgNPs@Clpart 5 krpm, 15 min; DI water, 5 min; 5 mM MgSOq; 3-3-1
Cl h-AgNPs@Cl: 5 krpm, 15 min; 5 mM KCl, 5 min; 5 mM MgSOq; 3-4-1
KCI confirm
Clpare +Cit h-AgNPs@Clpart: 5 krpm, 15 min; 0.67 mM NazCit, 5 min; 5 mM MgSOyg; 3-5-1
Add NasCit 1 mM NasCit, 5 min; 3-5-2
2 mM NasCit, 5 min; 3-5-3
10 mM NazCit, 5 min; 3-5-4
Clpat tAAc | h-AgNPs@Clpart: 5 krpm, 15 min; Heated 2 mM NasCit, 5 | 5 mM MgSOy; 3-6-1

Add heated NasCit

min;
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Clpart h-AgNPs@Clpart: 5 krpm, 15 min; 2 mM NaAc, 5 min; 5 mM MgSOq; 3-7-1
Add NaAc
Cl +AAc h-AgNPs@Cl: 5 krpm, 15 min; 65 uL of heated 2 mM | 5 mM MgSOyq; 3-8-1
) NazCit and 35 pL of 10
Extra KCI with heated mM KCl, 5 min;
NasCit
Cl h-AgNPs@Cl: 5 krpm, 15 min; 65 uL of 2 mM NasCitand | 5 mM MgSOq; 3-9-1
) 35 puL of 10 mM KCl, 5
Extra KClI  with min; 3-9-2
NasCit
50 uL of 10 mM NasCit
and 50 pL of 7mM KCl, 5
min;
Cl AgNPs@Cl: 5 krpm, 15 min; 5 mM KCl, 5 min; 5 mM MgSOg4 in 2 mM HCI; 3-10-1
Acidification
4. Ligand exchange: Br
Br +AS 5 krpm, 15 min; 0.05 mM KBr, 60 min; 5 mM MgSOq; 4-1-1
KBr concentration 1 mM KBr, 60 min 4-1-2
(IBr]fina1 = 0.25 mM); 4-1-3
2 mM KBr, 60 min;
Br +AS 5 krpm, 15 min; 1 mM KBr, 20 min; 5 mM MgSOq4; 4-2-1
KBr time 1 mM KBr, 5 min; 4-2-2
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Br +AS 5 krpm, 15 min; 1 mM KBr, 5 min; 5 mM MgSO4 in 2 mM HCI, 4-3-1
Acidification
5. Ligand exchange: I
I+AS AgNPs@l: 5 krpm, 15 min; 0.05 mM KI, 60 min; 5 mM MgSOq; 5-1-1
KI concentrations 1 mM KI, 60 min; 5-1-2
([I']fina1 = 0.25 mM); 5-1-3
2 mM KI, 60 min;
I+AS AgNPs@l: 5 krpm, 15 min; 1 mM KI, 20 min; 5 mM MgSOq; 5-2-1
KI times 1 mM KI. S min; 5-2-2
I+AS AgNPs@l: 5 krpm, 15 min; 1 mM KI, 5 min; 5 mM MgSOg4 in 2 mM HCI; 5-3-1
Acidification
6. Identification of the unknown species
Br h-AgNPs@Br: 5 krpm, 15 min; 1 mM KBr, 5 min; 5 mM MgSOq; 6-1-1
KBr confirm
I h-AgNPs@]I: 5 krpm, 15 min; 1 mM KI, 5 min; 5 mM MgSOq4; 6-2-1
KI confirm
Br h-AgNPs@Br: 5 krpm, 15 min; I mM KBr (in 90 uL D;O | 5 mM MgSOs4 (in 100 pL DO | 6-3-1
D0 exchange and 10 pL H>0), 5 min; and 100 pL H>0);
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5 pg/mL collagen in 2 mM HCI;

10 pg/mL collagen in 2 mM
HCI;

20 pg/mL collagen in 2 mM
HCI;

