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Abstract

Oxidative etching is an effective approach to control the morphology of nanomaterials. Taking silver nanocrystals (AgNCs) as an
example, oxidative etching-directed morphological transformation from a triangular prism shape to a disk shape is achieved and
then applied to the determination of captopril. As a mediator, trace amount of halides play important roles in the shape-controlled
evolution of AgNCs. Etching causes the color of the triangular silver nanoprims (AgNPRs) to change from blue to yellow on
formation of round nanodisks. On addition of captopril, the oxidative etching of the AgNPRs is prevented owing to the protection
by the drug via Ag-S bonding. In this case, the solution color does not change. This finding was used to design an assay of
captopril that has a linear response in the 10-600 nM concentration range and a 2 nM limit of detection. This method also allows
digital camera read-out. It was successfully applied to quality control of captopril in tablets.

Keywords Metal nanoparticles - Localized surface plasmon resonance - Smartphone - Peak shift - Hypertension - Pharmaceutical

analysis

Introduction

Noble metal nanomaterials with unique localized surface plas-
mon resonance (LSPR) absorption have been widely used in
optical sensing, catalysis, optical imaging, photothermal ther-
apy and photovoltaic conversion [1-5]. Their LSPR can be
well tailored since it has strong correlations to the size, geo-
metric shape, composition and surface state of noble metal
nanocrystals. Thus, controlling these parameters is significant
for engineering their LSPR and thereby strengthening the
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performance in various applications. Oxidative etching is
one of the mightiest ways in the shape/crystallinity control
of the noble metal nanoparticles. It refers to the zerovalent
metal species such as atoms, clusters and nanocrystals are able
to be oxidized back to metal ions in air with the aid of an
etchant [6]. As a result, the type of crystal structure, morpho-
logical and size distributions of the final products can be al-
tered. For example, Xia et al. found that the etchant of CI /O,
or Fe**/0, pair was able to remove metal seeds twin defects
(e.g., Ag and Pd) that generated at the beginning of a synthe-
sis. In that case, single-crystal nanoparticles would be the
dominant products [7-9]. Yang et al. reported that oxidative
etching exhibited specific selectivity toward different facets of
anisotropy Ag nanocrystals since their surface energy was
different. With increasing the concentration of an etchant
(mixed NH4OH and H,0,), Ag octahedrons transformed to
concave octahedrons, and finally octapods [10]. Huang et al.
successfully monitored the oxidative etching-mediated LSPR
variation of single Au nanorods and Ag nanocubes using a
dark-field microscope. Their studies demonstrated that cor-
ners with high surface energy are the preferential corrosion
sites of anisotropy metal nanocrystals [11, 12]. Zhang et al.
captured the etching process of Pd@Pt cubes in real-time via
an in-situ transmission electron microscopy, where two differ-
ent types of etching pathways were identified [13].
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The concept of oxidative etching-directed morphology
control of metal nanocrystals can also be applied in analytical
chemistry. That is, morphology-dependent LSPR of metal
nanoparticles can be well manipulated in the absence and
presence of a specific etchant. In that case, analytical methods
can be established according to the correlation of the LSPR
and the etchant concentration (or the species that can
consume/prevent the etchant). Several studies have used this
strategy to achieve the determination of environmental con-
taminants [14], drugs [15], food additives [16], and bio-
markers [17]. Compared with the widely used LSPR methods
depending on the aggregation of metal nanoparticles, modifi-
cations on the surface of nanoparticles prior to detection is
needless in the strategy involving oxidative etching-directed
morphology control. In addition, the process of oxidative
etching is able to be sensitively monitored by the LSPR var-
iation of individual nanoparticles [18]. Nevertheless, it is still a
great challenge to precisely manipulate the morphology and
corresponding LSPR of metal nanocrystals through oxidative
etching for the applications in analytical chemistry.

