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The accurate detection of multiplex collagen biomarkers is vital for diagnosing and treating various critical
diseases such as tumors and fibrosis. Despite the attractive optical properties of quantum dots (QDs), it remains
technically challenging to create stable and specific QDs-based probes for multiplex biological imaging. We
report for the first time the construction of multi-color QDs-based peptide probes for the simultaneous finger-
printing of multiplex collagen biomarkers in connective tissues. A bipeptide system composed of a glutathione
(GSH) host peptide and a collagen-targeting guest peptide (CTP) has been developed, yielding CTP-QDs probes
that exhibit exceptional luminescence stability when exposed to ultraviolet irradiation and mildly acidic con-
ditions. The versatile bipeptide system allows for facile one-pot synthesis of high-quality multicolor CTP-QDs
probes, exhibiting superior selectivity in targeting critical collagen biomarkers including denatured collagen,
type I collagen, type II collagen, and type IV collagen. The multicolor CTP-QDs probes have demonstrated
remarkable efficacy in simultaneously fingerprinting multiple collagen types in diverse connective tissues,
irrespective of their status, whether affected by injury, diseases, or undergoing remodeling processes. The
innovative multicolor CTP-QDs probes offer a robust toolkit for the multiplex fingerprinting of the collagen

suprafamily, demonstrating significant potential in the diagnosis and treatment of collagen-related diseases.

1. Introduction

Collagen, a superfamily of extracellular matrix proteins with a triple
helix structure, is vital for maintaining tissue structure and stability, and
it plays a crucial role in mediating physiological processes such as tissue
regeneration and wound healing [1-5]. The dysregulation of collagen
remodeling has been widely recognized as a key underlying factor
contributing to a variety of severe diseases such as tumors and fibrosis
[6-9]. The aberrant synthesis and degradation of type I and type IV
collagen have been closely implicated in the multifaceted processes of
tumor progression, invasion, and metastasis [10-13]. The abnormal
accumulation of type I and type IV collagen has been identified in
fibrotic lesions, while the excessive degradation of type II collagen is
observed in osteogenesis [14-20]. Recent research has highlighted de-
natured collagen as a prominent contributor to the progression of tu-
mors and other diseases involving collagen dysfunction [21-23].
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Therefore, the precise and simultaneous detection of multiplex collagen
biomarkers is of utmost importance for the accurate diagnosis and
effective treatment of these diseases. Multiplex detection and biomarker
fingerprinting have seen significant use in solution. Moreover, the
growing interest in tissue-level multiplex detection stems from its
pivotal role in disease diagnosis and pathological analysis [24-26].
Fluorescent peptide probes, incorporating widely-used organic dyes
like fluorescein and cyanine, have been extensively investigated for the
detection of various collagen types [27,28]. The HVWMQAP and
KLWVLPK peptide probes, modified with organic dyes, have shown se-
lective targeting capabilities for type I collagen and type IV collagen,
respectively [29,30]. Furthermore, the peptide probe WYRGRL, labeled
with Cy5.5, has been employed to visualize type II collagen in knee
joints [31]. A significant recent breakthrough in peptide probe devel-
opment has led to the discovery of (GPO), sequences that selectively
target denatured collagen while avoiding binding to intact collagen [32,
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33]. However, the tendency of (GPO), probes to self-assemble into
homotrimers significantly reduces their efficacy in targeting denatured
collagen, presenting notable obstacles to their potential clinical utility
[34,35]. Moreover, organic dyes are hindered by drawbacks such as
photobleaching, limited spectral reusability, and susceptibility to envi-
ronmental factors, thereby significantly constraining their capacity for
simultaneous detection of multiplex biomarkers in complex disease
systems.

Quantum dots (QDs) have garnered extensive interest as a prominent
choice for multiplex biological imaging, thanks to their remarkable
photostability, vibrant color emission, and broad excitation spectra [36,
37]. Various strategies have been investigated for the generation of
specific QDs-based probes through the subsequent modification of tar-
geting molecules with pre-synthesized hydrophilic QDs [38]. The
coupling strategy, such as 1-(3-Dimethylaminopropyl)-3-ethylcarbodii-
mide hydrochloride (EDC)/N-Hydroxy succinimide (NHS) chemistry
was utilized to crosslink the QDs with a tumor cell-targeting peptide, but
the unavoidable self-crosslinking of QDs and peptides frequently leads
to precipitation and limits the accessibility of antigen-binding sites [39,
40]. The electrostatic adsorption-based conjugation of negatively
charged quantum dots (QDs) with an arginine-rich peptide for nuclei
labeling is hampered by the peptides’ vulnerability to the external
environment, resulting in their detachment from the QDs and subse-
quent loss of specificity [41]. All previously reported strategies involve
additional post-modification steps to create targeting molecules labeled
hydrophilic QDs, which frequently result in compromised stability and
specificity of the peptide-QDs probes.

