
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
M

ay
 2

02
1.

 D
ow

nl
oa

de
d 

on
 3

/1
/2

02
6 

5:
26

:4
3 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Inner filter effect
aState Key Laboratory of Crystal Materials, S

China. E-mail: gjzhou@sdu.edu.cn
bSchool of Mechanical, Electrical & Inform

Weihai, 264209, P.R. China
cSchool of Materials Science and Engineering

Academy of Sciences), Jinan, 250353, P. R. C

† Electronic supplementary informa
10.1039/d1ra01925b

Cite this: RSC Adv., 2021, 11, 17212

Received 11th March 2021
Accepted 26th April 2021

DOI: 10.1039/d1ra01925b

rsc.li/rsc-advances

17212 | RSC Adv., 2021, 11, 17212–1722
between upconversion
nanoparticles and Fe(II)–1,10-phenanthroline
complex for the detection of Sn(II) and ascorbic acid
(AA)†

Haining Song,a Yifei Zhou,b Zexin Li,a Haifeng Zhou,*c Fenglei Sun,a Zhenlei Yuan,a

Peng Guo,a Guangjun Zhou, *a Xiaoqiang Yu a and Jifan Hua

Dual-function and multi-function sensors can use the same material or detection system to achieve the

purpose of detection of two or more substances. Due to their high sensitivity and specificity, dual-

function and multi-function sensors have potential applications in many fields. In this article, we

designed a dual-function sensor to detect Sn(II) and ascorbic acid (AA) based on the inner filter effect

(IFE) between NaYF4:Yb,Er@NaYF4@PAA (UCNPs@PAA) and Fe(II)–1,10-phenanthroline complex. Fe(II)–

1,10-phenanthroline complex has strong absorption in most of the ultraviolet-visible light range (350

nm–600 nm), and this absorption band overlaps with the green emission peak of UCNPs@PAA at

540 nm; Fe(II)–1,10-phenanthroline complex can significantly quench the green light emission of

UCNPs@PAA. When Sn(II) or AA is added to the UCNPs@PAA/Fe(III)/1,10-phenanthroline, they can reduce

Fe(III) to Fe(II). Fe(II) can react with 1,10-phenanthroline to form an orange complex, thereby quenching

the green light emission of UCNPs@PAA. And the quenching efficiency is related to the concentration of

Sn(II) and AA; there is a linear relationship between quenching efficiency and the concentration of Sn(II)

and AA, within a certain concentration range the detection limits of this dual-function sensor for Sn(II)

and AA are 1.08 mM and 0.97 mM, respectively. In addition, the dual-function sensor can also detect Sn(II)

and AA in tap and spring water.
Introduction

In recent years, the development and construction of dual-
function or even multi-function detection platforms has
attracted extensive attention of researchers. They can use the
same material or detection system to achieve the purpose of
detection of two or more substances.1–3 Compared with the
traditional single-function detection platforms, they have
higher cost performance ratio and a wider range of potential
applications.4,5 Great progress has been made in this respect.
Sun et al. developed a bifunctional platform based on the
uorescence resonance energy transfer (FRET) between up-
converted nanoparticles (UCNPs) and gold nanoparticles (Au
NPs) for rapid, sensitive and specic recognition of Cd2+ and
GSH.6 Han et al. constructed a multifunctional uorescent
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1

probe capable of detecting H2O2 and cholesterol by simulta-
neously monitoring two different detection channels.7 We
found that both Sn(II) and AA can reduce Fe(III) to Fe(II) without
further reducing Fe(II) to Fe, so the platform designed by us can
be used to detect Sn(II) and AA.

Tin is a natural element in the earth's crust, the valence of
the tin is 2+, 4+,8 the Sn(II) is mainly in the form of SnCl2 salt.9 In
industry, SnCl2 is used as an analytical reagent to reduce the
salts of metals such as gold, silver and other metals10 as well as
a catalyst used in the esterication reaction.11 The use of both
industry and daily life for Sn(II) can cause release of Sn. Due to
the non-biodegradable of Sn(II)/Sn(IV), Sn(II)/Sn(IV) can cause
serious pollution to the natural environment. These ions will
enter human body through various channels. Excessive
amounts of Sn can cause adverse effects on the human body's
digestion, breathing and nervous system.12–14 Therefore, it is
particularly important to explore an accurate, simple and
effective method to detect Sn(II)/Sn(IV). Conventional analysis
methods for detecting Sn(II) is atomic absorption spectrom-
etry,13,14 spectral method,15 voltammetry,16,17 and potential
method,18,19 etc. These methods cannot differentiate between
samples of Sn(II) and Sn(IV). Compared with the conventional
© 2021 The Author(s). Published by the Royal Society of Chemistry
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detection methods, uorescent sensors20–22 have high sensi-
tivity, strong specicity and transient response.