50 pg/mL collagen in 2 mM
HCI,

h-AgNPs@]I: 5 krpm, 15 min; I mM KI (in 90 pL. DO | 5 mM MgSOs4 (in 100 pL DO | 6-4-1
D10 exchange and 10 uL H20), 5 min; and 100 pL H>0);
7. Additional ligand exchange: HS"
AgNPs@HS: 5 krpm, 15 min; 0.05 mM NaHS, 5 min; 5 mM MgSOq; 7-1-1
NaHS concentrations 0.2 mM NaHS, 5 min 7-1-2
([S7]fina1 = 0.05 mM); 7-1-3
1 mM NaHS, 5 min;
S +Coll AgNPs@HS: 5 krpm, 15 min; 0.2 mM NaHS, 5 min; 50 pg/mL collagen in 2 mM | 7-2-1
Collagen aggregation HCL
8. Aggregation using protein
Cl +Coll, AgNPs@Cl, 5 krpm, 15 min; 5 mM KCl, 5 min; 0 pg/mL collagen in 2 mM HCI; | -
Br +Coll, AgNPs@I: ’ 1 mM KBr, 5 min; 1 pg/mL collagen in 2 mM HCI,
[ +AS +Coll Collagen 1 mM KI, 5 min; 2 pg/mL collagen in 2 mM HCI;
concentrations
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SERS/Raman data analysis

Table S2. SERS peak assignments of (1) AgNPs@Cit + MgSOs, (2) h-AgNPs@Clpar + NazCit + MgSOs. Tentative assignments by the

authors are highlighted in blue color with an asterisk symbol (*).

Raman shift (cm™) Assignment Reference (cm™)
AgNPs@Cit h-AgNPs@Clpart H\ H H\ H
+ MgSO4 + NasCit O%C t/C{\iiC£\c %O
pH=8 + MgSO4 ol | lo
pH=38 écc \o@
[CI]fina1 = 0.375 mM Cit*

[Cit]final =0.5 mM

2-1-1 3-5-3

3424 3414 vas(O—H), water, hydrogen bonded; * 3435; ¢
DA-OH, water;’ 3432;3

3217sh 3236sh vs(O—H), water, hydrogen bonded; 3247; 4
DDAA-OH, water;’ 32267

2997sh vas(CHz); © 3000(DFT); ©

2934 2937w vs(C—H), in Cux(cit)-2H,0; 7 2929;7
vs(CH>); ¢ 2934(DFT); °
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2804sh

2723 v(O—H), in bonded -COOH; 2500-2700; 8
1700sh v(C—OH), k!'-C{OOH; ° 1710;°
1660 v(C=0), x!'-C007; * 1685;°
1622 Ve(COO); 10 1624; 10
1540sh vas(COOY); 7 1555;7
Vas(COO); ! 1550; !
vas(COO), k%; 7 1535;°
1490w
1414sh 1415sh vs(COO); 1° 1415; 10
vs(COO"), bound; ’ 1415;7
vs(COO"), unbound; '? 1412; 12
vs(COO), cit(aq); '? 1417; 12
vs(COO), cit(aq); ° 1410;°
1397 v(COO); 10 1400; 10
vs(COO); ! 1392; 1!
vs(COO"), bound; '? 1400; 2
vs(COO), K% ° 1385;°

*v5(Cc00"), bound;




1360sh 1373 vs(COO"), bound; 2 1370; 12
vs(COO); 1° 1345; 10
*vs(C{O0O"), bound;

1297w v(C—0), k! in -COO" or in -C{OOH; ° 1300; °

1084 1082vw V(Cb—Ch), otz or cata-t2; ° 1080; °

1024 1028 vs(C—C); 1° 1026; 1°
v(C-0); 12 1025; 12
V(Ce—Ch), ¢2; 7 1030(DFT); °
v(Cc—Ch), linked to x*-C.O0—-Au; ° 1020;°

948 951 v(C-=0); 1 956; 10
v(C—C), cit(aq); !! 957; 1!
v(C—CO0O0); 2 952; 12
v(C—Cbp), unbound; ° 950; °

925 923 v(C—C), bound; ' 940; 10
v(C—C); ! 933; !
v(C—CO0O0); 2 933; 12
*v(Ci—Cyp), bound;

899sh 899sh v(C—-CO0); 2 903; 12
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835 833w v(Ch—0); 1° 845; 10
v(Cy—0), cit(aq); ! 846; !

