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a b s t r a c t

Dry eye disease (DED) is a multifactorial chronic inflammatory disease of the ocular surface with com-

plex and unclear etiology. The development of reliable detection tools for the pathology of DED will

benefit its treatment, but it is still lacking. In parallel, it has been discovered recently that viscosity

changes are involved in inflammation processes. In this regard, we constructed a fluorescent probe V5

with an asymmetric donor-acceptor-donor (D-A-D) feature after rational structural modulation for vis-

cosity detection during DED progression. The probe manifested a remarkable fluorescence enhancement

(110 folds) in highly viscous conditions without interferences from polarity and reactive species. Specifi-

cally, no aggregation effect of the probe was found in glycerol. Moreover, viscosity increment in human

corneal epithelial cells (HCECs) induced by hyperosmosis and inflammation was monitored, and ferrop-

tosis in HCECs also led to the viscosity elevation. A reactive oxygen species (ROS)-dependent viscosity

changes during DED progression is demonstrated. Finally, viscosity change in corneal epithelial cell layer

from mice treated by scopolamine was also visualized for the first time. We anticipate this work can

provide a new lens to the pathogenesis study and diagnosis of DED and other ophthalmic diseases using

fluorescence methods.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Intracellular microenvironments (viscosity, polarity, redox, etc.)

have been verified to be tightly associated with cellular functions

[1]. Among them, viscosity, as a key parameter of microenvi-

ronments, is heterogeneously distributed in the different regions

in cells, ranging from 50–90 cP in lysosomes to 200–300 cP

in membrane [2,3]. Regular viscosity is pivotal for maintaining

normal biological processes such as membrane fusion and material

transport [4,5]. In contrast, aberrant viscosity is closely related to

pathological processes, like hepatic ischemia reperfusion injury,

cardiovascular diseases, and tumors [6–8]. Therefore, the precise

detection of viscosity changes in bio-systems is highly demanded

for disease diagnosis.

To this end, fluorescence imaging technique has evolved into

the leading tool to monitor cellular functions because of its
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high sensitivity, non-invasive operation, and pervasive facilities

[9–18]. Over the past ten years, and especially in the last five, a

mountain of fluorescent probes have been presented to showcase

intracellular viscosity changes [2,6,19-44], and some of them

have been successfully applied in various pathological processes,

such as fatty liver, stroke, and ferroptosis [26-28,42]. A viscosity-

responsive probe generally contains a rotor that can eliminate

fluorescence of the probe due to motion-induced non radiative

decay under low-viscosity condition; in highly viscous condition,

the fluorescence of the probe can be recovered because of the

inhibition of intramolecular motion, thereby realizing viscosity

sensing. Compared with activity-based fluorescent probes for

other biomarkers including enzymes and reactive oxygen species

(ROS) [45–47], viscosity-responsive probes possess several unique

advantages. First, since viscosity-responsive probes do not need

additional reaction sites, they are more facile to synthesize. Sec-

ond, activity-based fluorescent probes are commonly irreversible

while viscosity-responsive probes are reversible, implying that

the latter ones are more applicable to dynamically monitor the

https://doi.org/10.1016/j.cclet.2023.108516
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progression of relevant pathological processes during a period of

time. Therefore, viscosity-based fluorescent probes are of great

potential for clinical disease diagnosis.

However, in spite of the achievement in viscosity detection,

some drawbacks still exist in the fabrication of viscosity-based

probes. First, since most of viscosity-responsive probes are po-

lar molecules, they always suffer from solvent effects, and polar-

ity is a common interference factor to induce false positive sig-

nals of these probes [48]. Second, viscosity-responsive probes usu-

ally contain reactive C=C bond to enlarge the π-conjugation, while

this architecture enables them susceptible to ROS or reactive sul-

fur species (RSS) such as biothiols [46,49]. Third, molecules fea-

tured with aggregation-induced emission (AIE) are also employed

for viscosity detection [50,51]. Nevertheless, their enhanced emis-

sion in cells can be ascribed to either viscosity elevation or the

formation of aggregation. Therefore, an ideal viscosity-based probe

should be stable without AIE effect, and its optical performance

should not be affected by polarity, yet the above issues have not

been inspected in most cases, and it is still challenging to develop

a high-performance fluorescent probe for viscosity.