We herein for the first time report the construction of multicolor
QDs-based peptide probes for simultaneous fingerprinting of multiplex
collagen biomarkers in connective tissues. A bipeptide system consisting
of a GSH host peptide and a collagen-targeting guest peptide (CTP) has
been developed for the one-pot synthesis of highly stable hydrophilic
QDs-based probes, demonstrating exceptional specificity towards spe-
cific collagen biomarkers, including denatured collagen, type I collagen,
type II collagen, and type IV collagen. The multicolor CTP-QDs probes
serve as a highly versatile tool for the fingerprinting of multiplex
collagen types in a variety of connective tissues, whether affected by
injury, disease, or undergoing remodeling processes. The novel multi-
color CTP-QDs probes provide a robust toolkit for multiplex collagen
fingerprinting, with great potential in the diagnosis and management of
collagen-related diseases.

2. Materials and methods
2.1. Synthesis of peptides

All peptides were synthesized in-house by standard Fmoc solid phase
peptide synthesis (SPPS) method using rink amide resin. Stepwise cou-
plings of amino acids were performed using Fmoc-amino acids (4 eq.),
HOBt (4 eq.), HBTU (4 eq.) and DIEA (6 eq.). Resin was washed by DMF
(8 x 10 mL) and DCM (2 x 10 mL) after each coupling step and
following Fmoc deprotection with 20% (v/v) piperidine in DMF.
Chloranil test was used to check the status of coupling reaction and
Fmoc deprotection. For FAM-labeled peptide probes, the mixture of
FAM (10 eq.), HOBt (10 eq.), HBTU (10 eq.) and DIEA (16 eq.) in DMF
was added to the resin, and incubated for 24 h to conjugate FAM to the
N-terminal of the peptide. TFA/H,0/TIS (95:2.5:2.5) was applied to
treat the resin for 2.5 h to deprotect the side-chain protecting group and
take off the peptide. The peptides were harvested by precipitation with
cold Et,0. Crude products were collected by re-suspension in cold Et;0,
sonication and centrifugation, and were then purified using reverse
phase HPLC on a C18 column. The peptides were lyophilized and stored
at —20 °C for future use. The identity of the peptides was confirmed by
mass spectrometry.
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2.2. Synthesis of CTP-QDs probes

All reactions were carried out in oxygen-free water under nitrogen.
The synthesis of CTP-QDs was based on the reaction of cadmium chlo-
ride with sodium hydrogen telluride (NaHTe). NaHTe was prepared by
adding 1 mL NaBH4 (10 mg/mL) dropwise to a powder of Tellurium at
60 °C. Freshly generated NaHTe was bubbled into a solution containing
CdCl, and glutathione (GSH) at pH 11.5 with vigorous stirring. The
mixture was heated to 100 °C and then refluxed for 30-120 min. At this
point, a solution containing 1 mL collagen-targeting peptides (CTPs) in
ultrapure water was injected into the mixture at a rate of 200 pL per
minute, and the refluxing process continued for an additional 15 min.
The amounts of Cd, Te, GSH and CTPs were 0.1, 0.05, 0.3 and 0.003
mmol, respectively, in a total volume of 30 mL. The as-prepared CTP-
QDs was precipitated with an equivalent amount of 2-propanol, and
then resuspended in ultrapure water and precipitated with 2-propanol
three more times. The pellet of purified CTP-QDs was dried overnight
at room temperature in vacuum, and the final product in the powder
form could be redissolved in water.

2.3. Physical characterization

The XRD pattern of vacuum-dried CTP-QDs powder was obtained
with a D/Max-2400 X-Ray Diffractometer (Ridaku Technologies Inc.,
Japan). The scanning was performed with Cu Ka radiation (40 kV, 200
mA) at a rate of 0.02°/s within the 20 range of 10°-80°. The FTIR was
obtained with a Fourier Transform Infrared Spectrometer NEXUS 670
(Thermo Nicolet Corporation, Madison, USA). A pellet was formed by
grinding 1 mg of CTP-QDs probe powder with 100 mg of anhydrous
potassium bromide and compacting the mixture. DLS measurement of
CTP-QDs in aqueous solution was acquired with BI-200 S M laser light
scattering system (Brookhaven Instruments Corporation). TEM of CTP-
QDs was performed on Thermo Scientific™ Talos™ F200C TEM (FEI,
Hillsboro, USA).

2.4. Colorimetric measurements

Fluorescent images were captured using a digital camera (Canon
SX220 HS) to document the visual representation of CTP-QDs probe
solutions, which were illuminated by a UV lamp with 365 nm excitation.

2.5. The absorption and emission spectroscopy

Absorption spectra of CTP-QDs probes were recorded at room tem-
perature on a UV-1750 spectrophotometer (Shimadzu Corporation,
Kyoto, Japan). Emission spectra were measured on an RF-6000 fluo-
rescence spectrometer equipped with a Xenon lamp as an excitation
source (Shimadzu Corporation, Kyoto, Japan). Fluorescence measure-
ments were conducted from 450 nm to 800 nm with a 1 nm increment
per step.