Fluorescent sensors can be used not only for the detection of
Sn(II), but also for the detection of Ascorbic acid, which is
a water-soluble vitamin and an essential trace element23 for
keeping human healthy.24 But excessive intake of AA can cause
allergic rash, diarrhea and kidney stones.25,26 Therefore, the
quantitative detection of AA content is particularly critical. Up
to now, researchers have established a variety of methods for
the detection of AA content in food or tap water, such as: liquid
chromatography, enzyme-based colorimetry, electrochemical
method, nuclear magnetic resonance and spectrophotom-
etry,27–30 etc. However, due to the limitations of the above
detection methods, these methods are not attractive. In order to
overcome the limitations of the above methods. Fluorescent
sensors31–33 has entered our sight for its high sensitivity, speci-
city and low cost.

According to the above-mentioned researches for detecting
Sn(II) and AA, uorescence method has the potential to be
applied to the detection of two substances. The mechanism of
uorescence method for detecting substances is commonly
used uorescence resonance energy transfer (FRET).6 The
distance between the uorescent probe and the uorescent
absorber is strict and the experimental operation is compli-
cated. The inner lter effect (IFE)32,34 does not require strict
conditions, also can achieve the same effect, so IFE is simpler
and more practical. The key to designing IFE-based uorescent
sensors is the choice of uorescent probes and uorescent
absorbers.6 Lanthanide-doped UCNPs have excellent optical
properties such as strong light stability, deep penetration of
excitation light, and negligible uorescence background,35

which can well replace traditional uorescent probes (quantum
dots and organic dyes, etc.). The choice of uorescent absorber
should meet the requirements for detecting two substances.

Therefore, we designed a dual-function nanosensor based on
IFE using NaYF4:Yb,Er@NaYF4 UCNPs and Fe(III)/1,10-
phenanthroline. UCNPs can emit strong green light under the
excitation of 980 nm laser, and their main emission peaks are
located at 522, 540 and 655 nm. Because the absorption spectra
of Fe(III) and 1,10-phenanthroline do not overlap with green
emission of UCNPs. The addition of Fe(III) and 1,10-phenan-
throline will not affect the uorescence of UCNPs. Aer adding
Sn(II) or AA, Sn(II) can react with Fe(III) as follows

Sn2+ + 2Fe3+ ¼ Sn4+ + 2Fe2+

Sn(II) can reduce Fe(III) to Fe(II), and will not continue to react
with Fe(II) to produce iron element.

AA can react with Fe(III) as follows

C6H8O6 + 2Fe3+ ¼ C6H6O6 + 2Fe2+ + 2H+

AA reacts with Fe(III) and becomes dehydroascorbic acid
while Fe(III) is converted to Fe(II). At the same time, AA does not
continue to react with Fe(II).33 Both Sn(II) and AA can react with
© 2021 The Author(s). Published by the Royal Society of Chemistry
Fe(III), the Fe(II) produced can react with 1,10-phenanthroline to
form an orange complex, this complex has strong absorption
band in the range of 350 nm to 600 nm, the absorption band
overlaps the green emission peak of UCNPs at 540 nm. Based on
the IFE, Fe(II)–1,10-phenanthroline as uorescent absorber. The
green emission of UCNPs can be weakened, and the quenching
efficiency is related to the concentration of Sn(II) or AA (Scheme
1). The nanosensor demonstrates high sensitivity and speci-
city, moreover, the reaction process of the bifunctional nano-
sensor is very fast. The NaYF4:Yb,Er@NaYF4 UCNPS/Fe(III)/1,10-
phenanthroline nanosensor provide a rapid, effective, sensitive
and specic detection platform for the detection of Sn(II) or AA
content in tap water or spring water.
Materials and methods
Materials