Dry eye disease (DED) is a multifactorial chronic inflammatory

disease in the ocular surface, and its prevalence ranged from ap-

proximately 5% to 50% in different populations and regions [52].

DED causes visual disorders and corneal neurosensory abnormali-

ties, reducing the life quality of patients and increasing their eco-

nomic burden. Currently, there is no definitive therapeutic regimen

for DED since the etiology is complicated and unclear [53]. There-

fore, it is of great demand for developing new tools to reveal the

pathology of DED. Recently, it has been discovered that abnormal

intracellular microenvironments such as viscosity are closely asso-

ciated with excessive inflammatory responses [19]. Therefore, mon-

itoring viscosity changes during DED progression might serve as an

alternative to its pathology inspection.

In this regard, we constructed a series of fluorescent probes for

viscosity sensing, including two donor-acceptor (D-A) molecules

V1 and V2 and four donor-acceptor-donor (D-A-D) molecules V3–

V6. 2,6-Dimethyl pyridinium salt was chosen as the electron-

withdrawing center, and triphenylamine (TPA) and phenothiazine

(PTZ) as electron-donating segments. Among them, compound V5

with an asymmetric D-A-D feature shows the most desirable sens-

ing performance under viscous condition. It displays obvious flu-

orescence enhancement upon the increment of viscosity without

interferences from polarity and reactive species. It can selectively

discriminate cancer cells from normal ones owing to their inherent

higher viscosity. Furthermore, the probe is employed to monitor

viscosity variations in human corneal epithelial cells (HCECs) under

different conditions to indicate DED pathology, including hyper-

osmosis (HO) and inflammation. Especially, the probe is success-

fully used for imaging corneal epithelial tissues from DED-modeled

mice. To the best of our knowledge, V5 is the first probe used for

monitoring DED-associated viscosity. The synthetic route for V1–

V6 is illustrated in Scheme S1 (Supporting information), and they

were fully characterized by 1H nuclear Magnetic Resonance (NMR),
13C NMR, and high-resolution mass spectrum (HRMS) (Supporting

information).

In general, viscosity-responsive probes were prepared in a D-A

type which is featured with strong intramolecular charge transfer

(ICT) [19–23]. Such molecules usually emit fluorescence in highly

viscous solvents such as glycerol and apolar solvents such as 1,4-

dioxane, thus lacking selectivity to viscosity. Moreover, the num-

ber of rotors in D-A structures may not be sufficient for complete

quenching of their fluorescence, leading to their limited sensitivity

to viscosity. It is anticipated that increasing rotor numbers should

amplify the sensitivity of viscosity-specific probes. To test this con-

jecture, two D-A and four D-A-D molecules were prepared with

different kinds of donors and different numbers of molecular ro-

tors (Scheme 1). Pyridinium salt is selected owing to its inherent

mitochondrial targetability and excellent aqueous solubility. Differ-

ent donors including TPA and PTZ units are attached in order to

modulate the probes’ optical behaviors in apolar solvents and glyc-

erol. TPA is selected due to its intrinsic rotatable phenyls and PTZ

displays vibratory characteristic. Both two donors have been uti-

lized for sensing viscosity [23]. In addition, an asymmetric D-A-D

structure V6 with donors at 2–4 positions of pyridinium unit was

manufactured.

Initially, the emission spectra of V1–V6 in different solvents

were investigated, including highly polar solvents (H2O, dimethyl

sulfoxide (DMSO), acetonitrile (MeCN), N,N′-dimethylformamide

(DMF), methanol (MeOH)), weakly polar solvents (1,4-dioxane,

tetrahydrofuran (THF), dichloromethane (DCM)), and viscous glyc-

erol. As shown in Figs. 1A–F, almost all of the probes barely flu-

oresced in highly polar sol-vents, while their behaviors in weakly

polar solvents and glycerol remarkably varied. In detail, D-A struc-

ture V1 bearing one PTZ unit showed a distinct emission band at

627nm in 1,4-dioxane and weak fluorescence in THF and glycerol.

