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a b s t r a c t

Fluorescence image for accurate tumor label still faces challenges in cancer detection and diagnostics.

Emerging evidence is indicating that glucose-regulated protein 78 (GRP78), a stress-inducible protein

chaperone, is a great potential biomarker and therapeutic target for cancer. However, currently available

probe for image tumor based on GRP78 has not been reported, owning to no obvious strategy in probe

design towards this protein. In this paper, a hairpin-shaped peptidyl probe (pepFAM) conjugated with a

5-FAM fluorophore and a dabcyl quencher at both ends was developed, respectively. The probe was de-

signed by performing a traditional fluorescence resonance energy transfer mechanism and employing a

GRP78 specifically-binding peptide. Furthermore, the probe was used to specifically image cancer cells,

and accurately image xenograft tumors in mice models. The novel fluorescent probe is expected to be a

useful tool for the diagnostics of cancer.

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

Medica, Chinese Academy of Medical Sciences.

Accurate cancer imaging is essential for patient assessment, be-

fore, during, and after treatment [1]. It is most challenging at

the very early stages of cancer. Thus, many advanced molecular

imaging approaches including magnetic resonance imaging (MRI),

computed tomography (CT), positron-emission tomography (PET),

single-photon emission computerized tomography (SPECT), fluores-

cence imaging, photoacoustic imaging, and multimodal imaging are

under constant development to improve diagnosis and to assess

therapeutic efficacy [2–6]. As for accurate imaging systems, can-

cer imaging agents should specifically locate the target to enhance

the image contrast at the tumor site [7,8]. This requires targeting

ligands to bind to receptors expressed specifically on cancer cells.

The glucose-regulated protein, GRP78 (also referred to as BiP

or heat shock protein family A member 5 [HSPA5]), is a stress-

inducible molecular chaperone that is evolutionarily conserved

from yeast to humans [9]. It is also a member of the HSP70 fam-

ily. In its inactive state, GRP78 maintains endoplasmic reticulum

(ER) stress sensors and ER-associated proapoptotic machineries by

sustaining ER protein folding capacity to regulate the balance be-

tween cancer cell survival and apoptosis [10]. Although GRP78 was

believed to reside exclusively in the ER lumen, new studies demon-

strate that it can be actively translocated to the cell surface [11].

∗ Corresponding author.

E-mail address: yincx@sxu.edu.cn (C. Yin).

Furthermore, a wealth of literature has confirmed that GRP78 ex-

ists on the cell surface of certain cell types and functions as a

multifunctional receptor to influence tumor cell growth and sur-

vival [12]. Emerging evidence has highlighted cell surface GRP78

is associated with increased malignant behavior and resistance to

chemotherapy and radiotherapy by endowing various cancer cells

with increased proliferative ability, altered metabolism, improved

survival, and augmented invasive and metastatic potential [13].

GRP78 is, therefore, may be an effective target for cancer diagno-

sis and treatment [13–17]. However, currently available probes de-

signed based on GRP78 for specifically image tumor have not been

reported.

It is noted that many different synthetic peptides have been

designed for GRP78 binding [18]. The specific peptide WIFPWIQL

is the most employed peptide that have shown superior target-

ing activity and specificity towards GRP78 [19–21]. Thus, in this

paper, we employed this peptide to design a fluorescent probe

to specifically label GRP78 for accurate tumor fluorescence imag-

ing. Compared to other imaging techniques, fluorescence imag-

ing has shown unique advantages, involving real-time, multi-level,

non-invasive, and non-disruptive features [1,22–25]. Our group

have designed a lot of fluorescent probes towards bioactive small

molecule with the excellent property [14,26–28].

In this probe design, FRET (fluorescence resonance energy

transfer) design mechanism was introduced. As we know, in a
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Fig. 1. Design mechanism and molecule structure of pepFAM.

probe based on FRET, a key process that affects the fluorescent sig-

nal release mainly depends on the spectral matching and distance

between fluorophores, involving in donor and acceptor/quencher

[23,27,29]. The peptide chain above described has outstanding ad-

vantages, such as small size, little immunogenicity, and economic

synthesis; offers an ideal linker for donor and quencher of probes.

