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a b s t r a c t

Schizophrenia (SCZ) is a severe mental disorder with an unclear pathogenesis. Increasing evidence sug-

gests that oxidative stress (OS) may contribute to the neuropathological processes underlying SCZ. Bio-

thiols, key endogenous antioxidants, have been proposed as potential biomarkers for the disease. How-

ever, due to the presence of the blood-brain barrier (BBB), fluorescent probes are rarely used to image

biothiols in the brain of SCZ models. In this study, a series of fluorescent probes for biothiols were de-

veloped using dicyanoisophorone derivatives as fluorophores known for their excellent optical properties,

and carboxylic esters as recognition units. A parallel synthesis and rapid screening strategy was employed

to construct and optimize these probes. By introducing trifluoromethyl and benzothiazole groups into the

fluorophore, the emission wavelength was successfully shifted into the near-infrared region. Additionally,

various trifluoromethyl-substituted aromatic and nitrogen heterocyclic compounds were incorporated to

optimize the carboxylic esters, thereby improving the probes’ reactivity and lipophilicity. Systematic eval-

uation of the physicochemical characteristics, and optical performance led to the identification of DCI-

BT-11 as the most promising candidate. DCI-BT-11 demonstrated excellent BBB permeability and a good

response to biothiols both in vitro and in vivo. Notably, DCI-BT-11 was used for the first time to visualize

biothiol flux and assess the therapeutic effects of the antioxidant N-acetylcysteine (NAC) in the brains of

SCZ mouse models, offering new insights into the role of OS in the pathogenesis and treatment of SCZ.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Schizophrenia (SCZ), characterized by hallucinations, delusions,

cognitive impairment, and emotional apathy, is a chronic and se-

vere psychiatric disorder with a lifetime prevalence of approxi-

mately 1%, significantly impairing social functioning and quality

of life. Unfortunately, from a prognostic standpoint, many patients

struggle to achieve full recovery. Even among those with a rela-

tively favorable prognosis, SCZ can profoundly affect quality of life,

leading to adverse outcomes such as impaired social functioning,

and difficulties in forming intimate relationships, posing serious

threats to both physical and mental health [1,2]. Due to its com-

plex etiology and diverse pathogenesis, SCZ remains a major chal-

lenge in clinical diagnosis and treatment. Numerous studies have

revealed that oxidative stress (OS) in the brain may play a pivotal
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role in the pathophysiological processes of SCZ, offering new in-

sights into its underlying mechanisms [3–5]. OS is a pathological

condition characterized by an imbalance bet ween the excessive

production of reactive oxygen species (ROS) and the limited capac-

ity of endogenous antioxidant defense systems to neutralize them.

Consequently, monitoring changes in bioactive molecules associ-

ated with OS in the brains of individuals with SCZ may facilitate

early diagnosis, even before the onset of overt symptoms [6,7]. Bio-

thiols, as important antioxidant indicators, are closely associated

with OS [8–12]. Studies have demonstrated that their concentra-

tions fluctuate significantly in the brains with SCZ. Therefore, de-

veloping methods to monitor biothiols fluctuations may be of great

significance for the early diagnosis of SCZ [13].

Due to the unique advantages such as excellent tissue penetra-

tion, minimal damage to biological tissues, high sensitivity, and the

ability to enable non-invasive, real-time, and high-resolution imag-

ing of bioactive molecules, near-infrared (NIR) fluorescent probes
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Scheme 1. Design strategy of fluorescent probes and their response mechanisms toward biothiols.

have emerged as powerful tools in biological and medical imag-

ing applications [14,15]. Despite the development of various NIR

fluorescent probes for biothiol detection in living cells and in vivo

[16–28], there are still few probes specifically designed to monitor

biothiol levels in the brain, especially focused on brain imaging of

SCZ [29–31]. To gain deeper insights into the relationship between

SCZ and biothiol fluctuations, there is an urgent need to develop a

fluorescent probe capable of real-time monitoring of biothiol lev-

els in the schizophrenic brain. However, due to the brain’s com-

plex structure and the presence of the blood-brain barrier (BBB),

an ideal fluorescent probe for this purpose must possess the abil-

ity to cross the BBB, along with high sensitivity, selectivity, and a

rapid response to biothiols in the NIR region.

