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ABSTRACT: A novel core−shell structure based on upconversion fluorescent nanoparticles (UCNPs) and dopamine−melanin
has been developed for evaluation of the antioxidant capacity of biological fluids. In this approach, dopamine−melanin nanoshells
facilely formed on the surface of UCNPs act as ultraefficient quenchers for upconversion fluorescence, contributing to a
photoinduced electron-transfer mechanism. This spontaneous oxidative polymerization of the dopamine-induced quenching
effect could be effectively prevented by the presence of various antioxidants (typically biothiols, ascorbic acid (Vitamin C), and
Trolox). The chemical response of the UCNPs@dopamine−melanin hybrid system exhibited great selectivity and sensitivity
toward antioxidants relative to other compounds at 100-fold higher concentration. A satisfactory correlation was established
between the ratio of the “anti-quenching” fluorescence intensity and the concentration of antioxidants. Besides the response of
the upconversion fluorescence signal, a specific evaluation process for antioxidants could be visualized by the color change from
colorless to dark gray accompanied by the spontaneous oxidation of dopamine. The near-infrared (NIR)-excited UCNP-based
antioxidant capacity assay platform was further used to evaluate the antioxidant capacity of cell extracts and human plasma, and
satisfactory sensitivity, repeatability, and recovery rate were obtained. This approach features easy preparation, fluorescence/
visual dual mode detection, high specificity to antioxidants, and enhanced sensitivity with NIR excitation, showing great potential
for screening and quantitative evaluation of antioxidants in biological systems.
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■ INTRODUCTION

Oxidative stress, defined as the imbalance between the
production of reactive oxygen and nitrogen species (ROS/
RNS) and the endogenous antioxidant defense network,1 plays
a pivotal role in different pathophysiological conditions,2 such
as cardiovascular disease,3 mild cognitive impairment,4

Alzheimer’s disease,5 Parkinson’s disease,6 and certain types
of cancer.7 Living organisms have developed complex

antioxidant systems to counteract reactive species in the
defense network for reducing their damage.8 These antioxidants
comprise of various macromolecules, enzymes, and small
molecules, such as reduced glutathione (GSH), cysteine
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(Cys), ascorbic acid (AA or Vc), α-tocopherol, β-carotene,
ubiquinol-10, methionine, and bilirubin.9 Increasing epidemio-
logical studies suggest that the intake of an antioxidant-rich diet
may inversely correlate with the risk of developing pathologies
such as cardiovascular diseases and cancers.10,11 Although this
proposal remains controversial, significant attention has been
drawn to the antioxidant capacity assay of natural products and
their relationships with an endogenous antioxidant defense
system.12,13

Because of the synergistic interactions among different
antioxidant components in biological fluids and the difficulty
of measuring individual antioxidant components, one of the
most common strategies to assess the free-radical-antioxidant
balance in biological systems is to determine the total
antioxidant capacity.8,12,14 Various methods have been
developed to investigate the antioxidant capacity of body fluids,
food, vegetable extracts, and beverages.12,13,15 These include 6-
hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Tro-
lox)-equivalent antioxidant capacity (TEAC) assay,14 ferric-
reducing antioxidant power assay,16 and competitive reaction
methods, such as oxygen radical absorbance capacity assay17

and total radical-trapping antioxidant parameter assay.18 These
assays are mainly based on spectrophotometric analysis. Besides
the chemical instability of the used organic probes, these
detections often suffer from inevitable autofluorescence or
strong background light absorption due to the presence of
interfering biomolecules, which can also be excited by
ultraviolet (UV) or near-UV light, resulting in a low signal-
to-noise ratio of detection.19,20

More recently, novel strategies for antioxidant capacity
evaluation based on nanoparticles (NPs) and nanotechnology
have been proposed.21 Some gold NP-based optical methods
for antioxidant functional evaluation have been achieved.22,23

Other sensing strategies based on silver NPs or quantum dots
(QDs) have also been developed for quick detection of the
analytes with free-radical scavenging capability.24−26 The
unique localized surface plasmon resonance optical property
of noble metal NPs and the size-dependent fluorescent
emission of QDs identify them as a new generation of optical
labels.27 Compared with the organic probes, NPs are more
chemically stable and can be easily conjugated with biomolecule
or targeting ligands to achieve specific recognition in a
biological environment. However, the strong background light
absorption or autofluorescence interference in real sample
analysis is still present with these NP-based spectrophotometric
assays.
Upconversion nanoparticles (UCNPs), which can convert

near-infrared (NIR) radiation to visible fluorescence, are
emerging as a new generation of fluorescence biolabels.28−30

Because of the NIR excitation, the signal-to-noise ratio and
sensitivity in quantitative analysis are markedly enhanced owing
to the absence of autofluorescence and scattering light from
biological samples.31 In particular, NIR irradiation has deeper
penetration capability and is less harmful to biological samples
compared to UV excitation. This is particularly valuable for in
vivo biolabeling and biosensing assays.32,33 To date, many
studies have reported the detection of adenosine triphosphate,
ions, protein, and amino acid based on fluorescence resonance
energy transfer using UCNPs as energy donors to various
acceptors including graphene oxide,34 organic dyes,35 gold
NPs,36 and MnO2 nanosheets.

37 To our best knowledge, there
is no exploration yet in using UCNPs for the antioxidant
capacity determination of biological samples.