Similarly, D-A-D structure V3 with two PTZ units exhibited strong

fluorescence in 1,4-dioxane and THF. The results indicate that PTZ

as donors tends to endow the probes with ability to sense polar-

ity rather than viscosity. Furthermore, although V2 with a common

rotor TPA emitted an intensive fluorescence in glycerol, its intensi-

ties in 1,4-dioxane and THF were higher. By adding one more TPA

head, a reverse optical behavior could be achieved in V4 which dis-

played a strong emission band around 600nm in glycerol, a mod-

erate emission at 650nm in DCM, and a weak emission at 590nm

Scheme 1. Design of pyridinium-based probes V1–V6.
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Fig. 1. The fluorescence spectra of (A–F) V1–V6 (5 μmol/L) in different solvents. (G) The fluorescence spectra of V5 (5 μmol/L) in methanol with increasing fractions of

glycerol (0–90%). (H) The intensity changes at 605nm plotted vs. viscosity value. λex = 470nm, slit: 5 nm/5nm.

in 1,4-dioxane, suggesting that TPA is more preferable for viscosity

sensing than PTZ and increasing rotor numbers can reliably amplify

viscosity sensitivity. Interestingly, by replacing one TPA unit in V4

with a PTZ moiety, a higher selectivity to viscosity over polarity

was attained via an asymmetric D-A-D structure V5. V5 apparently

fluoresced at 605nm in glycerol with a 110-fold intensity enhance-

ment compared with that in water (Fig. S1 in Supporting informa-

tion). However, as a positional isomer of V5, V6 with donors at

2,4-positions displayed a strong emission at 556nm in 1,4-dioxane

and a less strong emission at 625nm in glycerol, losing the selec-

tivity. Overall, not all electron donors are suitable for constructing

D-A type probes for viscosity, rotatable donors should be more fa-

vorable for construction of viscosity-responsive probes than vibra-

tory ones, and D-A-D type molecules might be superior for viscos-

ity sensing than D-A type owing to their more abundant rotors. In

addition, the positions of donors around the acceptor center should

be another key factor for improving the selectivity of probes.

After confirming the best sensing performance of V5 toward

viscosity, its optical behavior was further inspected. First, its ab-

sorption spectra in different solvents were examined. As shown in

Fig. S2 (Supporting information), the maximum absorbance bands

of the probe in the tested solvents primarily located in the range

from 470nm in 1,4-dioxane to 487nm in glycerol, except that of

528nm in DCM. It is of interest that a Tyndall effect was observed

in H2O under laser irradiation, indicating the formation of V5 ag-

gregates in water (Fig. S2). By contrast, no similar phenomenon

was found in methanol and glycerol solutions, suggesting that the

bright fluorescence of V5 in glycerol originates from disperse uni-

molecules rather than aggregates. Moreover, in a viscous mixture

of glycerol-methanol (1:1, v/v), the increment in maximum ab-

sorbance of V5 at 485nm followed the Lambert-Beer’s law with its

concentrations ranging from 1 μmol/L to 30 μmol/L and no shift in

the maximum absorption wavelength was observed, excluding the

aggregation of V5 (Fig. S3 in Supporting information). Meanwhile,

the fluorescence spectra of V5 in THF with varying water fractions

were recorded. It was found that increasing fractions of water in

THF did not enhance the emission intensity of the probe (Fig. S4

in Supporting information). Thus, AIE effect could be excluded in

the sensing process of V5 toward viscosity.