Herein, the LSPR of triangular Ag nanoprisms (AgNPRs)
was precisely tuned by controlled oxidative etching, where the
introduced trace amount of halide ions (e.g., Cl') played im-
portant role in this process. Specifically, the LSPR gradually
blue shifted from ~660 nm to ~420 nm when the concentration
of CI' increased, together with the change of solution color
from blue to yellow. Interestingly, it was found that the oxida-
tive etching toward AgNPRs was able to be prevented in the
presence of captopril, which is a widely used drug for clinical
treatment of hypertension and some types of congestive heart
failure [19, 20]. Based on this finding, an LSPR method for
the detection of captopril is developed. Compared with many
other methods such as titration [21], fluorometry [22], volt-
ammetry [23], chromatography [24] and colorimetry [25] for
captopril assay, this approach exhibited the merits of high
sensitivity, reliability and visualization. It has also been suc-
cessfully applied in quality control of captopril in the pharma-
ceutical products. In addition, this method also allows
smartphone read-out.

Experimental
Chemicals and materials

Chemical reagents including captopril, poly(vinyl pyrrol-
idone) (Mw, ~10,000), trisodium citrate and sodium borohy-
dride were supplied by Aladdin Industrial Corporation (http://
www.aladdinreagent.com/, Shanghai, China). Silver nitrate
was supplied by Sinopharm Chemical Reagent Co., Ltd.
(http://www.sinoreagent.com/, Shanghai, China). Potassium
halides (KCl, KBr and KI), potassium nitrate and hydrogen
peroxide were supplied by Kelong Chemical Co., Ltd. (http://
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www.cdkelongchem.com/cn/, Chengdu, China). HEPES
buffer (pH 7.0) and Milli-Q purified water (18.2 M€2-cm) were
used in the detection.

Instrumentations

A UV-vis spectrophotometer (Shimadzu UV-2550, Japan)
was used to measure the extinction spectra of the Ag
nanoparticles. A transmission electron microscope
(Tecnai G2 F20, USA) was used to record the transmis-
sion electron microscopy (TEM) images of the particles
under different conditions. An X-ray photoelectron spec-
trometer (Thermo ESCALAB 250, USA) was used to
measure the X-ray photoelectron spectra (XPS).
Dynamic light scattering (DLS) results were obtained by
a Brookhaven Nano Brook omni (USA).

General procedure for determination of captopril

AgNPRs were synthesized refer to a reported reference with
slight modification [26]. The details for the synthesis were
shown in the Supporting Information. For captopril assay,
captopril standard solution (200 nL, with different concentra-
tions) was mixed with 800 pL AgNPRs and 800 uL HEPES
buffer (pH 7.0). Subsequently, 200 uL KCI (4 mM) was added
in the mixture and incubated for 20 min at room temperature.
Then, UV-vis spectra of the solutions were measured. To eval-
uate the quality of captopril tablets, pretreatment was carried
out according to the Pharmacopeia of the People’s Republic of
China (Edition 2015) before assay (see Supporting
Information).

Results and discussion
Mechanism of the colorimetric assay

Scheme 1 generalizes the mechanism for captopril detection.
Owing to the relatively high energy of the corners/edges of
AgNPRs compared to their {111} surfaces [27], Cl tends to
primarily attack the corners/edges through oxidative etching.
As a result, the AgNPRs with triangular shape would trans-
form to smaller disc-shaped Ag nanoparticles. When captopril
is introduced, it can bind on the surface of AgNPRs through
Ag-S chemical bond since a thiol group is involved. Thus,
captopril is able to protect AgNPRs against etching from chlo-
ride and thereby maintain the original morphology of triangu-
lar prism.

Such a mechanism is verified by UV-vis, TEM, XPS,
and DLS studies. As known, the LSPR is closely related
to the morphology of metal nanocrystals [28]. Herein, the
morphological transform of Ag nanocrystals from triangu-
lar prism to round disk would cause the shift of their
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Scheme 1 Diagrammatic
drawing of the captopril assay
based on oxidative etching-
directed morphology control of
AgNPRs
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LSPR peak. As shown in Fig. 1, the AgNPRs can well
disperse in water with a blue color of solution. Three
characteristic peaks located at 331, 475, and 660 nm in
the extinction spectrum (black line, a) are attributed to
out-of-plane quadrupole, in-plane quadrupole, and in-
plane dipole LSPR modes of AgNPRs, respectively [29].
With the addition of 0.4 mM CI, the maximum LSPR
peak of AgNPRs blue shifts from 660 to 440 nm (red
line, b), accompanying with obvious change of solution
color from blue to yellow. However, no obvious change of
the LSPR wavelength is observed either in the presence of
only captopril (green line, ¢) or the mix of 700 nM cap-
topril and 0.4 mM Cl (blue line, d). In addition, the
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Fig. 1 Normalized LSPR spectra of AgNPRs under different conditions:
a AgNPRs; b AgNPRs mixed with 0.4 mM CI; ¢ AgNPRs mixed with
700 nM captopril (Cap); d AgNPRs mixed with 0.4 mM Cl and 700 nM

