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A B S T R A C T

Herein, an effective membrane-to-intracellular cholesterol detection strategy was designed based on cascade
reactions. A biochip array was firstly fabricated by consecutively immobilizing luminol modified gold nano-
particles (Au@luminol), soybean peroxidase (SBP) and cholesterol oxidase (ChoX) on the cellulose acetate (CA)
membrane functionalized home-made micropore array. When cholesterol existed, it was oxidized by ChoX
generating H2O2, which further triggered the CL reaction under the SBP catalysis, the CL signals were collected
by a charge-coupled device (CCD). The proposed strategy exhibited a wide linear range from 0.12 μM to 1000 μM
and relatively low detection limit (LOD) of 0.08 μM. Furthermore，it could be used to in-situ detect membrane
cholesterol and intracelluar esterified cholesterol in HepG2 cells. After activated HepG2 cells were added to the
modified biochip, membrane cholesterol was detected directly. Intracelluar esterified cholesterol was detected
through the introduction of triton X-100 and cholesteryl esterase (ChoE). Additionally, the cholesterol content in
cells was changed after stimulated by drugs, such as apolipoprotein A-I (ApoA-I), pitavastatin or probucol. The
correlation of the CL signal with the amount of cholesterol confirmed that our strategy was feasible to si-
multaneously detect membrane and intracellular cholesterol at different cellular states. The proposed strategy
exhibited excellent sensitivity, selectivity, stability, and reproducibility in a simple, cheap way, which opened a
new door for studying clinic treatment of the cholesterol-related diseases.

1. Introduction

Cholesterol is a kind of small lipid molecule which plays an im-
portant physiological role in the body. Celluar cholesterol, including
membrane cholesterol and intracellular esterified cholesterol, is related
to cell survival and various functions of mammalian cells (Ingolfsson
et al., 2015; Maxfield and Tabas, 2005). Cholesterol is a main con-
stituent of cell membrane who is essential to maintain membrane
structural integrity and fluidity (Kaddah et al., 2018; Morissette et al.,
2018). The formation of lipid raft and membrane microstructure do-
main is partly attributed to cholesterol participation (Lingwood and
Kai, 2010). Intracellular cholesterol mainly contributes to the storage of
cholesterol in the form of esterified cholesterol (Head et al., 2014;
Sonnino and Prinetti, 2013). The regulation of celluar cholesterol keeps
cholesterol balance by exporting to plasma lipoproteins or converting
into steroids, oxysterols, bile acids, vitamin D3 and other functional
derivatives (Bovenga et al., 2015; Das et al., 2014). However, excessive
cholesterol intake or cholesterol regulatory mechanism imbalance may
lead to some diseases, such as atherosclerosis, Alzheimer's disease or

Niemann Pick type C (NPC) (Khera et al., 2011). Since cholesterol plays
a vital role in human health, it is required to maintain a stable level
precisely. The celluar cholesterol can be excreted with the assistance of
apolipoprotein A-I (ApoA-I) or clinic drugs such as pitavastatin and
probucol (Rui et al., 2016; Steck and Lange, 2010). As the primary
protein component of high density lipoprotein (HDL), ApoA-I is able to
bind with ATP-binding cassette transporter A1(ABCA1) specifically,
which is an integral membrane protein that mediates the transport of
cellular cholesterol (Liu et al., 2014). Pitavastatin is a most recent de-
veloped statin drugs who can enhance the expression of ABCA1 to
lower lipid, while probucol is a synthetic lipophilic statin who can in-
crease the expression of scavenger receptor class B type I (SR-BI), which
is a cell receptor of cholesterol reverse (Hihara et al., 2013; Pirillo and
Catapano, 2017). Accordingly, the development of the strategy to
sensitively detect celluar cholesterol at different states is very attractive
for clinical treatment of cholesterol-relative diseases.

