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Nonalcoholic fatty liver disease (NAFLD) can cause serious liver damage. Early diagnosis and effective
treatment of NAFLD can greatly improve treatment rates. The initiation and development of NAFLD has
been closely linked to endoplasmic reticulum (ER) stress, which might cause ER viscosity variations.
Therefore, if the internal relationship between ER viscosity and NAFLD is clarified, an effective approach
for early diagnosis may result. Herein, we fabricated a novel near-infrared (NIR) fluorescence imaging
probe, Er-V, for monitoring ER viscosity through a molecular rotor strategy. Er-V exhibited a strong NIR
fluorescence signal (at 626 nm) when the environmental viscosity hindered the rotation of the malonon-
itrile group. Using Er-V, we successfully observed a significant enhancement in viscosity in the liver of
mice with NAFLD. Therefore, this imaging method based on Er-V is expected to provide a new approach
for early detection and diagnosis of NAFLD.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Nonalcoholic fatty liver disease (NAFLD) is a severe metabolic
syndrome caused by excessive lipid deposition in hepatocytes [1,2].
If NAFLD is not diagnosed promptly, it can rapidly progress to non-
alcoholic steatohepatitis and even life-threatening hepatocellular
carcinoma [3,4]. Therefore, it is urgent to establish an in situ, non-
destructive and reliable approach for making a definite diagnosis
of NAFLD. At present, the methods for diagnosing NAFLD include
mainly liver biomarkers and pathological examination [5]. How-
ever, these methods have inherent drawbacks in terms of their te-
dious procedures, poor reproducibility and high false positive rates
[6,7]. Hence, a rapid and accurate imaging diagnosis-based ap-
proach for the early detection and evaluation of NAFLD is of critical
significance.

Endoplasmic reticulum (ER) stress plays a pivotal role in the
widely accepted "second strike" theory of NAFLD [8,9]. Excess
lipids disrupt ER homeostasis, and trigger ER stress in liver cells
[10]. Moreover, ER stress can cause unfolded and misfolded pro-
teins and lipids to accumulate in the ER lumen [11]. These accu-
mulated proteins or lipids may alter the microenvironment of the
ER, especially its viscosity. Therefore, the development of an ideal
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and reliable diagnostic method to specifically monitor ER viscosity
changes in the liver of mice will help improve the early detection
and treatment of NAFLD.

Fluorescence imaging has outstanding advantages for bioimag-
ing, such as great temporal and spatial resolution, and a nonin-
vasive nature, and has become a powerful technology for directly
monitoring microenvironmental changes [12,13]. To date, several
near-infrared (NIR) fluorescent probes based on molecular rotors
have been reported for detecting viscosity in biosystems due to
their deep tissue penetration depths [14-16]. Moreover, some of
the latest organelle specific viscosity probes also have been devel-
oped [17-20]. However, NIR fluorescent probes for real-time and in
situ imaging of ER viscosity alterations in vivo are still lacking.

Given the complex conditions in the ER, we fabricated an NIR
fluorescent probe, Er-V, to image ER viscosity changes. In the probe
structure, malononitrile and methyl sulphonamide moieties are
acted as rotor and targeting groups by binding with the corre-
sponding sulphonamide receptor on the ER lumen [16,21]. The
malononitrile and hemicyanine groups are linked by a freely ro-
tatable vinyl bond to form a IT-conjugation system (Scheme 1). Er-
V emitted weak fluorescence in nonviscous solvents because the
rotor rotated freely around the hemicyanine section. However, the
rotation of the rotor was specifically restricted as the environmen-
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Scheme 1. The probe structure of Er-V and proposed mechanism of its response to viscosity.
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Fig. 1. (a) Changes in the fluorescence of Er-V (5.0 pmol/L) in different methanol-glycerol systems. (b) The linear relationship between log Igs and log 5 of Er-V. (c)
Fluorescence lifetimes of Er-V (5.0 pmol/L) in various methanol-glycerol systems. (d) The linear relationship between logzr and logy. Aex = 580 nm, Aem = 626 nm.

tal viscosity increasing, which inhibited the process of nonradiative
energy, and eventually resulted in fluorescence enhancement of Er-
V at 626 nm. Therefore, Er-V could elicit a strong fluorescence sig-
nal in a high-viscosity environment. Moreover, confocal laser fluo-
rescence images confirmed that Er-V could accurately locate the ER
and indicate local changes in viscosity. More importantly, by using
Er-V, we observed a significant increase in the viscosity variations
of the ER in the liver of mice with NAFLD.