Melanins are a class of well-known biomacromolecules
widely distributed in most living organisms.38 Melanins exhibit
a broad-band absorbance over the entire UV−vis region.
Consistent with their role as potent photoprotectants and free-
radical scavengers, melanins have been shown to efficiently
deactivate >99.9% of absorbed UV and visible light photon
energy through nonradiative means.39 Inspired by the unique
optoelectronic properties of melanins, we discovered that the
upconversion fluorescence of UCNPs could be effectively
quenched by the dopamine−melanin nanoshells in a weak
alkaline buffer, as illustrated in Scheme 1. More importantly,

this spontaneous oxidative polymerization of the dopamine-
induced quenching effect can be effectively inhibited by the
presence of a variety of antioxidant substances, for example,
GSH, Cys, Vc, Trolox, etc. Moreover, the “antiquenching”
effect displayed a linear fluorescent response to a concentration
range of antioxidants. Besides the fluorescence response, this
antioxidant activity also showed a color change from colorless
to dark gray accompanying the spontaneous oxidation of
dopamine. Taking advantage of this bioinspired competitive
spontaneous oxidative and antioxidative reaction system, a
novel NIR-excited UCNP-based antioxidant capacity assay
(UNACA) platform has been accordingly developed for in vitro
evaluation of the antioxidant capacity of biological fluids.

■ RESULTS AND DISCUSSION
Characterization of UCNPs. In this study, β-NaYF4:Yb,Er

UCNPs were used as the fluorescence donor particularly
because of its recognized high efficacy in NIR-to-visible
upconversion up to now.29 UCNPs were synthesized following
a solvothermal procedure,40 which was described in Exper-
imental Section in detail. A transmission electron microscopy
(TEM) image (Figure S1 in the Supporting Information, SI)
showed that the obtained UCNPs had a uniform spherical
morphology with an average particle size of 34.7 ± 2.9 nm. The
crystal phase and structures were analyzed by X-ray diffraction
(XRD) and exhibited well-defined diffraction peaks where the
peak positions and intensities agreed well with the standard
pattern of hexagonal NaYF4 (Figure S2 in the SI), confirming
the high quality of prepared UCNPs. Water-soluble UCNPs
were subsequently prepared via surface ligand exchange of the
oleic acid-capped hydrophobic UCNPs with sodium citrate in
diethylene glycol (DEG) at a high temperature (200 °C).41

Fourier transform infrared (FT-IR) spectra suggested that the
surface oleic acid ligands were replaced successfully by citrate
(Figure S3 in the SI). Surface ζ potential measurement further
confirmed that the modified UCNPs were negatively charged
with a potential of approximately −38.6 mV (Figure S4 in the

Scheme 1. Diagrammatic Illustration of the Mechanistic
Principle of the Antioxidant Capacity Assay Platform Based
on the UCNPs@Dopamine−Melanin Hybrid System
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SI), suggesting the high colloidal stability of UCNPs in a pH
8.5 Tris-HCl buffer solution.
Fluorescence Quenching of UCNPs by Spontaneous

Oxidative Polymerization of Dopamine. Upon incubation
of UCNPs with dopamine in a Tris-HCl buffer (pH 8.5), a
color change of the solution from colorless to dark gray was
observed as a function of time [Figure 1A(a)]. The process was
monitored by UV−vis spectroscopy. As shown in Figure 1B,
the broad and monotonic extended absorbance from the NIR
to UV region represents the characteristic of synthetic
melanin.38 A continuous increase of the absorbance as a
function of the reaction time was observed, indicating that
dopamine−melanin was gradually formed in the mixed
solution. Accompanied by the color change, an intensive
fluorescence quenching on the upconversion emission of
UCNPs with an increase of the reaction time was clearly
seen in the dark [Figure 1A(b)] and quantitatively measured by
fluorescence emission spectroscopy, as shown in Figure 2A. To

obtain an optimized condition to perform sensing analysis,
different concentrations (0.5, 2.5, 5, 10, and 20 mM) of
dopamine were incubated with a fixed concentration of UCNPs
(0.2 mg/mL). As depicted in Figure 2B, the quenching effect of
dopamine−melanin toward UCNPs showed a concentration
dependence when the concentration of dopamine was below 10
mM. This trend became less obvious in the concentration range
from 10 to 20 mM. A rapid decrease of the fluorescence
intensity was observed between 0 and 30 min when the
concentration of dopamine was above 5 mM, and a plateau was
reached for prolonged reaction time. To achieve a quick

response while maintaining a broad efficient detection range, 5
mM dopamine per 0.2 mg/mL UCNPs and 30 min of
preincubation time were used for further detection experi-
ments.
The phenomenon that dopamine−melanin substantially

quenched the fluorescence of UCNPs indicated a strong
correlation between the excited state of UCNPs and the
dopamine−melanin synthesis. Following photoexcitation, the
energy-transfer upconversion process of NaYF4:Yb,Er was well
studied previously.29 As shown in Figure 3, the sensitizer Yb3+

can absorb the pump photons successively and then donate
energy to activator Er3+. The sequential absorption of photons
by Er3+ populates the ions to the metastable level. Then, a
nonradiative energy-transfer process promotes one of the ions
in the metastable level to an upper emitting state, resulting in
upconversion emission with three main peaks located at 522,
540, and 661 nm corresponding to the 2H11/2 →

4I15/2,
4S3/2 →

4I15/2, and
4F9/2 →

4I15/2 optical transitions,
29 respectively. After

dopamine was added into the UCNP-containing Tris-HCl (pH
8.5) solution, it could be oxidized to quinone by the ROS, such
as hydroxyl radical or dissolved oxygen, and finally to
dopamine−melanin through complicated cross-linking reac-
tions.42 The active intermediates (quinones) and final product
(dopamine−melanin) can function as favorable electron
acceptors on the surface of UCNPs;43,44 thus, the excited
photoelectron of UCNPs will be instantaneously captured by

Figure 1. (A) Photographs of the UCNPs@dopamine−melanin hybrid system as the reaction time goes from 0 to 60 min, under natural light (a)
and 980 nm NIR laser irradiation (b). (B) Evolution of UV−vis absorption spectra of the UCNPs@dopamine−melanin hybrid system with gradual
formation of melanin via spontaneous oxidation of dopamine from 0 to 60 min. Samples were taken for testing per 10 min intervals.

