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Abstract
Butyrylcholinesterase (BChE) is an important indicator for clinical diagnosis of liver dysfunction, organophosphate toxicity, 
and poststroke dementia. Point-of-care testing (POCT) of BChE activity is still a challenge, which is a critical requirement 
for the modern clinical diagnose. A portable photothermal BChE assay is proposed through modulating the photothermal 
effects of  Cu2O nanoparticles. BChE can catalyze the decomposition of butyrylcholine, producing thiocholine, which further 
reduce and coordinate with CuO on surface of  Cu2O nanoparticle. This leads to higher efficiency of formation of  Cu9S8 
nanoparticles, through the reaction between  Cu2O nanoparticle and NaHS, together with the promotion of photothermal 
conversion efficiency from 3.1 to 59.0%, under the excitation of 1064 nm laser radiation. An excellent linear relationship 
between the temperature change and the logarithm of BChE concentration is obtained in the range 1.0 to 7.5 U/mL, with 
a limit of detection of 0.076 U/mL. In addition, the portable photothermal assay shows strong detection robustness, which 
endows the accurate detection of BChE in human serum, together with the screening and quantification of organophosphorus 
pesticides. Such a simple, sensitive, and robust assay shows great potential for the applications to clinical BChE detection 
and brings a new horizon for the development of temperature based POCT.

Keywords Butyrylcholinesterase · Point-of-care testing · Fluorescence detection  · Photothermal effect · Cuprous oxide ·  
CuO nanoparticles

Introduction

Butyrylcholinesterase (BChE) is a type of nonspecific cho-
linesterase enzyme that can hydrolyze choline-based esters, 
which is produced in the liver and then quickly released 
to the blood [1, 2]. The normal concentration of BChE in 
human serum is in the range from 6900 to 11,000 U/L, and 
its low expression level is related with many diseases, such 
as liver dysfunction, Alzheimer’s disease, organophosphate 
toxicity, and poststroke dementia [2, 3]. In addition, a low 

level of BChE would lead to the delayed metabolism of sev-
eral important clinical compounds, such as cocaine, pro-
caine, and succinylcholine [2]. Thus, the sensitive and fast 
detection of BChE activity is highly desired. To date, many 
strategies have been developed for the sensitive and selective 
detection of BChE activity, by using the facilities of absorb-
ance spectrometer [4], fluorescence spectrometer [5], Raman 
spectrometer [6], mass spectrometer [7], and electrochemical 
workstation [8]. However, it is still difficult to realize point-
of-care testing (POCT) of BChE activity, which is a critical 
requirement for the modern clinical diagnose.

Thermometer is one of the most frequently used devices 
in daily life, which is portable, easy to operate, and low 
cost. Photothermal effect is a common phenomenon that the 
photoexcitation of materials leads to the increase of thermal 
energy and temperature [9–11]. Photothermal effect shows 
great advantages for developing POCT assays, due to its fea-
tures of miniaturization, nondestructive testing, and ease of 
operation. The challenge in developing photothermal assay 
is to link the process of target binding with a temperature 
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output [12, 13]. Fu et al. proposed the first photothermal 
assay for prostate-specific antigen, based on the classi-
cal enzyme-linked immunosorbent assay using iron oxide 
nanoparticles mediated Prussian blue (PB) as photothermal 
probes [14]. Several groups also engaged in developing 
photothermal assay for BChE. For example, Wang’s group 
reported a portable photothermal device for BChE detection, 
where BChE can trigger the photothermal signal by in situ 
producing PB through the reaction between MIL-53 (Fe) and 
the hydrolysis product of BChE and substrate [15]. We have 
also developed a photothermal assay for BChE activity by 
modulating the process of  MnO2 nanosheet-assisted dopa-
mine polymerization [16]. However, they are still suffering 
from the problems of relatively low photothermal conversion 
efficiency, complicacy in synthesis, and separation process. 
Therefore, developing innovative photothermal materials 
and straightforward photothermal sensing strategies for 
POCT of BChE activity is still highly desirable.