Rare earth acetates Y(CH3CO2)3$4H2O, Yb(CH3CO2)3$4H2O,
Er(CH3CO2)3$4H2O were purchased from Tianyi New Material
Co., Ltd (Jining, China). 1-Octadecene (ODE 90%), poly (acrylic
acid) (PAA), potassium chloride (KCl), L-ascorbic acid (AA), L-
proline (Pro), L-phenylalanine (Phe), L-methionine (Met), L-
alanine (Ala), L-lysine (Lys), L-arginine (Arg), glycine (Gly), L-
glutamic (Glu), L-cystine (Cys), glucose, L-histidine (His), L-
tryptophan (Trp), L-leucine (Leu), L-serine (Ser), L-threonine
(Thr), L-valine (Val) were obtained from the Aladdin Reagent
Company (Shanghai, China). Sodium hydroxide (NaOH), oleic
acid (OA), ammonium uoride (NH4F), cyclohexane, hexadecyl
trimethyl ammonium bromide (CTAB), sodium dihydrogen
phosphate (NaH2PO4), disodium hydrogen phosphate
(Na2HPO4), hydrochloric acid (HCl), sodium chloride (NaCl),
sodium carbonate anhydrous (Na2CO3), potassium bromide
(KBr), potassium iodide (KI), 1,10-phenanthroline were
purchased from Sinopharm Chemical Reagent Company. The
above reagents are not directly used aer treatment. Water was
treated in Milli-Q purication system.
Characterization

The transmission electron microscope image was collected
using JEM-1400 transmission electron microscope, which
characterizes the particle size and morphology of UCNPs. UV-
Vis absorption spectrum was tested with UV-2600 spectropho-
tometer (Shimadzu). Fourier transform infrared (FT-IR) spec-
troscopy spectra was measured with Bruker ALPHA-T FT-IR
spectrometer. The Germany Bruker Axs D8-Focus powder
diffractometer with Cu Ka radiation (l ¼ 1.5418�A) was used to
record the X-ray diffraction (XRD) patterns of UCNPs. The
uorescence spectra were characterized on an Edinburgh FLS
980 equipped with external 980 nm diode laser. Cyclic voltam-
mograms were obtained using a three-electrode conguration,
connected to electrochemical work station equipped with an
electrochemical analyser (CH 660). The auxiliary electrode and
working electrode were platinum sheet. In addition, Ag/AgCl
was the reference electrode in supporting electrolyte.
RSC Adv., 2021, 11, 17212–17221 | 17213
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Scheme 1 Schematic of the principle of detecting Sn(II) and ascorbic acid (AA) with UCNPs/1,10-phenanthroline/Fe(III) system.

Fig. 1 (a) TEM images of NaYF4:Yb/Er (20/2 mol%) core nanoparticles
dissolved in cyclohexane, (b) TEM images of NaYF4:Yb/Er@NaYF4
core–shell nanoparticles dissolved in cyclohexane, (c) TEM images of
PAA-coated UCNPs dissolved in water. (d) XRD of OA-coated
NaYF4:Yb/Er core nanoparticles, NaYF4:Yb/Er@NaYF4 core–shell
nanoparticles, PAA-coated UCNPs.
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Synthesis of NaYF4:Yb/Er@NaYF4 core–shell nanoparticles

UCNPs are synthesized by solvothermal method.32 The rare
earth acetate was added to a four-necked ask at the ratio of Y/
Yb/Er¼ 78 : 20 : 2, and then 10 mL of oleic acid (OA) and 15 mL
of 1-octadecene (ODE) were injected into the ask. The solution
was heated to 150 degrees Celsius and held for 30 minutes. This
process completely dissolved the rare earth acetates. The solu-
tion was naturally cooled to room temperature. A methanol
solution containing 2.5 mmol of sodium hydroxide (NaOH) and
4 mmol of ammonium uoride (NH4F) was added to the four-
necked ask. The solution was heat to 50 degrees Celsius and
17214 | RSC Adv., 2021, 11, 17212–17221
held for 30 minutes. And then temperature was raised to 100
degrees Celsius and keep for 10 minutes to remove methanol.
The temperature of the solution continued to rise to 290 degrees
Celsius and solution was kept for 60 minutes. Turn off the heat
and cool the solution to room temperature. The whole process
is carried out under stirring. The solution was poured into
a centrifuged with ethanol, and then the nanoparticles were
washed three or four times with cyclohexane/ethanol (1 : 1 v : v).
Finally, NaYF4:Yb/Er UCNPs were dispersed in cyclohexane. The
synthesis process of NaYF4:Yb/Er@NaYF4 core–shell UCNPs is
similar to that of core UCNPs. Finally, NaYF4:Yb/Er@NaYF4
core–shell UCNPs were dispersed in cyclohexane for use.
Synthesis of functionalized upconversion nanoparticles

