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1. Introduction

Raman spectroscopy allows for analyzing materials based on 
their intrinsic vibrational information.[1] However, low Raman 

Sample degradation, in particular of biomolecules, frequently occurs in 
surface-enhanced Raman spectroscopy (SERS) utilizing supported silver SERS 
substrates. Currently, thermal and/or photocatalytic effects are considered 
to cause sample degradation. This paper establishes the efficient inhibition 
of sample degradation using iodide which is demonstrated by a systematic 
SERS study of a small peptide in aqueous solution. Remarkably, a distinct 
charge separation-induced surface potential difference is observed for SERS 
substrates under laser irradiation using Kelvin probe force microscopy. This 
directly unveils the photocatalytic effect of Ag-SERS substrates. Based on the 
presented results, it is proposed that plasmonic photocatalysis dominates 
sample degradation in SERS experiments and the suppression of typical SERS 
sample degradation by iodide is discussed by means of the energy levels of 
the substrate under mild irradiation conditions. This approach paves the way 
toward more reliable and reproducible SERS studies of biomolecules under 
physiological conditions.
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cross-sections of molecules limit the detec-
tion of trace amounts of samples. The 
advent of surface-enhanced Raman spec-
troscopy (SERS) well overcomes this draw-
back.[2] Benefiting from surface plasmon 
resonance effects and/or chemical effects, 
Raman signals can be enhanced up to 10 
to 12 orders of magnitude in SERS.[3] Cur-
rently, SERS is widely applied in the fields 
of chemical and structural analysis, drug 
detection, forensic science, etc.[2,4] How-
ever, frequently observed sample degrada-
tion in SERS experiments,[5–7] especially 
when silver nanoparticle-based SERS is 
applied, requires an in-depth investigation 
of the underlying principles. This issue 
accounts particularly for fragile materials, 
such as biological samples.[8,9]

Various plasmonic materials (mate-
rial, shape, preparation methods) have 
been applied in SERS studies. Most often 

colloids made by chemical reduction methods or substrates 
prepared by physical vapor deposition (PVD) are used.[2] An 
essential difference between both approaches is the degree 
of potential chemical contamination induced during the 
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preparation process, intrinsically avoided when using PVD. 
Aside from the possible contaminations, sample degrada-
tion particularly of bio-samples on such PVD-fabricated SERS 
substrates is another severe issue. A hallmark of sample deg-
radation in SERS investigations is the appearance of one or 
two large and broad bands located around 1350 and 1570 cm−1 
respectively, which can be assigned to carbonaceous fragments 
of the sample.[10] Once sample degradation occurs, parts of the 
observed Raman signals derive from the formed fragments 
rather than from the original sample, rendering an assignment 
even under the best conditions challenging. Consequently, it is 
almost impossible to compare the SERS spectra to reference 
Raman spectra, as these bands obscure a reliable assignment of 
Raman bands of the exact sample.

While the enhancement capabilities of SERS substrates are 
largely associated with the radiative decay of the excited local-
ized surface plasmon resonances, multiple studies rationalized 
that competing non-radiative decay routes can lead to pho-
tothermal and plasmonic photocatalytic effects.[11,12] To date, 
both effects have also been recognized as potential causes for 
an undesired sample degradation in SERS, which may induce 
the observed spectral and eventually structural changes. Some 
groups consider that the photothermal effect dominates the 
sample degradation.[13,14] Local heating obviously can break 
chemical bonds, in particular for most biological samples 
the temperatures required for a (short-term) decomposition 
of matter are considerably high in comparison to tempera-
tures reached in plasmon-enhanced approaches.[15] Experi-
ments that directly detect the temperature by considering the 
Stokes to Anti-Stokes ratio in combination with the specific 
plasmon resonance of single particles yield elevated (≈70  °C), 
but not extremely high temperatures leading to temperature-
induced burning.[16] Such photothermal degradation must not 
be confused with denaturing of, e.g., proteins, which will lead 
to secondary structure changes, but not to a decomposition. 
In contrast to the thermal effect, it has been reported that Ag 
nanoparticles can act as a plasmonic photocatalyst due to the 
plasmon decay, which can cause various redox reactions.[17–19] 
In photocatalysis hot electrons (e−) and holes (h+) are formed 
on the surface of the photocatalyst that either will quickly 
recombine and/or interact with the sample in the vicinity 
of these particles. For example, it has been reported that the 
plasmon-supported reaction of H2O leads to the formation of 
radicals like hydroxyl radicals (·OH) and superoxide radicals 
(·O2