captopril. Inset shows the corresponding colorimetric response of the
solutions

captopril

mixed solutions of AgNPRs and captopril always kept
initial blue color either with or without adding CI, re-
spectively. These observations demonstrates that captopril
with thiol group has strong ability to prevent AgNPRs
from oxidative etching by CI .

The morphological transform of AgNPRs before and after
incubation with the etchant and protective agent was further
studied by TEM imaging. Figure 2a and b show that the initial
AgNPRs are in uniform triangular plate-like shape. They have
anverage edge length and thickness of 40+7 and 5 + 1.5 nm,
respectively. It was found that the AgNPRs transformed to
smaller round disk after interacting with 0.4 mM CI, with
anverage diameter of 24+ 5 nm (Fig. 2c). However, the
AgNPRs maintained their initial triangular plate-like shape
when 700 nM captopril and 0.4 mM ClI were both present
(Fig. 2d), confirming the protective effect of captopril toward
etching. DLS data were also obtained to demonstrate the size
change of AgNPRs after oxidative etching in solution. As
shown in Fig. S1, the AgNPRs have an average hydrodynamic
size of ~42 nm, which increased to ~165 nm after incubated
with 0.4 mM CI . The obvious size increase was attributed to
the oxidative etching of AgNPRs to generate large amount of
Ag*, and thereby formation of AgCl particles with large sizes
finally. After incubation with captopril, the tendency of size
increase was able to be prevented. Specifically, the size de-
creased to ~150, ~63 and ~43 nm when 100, 400 and 700 nM
of captopril was added, respectively. Although DLS data can-
not reveal the actual size of the anisotropic AgNPRs, the re-
sults clearly indicate that the oxidative etching by Cl ™ and
no etching in the presence of captopril occurs in solution.

Apart from the TEM and DLS characterizations, XPS mea-
surement was also carried out to explore the interaction be-
tween AgNPRs and captopril. High-resolution XPS spectra
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Fig. 2 TEM images of a, b
AgNPRs, ¢ AgNPRs mixed with
0.4 mM CI', and d AgNPRs
mixed with 0.4 mM CI and

700 nM captopril. Inset of a
shows an individual AgNPR with
triangular shape

indicated that the binding energies of Ag 3ds, and Ag 3d;),
decreased from 367.9 to 367.3 eVand from 373.8t0 373.2 €V,
respectively, after the AgNPRs interacted with captopril (Fig.
S2). It suggested that part of the Ag atoms of AgNPRs were
transformed into Ag* and formed Ag-S chemical bond [30].
The peak assigned to S 2p (160.8 eV) as shown in Fig. S3
further confirmed the existence of S on the surfaces of
AgNPRs in the form of S*~ [31]. According to previously
reports, citrate that introduced in the synthesis of AgNPRs
can bind more strongly to base {111} facets than other facets
of fcc Ag [32]. In this case, the etchant CI” would preferen-
tially attack the higher-energy corners and edges (i.e., side
{100} facets). Thus, rounded disks with smaller sizes were
obtained after etching. When captopril was added into the
system, captopril would preferentially bind to side {100}
facets of the AgNPRs since citrate can effectively prevent
captopril from binding on the {111} facets. Therefore, even
very small amounts of captopril can play a significant role in
the protection of AgNPRs against oxidative etching, and thus
high sensitivity of the captopril detection can be achieved.