So far, various methods for cholesterol detection have been devel-
oped (Zhang et al., 2012; Manjunatha et al., 2012; Rahman et al., 2014;
Stewart et al., 2015; Sun et al., 2017; Anirudhan et al., 2018; Satvekar
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and Pawar, 2018; Wang et al., 2018). For example, Sun et al. used a
nitrogen-doped graphene quantum dot/chromium picolinate complex-
based sensor to realize fluorescence detection of cholesterol with a
detection limit of 0.4 μM (Sun et al., 2017). Zhang et al. (2012) set up a
cholesterol biosensor based on luminol electrogenerated chemilumi-
nescence with the linear range from 3.3 μM to 1.0mM and the detection
limit of 1.1 μM (Zhang et al., 2012). Differential pulse voltammetry
(DPV) and amperometry were also employed to determine cholesterol
in previous studies (Manjunatha et al., 2012; Rahman et al., 2014).
However, these reported methods suffered from relatively complex
synthesis of materials and high cost of instrument tests. In addition,
most studies were limited in serum sample test and only single species
sample was allowed to be tested at the same time. To determine cho-
lesterol in cells, high performance liquid chromatography with UV
detector was utilized with disrupting cells under ultrasonication and
extracting cholesterol from cells using organic solvent, which was quite
inconvenient. Therefore, it is still a great challenge to analyse mem-
brane cholesterol and intracelluar esterified cholesterol respectively
with a simple method.

To avoid the drawbacks of previous reported works, Jiang's group
reported a pioneering work about the cholesterol detection at single
cells using g-C3N4 nanosheets modified with Au NPs/ITO with en-
hanced electrochemiluminescence (Xu et al., 2017). Inspired by their
work, here, we constructed a novel CL biochip to in-situ determine
membrane and intracellular cholesterol in HepG2 cells, which was
prepared by anchoring Au@luminol nanohybrids, soybean peroxidase
(SBP) and cholesterol oxidase (ChoX) successively onto cellulose
acetate (CA) membrane modified home-made micropore array. Com-
bining Au NPs and luminol realized luminescent agents immobilization,
leading to the enhancement of electron transfer and luminescent in-
tensity (Zhang et al., 2017). SBP is an anionic glycoprotein owning the
catalysis capability in luminol-H2O2 system with the molecular mass of
37 kDa, which possesses better performance including slower rate of
luminescence recession and more attractive stability in wide range of
temperature and pH than HRP for amplifying CL intensity in catalysis
system (Ivan and Sakharov, 2005). After activated HepG2 cells added to
the modified biochip, cell membrane cholesterol decomposed by ChoX
into H2O2, then CL reaction was triggered under the SBP catalysis.

Subsequently with the introduction of triton X-100 and cholesteryl es-
terase (ChoE), intracelluar esterified cholesterol was decomposed into
cholesterol and triggered the CL reaction under the SBP catalysis. The
CL signals were collected by a charge-coupled device (CCD) during the
test. Besides, we also explored the influence of some stimulants on
celluar cholesterol. ApoA-I, pitavastatin and probucol were chosen to
incubate with HepG2 cells, then membrane and intracellular choles-
terol were detected simultaneously as the same way above, which re-
vealed the celluar cholesterol content at different states.

2. Experimental section

2.1. Preparation of the luminol modified Au nanoparticles (Au@luminol)

As shown in Fig. S1, the Au@luminol nanohybrids were prepared by
electrostatic interaction according to Cui's method with slightly mod-
ification (Cui et al., 2017). Briefly, HAuCl4 was reduced by trisodium
citrate to obtain AuNPs with diameter of ~13 nm (Hua et al., 2010).
The concentration of the resulting Au NPs was 12 nM calculated ac-
cording to the literature and diluted three times before use (Zhou et al.,
2013). Then equal volume Nafion (5% w/w in water and 1-propanol)
was mixed with AuNPs solution, then stirred at room temperature for
8 h, centrifuged at 14,000 rpm for 30min and washed with PBS for
three times to get Nafion modified Au nanoparticles (AuNPs/Nafion).
250 μL PDDA (poly(diallyldimethylammonium chloride), 4 wt% in
water) was added into 4.75mL luminol solution (5.26mM in 0.05M
NaOH) and stirred for 6 h at 60 °C to obtain luminol modified PDDA
complexes (PDDA/luminol). Then, the PDDA/luminol was mixed with
AuNPs/Nafion and stirred at room temperature overnight. Finally, the
luminol modified Au nanoparticles (Au@luminol) was obtained by
centrifuging at 1,000 rpm, washed with PBS for several times before
redispersed in water to volume of 500 μL for future uses.