Thus, both sides of this peptide were conjugated with classic

FRET fluorophore molecular pairs: 5-FAM fluorophore and dabcyl

quencher, respectively. Due to the flexibility of peptide chain and

π-π stacking of dyes, the whole probe showed a hairpin shape;

the FRET process happened and the fluorescent signal of 5-FAM

was quenched (Fig. 1a). After the response to GRP78, the confor-

mational changes lead to increase in the space distance of fluo-

rophore and quencher, suppression of FRET process, and finally re-

lease of fluorescence of 5-FAM (Fig. 1a). The produced fluorescence

signal was used to detect the presence of GRP78 with high sensi-

tivity and high selectivity. Furthermore, the capacity of specifically

image cancer cells and tumors of this probe was verified.

The details of synthesis and characterization of probe (desig-

nated as pepFAM, shown in Fig. 1b) are provided in the Experi-

ments Section and Figs. S1 and S2 (Supporting information). The

spectroscopic properties of pepFAM were assessed under in vitro

physiological conditions (in PBS, pH 7.4). In the absence of GRP78,

pepFAM displayed weak fluorescent emission under excitation of

490 nm (Fig. 2a). After the addition of GRP78, a green fluorescence

majored at 530 nm increased over time, as shown in Fig. 2a.

Fig. 2b showed the absence spectra of pepFAM. Upon the addition

of GRP78, the absorbance majored at 490 nm increased slightly.

To verify the selectivity of pepFAM for GRP78, the fluorescent

changes were examined upon addition of intracellular proteins

(glutathione S-transferases, human albumin, lysozyme, and fer-

ritin), active sulfur (Cys, Hcy and GSH), reactive oxygen species

(H2O2) and ions (NaHSO3, NaF, NaCl and NaHCO3). At 2 h, the

above species induced a weak increase with fluorescence intensity

at 530 nm being (<2.4-fold), which was markedly smaller than

that obtained with GRP78 (9.7-times), as shown in Fig. 2c. The

good selectivity showed that pepFAM could serve as a turn-on flu-

orescent probe for GRP78 with minimum interference from other

ROS/RSS, proteins or ions. In addition, a linear correlation between

the fluorescent emission intensity at 530 nm and the GRP78

concentration was presented at Fig. 2d. The detection limit of the

probe for GRP78 was calculated with the equation 3σ /k [30]. The

value was estimated as 0.19 μg/mL. In 3σ /k, σ is the standard

deviation of blank measurement; k is the slope of the calibration

curve in Fig. 2d. Fluorescence kinetics tests of probe and probe for

GRP78 have been performed and displayed in Fig. S3 (Supporting

information). These data indicated that pepFAM is an ideal turn-on

probe for GRP78 with high selectivity and high sensitivity.

Next, CCK-8 assay was performed to verify the low acute tox-

icity of pepFAM to living HCT116 cells (human colorectal cancer

Fig. 2. (a) Fluorescence spectral change of pepFAM (5 μmol/L) upon addition of GRP78 (50 μg/mL) in PBS (pH 7.4), λex =490 nm, slit: 5 nm/5 nm. (b) Absorption spectra of

pepFAM (5 μmol/L) without or with GRP78 (50 μg/mL). (c) Selectivity test of pepFAM (5 μmol/L) towards GRP78 activity over other related biological species and enzymes. 1

to 15 represents free probe, upon additional of GRP78 (50 μg/mL), Cys (1 mmol/L), GSH (1 mmol/L), HCy (1 mmol/L), GSTs (50 μg/mL), human albumin (50 μg/mL), lysozyme

(50 μg/mL), H2O2 (1 mmol/L), ferritin (50 μg/mL), NaHSO3 (200 μmol/L), NaF (200 μmol/L), NaCl (200 μmol/L), NaHCO3 (200 μmol/L), and NaNO2 (200 μmol/L), respectively.