Then, the fluorescence performance of V5 in methanol upon in-

creasing fractions of glycerol was explored. As shown in Figs. 1G

and H, the probe barely fluoresced in methanol. Along with the in-

creasing viscosity from 1.2 cP to 430 cP, the emission intensity at

605nm was amplified apparently with quantum yields increasing

from 0.88% in methanol to 7.66% in 90% glycerol, and no wave-

length shift was observed. It was ascribed to the restriction of

intramolecular motion of the probe by high viscosity which in-

hibited non-radiative decay. Considering that the probe is armed

with two reactive C=C double bonds and one reductive PTZ unit,

its chemostability was investigated in the presence of various ROS

and RSS, including •OH, O2
•−, ONOO−, tBuOOH, ClO−, H2O2, S

2−,
S2O3

2−, and SO3
2−. As shown in Fig. S5 (Supporting information),

the absorption and emission spectra of the probe showed ne-

glectable variations upon addition of these reactive species, sug-

gesting the superb chemostability of V5.

It has been confirmed that the microenvironment in cancer

cells is more viscous than that in normal cells [19]. To verify the

applicability of the probe for bioimaging, two types of normal cell

lines (RAW 264.7 and L929 cells) and two cancer cell lines (HeLa

and A549 cells) were incubated with the probe for 20min, respec-

tively. As depicted in Fig. S6 (Supporting information), dim fluo-

rescence was observed in normal cells while much brighter light

(∼3 folds) was captured in cancerous ones. The results validated

the ability of the probe to monitor intracellular viscosity changes.

Notably, the fluorescent spots in cancer cells were found to dis-

tribute out of nucleus. To further specify the intracellular localiza-

tion of the probe, co-staining of V5 in HeLa cells with commer-

cial dyes was carried out, including Lyso Tracker Green (LTG) for

lysosomes and Mito Tracker Green (MTG) for mitochondria. It was

uncovered that the fluorescence signals from the probe were bet-

ter overlapped with that from MTG, and the Pearson’s coefficients

were calculated to be 0.54 with LTG and 0.85 with MTG in several,

suggesting that V5 primarily located in mitochondria probably ow-

ing to its positive pyridinium fragment (Fig. S7 in Supporting in-

formation).

Viscosity changes in HeLa cells under various stimuli were then

investigated. It has been reported that tunicamycin (TCY), dex-

amethasone (Dex), and nystatin (Nys) can induce viscosity upreg-

ulation in endoplasmic reticulum, lysosomes, and mitochondria,

respectively [29,43,54]. HeLa cells were separately pre-incubated

with these three drugs (10μg/mL) before treatment with the probe.

As exhibited in Fig. S8 (Supporting information), increasing fluo-

rescence was observed in all groups of cells treated with viscosity

inducers, suggesting that V5 can image intracellular viscosity vari-

ations. In addition, the increment in fluorescence intensity from

drug-treated cells followed the order: Nys > Dex > TCY (Fig. S8B),
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indicating that V5 can more sensitively detect mitochondrial vis-

cosity changes, which is identical with the fact that V5 is mainly

accumulated in mitochondria. Afterwards, the dynamic viscosity

changes in Nys-treated cells were monitored. HeLa cells were ini-

tially cultured with Nys (10μg/mL) for different time (0, 1, 2, and

4h). It was found that the fluorescence gradually increased along

with the prolonged drug treatment time and reached a plateau af-

ter 2h, implying that Nys could regulate mitochondrial viscosity

within 2h (Fig. S9 in Supporting information).