2.2. Preparation of the CL biochip and its imaging mechanism

The fabrication procedure of the biochip was shown in Scheme 1A.
CA membrane functionalized home-made micropore array were pre-
pared in advance. First, PDMS base stock A was mixed with firming

Scheme 1. (A) Schematic preparation process
of the CL biochip by immobilization of Au@
luminol nanohybrids, SBP and ChoX con-
tinuously. CL signals were obtained by CCD.
(B) The luminescence mechanism of membrane
cholesterol and esterified cholesterol detection
via cascade reactions·H2O2 produced from
cholesterol decomposed by ChoX enzymolysis,
then further reacted with Au@luminol under
the SBP catalysis to obtain CL signals.
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agent B at a ratio of 10:1, followed by excluding bubble and puting it
into templet before dry out. Second, the PDMS templet was punched
with a diameter of 2mm and depth of 1mm in 2×3 array, which was
adhered onto the glass slide for further decoration. Third, 5 μL 2wt%
CA in acetone was added into the micropores and allowed to dry at
room temperature for several hours to form CA membrane. Then, 10 μL
of Au@luminol nanohybrids were dropped onto the CA membrane and
dry at room temperature. This process was repeated three times to
ensure sufficient Au@luminol nanohybrids attached on resulting CA
membrane. After that, 20 μL SBP (75 U/mL) and ChoX (25 U/mL) were
respectively dropped into the micropores and allowed to incubate
overnight in the dark at 4 °C followed by washing with PBS (pH 7.4) for
three times. Finally, BSA (5% in pH 7.4 PBS) was added into each
micropore and incubated for 1 h to reduce background signal. The re-
sulting biochip was washed with PBS and stored in the dark at 4 °C for
future uses. 40 μL cholesterol solution with different concentrations
were added into the micropores and the CL signals were simultaneously
collected by CCD within 50 s exposure time and automatically identi-
fied by Acquire Control. The CL signal intensity of each micropore was
analyzed and calculated by MetaMorph software. The background from
the CCD dark signal was recorded before measurement and subtracted
from each images prior to evaluation.

Human blood specimens were received from healthy donors at the
Hospital of Southeast University (Nanjing, China). The human blood
samples were centrifuged at 2,000 rpm (4 °C) to obtain serum samples
before diluting approximately 25 folds with PBS (pH 7.4). After adding
40 μL the serum samples into the micropores array, the CL signals in-
tensities were collected as the same way above.

2.3. The membrane and intracellular cholesterol detection

HepG2 cells were obtained from Shanghai Institute of Biochemistry
and Cell Biology of Chinese Academy of Science (Shanghai, China) and
seeded in DMEM/high glucose medium supplemented with 10% fetal
bovine serum (FBS) and 1% antibiotics (penicillin/streptomycin).
Cultures were maintained at 37 °C under a humidified atmosphere
containing 5% CO2.

To detect membrane cholesterol in HepG2 cells, cell membrane

needed to be activated by culturing cells in 0.5 mM PBS (pH 7.4) con-
taining 0.31M of sucrose at 37 °C for 1 h (Ma et al., 2013; Xu et al.,
2017). Later, about 2×105 activated cells were added into each mi-
cropore. As shown in Scheme 1B, the CL signals were collected with the
generation of H2O2, which was the product of the enzymatic catalyzed
reaction between membrane cholesterol and ChoX fixed in CA mem-
brane. After CL signal recording of membrane cholesterol, each mi-
cropore was washed with PBS (pH 7.4) for several times, triton X-100
was added to lyse cells. Then, intracelluar esterified cholesterol was
hydrolyzed to cholesterol by adding ChoE (15 U/mL), which led to
intracelluar cholesterol detection successfully.

To study the impact of different stimulants on cholesterol content,
HepG2 cells were incubated with medium containing ApoA-I (10 μg/
mL), probucol (50 μM) or pitavastatin (10 μM) for 12 h, respectively.
Following the cells were activated and added into the micropores array.
Then the CL signals from membrane cholesterol and intracelluar es-
terified cholesterol were collected as the same way above by CCD and
the CL intensities were identified by Acquire Control separately.