801

757w v(C—Cy), cit(aq); ° 750; °

736sh

673 5(0CO); 7 680; 7
3(CO0); 12 670, 12

641w

602w 3(CO0); 1 596; 12

557 n(CO0); ’ 568; 7
3(CO0); 12 560; 12

472w 445sh p(COO0);’ 475;7
v(Ag—0), subsurface; ! 464; 11

408 p(COO0);

332 v(Ag—0), adsorbed; ! 320; !
Eclipsing of -C.00" with -COO; 1 336; 12

278sh
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240 v(Ag—Cl); '* 245; 14

v(Ag—Cl); 15 243; 13

v(Ag—Cl); 16 240; 16

218 v(COO—-Ag); 2 232; 12
147sh 158sh Ag lattice vibration; !’ 147; V7

S27




Table S3. SERS peak assignments of (1) AgNPs@CIl + MgSOs, (2) h-AgNPs@Cl + heat decomposed Na3Cit + MgSOas, (3) AgNPs@Cl

+ MgSO4 in 2 mM HCI. Tentative assignments by the authors are highlighted in blue color with an asterisk symbol (*).

Raman shift (cm™) Assignment Reference (cm™)
AgNPs@Cl h-AgNPs@Cl AgNPs@Cl HsC o)
+ MgSO4 + heat decomposed | + MgSO4 W
Na3Cit O Oe ~
pH=38 in 2 mM HCI AAc, keto form
+ MgSO4
[CH] = 1.25 mM & pH=3 HsC 0
[CI] = 2.25 mM 5
[C1]=1.25mM OH o) AAc, enol form
[Cit]eq, final = 0.325
mM
3-1-3 3-8-1 3-10-1
3624sh 3619sh 3627sh vs(O—H), water, unbound; * 3627;4
Free OH, water;’ 3636;°
3418 3415 3418 vas(O—H), water, hydrogen bonded; * 3435; ¢
DA-OH, water;’ 3432;°
3228sh 3235sh 3228sh vs(O—H), water, hydrogen bonded; * 3247; 4
DDAA-OH, water;’ 3226;°
2967vw 2968vw vas(CH3), methyl acetoacetate; '8 2962; 18
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2935 2935 2940vw vas(CH2), methyl acetoacetate; '8 2042; 18
vs(CHz), methyl acetoacetate; '8 2930; 18
2849 2851 2856vw vs(CH3), methyl acetoacetate; '® 2849; 18
1640 S(HOH), water; "’ 1641; ¥
1610 1620 v(O—C=C), enol form, methyl acetoacetate; '8 | 1627; '8
1450vw *3(CHz), anionic surfactant (AS);
1436sh 1437 n.a., acetoacetic acid,;'? 1442; 12
8s(CHs3), methyl acetoacetate; '® 1453; 18
1398w 1399 n.a., acetoacetic acid; ' 1400; 2
*vs(COO);
1299w 1299 n.a., lithium acetoacetate; >° 1283; 20
o(CH>), methyl acetoacetate; '8 1317; 18
1128 1127 v(CCC), methyl acetoacetate; '8 1158; 18
n.a., lithium acetoacetate; 2° 1158;2°
1098vw 1095 n.a., acetoacetic acid; '2 1085; 12
n.a., lithium acetoacetate; >° 1087; 20
1062w 1064w
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926w 927 n.a., acetoacetic acid; ' 935; 12
n.a., lithium acetoacetate; 2° 928; 20
v(C—CHj3), methyl acetoacetate; ' 903; 8
889w 889w n.a., lithium acetoacetate; 2° 903; 20
3(CCO), methyl acetoacetate; '® 875; 18
434sh 448sh v(Ag—0), subsurface; ! 464; 1!
239 240 237 v(Ag—Cl); 14 245; 14
V(Ag—Cl); 13 243, 15
V(Ag—Cl); 16 240; 16
155sh 160sh 155sh Ag lattice vibration; ! 147; V7
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Table S4. SERS peak assignments of (1) AgNPs@Br + MgS0O4, (2) AgNPs@Br + MgS0O4 in 2 mM HCI, (3) AgNPs@I + MgSOx4, (4)

AgNPs@I + MgSO4 in 2 mM HCI. Tentative assignments by the authors are highlighted in blue color with an asterisk symbol (*).