The detailed synthesis steps of Er-V was shown in Scheme
S1 (Supporting information). Compound 2 smoothly reacted with
compound 3 through nucleophilic substitution to offer the Er-V.
The chemical structure of Er-V was fully characterized by NMR and
high resolution mass spectrum (Supporting information).

First, the optical properties of Er-V were investigated in differ-
ent polar organic solvents (DMF, 1.4-Dio, DMSO, THF, MeOH and
glycerol) and PBS. Er-V exhibited various absorption bands ranging
from 475 nm to 590 nm in these solutions (Fig. S1a in Supporting
information). However, the fluorescence intensities of Er-V were re-
markably enhanced in glycerol compared with other solutions (Fig.
S1b in Supporting information). As a result, we preliminarily know
that Er-V does not respond to environmental polarity. To exclude
fluorescent responses from polarity, we perform an experiment in
which the viscosity is kept constant, but the polarity is varied. Er-
V emitted weak fluorescence in MeOH and THF solutions, proving
that ER-V was not sensitive to polarity. However, compared with
the strong fluorescence of Er-V in glycerol, its fluorescence in EG
was relatively weak (Fig. S2 in Supporting information). To further
confirm that Er-V is sensitive to environmental viscosity, the re-

sponse of Er-V fluorescence was conducted in a methanol-glycerol
medium with different proportions of methanol to glycerol. The
viscosity value of the medium also increased with glycerol content.
The main absorption peak intensities of Er-V at 585 nm slightly in-
creased with increasing was observed from pure MeOH to glycerol
in Fig. S3 (Supporting information).

Moreover, a progressive enhancement in the fluorescence at
626 nm an increasing proportion of glycerol (Fig. 1a). Importantly,
as shown in Fig. 1b, after fitting the data to the Foérster-Hoffmann
equation [22], there was a clear linear relationship (R = 0.994)
between the fluorescence intensity of Er-V and the medium viscos-
ity ranging from 3 cp to 647 cp. As shown in Table S1 (Support-
ing information), the corresponding fluorescence quantum yields
(D) of Er-V were accurately calculated across the solvent range
from MeOH (®; = 1.1%) to glycerol (®@; = 20.0%). Additionally, the
fluorescence lifetime is considered a key parameter for assessing
the properties of viscosity probes [23]. Therefore, we also recorded
the fluorescence lifetimes of Er-V in solvents with different vis-
cosities. As depicted in Figs. 1c and d, the fluorescence lifetimes
markedly increased with increasing viscosity. Notably, lifetime-
viscosity titration experiments yielded an excellent linear relation-
ship (R? = 0.993) according to the corresponding equation [24].
Therefore, these data confirm that Er-V is an NIR fluorescent probe
that is sensitive to environmental viscosity variations.

The intracellular microenvironment is an extremely com-
plex biological system that mainly includes many reactive oxy-
gen/nitrogen/sulfur species, various metal anions, enzymes and so
on. The selectivity of Er-V was studied on the basis of its fluo-
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Fig. 2. Colocalization fluorescence images of HL-7702 cells stained with Er-V and ER commercial dye. HL-7702 cells were treated with Er-V (5.0 pmol/L) and commercial ER
dye (50 nmol/L), simultaneously. (a) Fluorescence image from ER commercial dye (Aex = 488 nm, Aem = 495-550 nm). (b) Fluorescence image from Er-V (Aex = 561 nm,
Xem = 580-700 nm). (c) The overlay images of image (a) and (b). (d) Intensity profile of the blue line in image (c). Scale bar = 75 pm.
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Fig. 3. Fluorescence images of viscosity changes in HL-7702 cells under ER stress.
(a, ¢) The cells were stained with Er-V (5.0 pmol/L, 30 min). (b, d) The cells were
exposed to Tm (50 pg/mL, 30 min) and then incubated with Er-V (5.0 pmol/L, 30
min). (e) Relative fluorescence intensity to the control cells. Scale bar = 75 pm. The
values are the mean + s.d. (n = 5), **P < 0.001. Aex = 561 nm, Aeym = 580-700 nm.