3. Results and discussion

3.1. Characterization of Au@luminol nanohybrids

The Au@luminol nanohybrids were synthesized by sequentially
assemblying of Nafion and PDDA/luminol onto the surface of AuNPs via
electrostatic interaction. The TEM images of Au@luminol nanohybrids
showed that the modification of PDDA/luminol did not visibly increase
the Au nanoparticles size. Comparing with bare AuNPs, however, the
Au@luminol nanohybrids were more dispersive and showed clearly
shadow around the spots of AuNPs (Fig. 1A and B). UV–vis spectra
showed the characteristic peaks of Au NPs at 522 nm (Fig. 1C, curve a),
luminol at 321 nm and 353 nm (Fig. 1C, curve b), respectively. For Au@
luminol nanohybrids, the characteristic absorption peaks exhibited the
same position as Au NPs and luminol simultaneously (Fig. 1C, curve c),
while no obvious absorption peaks were observed for PDDA (Fig. 1C,
curve d) and Nafion (Fig. 1C, curve e), confirming that the luminol was
successfully coated onto AuNPs. The electrostatic assembly process
between AuNPs, Nafion and PDDA/luminol to form Au@luminol

Fig. 1. TEM images of (A) Au NPs and (B) Au@luminol nanohybrids. (C) UV−vis absorption spectra of Au NPs (a), luminol (b), Au@luminol nanohybrids (c), PDDA
(d) and Nafion (e). (D) Zeta potential of Au NPs, Au NPs/Nafion and Au@luminol nanohybrids.
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nanohybrids was confirmed by Zeta potentials measurements. After
Nafion coating, the mean Zeta potential of Au NPs was negative shifted
from −30.37mV to −41.21mV. However, when PDDA/luminol was
attached to AuNPs/Nafion, the zeta potential of Au@luminol dramati-
cally changed from −41.21mV to +33.97mV due to the positive
surface charged property of PDDA (Fig. 1D). All these observations
confirmed the successful assemblage of Au@luminol nanohybrids.

3.2. Construction of the CL biochip

The CL biochip was fabricated by sequentially anchoring of Au@
luminol nanohybrids, SBP and ChoX onto CA membrane functionalized
home-made micropore array. After addition of cholesterol solution into
the micropore, the CL intensity was dramatically increased (Fig. 2A,
column h). In the presence of cholesterol, ChoX catalyzed the choles-
terol to generate Choleste-4-en-3-one and H2O2 (Eq. (1)). Then H2O2

reacted with SBP to generate SBP intermediate I (Eq. (2)), which re-
acted with luminol to form SBP intermediate II and luminol radical (Eq.
(3)). The SBP intermediate II was also capable of catalyzing one elec-
tron oxidation of luminol to radical product (Eq. (4)). Along with the
conversion of the radical product of luminol oxidation into 3-amino-
phthalate, powerful CL signal was seized successfully (Eq. (5)).

Cholesterol + O2 + ChoX → Choleste-4-en-3-one + H2O2 (1)

SBP + H2O2 → SBP intermediate I + H2O (2)

SBP intermediate I + luminol → SBP intermediate II + luminol• (3)

SBP intermediate II + luminol → luminol•+ H2O (4)

luminol• → 3-amino-phthalate + hv (5)

Control experiments were performed by modifying CA membrane in
micropores with only AuNPs, AuNPs/SBP, AuNPs/ChoX, AuNPs/SBP/
ChoX, Au@luminol, Au@luminol/SBP or Au@luminol/ChoX, no CL
signal could be observed (Fig. 2A, column a to g). Apparently, luminol
was significant luminescent agent to be oxidized and generated CL
signal. ChoX acted on cholesterol specifically and engendered H2O2 to
react with SBP, which was a vital catalyzer for luminol-H2O2 CL system
according to the “ping-pong” mechanism. Therefore, Au@luminol na-
nohybrids, SBP and ChoX were essential for biochip construction to-
ward cholesterol determination, which complied with the above men-
tioned CL mechanism.

The sensitivity of the biochip for cholesterol determination was
affected by the loading amount of luminol, SBP and ChoX in each mi-
cropore. When the concentrations of luminol used for preparation of
PDDA/luminol complex increased from 0 to 5mM, the CL signal

intensity increased gradually (Fig. S2A). Further increasing the luminol
concentration led to decrease slightly of CL intensity due to the steric
hindrance. Therefore, 5 mM luminol was chosen during the PDDA/lu-
minol preparation.