(d) Plot of fluorescence intensity at 530 nm for pepFAM (5 μmol/L) vs. [GRP78] in the range of 0.2∼1.0 μg/mL. Fluorescence intensity values at 530 nm of pepFAM were

obtained after incubation GRP78 with different concentration at 37 °C in PBS buffer after 2 h. The error bars and average values were shown for independently repeated 3

times experiments.
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Fig. 3. CLSM imaging with pepFAM in (a) HCT116 and (b) HL7702 cells. Green channel (λex =488 nm, λem =500-560 nm) imaging signal of cells preincubated with pepFAM

(10 μmol/L) were collected for 20, 40, 60, and 120 min. Scale bar=10 μm. (c) Corresponding average fluorescence intensities of green channel in (a) and (b), error bars are

± S.D.

Fig. 4. (a) In vivo imaging of pepFAM (2 mmol/L) in HCT116-bearing nude mice at 0, 5, and 180 min. Green channel: λex =465 nm, λem =520–580 nm. (b) Corresponding

fluorescence intensities of mice in tumor region (white circles in (a)). (c) Fluorescence imaging of isolated organs (liver, heart, spleen, tumor, lung, kidney, from left to right,

respectively).

cells). The viabilities were shown to be >88.7% at 12 h in the incu-

bation of 1–20 μmol/L pepFAM (Fig. S4 in Supporting information),

clearly suggesting probe has low acute toxicity and excellent bio-

compatibility. Then, confocal imaging experiments were employed

to evaluate the capabilities of probe to permeate living cells and

specifically turn on cancer cells. HCT116 cells were incubated with

10 μmol/L pepFAM. As shown in Fig. 3a, the green channel sig-

nal dramatically increased over time and corresponding fluores-

cence intensity increased by 4.4-fold at 120 min, in Fig. 3c. The

time-dependent green fluorescence increase was attributed to the

increase of incubation time of probe and the specific response of

probe for GRP78. It is noted that the green channel signal is almost

undetectable in HL7702 cells (human normal liver cells), even with

2 h incubation time (Figs. 3b and c). This data indicated that the

probe can specifically turn on cancer cells.

To verify the capacity of the probe to for specifically tumor la-

beling, a tumor model was established by subcutaneous injection

of HCT116 cells in the right-back of a BALB/c nude mouse at the

age of 6–8 weeks. The mice were kept for about 2 weeks. Then

fluorescent imaging of the mice was performed using a small an-

imal optical imaging system. We obtained images of the mice af-

ter injection of the probe at 0, 5, and 180 min, which are given

in Fig. 4a. Weak fluorescence at the tumor site was observed after

5 min of probe injection, indicating that the probe exhibits good

tissue permeability and high sensitivity. Within 180 min of moni-

toring, the fluorescence signal at tumor sites in the mice became

more and more obvious (Fig. 4a). At 180 min, the fluorescence in-

tensity in the tumor region increased by 63.5-fold, compared to

that of before injection (Fig. 4b). Ex vivo fluorescence images of the

isolated organ assay displayed that the obvious fluorescence signal

appeared in the tumor, instead of other organs, including the heart,

liver, kidneys, spleen, and lung (Fig. 4c).

In summary, this paper described the design and synthesis of

a turn-on fluorescent probe and its excellent properties, as well

as their application in solution, in living cell, and in vivo tumor

imaging. The probe is composed of a specific peptide chain for

GRP78 protein conjugated with a 5-FAM fluorophore and a dabcyl

quencher based on FRET mechanism to form harpin-shape struc-

ture. The probe could specifically recognize GRP78 protein, open

the harpin structure and release green fluorescence. Favourable

characteristics of the probe also are demonstrated in terms of high

specificity, high sensitivity, and stable photo-stability. In particular,

the probe has been successfully applied to cellular imaging and the

diagnosis of tumors in a xenogeneic mouse model. The superior

properties of the probe give it great potential in other biosystems

and in vivo imaging studies.
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