The preparation process of water-soluble PAA-coated UCNPs is
as follows: add CTAB to ultrapure water, sonicate for 30
minutes, adding core–shell UCNPs to the solution under stir-
ring conditions. This process transfers UCNPs from cyclo-
hexane to ultrapure water. The solution was injected 45
microliters of ammonia and 30 microliters of PAA, and then the
solution was ultrasonically dispersed for 30 minutes. Finally,
40 mL of isopropanol was added into the mixture, and the
mixture was centrifuged and freeze-dried. Thus, water-soluble
NaYF4:Yb/Er@NaYF4@PAA were prepared.
Experimental process for detecting Sn(II) and AA

The process of using this dual-function detection platform to
detect Sn(II) or AA content. Adding a xed concentration of Fe(III)
aqueous solution into a group of test tubes respectively, and
then a set of different concentrations of Sn(II) aqueous solution
were injected into the test tubes. Shake to mix the solution
uniformly. UCNPs@PAA (0.8 mg mL�1, 0.5 mL) was added to
each test tube, and then add 1,10-phenanthroline aqueous
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) The upconversion emission spectrum of OA-coated core UCNPs (black line), OA-coated core–shell UCNPs (red line) and PAA-coated
UCNPs (blue line). (b) Absorption spectrum of 1,10-phenanthroline (2.0 mmol L�1) (black line),1,10-phenanthroline (2.0 mmol L�1)/Fe(II)
(0.4 mmol L�1) (red line) and 1,10-phenanthroline (2.0 mmol L�1)/Fe(III) (0.4 mmol L�1) (blue line). The upconversion emission spectrum of PAA-
coated UCNPs (green line). (c) Proposed excitation and IFE mechanism in UCNPs/Fe(II)–1,10-phenanthroline system. [1,10-phenanthroline] ¼
2.0 mmol L�1, [Fe(II)] ¼ 0.4 mmol L�1, [Fe(III)] ¼ 0.4 mmol L�1.
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solution (8 mmol L�1, 0.5 mL) to each test tube. Finally, ultra-
pure water was added to each test tube to adjust the volume of
the solution to 2 mL, shake to mix the solution uniformly.
Fluorescence spectra and color change of the solution were
collected. The detection process of AA is the same as Sn(II).
Results and discussion
Characterization of UCNPs

The UCNPs synthesized can convert near-infrared light into
visible light. As Fig. 1a shown, it can be seen that the NaYF4:Yb/
Er UCNPs synthesized by the solvent method are uniform in size
and morphology, and their average grain diameter is �30 nm.
The later prepared NaYF4:Yb/Er@NaYF4 UCNPs are uniform
hexagonal phase with uniform size and an average particle size
of �40 nm (Fig. 1b). Aer modication of the surface of UCNPs,
it was converted into water-soluble UCNPs@PAA. As shown in
Fig. 1c, compared with NaYF4:Yb/Er@NaYF4 UCNPs, the
average grain diameter of UCNPs@PAA is larger. Water-soluble
UCNPs@PAA was the same hexagonal phase. At the same time,
it can be observed that the surface of UCNPs@PAA is wrapped
with a uniform PAA layer. The diffraction peaks of NaYF4:Yb/Er
UCNPs, NaYF4:Yb/Er@NaYF4 UCNPs and UCNPs@PAA
mentioned above all correspond to the hexagonal phase NaYF4
nanocrystals (JCPDS no. 28-1192). The analysis results show
that the above UCNPs have high crystallinity32 (Fig. 1d).
© 2021 The Author(s). Published by the Royal Society of Chemistry
According to the TEM image, we can preliminarily conrm
that PAA is coated on the surface of UCNPs. To further verify
this fact, we collected the FT-IR spectra of UCNPs before and
aer PAA coating (Fig. S1†).
The mechanism for Sn(II) and AA detection

As shown in Fig. 2a, the emission peaks of NaYF4:Yb/Er UCNPs
are located at 522, 540 and 655 nm, which correspond to the
energy level transitions of 2H11/2/