rescence response in the presence of various related interfering
biomolecules. As displayed in Fig. S4 (Supporting information), the
fluorescence spectra of Er-V hardly changed in the presence of
these biologically relevant species, except in glycerol. These phe-
nomena demonstrate that Er-V has outstanding selectivity for vis-
cosity. To eliminate interferences from pH changes, we needed to
evaluate the response of the Er-V fluorescence intensity in solu-
tions with various pH values and viscosities. The fluorescence of
Er-V in 30% glycerol solution was much higher than that in PBS
solution at the same pH (Fig. S5 in Supporting information). These
results indicate that the fluorescence of Er-V is dependent on vis-
cosity rather than pH. Additionally, the fluorescence intensity of
Er-V remained almost constant after 55 min in glycerol (Fig. S6
in Supporting information). Collectively, these results demonstrate
that Er-V has the ability to track viscosity changes with high selec-
tivity and specificity in complicated biological environments.
Inspired by the above outstanding characteristics of Er-V, we
next studied the feasibility of its application in biological sys-
tems. First, the intracellular cytotoxicity of Er-V was examined
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Fig. 4. Fluorescence images of viscosity changes in NAFLD cells. (a, c¢) HL-7702 cells
were stained with Er-V (5.0 pmol/L, 30 min). (b, d) HL-7702 cells were exposed
to OA (5.0 umol/L, 1.0 h) and then incubated with Er-V (5.0 pmol/L, 30 min). (e)
Relative fluorescence intensity to the control cells. Scale bar = 50 um. The values
are the mean + s.d. (n = 5), **P < 0.001. Aex = 561 nm, Aeyy = 580-700 nm.

by the standard 3-(4,5-dimethylthiazol-2-yl)—2,5-diphenyl tetra-
zolium bromide (MTT) assay [25]. These cells showed excellent cell
viability (Fig. S7 in Supporting information), and the ICsy value
was calculated to be 93.2 umol/L. The above results imply that Er-
V possesses very low toxicity and excellent biocompatibility. Next,
we carried out distribution imaging experiments to observe the in-
tracellular localization of Er-V. HL-7702 cells were simultaneously
stained with Er-V and commercial ER dye. As shown in Fig. 2, the
red fluorescence of Er-V was consistent with the green fluorescence
of the commercial dye, and the corresponding Pearson’s correlation
coefficient was determined to be 0.94. Conversely, the coefficients
for the colocalization of Er-V with commercial dyes in the mito-
chondria and lysosomes were calculated to be 0.11 and 0.52, re-
spectively, (Fig. S8 in Supporting information). These results reveal
that Er-V targets predominantly into the ER.

Next, we explored whether Er-V can sense changes in local vis-
cosity in ER-stressed HL-7702 cells. Tunicamycin (Tm) is a common
reagent used to trigger ER stress by accumulating lipids and pro-
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Fig. 5. In vivo fluorescence images of the livers of mice in the NAFLD model. (a)
Fluorescence imaging of the livers of mice. (b) Fluorescence intensity relative to
that from the control mice.. The values are the mean + s.d. (n = 5), **P < 0.001.
Aex = 560 nm, Aem = 620 + 20 nm.

teins into the ER of living cells [26]. Therefore, we chose Tm to
induce ER stress in HL-7702 cells. As seen from Fig. 3, the fluores-
cence intensities of the Tm-stimulated cells were distinctly higher
than those of the normal cells. These results unambiguously in-
dicated that the intracellular fluorescence enhancement was trig-
gered by the higher ER viscosity under ER stress. Subsequently,
the intracellular photostability of Er-V was examined. As shown in
Fig. S9 (Supporting information), Er-V maintained a strong fluores-
cence intensity for 25 min. These experimental data indicate that
Er-V can monitor the ER viscosity changes caused by ER stress over
time.