To the best of our knowledge, owing to their superior

lipophilicity and biocompatibility, trifluoromethyl and nitrogen-

containing heterocycles are extensively utilized in the formulation

of drugs targeting neurological disorders [32–36]. A series of flu-

orescent probes were synthesized in parallel using carboxylic es-

ters as recognition groups and dicyanoisophorone derivatives with

excellent optical properties as fluorophores based on our previ-

ously reported reaction mechanism between biothiol and pyridine

esters, in which biothiols nucleophilically attack the unsaturated

carbonyl carbon of carboxylic esters, resulting in ester bond cleav-

age and fluorophore release [30,31]. By introducing trifluoromethyl

and benzothiazole groups, the emission wavelength of the fluo-

rophores was successfully extended into the NIR region. Addition-

ally, substituting various aromatic or nitrogen-containing heterocy-

cles with trifluoromethyl groups optimized the electron distribu-

tion around the carboxylic ester, thereby modulating the reactivity

of the probes toward biothiols (Scheme 1A).

As mentioned above, a diverse library of 12 candidate probes

was constructed (Scheme S1 and Figs. S11–S46 in Supporting in-

formation), and their physicochemical properties, optical perfor-

mance, and structure–activity relationships were systematically

evaluated. Among these, the probe DCI-BT-11 exhibited notable po-

tential for biothiol imaging in the brain, primarily due to its favor-

able BBB permeability, as evidenced by a LogP value of 1.32 and

a Pe value of 3.81 (Scheme 1B, Figs. S1 and S2 in Supporting in-

formation). Additionally, as shown in Scheme 1C, the intramolec-

ular charge transfer (ICT) and excited-state intramolecular proton

transfer (ESIPT) process of DCI-BT-11 was inhibited by introduc-

ing carboxylic esters, resulting in fluorescence quenching. However,

upon the addition of biothiols, the protecting group of DCI-BT-11

is removed, and the hydroxyl group is released, triggering the ICT

and ESIPT processes. Subsequently, NIR fluorescence is emitted at

Fig. 1. Optical performance of DCI-BT-11 (20 μmol/L) towards biothiols

in PBS buffer (10mmol/L, pH 7.4, 40% DMSO, v/v), λex/λem =575/710nm,

slit/slit=2nm/2nm. (A) Normalized absorption and fluorescence spectra of DCI-BT-

11 in the presence of Cys (150 μmol/L). (B) Fluorescence responses of DCI-BT-11

toward various species (200 μmol/L). (C) Fluorescence kinetics of DCI-BT-11 after

the addition of 10 equiv. of biothiols. (D) Absorption and (E) fluorescence titration

spectra of DCI-BT-11 upon addition of Cys (0–40 μmol/L). (F) Linear correlation

between fluorescence intensity and concentrations of Cys. Data are presented as

mean ± standard deviation (SD) (n=3).

710nm, accompanied by a large Stokes shift (135nm). High res-

olution mass spectrometry (HRMS) analysis further validated the

sensing mechanism of DCI-BT-11 for biothiols. As shown in Fig.

S3 (Supporting information), peaks at m/z 422.1328 ([M–H]−) and

595.1414 ([M–H]−) correspond to DCI-BT-OH and the probe DCI-

BT-11, respectively. Furthermore, using DCI-BT-11, a decrease in

biothiol concentrations was observed in the brains of mice with

SCZ. More importantly, the therapeutic efficacy of N-acetylcysteine

(NAC) and olanzapine (ONP) was evaluated by monitoring changes

in biothiol levels in SCZ-model mice. These findings offer valuable

insights for understanding of the pathogenesis of SCZ.