−).[20] Both radicals can assuredly induce efficient sample 
degradations. Notably, the energy of generated hot carriers will 
be determined by the Fermi level of Ag nanoparticles and the 
input photons.[19,21] Moreover, it has to be considered that the 
unavoidable oxidation of Ag under ambient conditions leads to 
property changes in such Ag-nanoparticle (AgNP) systems.[22,23] 
As such, due to the oxidation of Ag, Ag2O will partially cover 
the surface of plasmonic AgNPs and further affect the photo-
catalytic process. The naturally formed Ag2O is a photocatalyst  
itself with a narrow band gap of 1.2 eV.[24,25] As a result, com-
monly used lasers for Raman spectroscopy (or SERS) at 532, 633, 
and even 785 nm can excite Ag2O. The formed thin Ag2O film 
essentially acts as a plasmon-assisted photocatalyst Ag2O@Ag  
system which has a relatively stable structure and can support 
an efficient spatial charge separation.[18,26,27] Thus, active hot 

carriers with an efficient lifetime can potentially cause chemical 
reactions and sample degradation in Ag-SERS experiments. 
Nevertheless, there is currently no common opinion on the 
respective influence of these effects.

The detailed mechanism behind sample degradation in 
SERS experiments is still under discussion. In this work, we 
present a new explanation for the possible degradation mech-
anism present in Ag SERS configurations. Photocatalysis is 
proposed to be the dominant effect, which is supported by the 
occurrence of a charge separation on the irradiated Ag-SERS 
substrate detected by Kelvin probe force microscopy (KPFM). 
Meanwhile, it was found that iodide can effectively suppress 
sample degradation of a peptide on a PVD-fabricated Ag-SERS 
substrate, as is supposed to react with the main hot carriers and 
then protect the samples.

2. Results and Discussion

2.1. Investigation of Peptide Degradation on Ag-Based  
SERS Substrates

The influence of the thermal effect causing sample degradation 
has been well investigated in Raman spectroscopy. There, the 
degradation could be minimized by using a low laser power,[28,29] 
however, usually at the cost of decreasing the signal-to-noise 
ratio. It is also suggested to use a suitable medium, like water, 
to dissipate the heat more efficiently.[30] Unfortunately, these 
strategies do not always work, as exemplified in Figure 1, which 
shows SERS spectra of a small peptide deuterated Candidalysin 
(dCaL) under different excitation powers in liquid measure-
ments. 10 µL of a 140 µmol L−1 dCaL solution was dropped onto 
a clean glass slide. Each spectrum was averaged from 300 accu-
mulations with 1 s acquisition time. With the increase of laser 
power, sample degradation becomes more pronounced. The 
two broad peaks at 1350 and 1570 cm−1 indicate sample burning 
(labeled by green columns). The bands at low laser powers are 
assumed to originate from fragments of the peptide degraded 
by hot carriers. Sample degradation already begins at a power 
as low as 0.8  µW. It is therefore unlikely that thermal effects 
play a major role, more likely other effects like plasmonic pho-
tocatalysis contribute to the degradation.