Figure 2. (A) Evolution of upconversion fluorescence spectra of
UCNPs (0.2 mg/mL) upon incubation with dopamine hydrochloride
(5 mM) in a Tris-HCl buffer (pH 8.5) solution from 0 to 60 min.
Samples were collected for testing per 10 min intervals. (B) Plot of the
fluorescence intensities recorded at 540 nm as a function of time from
0 to 120 min, in which UCNPs (0.2 mg/mL) were incubated with
dopamine hydrochloride at different concentrations (0.5, 2.5, 5, 10,
and 20 mM) in a Tris-HCl buffer.

Figure 3. Proposed mechanism on the excitation and quenching of
upconversion fluorescence by PET in the UCNPs@dopamine−
melanin hybrid system.
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quinones and melanin and may substantially dissipate as
nonradiative heat. This process was similarly studied previously
using photoacoustic calorimetry, in which eumelanin, especially
at a higher molecular weight (Mw > 3000), could efficiently
release approximately 90% of the absorbed photonic energy as
heat.45 This relaxation occurred in less than 20 ps as measured
by a femtosecond pump−probe absorption study.46 Therefore,
the upconversion fluorescence process is eliminated because
the excited electrons cannot return to the ground state, and the
fluorescence of UCNPs is quenched most likely via the
photoinduced electron-transfer (PET) mechanism.47 This
mechanism is consistent with the electrochemistry of
dopamine−melanin and structurally related quinone molecules,
known as potent electron acceptors in organisms.48 To some
extent, this observation agrees with previous findings that
quinones and polydopamine could function as favorable
electron acceptors for the photoexcited QDs,43,44 porphyrin,49

6-carboxyfluorescein, and other fluorophores50 to quench their
fluorescence efficiently.
The formation of dopamine−melanin nanoshells on the

UCNPs was further verified by TEM examination. As shown in
Figure 4, a time-dependent growth of the shell layer on the

surface of UCNPs was clearly seen. The thickness of the shell
layer was about 2.6, 12.8, and 18.3 nm at the reaction time
points of 10, 30, and 90 min, respectively. The deposition of a
coating on various substances by the spontaneous oxidation of
dopamine was first reported by Lee et al.,42 and further
examination of this process revealed that the composition of
this polymerized coating was melanin.51 The exact polymer-
ization mechanism remains unclear, and it most likely occurs
through spontaneous oxidation of dopamine to a quinone
accompanying the intra/intermolecular cross-linking reactions
in a manner reminiscent of melanin formation,51,52 as shown in
eq 1.

Antiquenching Effect of Various Antioxidants. With
inspiration from the inhibition property of various endogenous
antioxidants in melanin synthesis,53,54 we believe that this
spontaneous oxidative polymerization of dopamine can be
effectively inhibited by the presence of a variety of antioxidants.
To address this, GSH was first chosen as a model compound
considering its abundance as an intracellular antioxidant in
living organisms. The kinetic behaviors of the UCNPs@
dopamine−melanin hybrid system with or without the presence
of GSH were first investigated by UV−vis spectroscopy. In the
absence of GSH, the absorbance of dopamine−melanin at 400
nm increased gradually (Figure 5A), suggesting the progress of

self-polymerization of dopamine. With the presence of 20 μM
GSH, the absorbance increased in a delayed manner, while with
the 40 μM GSH, the absorbance remained at the baseline for
more than 1 h. This reaction was also monitored by measuring
the fluorescence emission of UCNPs at 540 nm (Figure 5B). In
the absence of GSH, the fluorescence emission continuously
decreased with the formation of dopamine−melanin, while the
fluorescence intensity was retained with the addition of 40 μM
GSH for the investigating times and decreased in a delayed
manner with the addition of 20 μM GSH.
GSH has an antioxidation property because of the fact that

the thiol group in its Cys moiety is an active reducing agent,
which can be reversibly oxidized and reduced. After the
addition of GSH to the mixture of UCNPs and dopamine in a
basic environment with dissolved oxygen, the thiol group of
Cys is able to donate a reducing equivalent (H+ + e−) to other
unstable molecules, such as ROS and free-radical intermediates,
to terminate the spontaneous oxidation of dopamine by
scavenging those unstable molecules and inhibiting other
oxidation reactions. Upon donation of an electron, GSH itself
becomes reactive and therefore readily reacts with another
reactive GSH to form glutathione disulfide (GSSG) through
thiol−disulfide exchange, as shown in eq 2. This antioxidation
process goes efficiently and precisely in the present study so
that 40 μM GSH can effectively inhibit the formation of
dopamine−melanin within 1 h, leading to complete “anti-
quenching” of the UCNP fluorescence intensity.

Figure 4. TEM images of the formation of dopamine−melanin
nanoshells on the surface of UCNPs. The measurement was taken at
the time points of 0 (A), 10 (B), 30 (C), and 90 min (D) after the
addition of dopamine hydrochloride to the UCNP solution.