With the probe DCI-BT-11 in hand, we investigated its optical

performance towards biothiols in phosphate buffered saline (PBS)

buffer (10mmol/L, pH 7.4, 40% DMSO, v/v). As shown in Fig. 1A,

after the addition of biothiols (using cysteine as a model), an ab-

sorbance peak appeared at 575nm, accompanied by fluorescence

emission at 710nm, exhibiting a large Stokes shift of 135nm. This

result indicates that the probe DCI-BT-11 is converted to DCI-BT-

OH upon reaction with biothiols, which is highly desirable for

the fluorescence imaging of biothiols in biological systems. Sub-

sequently, the specificity of DCI-BT-11 was evaluated by monitor-

ing its fluorescence response to various biological species under
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physiological conditions. Encouragingly, as shown in Fig. 1B, the

DCI-BT-11 exhibited excellent selectivity, with no significant fluo-

rescence changes observed upon the addition of various species

(1–5: Ala, Asp, Arg, Asn, Gly; 6–10: Leu, Glu, Lys, Met, Gln; 11–

15: Tyr, Phe, Ile, Val, Thr; 16–20: Ser, Pro, Na+, K+, Fe2+; 21–25:

Cu2+, Ca2+, Fe3+, Mg2+, ClO−; 26–30: H2O2, NO3
−, CO3

2−, SO4
2−,

HSO3
−; 31, 32: Na2S, SO3

2−). In contrast, the addition of bioth-

iols (33–35: homocysteine (Hcy), glutathione (GSH), and cysteine

(Cys)) resulted in a significant increase in fluorescence intensity

at 710nm.

Furthermore, the kinetic profiles of DCI-BT-11 with biothiols at

710nm demonstrated a pronounced fluorescence increase, reaching

equilibrium at approximately 150 s for Cys, 200 s for Hcy, and 300 s

for GSH, respectively (Fig. 1C). Additionally, absorption and fluores-

cence titration experiments were conducted with biothiols (Figs.

1D and E, Fig. S4 in Supporting information). The free probe DCI-

BT-11 exhibited a strong absorption peak at 385nm, which gradu-

ally decreased upon the addition of Cys, Hcy, and GSH, accompa-

nied by the emergence of a new peak at 575nm. Correspondingly,

a significant fluorescence enhancement at 710nm was observed,

with the intensity increasing as a function of biothiol concentra-

tion. The detection limits for Cys, Hcy, and GSH were determined

to be 68, 85, and 98nmol/L (Fig. 1F and Fig. S4), respectively. In ad-

dition, the influence of pH on the fluorescence response of DCI-BT-

11 toward biothiols was assessed using Cys as a representative an-

alyte (Fig. S5 in Supporting information). The probe DCI-BT-11 ex-

hibited stable fluorescence in the absence of biothiols in pH range

of 6–9, while the addition of Cys led to a strong fluorescence sig-

nal, indicating that DCI-BT-11 is suitable for monitoring biothiols

under physiological conditions.

The excellent properties of DCI-BT-11 in chemical systems mo-

tivated us to investigate its practical application in living cells. Ini-

tially, the cell counting kit-8 (CCK-8) assay was employed to as-

sess the cytotoxic effects of DCI-BT-11 on HT22 and PC12 cells.

As shown in Fig. S6 (Supporting information), after 24h of incu-

bation with DCI-BT-11 (20 μmol/L), cell viability remained around

84%, suggesting low cytotoxicity and good suitability for intracel-

lular biothiol imaging. Subsequently, DCI-BT-11 was employed to

visualize endogenous biothiols in HT22 cells. As shown in Figs.

S7 and S8 (Supporting information), the fluorescence intensity in-

creased in a concentration-dependent manner. Additionally, a ki-

netic study conducted over 22min demonstrated that the fluores-

cence intensity gradually increased and stabilized within 18min,

indicating that DCI-BT-11 enables rapid and effective detection of

biothiols in HT22 cells.

Moreover, lipopolysaccharide (LPS) was employed to simulate

OS in schizophrenic brain models, as LPS is known to induce OS

in living cells. To determine the optimal concentration for estab-

lishing the OS model, HT22 cells were treated with 10μL of LPS

(0, 0.5, 1.0, 1.5, and 2.0 μg/mL) (Figs. 2A and B). The experimen-

tal results showed a significant decrease in fluorescence intensity

in HT22 cells treated with LPS (2.0 μg/mL, 10μL), establishing this

concentration as the optimal condition for inducing OS.

Subsequently, the efficacy of various antioxidants NAC, GSH,

alpha-lipoic acid (ALA), and vitamin C (Vc) was evaluated in the

LPS-induced OS cell model by monitoring biothiol levels using DCI-

BT-11. As shown in Figs. 2C and D, fluorescence recovery was ob-

served in all four antioxidant treated groups, indicating that ALA,

GSH, NAC, and Vc can alleviate intracellular OS and may have po-

tential therapeutic effects in mitigating OS-related damage in SCZ.