vas(CH3), triacylglycerols; 23

Raman shift (cm™) Assignment Reference(cm™)
AgNPs@Br | AgNPs@Br | AgNPs@I AgNPs@lI
O O
+ MgSO4 + MgSO4 + MgSO4 + MgSO4 o7
i j
o
pH=8 in2 mM HCI | pH=8 in 2 mM HCI O
pH=3 pH=3 alkyl chain + ethylene oxide wunits +
carboxylate group
4-2-2 4-3-1 5-2-2 5-3-1
3612sh 3618sh 3622sh 3622sh vs(O—H), water, unbound; * 3627; 4
Free OH, water;’ 3636;°
3416 3412 3420 3421 vas(O—H), water, hydrogen bonded; * 3435; ¢
DA-OH, water;’ 34327
3221sh 3219sh 3222sh 3219sh vs(O—H), water, hydrogen bonded; 3247; 4
DDAA-OH, water;’ 3226;°
3067w 3064w
2960sh 2960sh vas(CH3), polyethylene (PE); 2! 2960-2965; 2!
vas(CH3), PPO; %2 2970; »

2957-2965; 2
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2926 2924 2925sh 2921sh vs(CH2)rr, PE; 2! 2925; 21
vs(CH3), PPO; 2 2930; 2
vs(CH3), fatty acids; 2 2909-2937; 3

2896 2895 2891sh 2886sh vas(CH>), PE; 2! 2881-2886; 2!
vas(CH2), PEO; 2 2880; 22
vas(CH»), fatty acids; 2 2870-2895; 2

2861sh 2860sh vs(CH,), fatty acids; 2 2852-2862; %

2845 2844 2842 2841 vs(CH.), PE; ?! 2847-2852; %1
vs(CH), PEO; * 2850; 22
vs(CH»), fatty acids; 2 2832-2845; %

2723 2721 2720 2719 *Combination mode of (t(CH) + 6(CH>)); *1300 + 1440 =

2740;

1718w 1714vw 1718vw 1722vw v(C=0), COOH, triacylglycerols; ** 1727-1730; %

*v(C—OH), COOH;
1650w 1646 v(C=C), unsaturated fatty acid; 2* 1653-1672; %

*y(C=0), k!-COO0;

1590 1587 1596w 1591sh vas(COO"), potassium n-alkyl carboxylate; > 1580-1600; >*

*Vas(COQO"), K2
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1461 1460 1455 1456 8s(CHz), potassium n-alkyl carboxylate; 2* 1450-1465; **
8as(CH3), PE; 2! 1445-1450; 2!
8s(CHa), (polyethylene oxide) PEO; 2 1470;
3(CHz), 8(CHs), fatty acids; 2 1457-1464; %
1440 1439 1436 1434 8(CH»), PE; %! 1440-1441; %!
8s(CH»), PEO; * 1448; »
8s(CH,), fatty acids; 2 1433-1445; 3
1302 1299 1300 1299 v(CH,—CH>), potassium n-alkyl carboxylate; 2* | 1290-1300; 24
1(CH), PE; %! 1295-1302; 2!
1(CH>), fatty acids; > 1294-1306; %
1253w 1251w 1(CH>), PEO; # 1232; %
8(=C—H), fatty acid; ** 1260-1265; 2
1166w 1165w v(C—0), PEO; * 1141; %2
v(C—C), fatty acid; 1166-1179; %
1128 1126 1125 1124 v(C—C)r, PE; *! 1124-1128; 2!
v(C—C), ®(CH), PEO; % 1125; 22
v(C—C), fatty acid; 2 1118-1133; %
1000vw
720 720 719 719 p(CH,), aliphatic polyester; *° 720; %
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563vw 559w 3(0CC), PEO; 2 536; 2
162 160 v(Ag—Br); 175;
v(Ag—Br); 1° 162; 1°
v(Ag—Br); 16 166; 16

111w 111w
110 106 v(Ag—T), A; transition in B-Agl polymorph; !7 | 103;
v(Ag-I); 1° 118; 1°
v(Ag-I); 16 127; 16
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Table S5. SERS peaks from AgNPs@X/Coll (X = Cl, Br, I) at final collagen concentrations of 1 ug/mL and 25 pg/mL, compared to
dry collagen Raman peaks with corresponding assignments. Tentative assignments by the authors are highlighted in blue color with an

asterisk symbol (*). Peaks that are potentially originated from AS are underlined and bold.