2.6. Tissue staining and imaging

All animal experiments were performed with protocols approved by
the ethics committee of College of Chemistry and Chemical Engineering,
Lanzhou University (No. GO08). All tissues were fixed in a 4% para-
formaldehyde solution in 10 mM PBS (pH 7.4) for 1 h and subsequently
cryopreserved in Tissue-Tek O-C.T. medium. The tissues were then
sectioned to a thickness of 4 pm on glass slides. The tissue slides were air-
dried at room temperature, permeabilized by cold methanol at —20 °C
for 10 min, and incubated in 10 mM PBS. Each slide was then treated
with 0.5 mL blocking solution (10% v/v goat serum in 10 mM PBS), and
incubated at room temperature. Solutions of CTP-QDs with a concen-
tration of 0.1 mg/mL and CTP-FAM with a concentration of 20 pM were
prepared in 10 mM phosphate buffer (pH 7.4). 100 pL of each probe
solution was applied to the tissue slide, and incubated at 4 °C for 6 h
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with the tissue slide covered with parafilm. The parafilm was removed,
and the solution on the slides was absorbed by bibulous paper. The tissue
slides were subjected to three consecutive 5-min washes with 10 mM
phosphate buffer. The stained tissue sections were visualized using a
Leica DM4000B metallurgical upright microscope (Leica Microsystems
Inc., Wetzlar, Germany). For the assessment of luminescence stability of
CTP-QDs, the specimens were subjected to continuous illumination for
420 s using light emitted from a 100 W Halogen lamp. Anti-collagen
antibodies (1:50 dilution) were used to stain tissues. After blocking,
100 pL antibodies solutions were applied to the tissue sections and
incubated at 4 °C for 12 h. The tissue slides were then washed by10 mM
phosphate buffer for 5 min three times and probed by FITC labeled goat
anti-rabbit IgG (1:500) for 60 min at 37 °C. The tissue slides were sub-
jected to three consecutive 5-min washes with 10 mM phosphate buffer.
The stained tissue sections were visualized using a Leica DM4000B
metallurgical upright microscope.

3. Results and discussion
3.1. Design of the collagen-targeting peptide modified QDs probes

A bipeptide system comprising glutathione (GSH) as the host peptide
and a collagen-targeting peptide (CTP) as the guest peptide has been
developed to generate highly stable hydrophilic quantum dots-based
probes with exceptional specificity for specific collagen biomarkers
(Scheme 1). GSH contributes to the significant stabilization of quantum
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dots (QDs) by leveraging the electrostatic repulsion effects facilitated by
its charged amino acid Glu, while simultaneously establishing coordi-
native connections through its Cys amino acid. The guest peptide,
featuring the shared sequence pattern Cys-Glu-Ahx-CTP, incorporates
the selective peptide sequence CTP that specifically targets a particular
type of collagen biomarkers [29-31,34]. Moreover, the guest peptide
encompasses a coordinative Cys residue for connection to QDs, a
negatively charged Glu residue for QDs stabilization via electrostatic
repulsion, and aminohexanoic acid (Ahx) as a linker between the
Cys-Glu and CTP sequences. Unlike thermally-labile antibodies, CTPs
exhibit exceptional thermal stability and can be directly added at the
outset of high-temperature reactions, enabling the one-step synthesis of
specific hydrophilic QDs and eliminating the need for additional
second-step modifications as required by previously reported methods
[39,42,43]. Due to its short length, GSH is not expected to interfere with
the interaction between the guest peptide and the targeted biomarkers.

The guest peptides offer exceptional flexibility in accommodating
different types of collagen-targeting sequences, making them a highly
versatile tool for the synthesis of specific peptide probes based on QDs
for the detection of multiple collagen biomarkers. Four distinct CTP
variants have been designed to specifically detect different forms of
collagen: DCTP (CE-Ahx-(GPO)g-NHy) for denatured collagen, ICTP (CE-
Ahx-HVWMQAP-NHy) for type I collagen, IICTP (CE-Ahx-WYRGRL-
NHy) for type II collagen, and IVCTP (CE-Ahx-KLWVLPK-NH,) for type
IV collagen (Table 1).

1IV-Col

Multiplex Collagen Biomarkers

Multi-color CTP-QDs
[ lf—

Fingerprinting

Collagen Fingerprint

Scheme 1. Schematic illustration of simultaneous fingerprinting of multiplex collagen biomarkers in connective tissues by multicolor quantum dots-based pep-

tide probes.
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Table 1
Construction of collagen-targeting peptides. Name, sequence and mass spec-
troscopy characterization of the peptides and their respective collagen targets.