Cuprous oxide  (Cu2O) nanostructures show great poten-
tial for developing chemical assays, featuring low toxicity, 
narrow and tunable bandgap, and p-type characters [17, 18]. 
The morphology and size of  Cu2O can be well controlled 
through wet-chemical synthesis strategies [19]. They also 
show excellent coordination ability with various chemical 
groups, such as -COOH, -NH2, -SH [20, 21]. However, the 
applications of  Cu2O nanostructures as photothermal mate-
rials have been rarely reported, limited by their relatively 
low absorption ability in the NIR region. In this work, a 
photothermal assay for BChE activity is developed through 
modulating the photothermal effect of  Cu2O nanoparticles 
(Scheme 1). The surface of  Cu2O nanoparticles can be 
etched by thiocholine, decomposition product of butyryl-
choline under the catalyzing of BChE, which further pro-
duces  Cu9S8 nanoparticles through reaction with NaHS. The 
photothermal conversion efficiency is promoted from 3.1 to 
59.0%. Thus, the activity of BChE can be quantitatively con-
verted into the photothermal effect of system, and a linear 

relationship between the temperature change and the loga-
rithm of BChE concentration is obtained in the range from 
1.0 to 7.5 U/mL. The assay also shows excellent detection 
performances for BChE in human serum, and it is also used 
to screen and detect organophosphorus pesticides.

Experimental section

Materials

Copper acetate monohydrate, ethylene glycol, polyvinylpyr-
rolidone (PVP), and L-glutamine (Gln) were obtained from 
Aladdin. Sodium hydrosulfide (NaHS), glucose (Glu), zinc 
nitrate hexahydrate (Zn(NO3)2), L( +)-ascorbic acid (Vc), 
cysteamine (Cys), potassium chloride (KCl), sodium chlo-
ride (NaCl), calcium chloride dehydrate  (CaCl2•2H2O), 
L-histidine (His), L-alanine (Ala), and L( +)-glutamic acid 
(Gla) were obtained from Innochem. Butyrylcholinesterase 
(BChE, 14 units/mg protein, from Equine serum), acetylthio-
choline (ATCh) iodide (≥ 98%), acetylcholinesterase (AChE, 
200–1,000 units/mg protein, from electrophorus electricus), 
and butyrylcholine (BTCh) chloride (≥ 98%) were obtained 
from Sigma-Aldrich.

Instrumentation

The morphologies of the  Cu2O and  Cu9S8 nanoparticles 
were characterized by using a scanning electron micro-
scope (SEM; JSM-7500, Japan) and a transmission electron 
microscopy (TEM; FEI Tecnai G2 F20 S-TWIN, USA). A 
photoelectron spectrometer (XPS; ESCALAB-MK II 250, 
Thermo, USA) was used to record the XPS spectra of sam-
ples. Powder X-ray diffraction (XRD) patterns were recorded 
on an X-ray diffractometer (D8 ADVANCE, Bruker, USA). 
The Raman spectra were recorded on a high-resolution Hor-
iba Jobin–Yvon LabRAM-800 Raman spectrophotometer. 

Scheme 1  Schematic illustra-
tion for the photothermal detec-
tion of BChE through modulat-
ing the photothermal effects of 
 Cu2O nanoparticles
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The absorption spectra were recorded by using an absorption 
spectrophotometer (UV3600; Shimadzu, Japan).

Synthesis of the Cu2O Nanoparticles and their in situ 
sulfidation

Cu2O nanoparticles were synthesized according to the pre-
vious works [19]. For in situ sulfidation reaction, 10 μL of 
 Cu2O nanoparticles (2.2 mM) was mixed with 40 μL of 
NaHS solution (20 mM), which was allowed to react for 2 h 
under room temperature, until the color of mixture changed 
into dark green.