To investigate whether DCI-BT-11 can be used to monitor bio-

thiol fluxes in vivo, a group of six-week-old BALB/c nude mice

received intraperitoneal (i.p.) injections of DCI-BT-11, and images

were captured at various time points (0, 0.5, 1, 2, 4, 12, and 24h).

All animal experiments were conducted in accordance with the

protocols approved in the "Approval Statement on Animal Welfare

Fig. 2. (A) HT22 cells were pretreated with LPS for 12h, followed by incubation

with DCI-BT-11 (20 μmol/L) for 40min prior to fluorescence imaging, respectively.

(B) Quantification of fluorescence intensity from (A). (C) HT22 cells were pretreated

with LPS (2.0 μg/mL, 10 μL) for 12h, then incubated with ALA, GSH, NAC, or Vc

(1mmol/L) for 4h, followed by DCI-BT-11 (20 μmol/L) incubation for 40min and flu-

orescence imaging. λex =561nm, λem =640–690nm. Scale bar: 10 μm. (D) Quantifi-

cation of fluorescence intensity from (C). Data are presented as mean ± SD (n=3).

One-way ANOVA was used to compare multiple groups. ∗∗∗∗P<0.0001.

and Ethics of Hebei University”. As shown in Fig. S9 (Supporting

information), DCI-BT-11 effectively penetrated the BBB and enabled

monitoring of biothiol levels. Based on the results, 1 h was selected

as the optimal imaging time for DCI-BT-11 in the mouse brain. Fur-

thermore, a SCZ mouse model was established by daily adminis-

tration of dizocilpine (MK-801, 0.6mg/kg, 100μL) for 14 consecu-

tive days. The success of the model was confirmed through au-

tonomous activity and suspension tests (Fig. 3A) [14,15]. Impor-

tantly, SCZ mice were pretreated daily for three consecutive days

with ONP (1mg/kg, 100μL), NAC (20mg/kg, 100μL), or a combi-

nation of ONP (1mg/kg, 50 μL) and NAC (20mg/kg, 50 μL). The re-

sults indicated a gradual increase in biothiol levels in the brains of

treated mice compared to the model group, indicating that ONP

and NAC have certain alleviating and therapeutic effects on SCZ

(Figs. 3B and C). Moreover, fluorescence imaging analysis was also

conducted on brain tissue sections from each group of mice (Fig.

S10). Taken together, these findings suggest that monitoring the

dynamic changes of endogenous biothiols offers a promising strat-

egy for the diagnosis and evaluation of therapeutic effects in mice

with SCZ.

In conclusion, we developed and constructed a diverse library

of NIR fluorescent probes for biothiols, comprising 12 candidates.

Among these, DCI-BT-11, based on the ICT-ESIPT mechanism, was

identified as the most promising probe. Upon biothiol-triggered

cleavage of the carboxylic ester group, the hydroxyl group of the

fluorophore is released, activating both ICT and ESIPT processes

and resulting in a bright NIR fluorescence emission at 710nm with

a large Stokes shift of 135nm. At the cellular level, DCI-BT-11 suc-

cessfully monitored changes in biothiol concentrations in HT22

cells under LPS-induced OS. Owing to its excellent BBB permeabil-

ity, DCI-BT-11 enabled the visualization of biothiol fluctuations in

the brains of SCZ mouse models for the first time. Furthermore,

the effects of two antipsychotic drugs, ONP and NAC, on reduction-

oxidation (REDOX) homeostasis in the brain were evaluated, pro-

viding important insights into the relationship between OS and

SCZ. Overall, this study presents powerful tools and a theoretical

basis for the early diagnosis and therapeutic intervention of cen-

tral nervous system disorders.
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Fig. 3. (A) Schematic diagram of the treatment protocol for SCZ mice. (B) Fluorescence imaging of SCZ mice treated with ONP (1mg/kg, 100μL), NAC (20mg/kg, 100μL),

or a combination of ONP (1mg/kg, 50 μL) and NAC (20mg/kg, 50 μL), along with corresponding cerebrum images. (C) Quantification of fluorescence intensity from (B).

λex =510nm, λem =600–710nm.
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