Figure 5. Time-resolved measurements of absorbance at 400 nm (A)
and upconversion fluorescence intensity at 540 nm (B) of UCNPs@
dopamine−melanin hybrid systems with the addition of 0, 20, and 40
μM GSH. Measurement was done per 10 min interval after the
addition of dopamine hydrochloride (5 mM) to the UCNPs (0.2 mg/
mL) containing a Tris-HCl (pH 8.5) solution.
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AA, which human beings obtain from the diet as vitamin C
(Vc), is another important water-soluble antioxidant for living
organisms. The antioxidant activity of Vc toward the UCNPs@
dopamine−melanin hybrid systems was also investigated. The
inhibition of dopamine−melanin synthesis by GSH, Cys, and
Vc is shown in Figure 6A. The antioxidation reaction follows a

concentration-dependent manner, as measured by the
absorbance of dopamine−melanin at 400 nm. The spontaneous
oxidation of dopamine was completely inhibited when the
concentrations of three antioxidants were above certain levels.
These threshold values for GSH, Cys, and Vc are 15.5, 23.5,
and 32 μM, respectively, when the initial concentration of
dopamine was 5 mM and the reaction time was fixed at 30 min.
Clearly, the antioxidation efficiency followed the order of GSH
> Cys > Vc (Figure 6A). The ascorbate ion is the predominant
species of Vc in a normal biological environment. When Vc was
introduced into the reaction mixture, it promptly reacted with
oxidants of the ROS, such as the hydroxyl radical, to complete
the initiation of spontaneous oxidation polymerization of
dopamine. Ascorbate can competitively terminate these
oxidation reactions by electron transfer to form a radical cation
and then dehydroascorbic acid with the loss of a second
electron. The reaction is given in eq 3.

We also tested the antioxidant capacity of Trolox, a water-
soluble analogue of vitamin E, which has been widely used as a
standard in TEAC assays of body fluids, foods, beverages, and
supplements.14,16 As shown in Figure S5 in the SI, although
Trolox showed an antioxidant manner similar to that of GSH,
Cys, and Vc, the threshold value for complete inhibition of
dopamine oxidation was about 50 mM, implying that the
antioxidant capacity of Trolox was just about 0.1% that of Vc.

In accordance with the inhibition activity of GSH, Cys, and
Vc in dopamine−melanin synthesis (Figure 6A), a synchronous
change of the antiquenching effect of GSH, Cys, and Vc on the
fluorescence emission of UCNPs was also recognized (Figure
6B). The antiquenching efficiency, corresponding to the
antioxidant capacity, followed the order of GSH > Cys > Vc.
This result indicates that the UCNPs@dopamine−melanin
hybrid system can be used to evaluate the antioxidant capacity
of the complex biological samples without autofluorescence
background signal interference under 980 nm NIR excitation.

Antioxidant Capacity Assay in Aqueous Solution. On
the basis of the above findings, quantitative evaluation of the
antioxidant capacity in aqueous solution was performed using
this UCNPs@dopamine−melanin hybrid system and GSH,
Cys, and Vc were used as the representative model targets.
UCNPs−dopamine was incubated with a series of antioxidants
with increasing concentrations. The reaction was monitored by
measuring the fluorescence emission of UCNPs after 30 min of
reaction. The fluorescence spectra of UCNPs@dopamine−
melanin in the presence of GSH with different concentrations
are shown in Figure 7A. A gradual increase of the
“antiquenching” upconversion fluorescence intensity was
observed as the concentration of GSH increased from 0.2 to
20 μM. The original calibration curves for GSH, Cys, and Vc
are given in Figure S6 in the SI. The “antiquenching efficiency”
iss defined as (Fn − F0)/F0, where Fn is the fluorescence
intensity of UCNPs at 540 nm in the presence of various
concentrations of antioxidants and F0 is the relative
fluorescence intensity at 540 nm in the absence of antioxidants.
It should be noted that the absorbance changes of the synthetic
dopamine−melanin (Figure 6A) and antiquenching efficiency
(Figure S6 in the SI) toward the concentration of antioxidants
were not in a linear manner but followed a nonlinear allometric
regression equation. An explanation of this interesting
phenomenon will be addressed in future work. For
convenience, the standard calibration curve of each antioxidant
compound was linearized by taking the logarithm of (Fn − F0)/
F0 and the concentration of antioxidants (nanomolar),
respectively. The regression fit curves of GSH, Cys, and Vc
are given in Figure 7B−D, a strong linear correlation was
obtained between log[(Fn − F0)/F0] and log10(CGSH), log-
(CCys), or log(CVc). The regression equation was log[(Fn −
F0)/F0] = 0.461 log(CGSH) − 1.607 (R2 = 0.996) for GSH with
a linear range from 0.1 to 20 μM; log[(Fn − F0)/F0] = 0.452
log(CCys) − 1.663 (R2 = 0.993) for Cys with a linear range from
0.1 to 24 μM; log[(Fn − F0)/F0] = 0.379 log(CVc) − 1.374 (R2

= 0.985) for Vc with a linear range from 0.1 to 32 μM,
respectively. The results indicate that this UCNPs@dopamine−
melanin hybrid system can be used to quantitatively detect
GSH, Cys, and Vc or be used for evaluation of the total
antioxidant capacity of a mixed sample by using GSH, Cys, Vc,
or other antioxidants with a similar functional mechanism as
standards. A 30 min incubation time seems necessary for the
detection, and it should be considered as a viable strategy for in
vitro antioxidant capacity assay of biological samples in
recognition of the simplicity of the platform. Limited by the
need for spontaneous oxidative polymerization of dopamine in
a weak alkaline condition (set as pH 8.5 in the present study),
the current system may not be suitable for intracellular
detection or in vivo real-time monitoring yet. Our continuous
efforts will be made to develop a detection system for living
biological systems with physiological pH. On the other hand,
the current bioinspired detection platform is designed more for