Name Sequence Calculated m/  Foundm/  Target
z z
DCTP CE-Ahx-(GPO)g-NH, 2557.8 2557.3 Denatured
collagen

ICTP CE-Ahx-HVWMOQAP- 1212.5 1212.3 Type I collagen
NH,

IICTP CE-Ahx-WYRGRL- 1194.4 1194.4 Type II collagen
NH,

IVCTP  CE-Ahx-KLWVLPK- 1227.5 1227.5 Type IV collagen
NH,

3.2. Synthesis and characterization of multicolor CTP-QDs probes

Four types of CTPs (DCTP, ICTP, IICTP and IVCTP) were successfully
synthesized using solid-phase synthetic protocols, and their identity was
verified through mass spectrometry analysis (Table 1, Fig. S1). Solutions
of 5 mM CdCl; and 15 mM GSH were prepared in water, and their pH
were adjusted to 11.5 by 1 M NaOH. Solutions of NaHTe with a final
concentration of 2.5 mM was added to the mixtures, and was heated at
100 °C for 30-120 min under vigorous stirring. Solutions of each type of
CTPs (DCTP, ICTP, IICTP and IVCTP) with a final concentration of 0.015
mM were then injected into the mixture, and kept heating at 100 °C for
additional 15 min to synthesize DCTP-QDs, ICTP-QDs, IICTP-QDs and
IVCTP-QDs, respectively.

Colorimetry, fluorescence spectrometry and UV-vis spectrometry
were employed to examine these four CTP modified QDs (CTP-QDs)
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prepared at three different incubation time (45 min, 95 min and 135
min) at 100 °C (Fig. 1). DCTP-QDs, ICTP-QDs, IICTP-QDs and IVCTP-
QDs with three different colors (green, orange and red) under UV365
light were observed, and their fluorescence emission spectra displayed
maximum wavelengths covering a broad range from ~525 nm to ~680
nm (Fig. 1a). The UV-vis spectra of DCTP-QDs, ICTP-QDs, I[ICTP-QDs
and IVCTP-QDs displayed similar broad absorption peaks, indicating
that the multicolor CTP-QDs could be excited by the same excitation
source (Fig. S2). These findings consistently demonstrated the conve-
nient production of multicolor CTP-QDs by adjusting the incubation
time, enabling simultaneous detection of multiple collagen biomarkers
using a single readily available excitation source.

All the prepared CTP-QDs with three different colors remained as
clear solutions and were analyzed using dynamic light scattering (DLS).
The DLS analysis of DCTP-QDs, ICTP-QDs, IICTP-QDs, and IVCTP-QDs
consistently demonstrated particle sizes of approximately 3 nm for
green-colored CTP-QDs, 4 nm for orange-colored CTP-QDs, and 5 nm for
red-colored CTP-QDs, indicating a uniform distribution and excellent
dispersion (Fig. S3). Additionally, the gradual increase in particle size,
achieved through longer incubation times, corresponded to a redshift in
the emission wavelength. The as-prepared red CTP-QDs were selected as
examples for further characterization by transmission electron micro-
scopy (TEM) and X-ray diffraction (XRD). The TEM images revealed
homogeneously distributed nanoparticles with an average diameter of
approximately 5 nm for all CTP-QDs (Fig. 1b). The XRD patterns of red
DCTP-QDs, ICTP-QDs, IICTP-QDs, and IVCTP-QDs all showed charac-
teristic peaks at 26° and a broad band at 45°, which corresponded to
diffraction planes (111) and overlapped (220) and (311) of zinc blende
crystal, respectively (Fig. 1c). These results have constantly

IICTP-QDs IVCTP-QDs
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Fig. 1. Characterization of multicolor CTP-QDs probes. a) Photographs and fluorescence spectra of DCTP-QDs, ICTP-QDs, IICTP-QDs and IVCTP-QDs with three
different emission wavelengths. The photographs were taken under a UV365 lamp. b) TEM images of DCTP-QDs, ICTP-QDs, IICTP-QDs and IVCTP-QDs. Scale bar =

20 nm. ¢) XRD patterns of DCTP-QDs, ICTP-QDs, IICTP-QDs and IVCTP-QDs.
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demonstrated the formation of high-quality multicolor CTP-QDs with
the same crystal type and uniform size.

3.3. Targeting specificity of the CTP-QDs probes

The targeting specificity of DCTP-QDs probes was investigated using
fluorescence microscopy (Fig. 2). The DCTP-QDs and DCTP-FAM were
prepared under two conditions: equilibrated at 4 °C or heated to 85 °C
for 10 min immediately prior to staining tail tissues. The fluorescence
micrograph of SDS-treated tail tissues but not the normal tail tissues
stained with both preheated DCTP-QDs and preheated DCTP-FAM
showed strong green fluorescence, indicating that DCTP-QDs and
DCTP-FAM specifically targeted denatured collagen in SDS-treated tail
tissues (Fig. 2a—e and 2g). Notably, the fluorescence micrograph of SDS-
treated tail tissues stained with unheated DCTP-QDs, but not unheated
DCTP-FAM, exhibited intense green fluorescence, indicating that the
unheated DCTP-QDs probe retained the collagen-targeting peptide in
the single-stranded conformation necessary for binding to denatured
collagen (Fig. 2e-h). The inability of unheated DCTP-FAM to bind to
denatured collagen was consistent with previous findings that DCTP-
FAM tends to adopt a triple helical structure at lower temperatures,
thereby hindering its interaction with denatured collagen [27].