To verify that SBP possessed better performance than HRP in CL
catalysis system, the comparison of catalysis capacity between SBP and
HRP was also tested. As shown in Fig. S2B, the CL intensity under the
catalysis of SBP was higher than HRP with various exposure time in the
biochip, which was consistent with the results that SBP had slower rate
of luminescence recession and more attractive stability in our previous
work (Liu et al., 2016; Tang et al., 2017). Thus, SBP was chosen to fix
into CA of biochip rather than HRP.

Both CL intensities increased with the concentrations of SBP and
ChoX during the preparation of biochips. When the concentrations of
SBP and ChoX increased to 75 U/mL and 25 U/mL, the CL intensities
reached their highest values respectively and became stationary gra-
dually at their higher concentrations. So 75 U/mL SBP and 25 U/mL
ChoX were selected as the best concentrations for biochip construction
(Fig. S2C and D).

Under the optimum amount of enzymes and luminol in Au@luminol
nanohybrids, the CL response intensity also depended on the exposure
time for cholesterol determination with CCD. With the exposure time
performed from 0 to 50 s, the CL intensity increased to maximum
gently. Further prolonging the exposure time led to a decrease of the CL
intensity (Fig. S2E). Finally the exposure time of 50 s was used
throughout the test. The fluctuation of the CL intensity in pace with
exposure time might caused by the decomposing and catalyzing pro-
cedure of enzymes to their substrates and the decay of the luminol
excited state with the time expanding (Ivan and Sakharov, 2005).

3.3. Cholesterol determination in solution based on the CL biochip

Under the optimal conditions, the CL intensity increased with the
increasing of cholesterol concentrations from 0 to 1,000 μM (Fig. S3).
The variation of CL intensities were linearly proportional to the loga-
rithm of the concentrations of cholesterol in the range from 0.12 to
1,000 μM, which encompassed over three orders of magnitude
(Fig. 2B). The insert CL image in Fig. 2B also exhibited intuitively that
the spots lighted gradually when cholesterol concentrations increased.
The regression equation was ΔCL=471.18+698.43 log(ccholesterol/μM),
with a correlation coefficient of 0.989 and a detection limit (LOD) of
0.08 μM (S/N=3). The LOD and linear range for cholesterol detection
with the proposed CL biochips were compared with previously reported
methods, which was summarized in Table S1. Besides, the biochips
consumed minor samples and short time under a simple and fast ma-
nipulation, realizing convenient multi-sample detection

Fig. 2. (A) The CL signals and images of the biochip at different conditions: (a) Au, (b) Au/SBP, (c) Au/ChoX, (d) Au/SBP/ChoX, (e) Au@luminol, (f) Au@luminol/
SBP, (g) Au@luminol/ChoX and (h) Au@luminol/SBP/ChoX. The concentration of cholesterol added in each micropore was 1mM. (B) The variation trend of CL
intensity with the increasing concentration of cholesterol solution. The insert graph was the corresponding calibration curve of the biochip with different con-
centrations of cholesterol from 0.12 μM to 1,000 μM. The insert image was the CL signals images for increasing concentrations of cholesterol solution at 0, 1, 10, 60,
300, 1,000 μM (left to right). (C) The specificity test for the biochip by comparing the CL signal intensity of different solution. The concentration of cholesterol was
1mM, the concentration of cholic acid, vitamin D, L-histidine, L-lysine, bovine hemoglobin was 56.9 mM.
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simultaneously.
To evaluate the specificity of the proposed biochip, several experi-

ments were conducted to test whether other proteins or lipoid sub-
stances could interfere with the cholesterol determination. In this case,
the concentration of interferents (cholic acid, vitamin D, L-histidine, L-
lysine and bovine hemoglobin) was 56.9mM, which was 10 times
higher than the pathophysiological concentration. No remarkable CL
signals were observed from the interferents, attesting the proposed
biochips had no obvious cross-reactivity and nonspecific binding
(Fig. 2C).