Figure 6. (A) Absorbance of the UCNPs@dopamine−melanin hybrid
systems with the addition of a serial amount of GSH, Cys, and Vc
showing the different inhibitive capabilities of GSH, Cys, and Vc
toward dopamine oxidation reaction. (B) Corresponding upconver-
sion fluorescence intensity at 540 nm of the samples with the same
parameters as those in part A showing the different antiquenching
effects of a serial amount of GSH, Cys, and Vc toward UCNPs. The
test was carried out at 30 min of incubation time after the addition of
different antioxidants to the mixture.
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in vitro antioxidant capacity assay of biological fluids such as
body fluid, in which the detection target of antioxidants can
well maintain their activities in the pH 8.5 buffer. Additionally,
this platform is also suitable for screening and evaluation of the
antioxidants in food, vegetable extracts, and beverages.
Specificity of Antioxidant Capacity Assay. To further

evaluate the specificity of the UCNPs@dopamine−melanin
hybrid system for antioxidants, control experiments using
glucose, GSSG, and a series of other amino acids at a 100-fold
higher concentration (2.5 mM) than that of GSH, Cys, Hcy,
Vc, and Trolox (25 μM) were performed to measure the

upconversion fluorescence responses. As shown in Figure 8A,
the change of the fluorescence intensity of the UCNPs@
dopamine−melanin hybrid system in the presence of GSH,
Cys, Hcy, and Vc was strikingly larger than that of other
compounds. The “antiquenching” efficiency, corresponding to
the antioxidation capability, followed the order of GSH > Cys >
Vc > Hcy > Trolox ≫ GSSG, glucose, and other amino acids
(Figure 8B). No obvious change in the quenched emission was
observed with the addition of glucose, GSSG, and other amino
acids in comparison to the blank controls. To assess the
response of this detection platform toward a multicomponent

Figure 7. (A) Fluorescence spectra of the UCNPs@dopamine−melanin hybrid system as a function of the GSH concentration from 0 to 20 μM.
(B−D) Linear plots of log(antiquenching efficiency) as a function of log(concentration of GSH, Cys, or Vc). The antiquenching efficiency is defined
as (Fn − F0)/F0, where Fn is the fluorescence intensity of UCNPs at 540 nm in the presence of various concentrations of antioxidants and F0 is the
relative fluorescence intensity at 540 nm in the absence of antioxidants.

Figure 8. (A) Fluorescence spectra of the UCNPs@dopamine−melanin hybrid system upon incubation with 25 μM GSH, Cys, Hcy, Vc, Trolox,
76% Cys + 20% Vc + 4% GSH (C+V+G), and 100-fold excess (2.5 mM) of GSSG, glucose, and other common amino acids. (B) Relative
photoluminescence intensities at 540 nm of the evaluation systems recorded in correspondence with the fluorescence spectra in part A. (C)
Photographs of the samples in part A showing the differences in the color change and UC fluorescence intensity of the detection systems toward
antioxidants and other compounds.
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sample, a mixture with typical antioxidants in plasma (76% Cys
+ 20% Vc + 4% GSH)55,56 was diluted with a MEM cell culture
medium to obtain a simplified simulated body fluid at a final
concentration of 25 μM and used for specificity testing
following the same protocol. As can be seen in Figure 8, the
mixed antioxidants showed a response similar to that of the Cys
sample, and the antiquenching activity came from the
summation of Cys, Vc, and GSH, indicating a satisfactory
response of the UCNPs@dopamine−melanin hybrid system
toward a mixed antioxidant sample. In addition to fluorescence
analysis, the remarkable specificity for antioxidants over other
compounds could be directly visualized from the differences in
color and fluorescence intensity changes. The photographs
taken from the solutions of the UCNPs@dopamine−melanin
hybrid system in the presence of various antioxidants and other
compounds are shown in Figure 8C. The antioxidants that
inhibit the formation of dopamine−melanin result in colorless
solutions under natural light and a strong upconversion
fluorescence under 980 nm NIR irradiation, while the typical
brownish-black melanin and almost completely quenched
upconversion fluorescence were seen with the samples
containing glucose, GSSG, or other amino acids. These results
clearly demonstrated a high specificity of the current platform
for the main antioxidants against other common amino acids
and nonreducing compounds, indicating potential applications
of the UCNPs@dopamine−melanin hybrid system for
antioxidant capacity assay in biological samples.
Cytotoxicity of UCNPs and the UCNPs@Dopamine−

Melanin Hybrid System. In order to facilitate the potential
utility of UCNPs@dopamine-melanin hybrid composites as
bioprobes or theranostic nanocarriers in vivo, the cytotoxicity
of UCNPs and UCNPs@dopamine−melanin nanocomposites
was tested on Hela cells by MTT assay. The viability of
nontreated Hela cells was set as 100%, and the viability of NP-
treated Hela cells was calculated accordingly. After incubation
for 24 h, a high cell viability (>90%) was measured even with
the concentrations of UCNPs and UCNPs@dopamine−
melanin nanocomposites as high as 640 μg/mL (Figure S7 in
the SI). It is worth mentioning that the lower cytotoxicity of
UCNPs@dopamine−melanin nanocomposites than UCNPs at
the same concentration demonstrates the biocompatibility of
dopamine−melanin shells formed by self-polymerization of
dopamine, suggesting the use of UCNPs@dopamine−melanin
nanocomposites as potential bioprobes for intracellular sensing
or in vivo real-time monitoring.
Antioxidant Capacity Assay of Cell Extracts. The lysate