ER stress is generally considered essential for the initiation
and pathogenesis of NAFLD, although the exact mechanism is still
somewhat unclear [27]. Studies suggest that excess intracellular
lipids and proteins can initiate ER stress, causing changes in the ER
microenvironment [11]. Therefore, we next investigated whether
Er-V could ER viscosity changes in NAFLD cells. Oleic acid (OA) was
selected as a stimulus to cause intracellular metabolism disorder
through related signaling regulation [28]. As given in Fig. 4, we
clearly observed that normal cells displayed a weak fluorescence
signal, while the NIR fluorescence signal in OA-stimulated cells was
greatly enhance, demonstrating that the ER viscosity was increased
obviously in NAFLD cells. These findings confirm that Er-V can ac-
curately detect ER viscosity changes.

Considering the NIR fluorescence emission properties of Er-V,
we applied Er-V to evaluate whether it could distinguish NAFLD
mice from normal mice based on discernable viscosity. We first
tested the in vivo toxicity of Er-V in C57 mice [29]. As shown in Fig.
S10 (Supporting information), the growth conditions, such as the
dietary behavior and body weight of the two experimental mouse
groups were basically in agreement with those of the normal group
for 2 weeks. These results indicate that Er-V has very low toxi-
city in vivo and can be applied to measure viscosity changes in
livers of mice. NAFLD is caused by the excessive accumulation of
neutral lipids in the liver, mainly triacylglycerol and cholesteryl es-
ter [30]. Moreover, high-fat diet (HFD) reignites ER stress and then
causes liver steatosis during the onset of NAFLD in vivo. Therefore,
C57 mice with NAFLD were fed a HFD for 7 weeks [31]. The body
weights of model mice were significantly higher than those of nor-
mal mice (Fig. S11 in Supporting information). Then, we explored
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the degree of lesions and lipid depositions in the liver of the two
groups of mice by using clinical histochemical staining [32]. Hema-
toxylin and eosin and oil red O staining showed that the mice fed
a HFD had significantly more severe symptoms, such as more ex-
tensive lesions and lipid droplet depositions (Fig. S12 in Support-
ing information). Moreover, we also measured the alanine amino-
transferase (ALT) levels in fresh liver tissue homogenates of the
two groups of mice with a specific kit, since ALT has recently been
recognized as a robust biomarker of NAFLD [33]. The relative ALT
content in the NAFLD group was distinctly higher than that in the
control group (Fig. S13 in Supporting information). These results
collectively manifest that the NAFLD mouse model induced by a
HFD was successfully established. After in vivo treatment with Er-V,
the NIR fluorescence intensity in the livers of the model mice was
significantly stronger than that in the livers of the normal mice
(Fig. 5). Furthermore, we dissected mice to observe the fluores-
cence intensities of certain organs, such as the heart, liver, spleen,
lung, and kidney. As shown in Fig. S14 (Supporting information),
we observed an increase in the fluorescence signal only in the liver,
demonstrating that the liver viscosity of mice fed a HFD was signif-
icantly increased due to overdeposition of lipids in the liver during
NAFLD. Accordingly, these experimental results provide compelling
data that the ingenious platform-based probe Er-V, which enables
simultaneous imaging and diagnosis, will be vitally important for
early diagnosis and treatment of NAFLD.

In summary, we constructed an ultrasensitive NIR fluorescent
probe, Er-V, for the visual detection of viscosity dynamics. Er-V can
specifically anchor to the ER via methyl sulphonamide moieties, as
demonstrated by confocal microscopy fluorescence imaging. More-
over, we found that the viscosity distinctly increased in HL-7702
cells stimulated by oleic acid or Tm. Strikingly, in vivo NIR fluo-
rescence imaging results profoundly that a higher viscosity of the
microenvironment occurs in the liver tissue of NAFLD mice. Hence,
our current work may provide an ingenious imaging strategy for
the early diagnosis and treatment of NAFLD.
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