Detection of BChE activity

Different concentrations of BChE (10 μL) were mixed with 
6 mM BTCh (10 μL), which is allowed to react for 40 min. 
Then, 10 μL of  Cu2O nanoparticles (2.2 mM) and 40 μL 
of NaHS solution (20 mM) were injected into above mix-
ture and incubated for 1 h. The temperature of system was 
recoded an infrared thermal imager after irradiated by a 
1064 nm laser for 10 min.

To evaluate the selectivity of our assay for BChE detec-
tion, we challenged it to various interference species. BChE 
was replaced by different chemicals including  Na+,  K+, 
 Mg2+,  Ca2+,  Zn2+,  Fe3+, Glu, Ala, His, Gla, Gln, Vc, and 
Cys, and the sequent detection progresses were same with 
that of BChE detection. The selectivity of our assay to 
AChE was conducted by recording the temperature changes 
of different enzymes AChE and BChE (6 U/mL) and their 
combinations with different substrates ATCh and BTCh 
(6 mM) under the same process and conditions as that BChE 
detection.

Calculation of the photothermal conversion 
efficiency

The photothermal conversion efficiency (η) of  Cu2O,  Cu9S8, 
and  Cu9S8-BChE can be calculated according to Eq. 1:

where Tmax is the maximum of temperature under the 
irradiation of laser; m is the mass of the solution; C is equal 
to 4.2 J/g; and A is the absorbance of the solution of nano-
materials at 1064 nm. τs is a constant number for a given 
materials, and it is calculated according to Eq. 2:

where Tsurr is the temperature of environment and t is the 
time responding to the real-time temperature change. The 
τs for  Cu2O,  Cu9S8, and  Cu9S8-BChE can be calculated to 
be 251, 138, and 120 s, respectively. Thus, the η of  Cu2O, 
 Cu9S8, and  Cu9S8-BChE is calculated to be 3.1%, 35.8%, 
and 59.0%, respectively. The number of these characters is 
listed in the Table S1.

Results and discussion

Characterization of the Cu2O nanoparticles and their 
in situ sulfidation

Cu2O nanoparticles were selected as the photothermal mate-
rials, due to their features of low toxicity, narrow and tunable 
bandgap, and easy of coordination with thiols. In addition, 
 Cu2O nanoparticles can be conveniently converted to other 
forms, under external stimulations [19].  Cu2O nanoparti-
cles were synthesized through the reduction of  Cu2+ by AA 

(1)� =
mc(T

max
− T

max,H2O
)

I(1 − 10
−A)τs

(2)t = −τs ∙ ln

(

T − T
surr

T
max

− T
surr

)

= −τs ∙ ln(θ)

Fig. 1  Characterization of  Cu2O nanoparticles and their in situ sulfidation. XRD patterns (a), TEM images (b, c) of  Cu2O,  Cu9S8 nanoparticles
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under the stabilization of PVP, which were further allowed 
to in situ react with NaHS. The XRD patterns confirm the 
formation of  Cu2O nanoparticles (Fig. 1a). Obvious peaks 
located at 36.4, 42.4, 61.6, and 73.8 degree can be observed, 
corresponding to the (111), (200), (220), and (311) planes 
of  Cu2O, respectively [22]. After in situ sulfidation, the 
characterized peaks of  Cu2O disappear, and the strongest 
peak moves to 48.0 degree, with several satellite peaks at 
59.3, 52.8, 31.8, and 29.3 degree, which well matched with 
 Cu9S8 (Fig. 1a) [23]. The TEM images shows that the as-
prepared  Cu2O nanoparticles are quasi-spherical in shape 
with an average diameter of 35 nm, which transfers into 
hollow  Cu9S8 nanoparticles with a size of 27 nm (Fig. 1 b 
and c). SEM images suggest the well dispersion and uni-
form size distribution of both  Cu2O and  Cu9S8 nanoparticles 
(Figure S1). The full XPS scan spectra suggest the  Cu2O 
nanoparticles containing mainly C, O, and Cu. After in situ 
reaction with NaHS, obvious signal of S can be recognized 
(Figure S2). High-resolution XPS Cu spectrum of  Cu2O nan-
oparticles displays two obvious peaks at 951.9 and 932.1 eV, 
assigned to the Cu 2p1/2 and Cu 2p3/2 of  Cu+, respectively 
(Fig. 2a) [17]. Several satellite peaks are also recorded, 
including 962.5, 954.1, 944.0, and 942.1 eV, which is the 
typical features  Cu2+ of CuO [24]. These results suggest 
that partial of the  Cu2O nanoparticles were oxidized into 
CuO during the washing, drying, or storing processes. After 
reaction with NaHS, the satellite peaks corresponding to 
 Cu2+ of CuO disappear, and the peaks located at 951.9 and 
932.1 eV become the dominant signal. This suggests that 
CuO is etched during the formation of  Cu9S8 nanoparticles 
[24]. The FTIR spectra also suggest the obvious change on 
the structures after in situ sulfidation of  Cu2O nanoparticles, 
with multiple new peaks emerged in the range from 600 to 
1300  cm−1 (Fig. 2b).