of Hela cells was used as a representative biological sample for
antioxidant capacity evaluation using the developed sensing

platform. As known, biothiols account for a large portion of the
intracellular antioxidant capacity, especially considering the
activity of the thiol groups in their Cys moiety. In this study,
the antioxidant capacity of cell extracts was determined using
the Cys calibration curve (Figure 6C) as a standard, and the
results were presented as Cys-equivalent antioxidant capacity
(CEAC). Because GSH shows a high concentration inside the
cells and plays an essential role in maintaining the redox state of
the cells, buthionine sulfoximine (BSO, a glutathione synthesis
inhibitor) and α-lipoic acid (LPA, a GSH synthesis enhancer)
were preincubated with Hela cells to disturb the intracellular
glutathione level and to further study the sensitivity of the
sensing platform for glutathione interference. The upconver-
sion fluorescence intensities of the UCNPs@dopamine−
melanin hybrid system with three different lysed Hela cell
samples and a blank control are shown in Figure 9A. Compared
to a normal Hela cell sample, the lysate with BSO showed an
obvious decrease of the fluorescence intensity, while the cells
treated with LPA exhibited a noticeable increase. The CEAC
value for each sample was compared directly in Figure 9B and
summarized in Table 1. The CEACs of nontreated, BSO-
treated, and LPA-treated Hela cells were determined to be
13.65 ± 0.91, 6.82 ± 0.92, and 17.93 ± 1.11 μM (6 × 105 cells/
mL), respectively. This result demonstrated the capability of
the developed sensing platform for detection of the intracellular

Figure 9. (A) Upconversion fluorescence response of the UCNPs@dopamine−melanin hybrid system toward nontreated and BSO (100 μM)- and
LPA (500 μM)-preincubated Hela cells. (B) The relative CEAC value of each sample was calculated against the Cys calibration curve.

Table 1. Performance of the UCNPs@Dopamine−Melanin
Hybrid System in Antioxidant Capacity Assay of
Deproteinized Human Plasma and Hela Cell Extract
Samples

determined antioxidanta (μM, Cys equiv)

sample
without
spiking

5 μM Cys
spiked

recovery
(%)

RSD (%,
n = 3)

10% Plasma-1 65.16 ± 2.67 69.84 ± 2.83 94.08 4.05
10% Plasma-2 55.58 ± 2.01 60.36 ± 2.05 95.64 3.40
10% Plasma-3 48.46 ± 3.01 53.56 ± 3.04 100.08 5.69
Hela cell
(normal)

13.65 ± 0.91 18.30 ± 0.94 92.93 5.08

Hela cell
(+BSO)

6.82 ± 0.92 11.26 ± 1.52 96.47 8.57

Hela cell
(+LPA)

17.93 ± 1.11 23.50 ± 1.69 111.33 4.74

aMean value of three independent measurements. The antioxidants
were determined by using the Cys calibration curve as the standard,
and the results are presented as CEAC. The given value in the table =
6 × determined value because samples were tested by adding 0.5 mL
of diluted plasma or cell extracts into 2.5 mL of the UCNPs@
dopamine−melanin hybrid system.
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antioxidant capacity changes in response to various conditions.
In addition, known amounts of Cys were added to the three
lysed cell samples (nontreated, BSO, and LPA), and satisfactory
Cys recovery values were all obtained, with relative standard
deviation (RSD) values of less than 9%. Taken together, these
results support the feasibility of using the UCNPs@dopamine−
melanin hybrid system for intracellular CEAC monitoring.
Antioxidant Capacity Assay of Human Plasma.

Evaluation of the antioxidant capacity was also performed on
the diluted deproteinized human plasma. The proteins in
plasma were removed to reduce the effect of the fluid viscosity
on the aggregation of UCNPs. As shown in Figure S8A in the
SI, the whole blood, the deproteinized plasma, and the extract
of deproteinized red blood cells all show strong absorption
spans visible to the UV region, causing unwanted background
interference in colorimetric measurement. With 980 nm NIR
excitation, no fluorescence background from human plasma was
measured in the entire visible region, while a high fluorescence
background from plasma was measured under UV or near UV
(350 or 488 nm) excitation (Figure S8B in the SI). Thus,
fluorescence background interference could be successfully
avoided on the UCNPs for antioxidant capacity assay. For easy
analysis, the antioxidant capacity of human plasma was also
determined by using Cys as the reference, and the results are
given as CEAC. The CEACs of three plasma samples are 65.16
± 2.67, 55.58 ± 2.01, and 48.46 ± 3.01 μM (10% deproteinized
human plasma; Table 1).
Recoveries of the known spiked amounts of Cys were

between 94.1% and 100.1% with a satisfactory precision.
Previous studies have shown that the concentration of Cys in
human serum is 160−330 μM,56 and the CEAC obtained by
this UCNPs@dopamine−melanin hybrid system assay was
obviously higher (about twice) than the normal amount of Cys
in human plasma. The total antioxidant capacity of human
plasma comes from the collective activities of various
antioxidative substances and their cooperation.8 The obtained
CEAC value may reflect the summation of the main antioxidant
activities in the plasma but may not account for the total
antioxidant capacity due to the removal of proteins.
Furthermore, no single method is capable of detecting all
components of the antioxidant capacity in serum or other body
fluids, and there is no “gold standard” yet for total antioxidant
capacity measurement.9,12 A large amount of endogenous
antioxidants have shown an inhibitory characteristic for melanin
synthesis, which is the inspiration for the basis of this study.
Taken together, the results demonstrate the applicability and
reliability of the bioinspired UCNPs@dopamine−melanin
hybrid system for antioxidant capacity evaluation of human
plasma or other biological fluids.