Although the etiology of DED is complex and unclear, mito-

chondrial dysfunctions are confirmed to be deeply involved in DED

[55]. Therefore, the probe V5 that can detect mitochondrial viscos-

ity variations is expected to illustrate the DED progression. First,

the cytotoxicity of the probe in HCECs was assessed. As shown

in Fig. S10 (Supporting information), when HCECs were incubated

with different concentrations of V5 ranging from 0 to 10 μmol/L,

the cell viability almost kept unchanged after 24 h Furthermore,

the biosafety of V5 was further inspected on C57BL/6 J mice. All

animal experiments were performed in accordance with the ARVO

statement for the Use of Animals in Ophthalmic and Vision Re-

search and the approved guidelines of the Wenzhou Medical Uni-

versity Institutional Animal Care and Ethics Committee. After being

injected with the solution containing V5 through the tail vein, the

creatinine (CR), aminotransferase (GOT), alanine aminotransferase

(GPT), and blood urea nitrogen (BUN) were detected by the com-

mercially available kits. From Fig. S11 (Supporting information), it

could be concluded that renal function and liver function were not

affected after 24h post-injection of V5. These results indicated the

excellent biocompatibility of the probe.

Subsequently, the sensing performance of V5 in during DED

progression was evaluated. HO and inflammation are considered as

core mechanisms for the occurrence of DED [56,57], thus, HCECs

featured with high osmotic pressure (450 mOsm) were achieved

by treatment with 70mmol/L NaCl, and lipopolysaccharide (LPS)

was used to induce inflammation. As shown in Fig. S12 (Support-

ing information), faint red fluorescence was observed in cells only

treated with the probe, suggesting low viscosity in normal HCECs.

In contrast, brighter fluorescence was visualized in cells with HO

and inflammation symptoms, indicating that the mitochondrial vis-

cosity in HCECs became higher as a result of the occurrence of the

DED. Also, Nys was found to cause viscosity increment in HCECs,

similar to HeLa cells.

Then, the time dependent viscosity changes during DED pro-

gression were investigated. HCECs were stimulated by high-

concentration NaCl and LPS for 0, 2, 4, or 8h, respectively, and then

incubated with V5 for another 20min. As exhibited in Figs. 2A and

B, gradually enhanced fluorescence was monitored in both cases

along with the extended stimulation time, indicating elevated vis-

cosity during the DED progression induced by HO or inflamma-

tion. As oxidative stress has been suggested to play a key role

in the development of DED [55], we assumed that the viscosity-

amplified conditions in the abnormal HCECs should be associated

with ROS variations. To validate this hypothesis, NaCl- or LPS-

pretreated HCECs were cultured with a commercial ROS probe CM-

H2DCFDA. As depicted in Figs. 2C and D, overproduction of ROS

was recorded in the cells with DED phenotype, and the rising ten-

dency of ROS level resembled that of viscosity. Furthermore, in

the HCECs which were successively treated with N-acetylcysteine

(NAC, an antioxidant) and NaCl, both of the viscosity and ROS level

decreased (Fig. S13 in Supporting information), affirming the tight

correlation between viscosity and oxidative stress in mitochondria

during DED progression. The results imply that V5 can be used to

indicate DED-associated viscosity changes.

Recently, it has been revealed that oxidative stress-mediated

ferroptosis participates in the death of corneal epithelial cells

DED [58], while the intracellular microenvironment changes

during ferroptosis in HCECs has been rarely discussed. To

elucidate this pathological process, HCECs were pretreated

with (1S,3R)-methyl 2-(2-chloroacetyl)-2,3,4,9-tetrahydro-1-[4-

(methoxycarbonyl)phenyl]-1H-pyrido[3,4-b]indole-3-carboxylate

(RSL3, a ferroptosis inducer) for different hours, and then sub-

jected to staining with V5 and CM-H2DCFDA, respectively. The

establishment of ferroptosis in HCECs was confirmed using a lipid

peroxidation fluorescence probe C11 BODIPY (Fig. S14 in Support-

ing information). As shown in Fig. S15 (Supporting information),

obviously increasing viscosity was detected along with the fer-

roptosis processes. It has been verified that ferroptosis is tightly

associated with the accumulation of lipid peroxides [58], and the

staining results with CM-H2DCFDA confirmed the elevation of ROS

level in HCECs after RSL3 treatment. Therefore, it is speculated

Fig. 2. HCECs were treated with NaCl (70mmol/L) or LPS (1 μmol/L) for 0, 2, 4, or 8 h. Cells were then incubated with 5 μmol/L V5 (A) or 10 μmol/L CM-H2DCFDA (C) for