Raman shift (cm™) Assignment Reference
(em™)
AgNPs@Cl AgNPs@Br AgNPs@lI Dry
collagen
+ Coll in 2 mM HCI + Coll in 2 mM HCI1 + Coll in 2 mM HCI1
pH=3 pH=3 pH=3
1 pg/mL |25 pg/mL | 1pg/mL |25 pg/mL | 1 pg/mL |25 pg/mL | -
3580sh 3580sh 3589sh 3595sh vs(O—H), water, | 3627; 4
unbound; *
3531; ¢
Vas(O—H), water,
unbound; *
3556sh 3529sh 3534 *vas(N—H), bound to
NPs;
3447sh 3455sh 3454sh 3458sh 3438sh Vas(O—H), water, | 3435; *
hydrogen bonded; *
3367 3357 3374 3365 3390 3379 *vs(N—H), bound to
NPs;
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3320

v(N—H), in amide bond
or side chains; %¢

VIN-H); 77
v(N-H), amide; 2

3324; %
3300;
3329; %8

3220sh

3228sh

3222sh

3221sh

3228sh

3236sh

vs(O—H), water,
hydrogen bonded;

3247; 4

3063vw

3059w

3054w

3063

*v(O—H), in hydrogen
bonded -COOH in
collagen;

2974sh

2980sh

Vas(CHS); 27

2977; %

2934

2934

2930

2928

2923

2924

2940

v(CH3); v(CHa); %
v(CHa); *’

2928-2938;
29

2937; %7

2892sh

Vas CH?), AS:

2876sh

2877sh

2868sh

2870sh

2874

2875

2882

vs(CHs); *’

2880; ¥’

2843

2844

vs(CH2), AS;

2736w

2721

2722

v(O—H), in bonded —
COOH; 8

T(CH>») + 6(CH32), AS;