Modulation on photothermal effect of Cu2O 
nanoparticles

A prerequisite for designing photothermal assay is the tar-
get response light absorption ability, especially in the near 
infrared (NIR) range [25].  Cu2O nanoparticle presents a 
rather weak and nearly negligible absorption in the wave-
length from 700 to 1200 nm. Interestingly, introducing of 
NaHS results in the obvious increase on the absorption, and 
a hook-like spectrum is recorded in the range from 700 to 
1200 nm. Unexpectedly, adding BChE and corresponding 
substrate (BTCh) into the mixture of  Cu2O nanoparticle and 
NaHS further promotes the absorption intensities (Fig. 2c), 
which is called  Cu9S8-BChE. Accompanied with the change 
of absorption intensities, their photothermal properties also 
show huge differences. To calculate the photothermal con-
version efficiency (η) of  Cu2O,  Cu9S8, and  Cu9S8-BChE, 
their temperature profiles are recorded by irradiating them 
with 1064 laser for 20 min, followed by turning off the laser 
and naturally cooling down (Fig. 3a) [26]. After transfer-
ring  Cu2O to  Cu9S8 and  Cu9S8-BChE, the η has been greatly 
promoted from 3.1 to 35.8%, and 59.0%, respectively. The 
details about calculations are presented in the “Experi-
mental section.” The efficiency is much higher than the 
cases of  MnO2 nanosheets [16],  Cu2−xSe nanocrystals, and 
 Cu3(PO4)2 nanosheets coated with polydopamine, which is 
even comparable with the gold nanoparticles [4]. The high 
photothermal efficiency can be attributed to the high absorp-
tion ability in the wavelength from 700 to 1200 nm and the 
reflex effect of the rough surface of  Cu9S8.

To study the mechanism of promotion on photothermal 
effect after introducing BChE and substrate, the UV–vis-
ible absorption spectra of the reaction system are collected. 
Intensive absorption bands located at 472, 381, and 295 nm 
can be observed on  Cu2O nanoparticles (Fig. 3b, Figure S3). 
The absorption bands located at 472 nm can be attributed to 