The single-stranded stability of both DCTP-QDs and DCTP-FAM
probes was assessed by monitoring the real-time fluorescence intensity
at 525 nm after subjecting them to heating at 85 °C for 20 min (Fig. S4).
The fluorescence intensity of the DCTP-FAM probe rapidly decreased,

QDs-DCTP
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exhibiting a 60% reduction within 300 s, suggesting the fast formation of
a triple helix structure. In contrast, the DCTP-QDs probe maintained a
high fluorescence intensity, indicating its stable single-stranded
conformation. The results demonstrated that the larger size of QDs
nanoparticles, compared to FAM, effectively inhibited the formation of
the triple helix conformation of CTP, while maintaining its binding
ability with denatured collagen.

The targeting specificity of DCTP-QDs towards denatured collagen
was assessed through binding experiments. Wells of a 96-well plate were
coated with thermally denatured type I collagen (Dn-collagen), BSA,
trypsin, pepsin, lysozyme, and glycogen. DCTP-QDs probes were added
to the wells, and unbound probes were subsequently removed. The
strong fluorescence observed in wells coated with denatured collagen,
along with negligible fluorescence in wells coated with BSA, trypsin,
pepsin, lysozyme, and glycogen, confirms the specific binding affinity of
DCTP-QDs probes to denatured collagen and their minimal binding to
other biomolecules (Fig. 2i).

The DCTP-QDs probes were employed to assess denatured collagen
under various conditions including heat treatment, exposure to de-
naturants, and UV irradiation. The wells of a 96-well plate were coated
with collagen treated under these various conditions, and DCTP-QDs
probes were subsequently added for analysis. The fluorescence in-
tensities observed in the wells coated with collagen pre-treated at
different temperatures (4 °C, 30 °C, 40 °C, and 60 °C) for 30 min were
100, 750, 4500, and 7500, respectively, indicating minimal denatur-
ation below 30 °C and significant denaturation above 40 °C (Fig. 2j). The
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Fig. 2. Fluorescence micrographs of normal tail tissues stained with preheated DCTP-QDs (a), unheated DCTP-QDs (b), preheated DCTP-FAM (c), and unheated
DCTP-FAM (d). Fluorescence micrographs of SDS-treated tail tissues stained with preheated DCTP-QDs (e), unheated DCTP-QDs (f), preheated DCTP-FAM (g), and
unheated DCTP-FAM (h). Scale bar = 50 pm. Fluorescence intensity of DCTP-QDs binding to the wells coated with denatured collagen, BSA, trypsin, pepsin,
lysozyme, and glycogen (i). Fluorescence intensity of DCTP-QDs binding to the wells coated with collagen pretreated by heating (j), UV irradiation (k) and SDS (1).
The fluorescence micrographs of tail tissues stained with ICTP-QDs (m) and anti-collagen I antibody (p); The fluorescence micrographs of lung tissues stained with
IICTP-QDs (n) and anti-collagen II antibody (q); The fluorescence micrographs of kidney tissues stained with IVCTP-QDs (o) and anti-collagen IV antibody (r).
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fluorescence intensities observed in the wells coated with collagen pre-
treated by UV irradiation for different durations (0, 30, 60, and 90 min)
were 500, 1000, 5000, and 10000, respectively, indicating a progressive
increase in collagen denaturation with longer irradiation time (Fig. 2k).
The fluorescence intensities observed in the wells coated with collagen
pre-treated with water, 0.1% SDS, 1% SDS, and 2% SDS were 500, 2500,
22000, and 30000, respectively, suggesting that concentrations of SDS
above 1% significantly contributed to collagen denaturation (Fig. 21).
The DCTP-QDs probe has demonstrated remarkable versatility in spe-
cifically and sensitively detecting denatured collagen under diverse
conditions.