In order to determine whether thermal or photocatalytic pro-
cesses govern the sample degradation under SERS condition, 
potassium iodide (KI) as a photocatalytic scavenger was added, 
which changes the surface properties of the Ag-SERS substrates 
and reduces hot carriers, consequently, leading to a suppression 
of photocatalytic degradation of the sample.[31] Clearly, this would 
not affect thermal degradation. Here, the effect of iodide on 
sample degradation in SERS studies of dCaL is investigated (see 
Figure 2). Iodide ions are used not only for the previously reported 
improved reproducibility of SERS spectra (also see Figure S1, 
Supporting Information),[32] but more importantly, to generally 
suppress sample degradation under mild excitation conditions 
(Figure  2b) for the first time. The SERS spectra of dCaL were 
acquired from 10 µL of a 140 µmol L−1 dCaL liquid samples mixed 
with and without 5 mmol L−1 KI, respectively. Simply adding KI 
to a dCaL solution resulted in a clean SERS spectrum of dCaL. 
Each spectrum was acquired at a laser power of 1 mW and was 
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averaged from 300 accumulations with 1 s acquisition time. The 
indicative C–D stretching and ring breathing modes of phenylala-
nine from dCaL appear at 2290 and 960 cm−1, respectively. More-
over, the iodide treated SERS spectrum matches the conventional 
Raman spectrum surprisingly well (Figure 2c), indicating that the 
iodide does not introduce further signals and that no specific ori-
entation effects due to peptide substrate interaction are detected. 
The conventional Raman spectrum of 10  µL of a 1.4  mmol  L−1 
dCaL dry sample was averaged from 10 accumulations with 10 s 
acquisition time at a laser power of 14.8  mW. In contrast, the 
SERS spectrum was acquired from 10 µL of a 140 µmol  L−1 dCaL 
solution at a laser power of 26 µW with 1 s acquisition time and 
300 accumulations. The two spectra adequately match each other, 
and the characteristic bands (labeled with green columns) are 
assigned to relative C–D stretching, Amide I band, ring breathing 
mode, etc. Without iodide, only the signals for a burned sample 
with the typical two broad bands could be obtained (Figure 2b). 
Moreover, adding iodide allows to detect dCaL at a concentration 
down to 1.4  µm and no clear variation, apart from the expected 
intensity changes, was observed at different dCaLs concentrations 
which indicates that no potential interaction between dCaL and 
Ag particles leading to photo-decomposition is present (Figure S2,  
Supporting Information). In general, a concentration of 
5 mmol L−1 iodide was found to efficiently suppress sample deg-
radation and sufficiently improve the signal-to-noise-ratio (SNR); 
however, the detailed stoichiometric ratio of iodide to samples is 
still unclear. Previous reports have mentioned that the iodination 
of Ag will improve the physical properties.[33,34] Additionally, we 
also compared the difference of iodide pre-treated substrates with 
and without iodide solutions in Figure 2d which will be discussed 
later. However, the suppression effect of iodide on sample deg-
radation in SERS had, to the best of our knowledge, so far never 
been reported.

2.2. Confirmation of Photocatalytic Effects Suppressed by Iodide 
Using Surface Property Studies

As a p-type semiconductor,[35] holes formed on Ag2O are the 
main hot carriers, which will also dominate the oxidative ability 

of the whole Ag2O@Ag heterostructure. Once such a SERS 
substrate is irradiated, the energy is partially transferred to the 
Ag2O, and thus, induces the formation of holes, while non-
radiative plasmon decay-induced electrons accumulate in the 
non-oxidized surface areas of the Ag nanoparticles. Hence, the 
formed hot carriers are well separated, and therefore exhibit 
increased lifetimes. In an ESR experiment, a spin trap 5-tert-
butoxycarbonyl-5-methyl-1-pyrroline-N-oxide (BMPO) was used 
to capture potential radicals. While some BMPO radical was 
clearly detected, it was not possible to assign this to the known 
BMPO-OH· or BMPO-O2· radicals (Figure S3, Supporting 
Information). Being beyond the scope of this study, this radical 
was not further explored. Importantly, a so far unknown rad-
ical was formed upon laser irradiation of the SERS substrates 
which is neither ·O2

− nor OH· radical, which has to be consid-
ered as a potential initiator for unspecific reactions.

As pointed out in Figure  2, iodide significantly inhibits 
sample degradation on Ag-SERS substrates. Based on the 
previous considerations, there are now two possibilities to 
suppress photocatalysis of the Ag2O@Ag while at the same 
time retaining the plasmonic signal enhancement capabilities 
of the Ag. One way would be the replacement of the formed 
Ag2O with a wider bandgap material, while another is to 
quickly deplete the formed hot carriers. To identify a suitable 
mechanism regarding the observed effect of iodide, further 
investigations of the iodide treated Ag-SERS substrates were 
performed. In terms of the hypothesis of Ag2O replacement, at 
first the corresponding solubility in aqueous media has to be 
considered. Due to the much lower solubility of AgI in water 
(3 × 10−9 g mL−1, 20 °C) compared to Ag2O (1.3 × 10−5 g mL−1, 
20  °C), it is conceivable that iodide ions simply replace the 
oxygen of the Ag2O layer resulting in a terminating AgI layer. 
Consequently, this AgI layer reduces the photocatalytic activity 
of Ag2O@Ag. Indeed, X-ray photoelectron spectroscopy (XPS) 
measurements of the iodide treated Ag-SERS substrates con-
firmed the presence of iodide on its surface (Figure S4, Sup-
porting Information). Furthermore, X-ray diffraction (XRD) 
experiments revealed weak signals indicating a hexagonal 
phase of AgI on the surface (Figure S5, Supporting Informa-
tion). XPS and XRD results jointly confirmed the existence of 