■ CONCLUSIONS
In conclusion, dopamine−melanin nanoshells could be easily
formed on the surface of UCNPs in an alkaline solution
through the spontaneous oxidative polymerization of dop-
amine. These dopamine−melanin nanoshells acted as ultra-
efficient quenchers for the upconversion nanophosphors, and
the quenching effect could be effectively inhibited by the
presence of various antioxidants. Taking advantage of the highly
sensitive spontaneous oxidative and antioxidative reaction, the
unique fluorescence quenching property of dopamine−
melanin, and the free background interference feature offered
by NIR excitation, a facile NIR-excited UNACA platform has
been developed and further used to evaluate the antioxidant

capacity in cell extracts and human plasma. Satisfactory
specificity and repeatability were achieved. Together with the
enhanced sensitivity under NIR excitation for real biological
sample assay, this UCNPs@dopamine−melanin hybrid system
represents a practical platform for screening and quantitative
evaluation of the antioxidants in biological samples and a
promising tool for investigation of the relationship of free
oxygen radicals and the endogenous antioxidative defense
system.

■ EXPERIMENTAL SECTION
Materials. Lanthanide chlorides (YCl3·6H2O, YbCl3·6H2O, ErCl3·

6H2O, 99.99%), sodium trifluoroacetate (98%), 1-octadecene (ODE,
90%), oleic acid (OA, 90%), and dopamine hydrochloride (98%) were
purchased from J&K Chemical Co., Ltd. (Beijing, China). Reduced
glutathione (GSH), cysteine (Cys), homocysteine (Hcy), L-gluta-
thione oxidized (GSSG), L-ascorbic acid (AA or Vc), Trolox, glucose,
and all of the other 19 amino acids were purchased from Aladdin
Reagent Co., Ltd. (Shanghai, China). α-Lipoic acid (LPA), buthionine
sulfoximine (BSO), and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT) were purchased from Sigma-Aldrich Co.,
Ltd. (Shanghai, China). Tris(hydroxymethyl)aminomethane (Tris),
hydrochloric acid (HCl, 38%), dimethyl sulfoxide (DMSO),
diethylene glycol (DEG), trisodium citrate, ethanol, and chloroform
were purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). Double-distilled deionized water was used
throughout the experiments. All of the chemicals employed were
used without further purification.

Synthesis of NaYF4:Yb,Er UCNPs. NaYF4:Yb,Er UCNPs were
synthesized by a solvothermal procedure. In brief, 0.8 mmol of YCl3·
6H2O, 0.18 mmol of YbCl3·6H2O, and 0.02 mmol of ErCl3·6H2O
were initially dissolved completely in 6 mL of OA and 15 mL of ODE
at 160 °C under vacuum for 1 h. Then the solution was cooled to
room temperature naturally, followed by the addition of 2.5 mmol of
sodium trifluoroacetate. The temperature of the solution was increased
to 320 °C and maintained for 1 h under a nitrogen flow. After cooling
to room temperature naturally, precipitates were obtained via
centrifugation and were washed with ethanol/water/cyclohexane
(1:1:2) three times. The product was dried under vacuum at 80 °C
for 24 h before use.

Surface Hydrophilic Modification of NaYF4:Yb,Er UCNPs.
Trisodium citrate was used as the surface ligand to get hydrophilic
UCNPs: 100 mg of UCNPs was dispersed in 60 mL of DEG, and 200
mg of trisodium citrate was added to the solution. The mixed solution
was sealed and heated to 200 °C with gentle agitation. After the
reaction finished and cooled to room temperature, 20 mL of 0.1 M
diluted HCl was added to wash the product. Hydrophilic UCNPs were
collected by centrifugation, the washing/centrifugation procedure was
repeated three times, and the final product was dried by freeze-drying.

Fluorescence Quenching and Antiquenching Investigation.
To investigate the fluorescence quenching effect of the spontaneous
oxidation of dopamine to UCNPs, dopamine hydrochloride with
different final concentrations (0, 0.25, 5, 10, and 20 mM) was added to
3 mL of a UCNPs (0.2 mg/mL) and Tris-HCl buffer (10 mM, pH
8.5) solution. The mixture was incubated at room temperate under
gentle vortex mixing. With a 10 min time interval, the sample solution
was taken to characterize by UV−vis absorption spectroscopy, 980 nm
NIR-excited upconversion fluorescence spectroscopy, and TEM. In the
antiquenching experiments, GSH (0, 20, and 40 μM) was added to the
solution before the addition of dopamine hydrochloride. Then, the
sample solution was characterized at a series of time points by UV−vis
absorption and upconversion fluorescence spectroscopy.