4I15/2,
4S3/2/

4I15/2 and
4F9/2

/ 4I15/2, respectively. Aer the introduction of NaYF4 shell, the
emission peak of UCNPs remains unchanged, but the uores-
cence intensity is signicantly enhanced. Aer surface func-
tionalization of UCNPs, it was converted into water-soluble
UCNPs@PAA. Due to the change of ligands on the surface and
solvents of nanoparticles, the uorescence intensity of UCNP-
s@PAA was obviously weakened and UCNPs@PAA has larger
red–green emission ratio. The absorption spectra and emission
spectra of the UCNPs/1,10-phenanthline/Fe(III) detection system
designed by us were tested as shown in Fig. 2b. 1,10-Phe-
nanthline/Fe(III) and pure 1,10-phenanthline have strong
absorption band at 300 nm–350 nm, which do not overlap with
the emission peaks of UCNPs, so the green-light emission of
UCNPs is not affected. However, when Fe(II) is added to the 1,10-
phenanthroline aqueous solution, the reaction generated
orange complex (Fig. S2 and S3†), this complex has strong
absorption in the range of 350 nm to 600 nm. The absorption
RSC Adv., 2021, 11, 17212–17221 | 17215
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Fig. 3 (a) The upconversion emission spectrum of UCNPs/1,10-phenanthroline/Fe(III) (black line), UCNPs/1,10-phenanthroline/Fe(III)/Sn(II) (600
mmol L�1) (red line). (b) Time-dependent fluorescence intensity at 540 nm of UCNPs/1,10-phenanthroline/Fe(III) system with different
concentration of Sn(II). (c) Upconversion fluorescence intensity at 540 nmof UCNPs/1,10-phenanthroline/Fe(III) system in different concentration
of Sn(II) solution with different pH. [UCNPs] ¼ 0.2 mg mL�1, [1,10-phenanthroline] ¼ 2.0 mmol L�1, [Fe(III)] ¼ 0.4 mmol L�1.
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band can completely overlap with the green-light emission peak
of UCNPs at 540 nm, which can achieve IFE and weaken the
green-light emission of UCNPs. The mechanism is shown in
Fig. 2c. At the same time, we also tested the uorescent lifetime
of UCNPs/1,10-phenanthroline/Fe(III) before and aer the
addition of Sn(II) and AA. The uorescent lifetime at 540 nmwas
almost the same before and aer the addition of Sn(II) and AA
(Fig. S4†), which further proved that the decrease of the uo-
rescence intensity of UCNPs was caused by the IFE between
UCNPs and Fe(II)–1,10-phenanthroline complex.

In UCNPs/1,10-phenanthroline/Fe(III) bifunctional nano-
meter detection platform, the uorescence intensity of UCNPs
is related to the content of Sn(II) (Fig. 3a). At the same time, aer
adding different concentrations of Sn(II) (from 0mM to 0.6 mM)
to the detection platform, we tested the time-dependent of the
uorescence intensity at 540 nm of the detection platform. It
can be seen from Fig. S5† that the emission spectrum tested
immediately aer adding Sn(II) and tested aer 30 minutes of
reaction completely overlap. Thus, the reaction time between
Sn(II) and Fe(III) is extremely short. The detection platform has
good long and short-term stability (Fig. 3b and S6a†). As shown
in Fig. S7a and b,† the redox potential of Fe(III) is �0.045 V. The
redox potential of Sn(II) is 0.610 V. The redox potential of Sn(II) is
higher than the redox potential of Fe(III). So Fe(III) and Sn(II) can
17216 | RSC Adv., 2021, 11, 17212–17221
undergo oxidation–reduction reactions. The reaction is as
follows