Small 2022, 18, 2205080

Figure 1.  a) Sketch of a SERS experiment on a PVD-fabricated Ag substrate in liquid. b) Raman spectra of dCaL on Ag-SERS substrates at 5 different 
laser powers. Sample degradation can be clearly observed. (The peptide model is provided by the courtesy of Prof. Thomas Gutsmann, FZ Borstel).



www.advancedsciencenews.com www.small-journal.com

2205080  (4 of 9) © 2022 The Authors. Small published by Wiley-VCH GmbH

trace amount of Ag2O. Although, these elemental composition 
changes on the Ag-SERS substrates after iodide treatment cor-
roborate the assumption of a Ag2O replacement by I− ions, the 
determination of the underlying mechanisms of the depletion 
of sample degradation requires further investigations of the 
electrical properties.

In addition to these classical approaches for accessing pho-
tocatalytic processes, Kelvin probe force microscopy (KPFM) 
was applied for a comparative study of the surface potential of 
pristine and iodide treated Ag-SERS substrates. This enables 
the exploration of the local electron density of these substrates 
under different illumination conditions. Here, KPFM inves-
tigations of Ag-SERS substrates under dark and illuminated 
conditions were carried out, in order to investigate possible 
light-induced surface potential changes. KPFM is ideally suited 

to probe potential photocatalytic effects associated to Ag2O@Ag  
and AgI@Ag heterostructures. Figure 3a manifests that the pris-
tine Ag-SERS substrate has a relatively positive charge under 
dark conditions, which apparently decreased once the laser was 
switched on. This phenomenon indicates charge separation pro-
cess on the substrate. Consequently, KPFM enables the detection 
of an apparent photocatalytic process originating from the sub-
strate under illumination. Subsequently, the pristine substrate 
was treated with 1 mmol L−1 KI for 30 min. No obvious topog-
raphy changes of the substrate before and after irradiation were 
detected. The KPFM investigations of the iodide treated Ag-SERS 
substrate, however, clearly reveal a lower surface potential com-
pared to the pristine substrate due to the high affinity of iodide 
to Ag.[31] As AgI has a bandgap of ≈2.6 eV (compared to Ag2O, 
≈1.2  eV) which cannot be excited by the 532  nm laser,[36] it is 
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Figure 2.  a) Sketch of a SERS experiment on a PVD-fabricated Ag substrate in liquid after iodide treatment. b) Comparison of dCaL Raman spectra 
treated with and without iodide on pristine Ag-SERS substrates. c) Comparison of SERS and conventional (background corrected) Raman spectra of 
dCaL. d) SERS spectra of dCaL acquired on iodide pre-treated Ag SERS substrates with and without iodide solution. See text for sample preparation 
details.
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expected that the photocatalytic effect of the pristine substrate 
will be reduced after iodide treatment. Additionally, as iodide 
is an n-type dopant, the Fermi level of AgI will be shifted to a 
higher value compared to the one of Ag2O.[31] This will further 
affect the charge separation of the AgI@Ag structure referred 
to the original Ag2O@Ag structure. Figure  3b shows a further 
decrease of the surface potential (from 0.367 to −0.135 V) on the 
substrate under illumination indicating the occurrence of charge 
separation and verifies our hypothesis. Furthermore, the smaller 
light-induced surface potential shift of the AgI@Ag system 
(0.043 V) compared to the potential change of the pristine sub-
strate (0.117  V) indicates less generation of hot carriers in the 
AgI@Ag system and consequently reduced potential photocata-
lytic activity. This explains the observation in Figure 2d where the 

iodide pre-treated substrate shows diminished yet present deg-
radation. It is likely that this remaining degradation originates 
from the residual plasmon decay-induced hot carriers but it is 
also possible from the residual Ag2O. At the same time, this also 
indicates that free iodide plays a role in the observed suppression 
of sample degradation.