Antioxidant Capacity Assay in Aqueous Solution. In a typical
GSH detection procedure using the UCNPs@dopamine−melanin
hybrid system, 500 μL of a GSH aqueous solution with an increasing
final concentration (0−30 μM) was incubated with a fixed amount of
UCNPs (0.2 mg/mL) in a set of tubes, adjusting the total volume to 3
mL with a Tris-HCl (10 mM, pH 8.5) buffer. Then, a fixed amount of
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dopamine hydrochloride (5 mM) was added to the mixture and
further incubated at room temperate under gentle vortex mixing. After
30 min of reaction, 10 μL of a HCl solution (120 mM) was added to
the solution to block the reaction before fluorescence measurement.
The fluorescence emission spectra and intensity at 540 nm were
measured at an excitation wavelength of 980 nm. Analysis of other
antioxidants, such as Cys, Vc, Trolox, Hcy, etc., followed the same
process, except replacing the GSH with 500 μL of other antioxidant
aqueous solutions. To examine the specificity of the UCNPs@
dopamine−melanin hybrid system toward antioxidants, 100-fold
excess of glucose, GSSG, and other amino acids were added into the
control samples in place of GSH, following an identical procedure. To
test the response performance of this sensing platform toward a
multicomponent environment, 76% Cys + 20% Vc + 4% GSH was
diluted into a MEM cell culture medium, and the sample (with a final
concentration of 25 μM) was taken to conduct the specificity test
following the same protocol.
Cell Culture and Cytotoxicity of UCNPs and the UCNPs@

Dopamine−Melanin System. Hela cells were maintained at 37 °C
in 5% CO2 in the DMEM media supplemented with 10% fetal calf
serum, 100 U/mL penicillin, and 100 mg/mL streptomycin. In vitro
cytotoxicity to Hela cells was determined by MTT assay. Briefly, Hela
cells were seeded in a 96-well plate at 1 × 104/well and incubated for
12 h. Then UCNPs and UCNPs@dopamine−melanin colloid
solutions at different concentrations (0, 10, 20, 40, 80, 160, 320,
and 640 μg/mL, diluted in DMEM) were added into the 96-well plate.
Subsequently, the 96-well plate was cultured for 24 h prior to MTT
assay. Upon incubation with a MTT solution (1 mg/mL) for 4 h, 100
μL of DMSO was added to each well to extract formazon for 30 min.
The absorbance of the resulting solutions was measured at 570 nm
using a microplate reader (BioRad 680, Hercules, CA). The cell
viability was presented as the percentage of control samples. Three
independent experiments in duplicate were performed.
Antioxidant Capacity Assay of Cell Extracts. The Hela cells

were plated at around 50−60% confluency 36 h before antioxidant
assay experiments in 35 mm culture dishes. Prior to antioxidant assay
experiments, the Hela cells were treated with LPA (a GSH synthesis
enhancer, 500 μM) for 24 h and BSO (a glutathione synthesis
inhibitor, 100 μM) for 4 h. These two groups were set as control
groups. All three groups of cells were collected and washed three times
with a PBS buffer and then suspended in a PBS buffer. The cell
number for each group was adjusted to the same value (1 × 107/mL)
by cell counting. The cells were further lysed with sonication to release
antioxidants from the cells. After that, twice the volume of absolute
methanol was added to the lysed cells with shaking, the proteins and
fragments were precipitated and removed by centrifugation, the
supernatant was collected and diluted with PBS to proper
concentration, and 500 μL of each diluted cell extract was then
analyzed using the procedure described above. (The final concen-
tration of the cells was equivalent to 1 × 105 cells/mL.) For the
antioxidant recovery assay in cell extracts, the assay solution was spiked
with a known concentration of Cys, and the total quantities of Cys
recovery, the recovery rates, and the standard deviation values were
obtained (Table 1).
Antioxidant Capacity Assay in Human Plasma. The human

whole blood samples stored in vacuum blood collection tubes were
obtained from the Department of Blood Transfusion, Xiamen
Maternity & Child Health Care Hospital (Xiamen, China), and
assayed as soon as possible after collection. For each test, 3 mL of the
blood sample was transferred into Eppendorf tubes and centrifuged at
4000 rpm for 5 min at room temperature to remove cells and platelets,
and then 1 mL of supernatant plasma was taken out and diluted to a 4
mL solution with PBS for further use. Afterward, 6 mL of absolute
methanol was added to the diluted plasma with shaking for 3 min, and
plasma proteins were precipitated and removed by centrifugation. The
supernatant was collected to get 10% deproteinized human plasma,
and 500 μL of each 10% diluted plasma sample was then taken for
analysis using the same procedure as that described above. For the
antioxidant recovery assay in human plasma, the assay solution was
spiked with a known concentration of Cys, and the total quantities of

Cys recovery, the recovery rates, and the standard deviation values
were obtained (Table 1).

Instruments and Characterization. An XRD system (X’pert Pro,
PANalytical Co., Almelo, The Netherlands) with Cu Kα radiation (λ =
1.5406 Å) was used for characterization of the phase purity and
crystallinity of the samples. The size and morphology of the samples
were obtained by a transmission electron microscope (JEM-2100,
JEOL, Tokyo, Japan) operated at an accelerating voltage of 200 kV.
Samples were prepared by dripping a drop of the nanocrystal
dispersion in cyclohexane or in deionized water onto the surface of
holey copper grids and allowing it to dry in air at room temperature.
The FT-IR spectra were obtained on a Magan-IR spectrometer 500
(Nicolet, Madison, WI) with the KBr pellet technique. The surface ζ
potential of the trisodium citrate modified UCNPs was measured by a
Zetasizer Nano ZS (Malvern Instruments Ltd., Malvern, U.K.). UV−
vis absorption spectra were acquired with a DU 800 UV−vis
spectrophotometer (Beckman Coulter, Fullerton, CA). The upcon-
version emission spectra were obtained by using a Fluoromax-4
spectrofluorometer (Horiba Jobin Yvon, Longjumeau, France), with
an external 980 nm laser diode (1.3 W, Beijing Hi-Tech
Optoelectronic Co., Beijing, China) as the excitation source instead
of the internally equipped lamp. Digital photographs were taken with a
Sony NEX-5R camera.
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