Fig. 2  a High-resolution XPS spectrum of Cu 2p electrons, b FTIR spectra of  Cu2O and  Cu9S8 nanoparticles; c UV–visible absorption spectra of 
 Cu2O,  Cu9S8 nanoparticles, and  Cu9S8 produced in the presence of BChE (6 U/mL)
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the optical bandgap of  Cu2O nanoparticles, consistent with 
previously reported experimentally and theoretical works 
[27], while the absorption at shorter wavelength can be 
attributed to the disorder-related sub-bandgap states, caused 
by the defects originated from the amorous regions or the 
CuO layers [17]. After mixing with BChE and substrate, 
above characterized peaks disappear, and two obvious peaks 
located at 302 and 346 nm become the dominant peaks, 
attributed to complex of  Cu+ with thiols (Fig. 3b) [28–30]. 
Thus, introducing of BChE results in the etching of CuO on 
surface of  Cu2O nanoparticles by forming Cu(I)-SR com-
plex. XPS results also suggest that introducing BChE elimi-
nates the satellite peaks of CuO, located at 962.5, 954.1, 
944.0, and 942.1 eV, on the surface of  Cu2O nanoparticles 
(Fig. 3c) [31]. Only the peaks located at 951.9 and 932.1 eV 
are reserved, corresponding to  Cu+, which confirms the etch-
ing of CuO. Based on above information, we proposed a 
surface-etched mechanism for explaining the promoted pho-
tothermal effect after introducing BChE. BChE can catalyze 
the decomposition of BTCh, producing thiocholine, which 
further reduce and coordinate with CuO. This etches the 
surface production layer of  Cu2O nanoparticle, leading to 
the higher efficiency on formation of  Cu9S8, together with 
promoted photothermal effect.

Detection of BChE activity

The η has an exponential relationship with the absorption 
properties of materials, which is related with their con-
centration. Thus, the heat released from the  Cu9S8-BChE 
under light irradiation should correlate with the concentra-
tion of BChE. We challenged our system with various con-
centration of BChE, and their temperature profiles were 
recorded. As expected, the value of temperature change 
(ΔT – ΔT0) increases with the increasing of BChE con-
centration, where ΔT and ΔT0 is defined as the value of 

temperature change in the absence and presence of BChE 
and the substrate, under the irradiation of 1064 nm laser 
(Fig. 4a). An excellent linear relationship between ΔT 
– ΔT0 and the logarithm of BChE concentration in the 
range from 1.0 to 7.5 U/mL can be observed, with a linear 
regression equation of ΔT – ΔT0 = 6.62 log [BChE] + 3.07, 
R2 = 0.991. A limit of detection (LOD) of 0.076 U/mL was 
calculated, based on the rules of 3 times signal-to-noise 
ratio. The LOD of our assay is better than the portable 
BChE assays, such as Ellman’s colorimetric assay and the 
commercial ELISA Kit for BChE [32]. In addition, the 
detection performances of our assay are equal to or better 
than the previous works that used expensive and compli-
cated instruments (Table S2).

Evaluation on the selectivity of the photothermal 
assay

To test the practical applications of our assay, the effects 
of various interfering species, such as metal ions, amino 
acids, and common small biomolecules, on the value of 
ΔT were studied. The concentration of above species is 
adjusted to their normal levels in human serum, as shown 
in Table S3. As shown in Fig. 4b, BChE can trigger an 
obvious increase on the temperature, compared with that 
of blank samples. The value of ΔT is almost same with that 
of blank samples, when adding  Zn2+,  Fe3+, Ala, His, and 
Cys into the system. A fluctuation of less than 20% with 
that of BChE is observed on the value of ΔT, in the cases 
of  Na+,  K+,  Fe3+,  Mg2+, Glu, Gla, and Vc, indicating the 
high detection robustness of our assay. The interferences 
of AChE were also assessed, by recording the value of ΔT 
after adding different combination of AChE, BChE, BTCh, 
and ATCh. Results in Fig. 4c show that the value of ΔT 
is almost identical to that of blank samples when AChE 

Fig. 3  Temperature profiles of pure water,  Cu2O,  Cu9S8 nanoparticles, and  Cu9S8 produced in the presence of BChE (a). UV–visible absorption 
spectra (b) and high-resolution XPS spectrum of Cu 2p electrons (c) of  Cu2O nanoparticles and after reaction with BChE
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is combined with BTCh. Remarkable increase on ΔT is 
observed after adding same amount of BChE. Both AChE 
and BChE can trigger the efficient temperature change, 
when ATCh is utilized as the substrate. These results sug-
gest that the photothermal assay has a good selectivity 
towards AChE, once BTCh is used as the substrate.