Sn2+ + 2Fe3+ ¼ Sn4+ + 2Fe2+

Sn(II) converts Fe(III) to Fe(II), and then Fe(II) reacts with 1,10-
phenanthroline to form Fe(II)–1,10-phenanthroline complex,
which makes the uorescence intensity of UCNPs decrease
through IFE. The uorescence intensity of the detection plat-
form at 540 nm uctuates little with the extension of time, and
can remain stable for a long time (Fig. 3b). We also tested the
relationship between the uorescence intensity at 540 nm of the
detection system and pH aer adding different concentrations
of Sn(II) (from 0 mM to 0.6 mM). We used hydrochloric acid
(HCl) to adjust the pH of the detection platform to acidity, and
ammonia water (NH4OH) to adjust the pH to alkaline. And then
pH meter (PHS-3C) tests the pH of the detection platform. As
shown in Fig. 3c, when the pH of the system >7.0, Sn(II) gener-
ates Sn(OH)2 under alkaline conditions, so that the reaction
between Sn(II) and Fe(III) cannot occur. Fe(II)–1,10-phenanthro-
line complex will not be generated in the system, and IFE will
not occur. Therefore, the uorescence intensity of UCNPs will
not be weakened, and the goal of detecting the concentration of
Sn(II) cannot be achieved. In order to ensure the smooth prog-
ress of the experiment, we adjusted the pH of the system to
weakly acidic (pH ¼ 6.5) for subsequent experiments.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) The upconversion emission spectrum of UCNPs/1,10-phenanthroline/Fe(III) (black line), UCNPs/1,10-phenanthroline/Fe(III)/AA (800
mmol L�1) (red line). (b) Time-dependent fluorescence intensity at 540 nm of UCNPs/1,10-phenanthroline/Fe(III) system with different
concentration of AA. (c) Upconversion fluorescence intensity at 540 nm of UCNPs/1,10-phenanthroline/Fe(III) system in different concentration
of AA solution with different pH. [UCNPs] ¼ 0.2 mg mL�1, [1,10-phenanthroline] ¼ 2.0 mmol L�1, [Fe(III)] ¼ 0.4 mmol L�1.
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As shown in Fig. 4a, aer adding AA to the UCNPs/1,10-
phenanthroline/Fe(III) detection system, the uorescence
intensity at 540 nm of the system changed signicantly, and the
quenching efficiency of uorescence intensity was related to the
concentration of AA. In order to evaluate the instantaneous
response and acid–base tolerance of the detection system, we
tested the time-dependent and pH-dependent emission spec-
trum aer adding different concentrations of AA (from 0 mM to
0.8 mM). As shown in Fig. 4b and S6b,† the uorescence
intensity at different concentrations of AA decreased slightly
with time, but the overall effect was small. Thus, the detection
platform has good long and short-term stability. It can be seen
from Fig. S8† that the emission spectrum tested immediately
aer adding AA and tested aer 30 minutes of reaction almost
completely overlap. Thus, the reaction time between AA and
Fe(III) is extremely short. We used hydrochloric acid (HCl) or
ammonia water (NH4OH) to adjust the pH. The pH value of the
detection platform is tested by pH meter (PHS-3C). At the same
time, the system has a high tolerance to pH, and the change of
pH has almost no effect on the uorescence intensity (Fig. 4c).
As shown in Fig. S7a and c,† the redox potential of Fe(III) is
�0.045 V. The redox potential of AA is 0.996 V. The redox
potential of AA is higher than the redox potential of Fe(III). So
Fe(III) and AA can undergo oxidation–reduction reactions. Aer
adding AA to the detection system, AA reacts with Fe(III) as
follows
© 2021 The Author(s). Published by the Royal Society of Chemistry
C6H8O6 + 2Fe3+ ¼ C6H6O6 + 2Fe2+ + 2H+

AA reduces Fe(III) to Fe(II), and then Fe(II) complexes with
1,10-phenanthroline to form an orange complex. The green-
light emission of the system weakens by IFE between UCNPs
and the complex.
Quantitative analysis of Sn(II) and AA

The dual-function detection platform designed can realize the
quantitative detection of Sn(II) and AA. Fig. 5a show the uo-
rescence spectrum obtained by adding Sn(II) with a certain
concentration gradient into the UCNPs (0.8 mg mL�1, 0.5 mL)/
1,10-phenanthroline (8.0 mmol L�1, 0.5 mL)/Fe(III) (4 mmol L�1,
0.2 mL) detection system. From the change of uorescence
intensity in the spectrum. We can observe that the uorescence
intensity of the detection system at 540 nm gradually weakened
with the increase of Sn(II) concentration. When Sn(II) reached
500 mm, the quenching efficiency reached 82% and then grad-
ually stabilized (Fig. 5b). When Sn(II) concentration is within 0–
140 mM, the quenching efficiency has a strict linear relationship
with the Sn(II) concentration, and the linear regression equation
is