2500-2700; ®

1732

1731

1736

1734

1730vw

v(C=0), in -COOH of

Asp or Glu in collagen;
30

1700-1750;
30
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1660 1670sh 1673 1670 1662 1664 1666 Amide I; 3! 1670 3!
vas(COO") or Amide 1| 1675;%
(B-sheet); %
1630sh 1636 1626sh 1632sh 1636sh 1638sh 1637sh Amide I; 3! 1642; 31
vas(COO") or Amide 1| 1632;%
(310-helix); ¥
1594sh 1605sh vas(COO") or vso** (Phe | 1605; %°
or Tyn: = 1594; %7
S(N-H); *7
1554w Amide II; % 1565; %
vas(COO); 22 1560 32
1464sh 3(CH3); 8(CHa); 3! 1464; 3!
1456 1457sh 3(CHb2), AS;
1445 1444 1444 1446 1453 3(CH3); §(CHo); 3! 1451; 3!
C—H; viob, Phe; % 1445; %
1435 1438 d(CH2), AS;
1413 1410 1410w 1410 1406vw 1424sh vs(COO); 3! 1422; 3!
3(COH); 32 1424; 3
1386 1384 1382vw 1380w 1380 vs(COO"); 32 1389; 32
ds(CHy); 26 1391; %6
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1340w ©(CH3); o(CHy); 3! 1343; 3!
8s(CHp); 2° 1340; 2
1323w 1321w 1324sh 1320sh 1318w 7(CH3); ©(CHa); 3! 1314; 3!
1300w 1301w 7(CH>), AS;
1263 1264 1265 1263 1269w 1268 1270 Amide 111 ; 3! 1271; 3!
Amide III; C—H; vs, | 1265-1285;
Phe; v3, Tyr ; % 2
S(N—H), Amide III; 2 | 1269; ¢
1242 1244 1238 1241 1240w 1239 1245 Amide I11; 3! 1248; 3!
Amide III; Tyr; % 1235-1245;
29
v(C—N), Amide III; 2
1251; 2
Amide I1I; ?7
1234-1252;
27
1206sh 1199sh 1204sh 1205w Hyp; Tyr; 3! 1211; 3!
Phe; Tyr; % 1215; %
1169vw 1166vw 1162vw 1162w 1167vw 1172w Tyr; 3 1178;3!
Voa, Phe; % 1175-1195;
29
S(NH"), Pro; 3
1174; 33
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1124vw 1126vw 1128vw 1124 1123 1126w S(NH5"); 3 313136-1 143;
V(C—C), ®(CH2), AS;
1100 vas(COC); 26 1094; 2¢
1079vw 1082vw 1084vw 1062vw Visb, Phe; % 1065; %°
1027 1026 1027 1028 1028 1028 1031 #y(C—C), Pro; 3! 1037; 3!
Visa, Phe; viga, Tyr; 2 | 1025; %°
Phe; 7 1032; %7
1001 1001 1000 1001 1003 Phe; 3! 1006; 3!
vi2, Phe; ¥ 995; 2
v(C—C), Phe ring; ?° 1001; %6
Phe; ?’ 1004; %7
966sh 966vw 966vw 969sh Amide I1T’; 3! 966; 3!
940w 934 939 v(C—C), backbone; *' | 938; 3!
v(C—COO"); vi7a, Phe; | 940-945; %
viza, Tyr; ¥ 034 2
v(C—C), o-helix; 2°
920 v(C—C), Pro ring; *! 921; 3!
v(C—C); %’ 923; %
892w
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875vw 874w 875 v(C—C), Hyp ring; 3! 876; 3!
856 854 858w 855 855vw 854sh 855 v(C—C), Pro ring; *' 856; 7!
vs(COQ); ¢ 862; %6
Tyr; ¥’ 857;%
815vw 815 v(C—C), backbone; *' | 821; 3!
8(CCN); §(COC); % 810; %6
757w
718 719w p(CH?2), AS:
658w o(COO); Ve, Tyr; ¥ | 645-665;
559w 560vw 566w
531w
433 424sh
395vw 392w
301w
238 235 v(Ag—Cl); 245; 14
v(Ag—Cl); 1° 243; 15
v(Ag—Cl); 16 240; 16
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153 149 V(Ag—Br); 7 175; 17
v(Ag—Br); 1° 162; 15
v(Ag—Br); 16 166; 16
153sh 152sh Ag lattice vibration; '7 | 147; V7
111w 109w
104 104 v(Ag—I), A transiti(?171 103; 7
in B-Agl polymorph; 118; 15
v(Ag-I); P 127: 1
v(Ag-D); '
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Table Notations

Vibrational modes:

n.a. = not assigned by the reference; FR = Fermi resonance; G = gauche conformation; T = trans conformation;

v, stretching; 8, bending (undefined); ds, in-plane scissoring; p, in-plane rocking; ®, out-of-plane wagging; 1, out-of-plane twisting.
Peaks shape and intensity:

w, weak (when peak maximum is easily identifiable, but too weak to have a well-defined shape);

vw, very weak (when peak center is hardly identifiable, usually assigned based on the difference or similarity with control samples);
sh, shoulder (when the proposed peak center is covered by an adjacent peak).

Citrate binding coordination on metal surface (k", cn, tn):

n, denticity; K, non-bridging ligand (binding to multiple metal atoms through non-continuous atoms);

¢, bound via central carboxyl;’ t, bound via terminal carboxyl;’

Carbon atoms (Cx):

x = ¢ for the carbon atom in the central carboxyl group,

x =t for the carbon atom in the terminal carboxyl group;

x = h for the carbon atom linked to the hydroxyl group;

x = b for the carbon in the middle of the branch;

Asterisks:
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*##: Wilson notation for modes of benzene ring vibration.>*

Amino acid residues:

Phe = phenylalanine; Tyr = Tyrosine; Pro = proline; Hyp = hydroxyproline; Asp = aspartic acid; Glu = glutamic acid; Lys = lysine; Arg
= arginine; His = histidine;

The -COO7/-COOH groups in collagen are in Asp and Glu residues (major) and on the C-terminal of the polypeptide chains (very minor);
The N—H bonds that are not part of the backbone amide bonds can be found in Arg and Lys residues (major), His residue (minor) and

the N-terminal of the polypeptide chains (very minor).
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