Studies on the detection conditions

Reaction conditions in solution can significantly affect
the oxidative etching process. Thus, different

@ Springer

morphologies and thereby the LSPR of the Ag nanopar-
ticles would be obtained under different detection con-
ditions. First, the influence of CI amount on controlled
etching was investigated. Figure 3a shows that the
LSPR peak of AgNPRs gradually moves to shorter
wavelengths with rising the ClI° amount from 0 to
0.4 mM, and almost keeps constant when the concen-
tration is larger than 0.4 mM. It suggests that all the
AgNPRs have been transformed into smaller round
disks with relatively low surface energy when the con-
centration of Cl reaches 0.4 mM, and thus the oxida-
tive etching will not continue at this time. Except for
CI', the oxidative etching of other halide ions toward
AgNPRs was also investigated. It was found that the
peak of AgNPRs also moved to the wavelengths shorter
than 500 nm when 0.4 mM KBr and KI were intro-
duced, respectively. A control group with the addtion
of 0.4 mM KNO; showed no obvious peak shift, which
excluded the influence of K™ on the oxidative etching
(Fig. S4). The average hydrodynamic sizes of the parti-
cles were also obviously increased in the presence of
Br or I, which was consistent with that of CI .
However, when the same concentration of KNO; was
present, variation of hydrodynamic size was not ob-
served (Fig. S5). These results prove again that halide
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Fig. 3 Influences of different conditions on the system. a Normalized

LSPR spectra of AgNPRs in the presence of different amounts of CI" 0

to 0.5 mM. b Reaction kinetics in the absence and presence of different

amounts of captopril. Concentrations of captopril: (a) 0, (b) 100, (c) 300,
(d) 500, () 600, and (f) 700 nM

ions are responsible for the oxidative etching in air and
thus the morphological evolution.

Reaction kinetics of the oxidative etching and
captopril-involved non-etching were also inspected.
Figure 3b exhibited that the LSPR of AgNPRs blue
shifted more than ~200 nm within the initial 10 min
in the presence of only CI', and did not change any
more thereafter. However, the reaction kinetics and final
degree of peak shift (A\) both decreased when Cl and
captopril were added, which further decreased as the
concentration of captopril increased. The typical LSPR
evolution of AgNPRs in the presence of both 0.4 mM
CI" and 300 nM captopril was shown in Fig. S6. For all
the reactions with the addition of different concentra-
tions of captopril, the LSPR peaks of Ag nanocrystals
have no longer moving after 30 min. It suggests that the
detection can be completed no more than half an hour.

Determination of captopril through LSPR evolution

On the basis of the oxidative etching-directed morphology
control of AgNPRs and their LSPR evolution, we further
established a colorimetric method for quantitative assay of
captopril. As shown in Fig. 4a, the LSPR peak of
AgNPRs blue shifted to ~440 nm after etching by
0.4 mM CI in the absence of captopril. However, con-
stant red shift of the peak occurred with increasing capto-
pril from 10 to 700 nM. The peak almost moved back to
that of the initial AgNPRs in the presence of 700 nM
captopril. Correlation of the LSPR evolution (A)\) and
captopril concentration (cc,p) Was fitted as a standard plot
for determination (Fig. 4b). A detectable range of 10—
600 nM (r=0.9934) with a detection limit of 2 nM (30/
k) was obtained. The sensitivity of this method is higher
than that of many previous reports for captopril assay
(Table S1).
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Fig.4 aNormalized LSPR spectra of AgNPRs together with 0.4 mM CI
and different concentrations of captopril (0-700 nM). b Calibration plot
for the determination of captopril
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Digital camera-based captopril assay

To avoid the use of specialized instruments for detection, a
smartphone was also employed as a portable device to record
and analyze the data. Firstly, a representative photograph of
AgNPR solutions in the presence of different amounts of cap-
topril (0-600 nM) was captured by a smartphone. Figure 5a
displays the color change of solution from yellow, orange, red,
to purple, and finally close to blue of the initial AgNPRs as the
concentration of captopril increases. Then, the RGB (three-
primary colors) values of each sample was read out and ana-
lyzed by an open source app (called Color Pickers) that loaded
in the smartphone (Fig. 5b). The Euclidean distance
[ED = (AR? + AG? + AB?)'"?] was employed to quantitative-
ly illustrate the color change of solution [33]. As shown in Fig.
5c, linear enhancement of the EDs was observed as the con-
centration of captopril increased from 10 to 600 nM (r=

0.9945). Obviously, the resolution of a smartphone is quite
better than that of visual detection. Taken together, colorimet-
ric determination of captopril is able to be carried out by this
approach using either UV-vis spectrophotometer or
smartphone as an analyzer.