The specificity of ICTP-QDs, IICTP-QDs, and IVCTP-QDs probes for
targeting type L, I, and IV collagen was examined using fluorescence
microscopy. Concurrently, anti-collagen antibodies were also applied to
the tissue samples. The fluorescence micrographs of mouse tail tissues
stained with ICTP-QDs exhibited strong fluorescence, mirroring the
distribution observed in tissues stained with anti-collagen I, confirming
the high specificity of ICTP-QDs in targeting type I collagen in tail tissues
(Fig. 2m and p). Similarly, the fluorescence micrographs of sternum
tissues stained with IICTP-QDs showed strong fluorescence, aligning
seamlessly with tissues stained using anti-collagen II, indicating their
selective identification of type II collagen (Fig. 2n and q). Additionally,
the fluorescence micrographs of kidney tissues stained with IVCTP-QDs

120 s
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d
[72]
(=]
Qg
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displayed strong fluorescence, congruent with the distribution seen in
tissues stained with anti-collagen IV, indicating their specific targeting
of type IV collagen (Fig. 20 and r). These findings highlighted the
distinct staining capabilities of each CTP-QDs probe for their respective
collagen types.

The specificity of ICTP-QDs, IICTP-QDs, and IVCTP-QDs probes was
further evaluated by comparison with GSH-QDs using fluorescence mi-
croscopy (Fig. S5). The fluorescence micrographs of rat skin tissues
stained with ICTP-QDs exhibited strong fluorescence, while minimal
fluorescence was observed in tissues stained with GSH-QDs, confirming
the high specificity of ICTP-QDs in targeting type I collagen in skin tis-
sues (Figs. S5a and S5d). Similarly, the fluorescence micrographs of
sternum tissues stained with IICTP-QDs showed strong fluorescence,
while minimal fluorescence was observed with GSH-QDs, indicating
their selective identification of type II collagen (Figs. S5b and S5e).
Additionally, the fluorescence micrographs of kidney tissues stained
with IVCTP-QDs displayed strong fluorescence, with minimal fluores-
cence observed with GSH-QDs, indicating their specific targeting of type
IV collagen (Figs. S5c and S5f). These findings underscored the unique
staining abilities of each CTP-QDs probe for their specific collagen types,
originating from the collagen-targeting peptides.

240 s 420 s

Fig. 3. Luminescence stability of CTP-QDs. a) Fluorescence micrographs of SDS-treated mice ear tissues staining using DCTP-FAM. b) Fluorescence micrographs of
SDS-treated mice ear tissues staining using DCTP-QDs. c) Fluorescence micrographs of tail tissues staining using ICTP-QDs. d) Fluorescence micrographs of sternum
tissues staining using IICTP-QDs. e) Fluorescence micrographs of kidney tissues staining using IVCTP-QDs. Scale bar = 50 pm.
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3.4. Luminescence stability of the CTP-QDs probes

The luminescence stability of DCTP-QDs, ICTP-QDs, IICTP-QDs and
IVCTP-QDs was assessed using fluorescence microscopy (Fig. 3). DCTP-
QDs and DCTP-FAM probes were employed to stain SDS-treated ear
tissues. The fluorescence micrographs of the ear tissues stained with the
DCTP-FAM probe exhibited a pronounced reduction in fluorescence
intensity over time during continuous ultraviolet irradiation. After 420 s
of irradiation, the fluorescence signal from the DCTP-FAM probe became
almost undetectable, indicating the rapid photobleaching of the probe
(Fig. 3a). The quantitative analysis of fluorescence imaging area dis-
played a 90% reduction, which was consistent with disappearing fluo-
rescence in fluorescence micrographs (Fig. S6a). In contrast, the
fluorescence micrographs of ear tissues stained with the DCTP-QDs
probe maintained strong green fluorescence even after 420 s of ultra-
violet irradiation, highlighting the remarkable luminescence stability of
DCTP-QDs (Fig. 3b). Moreover, the fluorescence micrographs of tail
tissues stained with ICTP-QDs, sternum tissues stained with IICTP-QDs,
and kidney tissues stained with IVCTP-QDs all exhibited persistent and
intense green fluorescence even after 420 s of ultraviolet irradiation,
confirming the exceptional luminescence stability of ICTP-QDs, IICTP-
QDs, and IVCTP-QDs, respectively (Fig. 3c—e). The quantitative analysis
of fluorescence imaging area showed only a reduction of less than 20%
after continuous imaging for 120 s, and the fluorescence imaging area
exhibited approximately a reduction of less than 40% after continuous
imaging for 420 s, consistent with persistent fluorescence in micro-
graphs (Figs. S6b—e). The luminescence stability of CTP-QDs probes
significantly surpassed that of organic dye-labeled peptide probes,
ensuring consistent and reliable signal intensity for accurate detection of
multiple targets simultaneously.

The luminescence stability of the DCTP-QDs, ICTP-QDs, IICTP-QDs,
and IVCTP-QDs probes was assessed over a pH range of 5.0-7.0 using
fluorescence spectrometry (Fig. S6a). DCTP-FAM exhibited a substantial
decrease in fluorescence intensity at pH 5.0 compared to pH 7.0, indi-
cating its poor luminescence stability in acidic conditions and rendering

DCTP-QDs

ICTP-QDs
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it unsuitable for use in such environments. In contrast, DCTP-QDs
exhibited consistent and high fluorescence intensity across the pH
range of 5.0-7.0, indicating their remarkable luminescence stability.
Similarly, the solutions of ICTP-QDs, IICTP-QDs, and IVCTP-QDs
showed consistently high fluorescence intensities within the pH range
of 5.0-7.0, further confirming the exceptional luminescence stability of
CTP-QDs in both mildly acidic and neutral conditions.