Quantitative detection of BChE in human serum

In view of the high detection performances of our photo-
thermal assay, it was further challenged to detect the BChE 
activity in human serum samples. The clinical serum sam-
ple of healthy people was directly added into the system, 
and the concentration of BChE is detected to be 10,034 
U/L, based on the calibration curve presented in Figure S4. 
This result falls into the normal range of healthy people 
(9010 ± 2041 U/L), which suggests the clinical applica-
tion potential of our assay. The detection accuracy of 
photothermal assay is further evaluated through standard 
addition experiments. Different concentrations (4, 6, and 
8 U/mL) of BChE are spilled into human serum sample, 
which was regarded as regular sample for sequent detec-
tion. The concentration of 4, 6, and 8 U/mL are selected 
for the spiking experiments. The concentration is located 
in the middle region of our linear range, which is suit-
able for quantitative study, and we intended to choose the 
three concentrations with minor difference to evaluate the 

accuracy of the assay. Obvious changes on the value of 
ΔT – ΔT0 can be observed even with a minor change on 
the concentration of BChE, and satisfactory recoveries can 
be obtained, in the range from 99.6 to 101.5%, which sug-
gests the reliability and accuracy of our assay (Table S4). 
However, the nature of easy of oxidation and reaction with 
acid of Cu-based nanomaterials should be addressed for 
applications in some hash environments, such as high con-
centration acid and oxidants.

BChE inhibition screening

The photothermal assay is further used to study the inhi-
bition of BChE activity of organophosphorus pesticides. 
Paraoxon, one of the most potent cholinesterase-inhibiting 
insecticides, is selected as an example. As shown in Fig. 3d, 
a decreased value of ΔT – ΔT0 can be observed with the 
increasing concentration of paraoxon, and a linear relation-
ship between the value and the concentration is achieved in 
the range from 0.05 to 10 ng/mL (Fig. 4d). A linear regres-
sion equation of ΔT =  − 0.35 [paraoxon] − 0.19, R2 = 0.992 
is obtained, and a LOD of 1.73*10−3 ng/mL is calculated, 
based on the rules of 3 times signal-to-noise ratio. The LOD 
of our portable photothermal assay is comparable or better 
than most of the reported works (Table S5).

Fig. 4  Relationship between 
the value of temperature change 
and the concentration of BChE 
(a). Selectivity evaluation 
of our assay towards various 
interfering specifics (b) and 
towards AChE and different 
combinations with substrates 
(c); blank stands for the tem-
perature change of the system 
without adding any chemicals 
excepting the buffer; linear 
relationship between the value 
of temperature change and the 
concentration of paraoxon. All 
the temperature values were 
recorded on an IR camera under 
the excitation of 1064 nm laser
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Conclusions

A POCT method for BChE is developed based on the 
coordination reaction between the thiocholine, decompo-
sition product of butyrylcholine catalyzed by BChE, and 
the CuO layer on surface of  Cu2O nanoparticle. With the 
aid of NaHS, the  Cu2O nanoparticle was transferred into 
 Cu9S8 nanoparticles, and a promotion on the photothermal 
conversion efficiency from 3.1 to 59.0% was observed. The 
photothermal assay shows a good sensitivity for BChE and 
reasonable detection robustness against various interfere 
species. The assay is further used for direct detection of 
BChE in human serum and screening and quantification 
of organophosphorus pesticides. The strategies for detec-
tion pathways and modulation of photothermal effects 
presented here constitute a new door towards POCT of 
biomolecules, which also widen the scope of applications 
for  Cu2O nanoparticles. However, the nature of easy of 
oxidation for Cu-based nanomaterials should be addressed 
for applications in some hash environments, such as high 
concentration acid and oxidants.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00604- 021- 05033-3.
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