To demonstrate the accuracy of the proposed detection strategy,
cholesterol in human serum samples were tested by comparing the re-
sults obtained from the prepared biochip with commercial ELISA kit
test. As the cholesterol concentration in human serum samples from
healthy donors at the Hospital of Southeast University were over the
calibration ranges, serum samples were diluted before test. The con-
centration of cholesterol in serum samples detected by the prepared CL
biochips to be 97.187 μM, 115.760 μM and 105.952 μM respectively,
which was in the scope of cholesterol content in healthy human serum.
The results indicated that the proposed method was able to detect
cholesterol in plasma at the entire range of pathophysiology with
proper dilution (Table 1). Recovery experiments were carried out by
adding known amount of cholesterol to the real samples. The recoveries
of the human serum samples ranged from 94.1% to 104.6% with the
RSD less than 3.6%, indicating the proposed biochips were reliable for
the cholesterol determination in real samples. The relative percentage
error obtained from the two methods was less than 2.4%, which in-
dicated the accuracy of the proposed method. The CL images of human
serum samples and recovery samples were exhibited in Fig. S5.

The reproducibility of the biochip was also examined by using five
biochips fabricated independently. The maximum relative standard
deviation (RSD) was 5.4%. When a same biochip was used to test re-
petitively in five micropores at same concentration of cholesterol
(500 μM), the RSD was<4.5% (Fig. S5A). Thus, the proposed biochips
possessed a relative good detection reproducibility and precision. When
the as-prepared biochips were stored in the dark at 4 °C for 4 weeks, the
CL signal intensity were not decline significantly, whose recovery
reached 97.4% from the beginning signal intensity for cholesterol de-
termination (Fig. S5B). Therefore, the prepared biochip possessed fa-
vourable storage stability.

3.4. Determination of membrane and intracellular cholesterol in HepG2
cells

To test the membrane and intracellular cholesterol, activated
HepG2 cells were added into the prepared biochip, membrane choles-
terol reacted with ChoX to generate H2O2, which triggered the CL

reaction of luminol under the catalysis of SBP (Scheme 1B). The amount
of membrane cholesterol of 2×105 activated cells was detected to be
1.31 ± 0.03 μM, which was about (1.58 ± 0.04)× 108 cholesterol
molecules in each HepG2 cell membrane. The relative standard devia-
tion (RSD) for five times repeatedly detecting in the same biochip was
calculated to be< 4.6% (Fig. S6A) and the CL intensities and images
were exhibited in Fig. S6B. Afterwards, HepG2 cells were lysed by tri-
tonX-100 to expose the intracelluar esterified cholesterol, which could
be decomposed into cholesterol by ChoE. To ensure the intracellular
esterified cholesterol decomposed by ChoE completely, the amount of
ChoE introduced into the micropores after lysis by tritonX-100 was
optimized. When the amount of ChoE was increased to 15 U/mL, the CL
intensity attained highest value and flattened out with further rising
ChoE concentrations, indicating that 15 U/mL of ChoE was enough to
resolve intracellular esterified cholesterol (Fig. S1F). Thus 15 U/mL
ChoE was employed during the intracelluar esterified cholesterol de-
tection. The intracelluar cholesterol was analyzed to be
0.88 ± 0.02 μM for 2× 105 cells according to the proposed biochip,
which evaluated about (1.06 ± 0.02)× 108 molecules as intracelluar
cholesterol presented in each HepG2 cell. The relative standard devia-
tion (RSD) for five times repeatedly detecting in the same biochip was
calculated to be< 4.3% (Fig. S6A) and the CL signal intensity and
image were exhibited in Fig. S6C. The monitored cholesterol both free
doped in cell membrane and esterified cholesterol in interior of HepG2
cells were in accord with the literature results approximately (Ma et al.,
2013; Xu et al., 2017), confirming the accuracy of the proposed
method.