another 20min before imaging. λex = 488nm, λem-V5 = 570–620nm, λem-CM-H2DCFDA = 517–527nm. (B, D) Quantitative statistical analysis of indicated fluorescence intensity

in (A) and (C). ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001; ns, no significance by Student’s T-test. n = 4. Error bars are mean ± standard deviation (SD).
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Fig. 3. (A) Up: staining of cornea in mice with sodium fluorescein; below: the

corneal frozen sections from normal or SCOP-treated mice were incubated with V5

(5 μmol/L) and DAPI for 20min and then taken the confocal fluorescence images.

λex = 488nm, λem = 570–620nm. (B) Quantitative statistical analysis of fluores-

cence intensity for V5-stained corneal sections. ∗∗P < 0.01 by Student’s T-test. n = 4.

Error bars are mean ± SD.

that the increasing viscosity during ferroptosis might be due to

the accumulation of lipid peroxides. Thus, viscosity can serve as

a useful target for the investigation of pathogenesis of DED in

living cells mediated by various factors with the aid of a powerful

fluorescent probe.

Finally, the probe was employed to image the viscosity changes

in the corneal tissues from DED mice. DED mice were established

by subcutaneous injection with scopolamine (SCOP, 2.5mg/mL) 3

times a day for 5 consecutive days [59]. After the DED modeling,

the staining of cornea in mice with sodium fluorescein (a clinical

dye for indication of corneal integrity) showed obviously increas-

ing fluorescence, suggesting the injury of corneal epithelial cells

by SCOP (Fig. 3). In addition, phenol cotton thread test was em-

ployed to further confirm the DED modeling. As shown in Fig. S16

(Supporting information), apparent violet color was observed in

the cotton thread from negative control (NC) group, while little

color change was seen in that from SCOP group, suggesting the sig-

nificantly reduced tear secretion of mice in SCOP group. In short,

these results suggested the successful establishment of DED model

in mice.

Afterwards, all mice were sacrificed for cervical dislocation. The

fresh isolated mouse eyeballs were embedded in optimal cutting

temperature compound and cut into sections with a thickness of

10 μmol/L. Corneal sections from normal mice served as NC. All

tissues were stained with V5 and 4′,6-diamidino-2-phenylindole

(DAPI) before imaging. The cornea is divided into five layers, which

from the outside to the inside are the corneal epithelial cell layer,

the corneal proelastic layer, the corneal stroma layer, the corneal

posterior elastic layer, and the corneal endothelial cell layer. It was

clearly found that in NC group, strong blue fluorescence from DAPI

was mainly observed in corneal epithelial cell layer with little red

fluorescence from V5 (Fig. 3). However, in SCOP group, stronger red

fluorescence was visualized in the corneal epithelial cell layer and

the corneal endothelial cell layer, suggesting a more viscous mi-

croenvironment in the corneal from DED mice. The results were

consistent with those in HCECs. It should be noted that the thin-

ner cornea in SCOP group is reasonable, because the core mecha-

nism of dry eye is the apoptosis of corneal conjunctival epithelial

cells caused by high osmotic pressure of tear, which leads to the

thinning of total corneal thickness [52]. Therefore, probe V5 is of

potential in the imaging of varying viscosity in tissues from DED

mice.

In conclusion, we constructed a fluorescent probe V5 with an

asymmetric D-A-D feature after rational structural modulation, and

the probe manifests a remarkable fluorescence enhancement in

highly viscous conditions without interferences from polarity and

reactive species. It can selectively discriminate cancer cells from

normal ones owing to their inherent higher viscosity. Furthermore,

the probe is employed to monitor viscosity increment during DED

progression in living cells and tissues. As a result, viscosity is sug-

gested as an efficient indicator for DED pathology, and V5 is the

first probe used for monitoring DED-associated viscosity to the

best of our knowledge. The underlying mechanism of viscosity

changes during DED is under investigation in our group.
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