(F � F0)/F0 ¼ 0.0036[Sn(II)] + 0.0564, (R2 ¼ 0.989)
RSC Adv., 2021, 11, 17212–17221 | 17217
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Fig. 5 (a) Fluorescence spectrum of UCNPs/1,10-phenanthroline/Fe(III) system with different concentrations of Sn(II). (b) The plot of the
quenching efficiency at 540 nm vs. concentrations of Sn(II). Inset: The linearity of the quenching efficiency at 540 nm towards concentrations of
Fe(II). (c) Fluorescence spectra of UCNPs/1,10-phenanthroline/Fe(III) system with different concentrations of AA. (d) The plot of the quenching
efficiency at 540 nm vs. concentrations of AA. Inset: The linearity of the quenching efficiency at 540 nm towards concentrations of AA. [UCNPs]¼
0.2 mg mL�1, [1,10-phenanthroline] ¼ 2.0 mmol L�1.
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F0 and F are the uorescence intensity at 540 nm before and
aer adding Sn(II) to the detection system. According to the 3s
rule, the detection limit of the detection platform for Sn(II) can
be calculated to be 1.08 mM.

In addition to the quantitative detection of Sn(II), this
detection platform can also be used for quantitative detection of
Table 1 Comparison of other methods for the detection of Sn(II) and AA

Substance Real sample Line

Sn(II) River water 0–3.
Tap water and river water 0.5–
Cancer cell 1–6
Live cell 0–62
Tap water 0–50
Tap water 34.4
Tap water and spring water 0–14

AA Water and juice 20–5
Human serum 10–5
Fruit juice 0–70
Beverage 1–80
Lake water 0.1–
Jujube fruits 5–35
Fruits 100–
Tap water and spring water 0–15

17218 | RSC Adv., 2021, 11, 17212–17221
AA. Fig. 5c shows the uorescence spectrum of UCNPs (0.8 mg
mL�1, 0.5 mL)/1,10-phenanthroline (8.0 mmol L�1, 0.5 mL)/
Fe(III) (4 mmol L�1, 0.2 mL) system with a concentration
gradient of AA. The concentration of AA ranged from 0 to 2000
mM. In the concentration range, with the increase of AA
concentration, the intensity of green-lighting emission peak at
ar range (mM)
Detection limit
(mM) Ref.

37 � 104 2.27 36
100 0.36 37

0.116 11
.5 0.115 38
0 4.8 39
–1500 14 40
0 1.08 This work
00 1.21 41
00 2.5 42

3.17 43
0.48 44

800 50 45
0 3.11 46
4000 80 47
0 0.97 This work

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Fluorescence spectra of UCNPs/1,10-phenanthroline/Fe(III) systemwith Sn(II), AA (200 mmol L�1) and 10-fold excess (2000 mmol L�1) of
metal chlorides, saccharides, and other amino acids. (b) Histogram showing the fluorescence response at 540 nm of UCNPs/1,10-phenan-
throline/Fe(III) system with Sn(II), AA (200 mmol L�1) and 10-fold excess (2000 mmol L�1) of metal chlorides, saccharides, and other amino acids.
[UCNPs] ¼ 0.2 mg mL�1, [1,10-phenanthroline] ¼ 2.0 mmol L�1, [Fe(III)] ¼ 0.4 mmol L�1.

Table 2 Analytical results of Sn(II) in practical samples [UCNPs] ¼
0.2 mg mL�1, [1,10-phenanthroline] ¼ 2.0 mmol L�1, [Fe(III)] ¼
0.4 mmol L�1 (n ¼ 3)

Sample
Spiked concentration
(mM) Found (mM)

Recovery
(%) RSD (%)

Tap water 0.0 0.0 — —
25.0 26.1 104.4 1.2
50.0 49.7 99.4 1.8
75.0 74.4 99.2 2.6

100.0 102.5 102.5 2.4
Spring water 0.0 0.0 — —

25.0 25.4 101.6 0.8
50.0 49.8 99.6 1.5
75.0 74.5 99.3 2.4

100.0 103.2 103.2 2.1

Table 3 Analytical results of AA in practical samples [UCNPs]¼ 0.2 mg
mL�1, [1,10-phenanthroline]¼ 2.0 mmol L�1, [Fe(III)] ¼ 0.4 mmol L�1 (n
¼ 3)

Sample
Spiked concentration
(mM) Found (mM)

Recovery
(%) RSD (%)