Many diseases are caused by abnormal cholesterol metabolism or
excessive cholesterol intake, which requires more attention to study for
regulating cholesterol balance (Mazidi et al., 2017). ApoA-I, pitavas-
tatin and probucol were effective components to depress the cholesterol
level. To study the capability of ApoA-1, pitavastatin and probucol to
effuse cholesterol from cells respectively, different concentrations of
ApoA-I, pitavastatin and probucol were incubated with cells for various
period. The celluar cholesterol performed varying degrees of decline
trend, exhibiting the CL intensity decreased gradually with increscent
concentrations within a certain range under the stimulants above.
When the concentrations of ApoA-I, pitavastatin and probucol reached
10 μg/mL, 10 μM and 50 μM respectively, the differences of the CL in-
tensities (ΔCL, the difference of CL intensity before and after stimulated
by ApoA-I, probucol or pitavastatin) were maximum. Further increasing
of the concentrations of all three stimulants led to ΔCL stabilization
(Fig. 3A–C). With the prolongation of incubation time, ΔCL caused by
ApoA-I, pitavastatin and probucol all reached their maximum values at
12 h (Fig. 3D). Therefore 10 μg/mL ApoA-I, 10 μM pitavastatin and
50 μM probucol were decided to incubated with HepG2 cells for 12 h
respectively. As shown in Fig. S7A, at the optimal conditions of con-
centrations of the three stimulants and incubating time, the ΔCL of
membrane and intracelluar cholesterol under the stimulation of ApoA-I
was highest while probucol was lowest, which approved the capability
of ApoA-I to transport celluar cholesterol is greater than pitavastatin
and probucol (Gao et al., 2017; Maejima et al., 2011). After treatment
of 2×105 cells with ApoA-I (10 μg/mL), pitavastatin (10 μM) and
probucol (50 μM) for 12 h, the membrane cholesterol decreased to
~1.18 μM for ApoA-I, ~1.21 μM for pitavastatin and ~1.27 μM for
probucol respectively. It was evaluated that ~1.56×107, ~1.21× 107

and ~0.48×107 cholesterol molecules in each cell membrane were
transfered after ApoA-I, pitavastatin and probucol treated, respectively.
Meanwhile, intracelluar cholesterol reached ~0.81 μM for ApoA-I,
~0.84 μM for pitavastatin and ~0.86 μM for probucol, evaluated about
~0.84×107, ~0.48×107 and ~0.24×107 cholesterol molecule cells
were transferred from intracelluar by ApoA-I, pitavastatin and probucol
respectively. The RSD of cholesterol test in membrane incubated with
ApoA-I, pitavastatin and probucol were 3.16%, 4.44% and 3.81%,
while intracelluar cholesterol test were 2.57%, 2.81% and 3.66%, re-
spectively (Fig. S7B). The results indicated that the test for cell

Table 1
Human serum samples test using the proposed method and commercial
methods.

Sample Added
(μM)

Found
(μM)

Recovery (%) RSD
(%,
n= 3)

Commercial
ELISA (μM)

RSD
(%,
n= 3)

1 0.0 97.2 — 2.6 99.3 2.2
20.0 116.4 96.0 2.8 118.1 1.5
50.0 149.4 104.6 2.6 151.1 1.1

100.0 194.7 97.6 2.0 193.3 − 0.7
2 0.0 115.8 — 1.6 114.8 − 0.8

20.0 134.8 95.4 3.6 137.7 2.1
50.0 164.7 97.9 3.2 162.5 − 1.3

100.0 212.1 96.4 1.9 214.7 1.2
3 0.0 105.9 — 2.1 108.4 2.3

20.0 125.3 96.8 1.7 127.3 1.6
50.0 155.3 98.7 2.3 158.1 1.8

100.0 200. 1 94.1 1.3 203.8 1.9
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population was credible and the downtrend of celluar cholesterol
quantity after stimulations of ApoA-I, pitavastatin and probucol was in
keeping with the property of them according to the pertinent literature
(Maejima et al., 2011; Xu et al., 2017; Zhang et al., 2016).

4. Conclusions

In summary, in-situ imaging detection strategy of cell membrane
and intracellular cholesterol via cascade reactions was successfully
proposed. Au@luminol nanohybrids were employed to realize lumi-
nescent agent immobilization and signal amplification. The ChoX em-
bedded in the CA membrane reacted with the cholesterol specifically,
inducing the CL signal under the catalysis of SBP. The proposed biochip
was confirmed to detect cholesterol in human serum samples with a
wide linear range and relatively low LOD, which could also in-situ
detect cell membrane and intracelluar cholesterol, respectively.
Besides, cell membrane and intracelluar cholesterol at different cellular
states were evaluated, which was accomplished by stimulating cells
with ApoA-I, pitavastatin or probucol. As expected, the biochip pos-
sessed the advantages of simple operation, minor sample consumption,
good reproducibility, acceptable selectivity and accuracy. The proposed
strategy showed a promising potential application in cholesterol de-
tection and correlative disease diagnosis.
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