2.3. Resolving the Effects of Iodide on the Suppression of 
Sample Degradation in Ag-SERS

To understand the effect of iodide in Ag-SERS substrate inves-
tigations, the difference of iodide coating of the Ag-SERS 
substrates versus addition of iodide to the sample solutions is 

Small 2022, 18, 2205080

Figure 3.  The surface potential maps (middle column) and topographies (left column) of a) pristine Ag-SERS and b) iodide-treated Ag-SERS substrates 
measured by Kelvin probe force microscopy. In the right column the respective averaged potential curves for the two substrates are shown.
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further investigated, to differentiate the effects of iodide as a 
surface compound and as a solute. Figure  2d presents a SERS 
spectrum of dCaL recorded on an iodide pre-treated Ag SERS 
substrate and compares it to a spectrum recorded using an 
iodide pre-treated substrate with and without free iodide in the 
solution. The substrate was immersed in a 5 mmol L−1 KI solu-
tion for 30  min and then rinsed with dH2O for the following 
measurements. 2 µL of 140 µmol L−1 dCaL were firstly measured 
on the substrate and then 0.5 µL of a 50 mmol L−1 KI solution 
was added to the sample. The spectra were acquired using 1 mW 
laser power and were averaged from 100 accumulations of 1  s 
acquisition time, respectively. Without excess solute iodide in 
the dCaL sample, the quality of the Raman spectrum of dCaL is 
still seriously affected by sample degradation, similar to meas-
urements on untreated SERS substrates. A clean dCaL SERS 
spectrum was only obtained once excess iodide was applied. In 
agreement with above KPFM considerations, this leads to the 
assumption that the direct replacement of Ag2O to AgI does con-
tribute only slightly to the suppression of sample degradation at 
532 nm excitation. Consequently, free iodide ions in the solution 
must affect the suppression process. This result suggests that the 
sample degradation is most effectively prevented by an instanta-
neous depletion of the formed hot carriers in the Ag2O@Ag and 
AgI@Ag systems, i.e., the freely diffusing I− ions in the solution 
act as scavengers for the hot holes.

Interestingly, other halogen ions (Cl− and Br−) do not sup-
press the sample degradation (Figure S6, Supporting Infor-
mation). Thus, electrostatic interaction only cannot be the 
main reason for degradation suppression by iodide, but 
likely improves the signal enhancement capabilities through 
a tight analyte–substrate interaction. Additionally, Cl− and 
Br− are also able to react with Ag2O converting it into AgCl 
(solubility in water, 1.6 × 10−6 g mL−1, 20 °C) and AgBr (solu-
bility in water, 1.4 × 10−7 g mL−1, 20 °C) respectively. However, 
sample degradation is still observed in the presence of these 
ions which is in agreement with the iodide case above. Conse-
quently, we will mainly discuss the effects induced by iodide 
in the further discussion and focus next on the involved redox 
potentials.

Reactions induced by Ag2O@Ag in an iodide environ-
ment can also be explained considering the redox potential of 
each reactant. It has been reported that the conduction band 
of Ag2O is around +0.3  V (vs NHE, pH 7), which is not suf-
ficient to reduce O2 to ·O2

− (−0.046  V, vs NHE, pH 7) radi-
cals.[37] However, these electrons may possibly reduce O2 to 
H2O2 (2e− + 2H+ + O2 → H2O2, +0.27 V, vs NHE, pH 7) or H2O 
(4e− + 4H+ + O2 → 2H2O, +0.82 V, vs NHE, pH 7) by multielec-
tron-transfer routes.[35] Accordingly, the valence band of Ag2O 
is at around +1.5  V which is insufficient to oxidize H2O into 
OH· radicals (≈+2.3 V, vs NHE, pH 7).[38] This well supports the 
above-mentioned ESR experiment, where neither BMPO-OH·  
nor BMPO-O2· radicals were detected. In comparison, the 
redox potentials of I3

−/I− and IO3
−/I− are around +0.55  V and 

+1.09 V (vs NHE, pH 7),[39,40] respectively, which could be easily 
oxidized by the valence band of Ag2O (Figure 4a), i.e., the holes 
will be quickly depleted by free iodide. This process could be 
expressed in the following reaction equations:

3I 2h I3+ →− + − � (1)

or alternatively,

I 6h 3H O IO 6H2 3+ + → +− + − + � (2)

Moreover, the valence band of AgI is at around 2.13 V.[41] In 
contrast, the redox potentials of Cl·/Cl− and Br·/Br− are around 
+2.43 V and +1.96 V,[38] respectively, which explains why these 
anions, contrary to iodide, do not suppress dCaL degradation. 
Even though the redox reactions of amino acids in SERS are 
not well studied yet, it has been mentioned that amino acids 
and peptides are easily oxidized.[42] If iodide can protect the pep-
tide dCaL from photocatalysis-induced degradation, it means 
iodide has a relatively lower oxidative potential than the peptide 
which inhibits the oxidation of amino acids and/or the peptide. 
Therefore, it is proposed that the redox potential of I3