Fig.5 Smartphone-based method
for captopril assay: a a
photograph of the solutions
containing different amounts of
captopril (0-600 nM); b screen
capture by a smartphone app for
captopril assay; ¢ Plot of EDs
versus captopril concentration

Control
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Selectivity and interference studies

Selectivity and interference studies of this approach to detect
captopril was carried out. Common species in pharmaceutical
products such as inorganic ions, saccharides and other
pharmaceutic adjuvants were inspected in the detection. In
these experiments, the concentration of other species
(100 uM) was more than 100 times higher than that of capto-
pril (700 nM). Figure 6a shows that the peak shifts more than
250 nm in the presence of captopril, while less than 20 nm
replaced by other investigated species. The solutions in the
absence (control group, only AgNPRs and CI") and presence
of other interfering species all exhibited yellow color, while
blue color appeared only in the presence of captopril (inset of
Fig. 6a). Except for selectivity study, potential interfering sub-
stances were also mixed with captopril in each sample before
detection. As shown in Fig. 6b, compared with that of the
control group only containing captopril (300 nM), the A\ of
other samples all fluctuated within 10%, where more than 100
times of interfering species coexisted with captopril. Since the
detection is dependent on the prevention of etching via Ag-S
bonding, biothiols (e.g., cysteine and glutathione) will also
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Fig. 6 Selectivity and interference studies. a LSPR peak shift (A\) of
AgNPRs after mixing with 0.4 mM Cl™ (sample 1) and captopril
(700 nM, sample 21) or other potential interfering substances (100 uM
for samples 2—19, 50 pg/mL for sample 20). Inset shows the correspond-
ing colorimetric response of the sample solutions. b LSPR peak shift
(A)) of AgNPRs after incubating with 0.4 mM Cl in the presence of
300 nM captopril (control group) and the mix of captopril (300 nM)
together with other potential interfering substances (100 pM for samples
2-19, 50 pg/mL for sample 20), respectively. The interfering substances
added in samples 2-20 are ethanol, Na,C,04, Na,CO3;, NaHCO;,
CH;COONa, Pb(NO3),, CuSO,, AI(NO;);, Mg(NO3),, glucose, citric
acid, polyvinyl pyrrolidone, ethylenediaminetetraacetic acid disodium
salt, a-cyclodextrin, 3-cyclodextrin, sucrose, carboxymethyl cellulose,
D-mannitol, and starch, respectively

have response and thus interfere the captopril assay. Hence,
this method can be applied to quality control of captopril in
pharmaceutical products while is not suitable to detect capto-
pril in body fluids (e.g., blood samples). This will be one of
the major limitations of this method.

Quantitation of captopril in tablets

Quality control of captopril in tablets was further conducted to
testify the accuracy and potential applications of this method.
The tablets with main ingredient of captopril were purchased
from two different manufacturers in China. Table 1 shows the
results of captopril concentration measured by this method,
which are identical with the labeled contents. Besides, satis-
fied spiked recoveries of 94.0-103.8% were also gained.
These results confirmed the feasibility and reliability of this
approach for determination of drugs containing captopril.

Conclusions

A sensitive colorimetric method for the determination of cap-
topril has been developed using an etching strategy, where the
etching-directed morphological transformation of Ag nano-
particles from triangular prism to rounded disk can be effec-
tively prevented by captopril. The detection can proceed rap-
idly, with a detectable range of 10-600 nM of captopril. It has
been successfully applied to the determination of captopril in
tablets. We believe that the strategy of controlled etching of
metal nanoparticles can be extended to other systems for sens-
ing. Biothiols will also respond to this method and interfere.
Thus, this method will be good for quality control of captopril
in pharmaceutical products while not suitable to detect capto-
pril in body fluids.
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