The staining efficacy of CTP-QDs was further examined using fluo-
rescence microscopy at pH 5.0 and 7.0 (Fig. S6b). The fluorescence
micrographs of tail tissues stained with DCTP-FAM at pH 5.0 displayed
significantly weaker green fluorescence compared to pH 7.0, indicating
its limited efficacy in targeting denatured collagen at pH 5.0. In contrast,
the fluorescence micrographs of tail tissues stained with DCTP-QDs at
both pH 7.0 and pH 5.0 exhibited strong green fluorescence, demon-
strating the robust staining capacity of DCTP-QDs even in acidic con-
ditions. Similarly, the fluorescence micrographs of tail tissues stained
with ICTP-QDs, sternum tissues stained with IICTP-QDs, and kidney
tissues stained with IVCTP-QDs at both pH 7.0 and pH 5.0 displayed
strong green fluorescence, confirming the excellent staining capabilities
of CTP-QDs in both mildly acidic and neutral conditions. The mildly
acidic environment (pH 5.0-7.0) is a prominent characteristic of
numerous critical diseases, and the exceptional luminescence stability of
CTP-QDs makes them an effective tool for detecting various collagen
biomarkers in these diseased conditions.

3.5. Multicolor CTP-QDs probes for imaging connective tissues

The as-synthesized multicolor CTP-QDs probes were employed for
imaging various collagen biomarkers in different types of connective
tissues (Fig. 4). Fluorescence imaging of bladder tissues using multicolor
DCTP probes with emission wavelengths of 525 nm, 580 nm, and 650
nm revealed distinct profiles of denatured collagen, visualized as green,
orange, and red fluorescence signals respectively, highlighting the
specificity of the probes in detecting collagen changes in SDS-treated
bladder tissues (Fig. 4a—c). Multicolor imaging of tail tissues using

IICTP-QDs IVCTP-QDs

Fig. 4. Multi-color imaging of diverse connective tissues using CTP-QDs probes. Fluorescence micrographs of mice bladder tissues stained with green (a), orange (b)
and red (c) DCTP-QDs; Fluorescence micrographs of mice tail tissues stained with green (d), orange (e) and red (f) ICTP-QDs; Fluorescence micrographs of sternum
tissues stained with green (g), orange (h) and red (i) IICTP-QDs; Fluorescence micrographs of kidney tissues stained with green (j), orange (k) and red (1) IVCTP-QDs.

Scale bar = 50 pm.
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ICTP probes revealed specific staining patterns of type I collagen in tail
tissues, depicted as green, orange, and red fluorescence signals respec-
tively (Fig. 4d-f). Moreover, the utilization of multicolor IICTP-QDs and
IVCTP-QDs probes for staining rat sternum and kidney tissues, respec-
tively, resulted in micrographs showing green, orange, and red fluo-
rescence, highlighting the remarkable selectivity of these probes for
recognizing type II and type IV collagen (Fig. 4g-1). The multi-color CTP-
QDs probes exhibited exceptional selectivity in detecting their respec-
tive targeted collagen biomarkers, offering a versatile toolkit for
comprehensive fingerprinting of collagen profiles in various tissues.

3.6. Multiplex collagen fingerprinting in connective tissues using
multicolor CTP-QDs probes

The multicolor CTP-QDs probes were employed for the finger-
printing of multiplex collagen biomarkers in diverse connective tissues
affected by injuries (Fig. 5a-b). Green DCTP-QDs and red ICTP-QDs
probes were employed for the co-staining of scalded skin tissues,
resulting in fluorescence micrographs that exhibited intense green and
red fluorescence signals, providing clear visualization of the simulta-
neous distribution of denatured collagen and type I collagen in the
injured skin tissues (Fig. 5a). Green DCTP-QDs and red IICTP-QDs
probes were utilized for the co-staining of heat-damaged ear tissue,
and the resulting fluorescence micrograph displayed strong green and
red fluorescence signals, enabling simultaneous visualization of the
distribution of denatured collagen and type II collagen in the injured ear
tissues (Fig. 5b).