−/I− or  
IO3

−/I− is much lower than those of amino acids/proteins in 
dCaL (often around or larger than 1 V)[43–45] and further protects 
the peptides. Furthermore, according to the redox potential of 
IO3

−/I−, electrons cannot reduce IO3
− into I−. In the Figure S7 

(Supporting Information), Ag-SERS investigations utilizing 
KIO3 instead of KI also verified that iodate has a limited effect 
and cannot prevent sample degradation, which indirectly indi-
cates that hot electrons barely impact the degradation process 
of this peptide in contrast to the hot holes. Finally, we propose 
that free iodide dominates in the suppression of sample degra-
dation with its lower redox potential compared to peptides.

Based on these results, a mechanism of sample degrada-
tion and suppression on Ag-SERS substrates is proposed in 
Figure  4b. The plasmonic Ag-SERS substrate is represented 
by a single AgNP, which is partially or fully covered by Ag2O, 
thus forming an Ag2O@Ag heterostructure. This heterostruc-
ture can act as a plasmon-assisted photocatalyst. Once irra-
diated by light with an energy matching the plasmon reso-
nance, electron/hole pairs are induced by plasmon decay and 
a charge separation/transfer occurs between Ag2O and Ag 
leading to an increased lifetime of these hot carriers. Ag2O 
acts as a pool for holes while Ag becomes a reservoir for 
the electrons. The extended lifetime of the hot carriers and 
matching energy levels between peptide and the carries are 
the main reason for sample degradation. Once iodide solution 
is injected, iodide will react with Ag2O. The formed AgI has a 
much broader bandgap which cannot be excited by a 532 nm 
laser. Even though the coupling effect between AgI and Ag 
nanoparticles is unclear here, the weaker charge separation 
of AgI@Ag compared to the Ag2O@Ag structure, detected 
by KPFM, directly relates to a reduced photocatalytic effect. 
Considering that hot carriers from plasmon decay of Ag nano-
particles could also induce apparent photocatalytic reactions, 
the diminished sample degradation on the iodide-modified 
Ag substrate in Figure  2d fits this conclusion. Notably, the 
interaction of iodide and Ag2O/Ag substrates is difficult to 
assess quantitatively as it is highly affected by experimental 
conditions, e.g., the substrate quality and the specific reaction 
kinetics of iodide on such a substrate. Furthermore, a system-
atic, i.e., quantitative evaluation of the AgI/Ag heterojunc-
tion would be also desirable from a general pint of view. It is 
expected these issues will be addressed in the future at this 
stage, the qualitative aspects of photo-damage suppression 
can be addressed without such detailed information.

Small 2022, 18, 2205080
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Consequently, this study reveals that iodide suppresses 
sample degradation in Ag-SERS measurements not only by 
the replacement of Ag2O into AgI but more importantly by the 
depletion of hot carriers from the whole structure. Last but not 
least, the discussed iodide method shows a selectivity toward 
peptides as shown by a comparison of Melittin and p7a as 
examples for positively and negatively charged peptides, respec-
tively (Figure S8, Supporting Information). It seems that the 
iodide method performs better on positively charged peptides, 
most likely due to favorable electrostatic interactions. Based on 
our results, we propose that any hot-carrier scavenger with a 
suitable redox potential matching the redox relation between 
hot carriers and sample should be able to suppress sample deg-
radation induced by photocatalysis.

3. Conclusion

In summary, this study demonstrates for the first time that free 
solute iodide enables the suppression of peptide degradation on 
Ag-SERS substrates (PVD method) in liquid environment, and 
thus, goes beyond the previously observed effect of improving 
reproducibility of SERS spectra. It is proposed that, besides the 
commonly suggested thermal effect, plasmon-assisted photoca-
talysis of Ag2O@Ag plays a critical role in sample degradation 
on pristine (PVD) Ag-SERS substrates. Firstly, the role of free 
iodide was unveiled by measurements on iodide pre-treated 
substrates with and without iodide solution. More importantly, 