Tap water 0.0 0.0 — —
25.0 25.2 100.8 0.1
50.0 50.4 100.8 0.8
75.0 74.6 99.5 1.1

100.0 100.8 100.8 0.8
Spring water 0.0 0.0 — —

25.0 25.1 100.4 0.9
50.0 50.3 100.6 0.7
75.0 75.4 100.5 1.9

100.0 99.8 99.8 1.5
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540 nm of the detection system gradually weakened. When the
concentration of AA gradually increased to 500 mM, the
quenching efficiency of the system reached 83%. When the
concentration of AA is greater than 500 mM, the quenching
efficiency tended to be stable (Fig. 5d). When the concentration
© 2021 The Author(s). Published by the Royal Society of Chemistry
of AA is within 0–150 mM, the quenching efficiency of the system
has a linear relationship with the concentration of AA, and the
linear regression equation is

(F �F0)/F0 ¼ 0.00402[Sn(II)] � 0.012, (R2 ¼ 0.975)

F and F0 are the uorescence intensity at 540 nm with and
without AA in the detection system, respectively. According to
the 3s rule, the detection limit of the platform for AA can be
calculated to be 0.97 mM. Table 1 listed a comparison of this
work and the previous works for Sn(II) and AA sensing. In terms
of detection limit and linear range, although our method was
not the optimal in Table 1, it has the best overall performance.
Thus, this method was more applicable for daily assay of Sn(II)
and AA.
Selectivity for Sn(II) and AA detection

To evaluate the specicity of this bifunctional detection plat-
form for the detection of Sn(II) and AA, we studied the effects of
different metal ions, sugars and amino acids on the detection
results under the same experimental conditions. Fig. 6a show
the uorescence spectrum aer adding Sn(II), AA and a 10-fold
excess of different ions, sugars and amino acids to the detection
system. Fig. 6b shows the histogram of quenching efficiency
aer adding Sn(II), AA and a 10-fold excess of different ions,
sugars and amino acids to the detection system. Only when
Sn(II) and AA add, the uorescence intensity of the detection
system at 540 nm signicantly weakens, and its uorescence
quenching efficiency can reach 82%. At the same time, other
substances cannot achieve the same effect. Therefore, it can be
proved that the bifunctional detection platform designed by us
has ne specicity for detecting Sn(II) and AA.
Real samples detection

In the previous article, we discussed the sensitivity and speci-
city of the bifunctional detection platform for detecting Sn(II)
and AA. This detection platform has high sensitivity and
RSC Adv., 2021, 11, 17212–17221 | 17219
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specicity, so we consider applying it to detect Sn(II) and AA
content in actual samples. Before the experiment, we rst
centrifuged the tap water and spring water samples and ltered
the supernatant for use.

We treated drinking water and spring water as a reagent
solution. The experimental process are the same as those in the
detection section above. It can be seen from Table 2 that the
recovery rate of Sn(II) on this detection platform is between
99.2% and 104.4%, which proves that this detection platform
can overcome the inuence of complex detection environment
on the experimental results and can apply to the detection of
Sn(II) content in drinking water and spring water in daily life.

For the detection of AA content in the actual samples. The
treated tap water and spring water as the solvent. The following
experimental steps are the same as those in the detection
section above. It can be concluded from Table 3 that the
recovery rate of AA of this detection platform is within the range
of 99.5–100.8%, and its detection results are less affected by the
complex test environment. The results indicate that this
detection system has a certain feasibility for the detection of AA
in actual samples.

Conclusion

In this article, we established a bifunctional nanometer detec-
tion platform (UCNPs/1,10-phenanthroline/Fe(III)) for Sn(II) and
AA detection based on the IFE mechanism. The presence of
Fe(III) and 1,10-phenanthroline in the detection platform won't
affect emission of UCNPs. Sn(II) has certain reducibility and can
reduce Fe(III) to Fe(II). At the same time, AA has an antioxidant
effect. Both can convert Fe(III) to Fe(II). And Fe(II) is complexed
with 1,10-phenanthroline to form the complex. The absorption
band completely overlaps with green-light emission peak of
UCNPs. Green-light emission of UCNPs is quenched based on
the IFE mechanism. In this paper, a bifunctional detection
platform with a low detection limit and high specicity was
designed based on the characteristic that Sn(II) and AA can
convert Fe(III) to Fe(II). We tested the effect of the detection
platform in detecting Sn(II) or AA in tap water and spring water.
This dual-functional detection platform is expected to use in
water quality detection.
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