The multicolor CTP-QDs probes were applied to fingerprint multi-
plex collagen biomarkers in connective tissues impacted by severe dis-
eases such as tumors and fibrosis (Fig. 5c—d). Green DCTP-QDs and red
IVCTP-QDs probes were employed to simultaneously stain breast cancer
tissues, revealing abundant overlapping green and red fluorescence
signals in the fluorescence micrographs, which effectively depict the
disruption and remodeling of type IV collagen structure during tumor
progression (Fig. 5¢). It is noteworthy that tissues stained with CTP-QDs
probes did not exhibit significant autofluorescence, which is a common
background signal in simultaneous QDs imaging [44,45]. Moreover,
green ICTP-QDs and red IVCTP-QDs probes were employed for the
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co-staining of liver fibrosis tissue. The resulting fluorescence micrograph
revealed intense red and green fluorescence signals, allowing for the
visualization of the distribution of interstitium and basement membrane
in the fibrotic liver tissue (Fig. 5d).

The multicolor CTP-QDs probes were further employed to profile
multiplex collagen biomarkers during bone development (Fig. 5e).
Green DCTP-QDs and red ICTP-QDs were used for staining tissues
throughout the whole mouse embryo. The fluorescence micrographs
revealed a uniform distribution of type I collagen throughout the em-
bryo, whereas denatured collagen was predominantly localized in
developing bone tissues such as vertebrae. It offered a comprehensive
and high-resolution depiction of collagen dynamics and organization
during bone formation, capturing the synthesis of type I collagen and the
degradation of fibrillar collagen, thus providing valuable insights into
the intricate processes involved in bone remodeling. The multicolor
CTP-QDs probes served as a highly robust tool for the multiplex
fingerprinting of collagen in various types of connective tissues, whether
affected by injury, disease, or undergoing remodeling processes.

4. Conclusion

The simultaneous fingerprinting of multiplex collagen biomarkers is
of paramount importance in the diagnosis and treatment of various se-
vere diseases, such as tumors and fibrosis. QDs have attracted significant
interest in the field of multiplex biological imaging due to their excep-
tional photostability, vibrant color emission, and wide excitation
spectra. The current approaches for achieving hydrophilic QDs often
involve additional post-modification steps, which significantly impact
the stability and specificity of the resulting peptide-QDs probes.

We report for the first time the creation of multi-color QDs-based
peptide probes for simultaneous fingerprinting of multiplex collagen
biomarkers in connective tissues. Using a bipeptide system composed of
GSH as the host peptide and a collagen-targeting peptide as the guest
peptide, we have developed highly stable hydrophilic QDs-based probes
with a coordinative Cys residue for QDs connection and a negatively
charged Glu residue for electrostatic repulsion-based QDs stabilization.
The high thermal stability of CTPs allows for their direct addition at the
beginning of high-temperature reactions, facilitating the one-pot

Fig. 5. Multiplex collagen fingerprinting in connective tissues using multicolor CTP-QDs probes. (a) Fluorescence micrographs of scalded rat skin tissue co-stained
with DCTP-QDs and ICTP-QDs. Scale bar = 100 pm. (b) Fluorescence micrographs of damaged rat ear tissue co-stained with DCTP-QDs and IICTP-QDs. Scale bar =
100 pm. (c) Fluorescence micrographs of breast cancer tissue co-stained with DCTP-QDs and IVCTP-QDs. Scale bar = 100 pm. (d) Fluorescence micrographs of liver
fibrosis tissue co-stained with ICTP-QDs and IVCTP-QDs. Scale bar = 100 pm. (e) Fluorescence micrographs of mice embryo co-stained with DCTP-QDs and ICTP-

QDs. Scale bar = 2000 pm.
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synthesis of specific hydrophilic QDs without requiring additional sec-
ondary modifications.

The bipeptide system has proven to be a versatile tool for the facile
production of high-quality multicolor CTP-QDs, offering flexibility
through simple adjustment of incubation time and incorporation of
targeting peptides specific to different collagen types. Four CTP-QDs
probes have been synthesized as examples, demonstrating superior
specificity in targeting important collagen biomarkers such as denatured
collagen, type I collagen, type II collagen, and type IV collagen. Notably,
the larger size of QDs nanoparticles compared to FAM effectively dis-
rupts the triple helix conformation of DCTP without compromising its
binding affinity, facilitating the specific and sensitive detection of de-
natured collagen using DCTP-QDs under diverse conditions without the
need of potentially harmful preheating treatment required for DCTP-
FAM.

In contrast to organic dye-labeled peptide probes with rapid photo-
bleaching and high susceptibility to environmental factors, the CTP-QDs
probes exhibit remarkable luminescence stability during long ultraviolet
irradiation and in both mildly acidic and neutral conditions, enabling
consistent and reliable signal intensity for accurate simultaneous
detection of multiple collagen biomarkers in diseased conditions char-
acterized by a mildly acidic environment. The multicolor CTP-QDs
probes have demonstrated great efficacy in simultaneously finger-
printing multiple collagen types in diverse connective tissues, regardless
of their status, whether affected by injury, disease, or undergoing
remodeling processes. The innovative multicolor CTP-QDs probes offer a
powerful toolkit for the multiplex fingerprinting of collagen, presenting
great potential in the diagnosis and management of collagen-related
diseases such as tumors and fibrosis.
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