Kelvin probe force microscopy directly verifies the existence of 
photocatalytic activity on such Ag-SERS substrates by revealing 
the decrease of surface potential once the substrate was irra-
diated indicating the occurrence of a photocatalytic charge 
separation process. Additionally, detailed investigations on the 
chemical and physical surface properties combined with con-
siderations of the known redox potential of the involved species 
further allowed proposing a mechanism for the protective effect 
of iodide, i.e., hot holes induced from Ag2O@Ag are efficiently 
depleted by iodide ions, which suppress peptide degradation. 
Even though the exact mechanism is not fully clear yet, the 
effects of iodide in Ag-SERS measurements are obvious. Conse-
quently, this study paves the way toward biological related SERS 
investigations under physiological conditions, which are cur-
rently hampered by sample degradation.

4. Experimental Section
Materials: Candidalysin (CaL) is a cytolytic peptide secreted by 

the opportunistic fungal pathogen Candida albicans (please see 
the model of CaL in Figure S9, Supporting Information).[46] The 
phenylalanine-deuterated form (d5-Phe) of CaL (dCaL, sequence: 
SIIGIIMGILGNIPQVIQIIMSIVKAFKGNK, from PeptideSynthetics, 
UK) is used as a model sample in this work. KI, KBr, KCl and 
KIO3 (SigmaAldrich, USA) solutions were used as a source of 
iodide, bromide, chloride and iodate ions. Melittin (sequence: 
GIGAVLKVLTTGLPALISWIKRKRQQ, from Proteogenix, France) and p7a 
(sequence: DGLEDFLDELLQRLPQLIT, from PeptideSynthetics, UK) are 
used as positively and negatively charged control peptides. All peptide 

Small 2022, 18, 2205080

Figure 4.  a) Involved redox potentials versus NHE at pH 7. The conduction band and valence band of Ag2O are at +0.3 V and +1.5 V (green), the 
respective potentials of AgI (−0.43 and +2.13 V) are shown in yellow. The other potential redox pairs are also added for comparison. b) Proposed 
sketch of the mechanism of iodide induced degradation suppression, nicely demonstrating the effect of iodide induced hole depletion that protects 
the peptides from oxidation.
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samples were dissolved into deionized water and had pH values around 
6 to 7.

Characterization: The preparation of Ag-SERS substrates followed the 
previously reported procedure.[47] Their reproducibility with respect to 
enhancement and spectral variation has been evaluated previously.[48] 
Deviating from this procedure, coverslips coated with a 3 nm chromium 
layer were used, which increases the stability of the Ag-SERS substrates in 
liquid environments and also the conductivity of substrates. Kelvin probe 
force microscopy was used to measure the surface potentials of these 
substrates using a JPK NanoWizard ULTRA Speed system (Bruker Nano, 
Germany), which also acquires the topographies of Ag-SERS substrates 
before and after iodide treatment at the same time. ESR (Elexsys E580, 
Bruker, BioSpin) was used to investigate the presence of radicals. XPS 
measurements were performed in an ultra-high vacuum (UHV) Multiprobe 
System (Scienta Omicron) with a base pressure of 2  ×  10−10  mbar. A 
monochromatic Al Kα X-ray source was used in combination with 
an electron energy analyzer (Argus CU) employing a spectral energy 
resolution of 0.6 eV and a photoelectron emission angle with respect to 
the surface normal of 19° and XRD (X’pert Pro MPD, Malvern Panalytical, 
Netherlands) were used to analyze the elements and crystal phases on 
the substrates, respectively. Detailed information regarding the substrate 
analysis is provided in the Supporting Information.

Raman-Related Experiments: For all Raman experiments a 532  nm 
laser was used as light source. This wavelength matches the plasmon 
resonance of the silver island substrates (see Figure S10, Supporting 
Information). An inverted microscope with a 60  ×  1.45  N.A. objective 
(Olympus, Japan) was used as working stage. Powers, acquisition 
time, and number of accumulations are specified for each experiment, 
respectively. Different concentrations of dCaL were used in conventional 
Raman and SERS experiments which are specified when used. All SERS 
spectra were acquired from liquid samples which were dropped onto 
SERS substrates and were measured immediately without any drying 
steps. The C–D stretching and ring breathing mode of dCaL are found 
at 2290 and 960 cm−1, respectively and used as marker bands to verify 
adsorption. The Si signal at 519  cm−1 was used as calibration. No 
background subtraction was applied to all SERS spectra.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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