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Abstract: A visual Raman nano-delivery system (NS) is a widely used technique for the visualization
and diagnosis of tumors and various biological processes. Thiophene-based organic polymers exhibit
excellent biocompatibility, making them promising candidates for development as a visual Raman
NS. However, materials based on thiophene face limitations due to their absorption spectra not
matching with NIR (near-infrared) excitation light, which makes it difficult to achieve enhanced
Raman properties and also introduces potential fluorescence interference. In this study, we introduce
a donor–acceptor (D-A)-structured thiophene-based polymer, PBDB-T. Due to the D-A molecular
modulation, PBDB-T exhibits a narrow bandgap of Eg = 2.63 eV and a red-shifted absorption spectrum,
with the absorption edge extending into the NIR region. Upon optimal excitation with 785 nm light, it
achieves ultra-strong pre-resonant Raman enhancement while avoiding fluorescence interference. As
an intrinsically sensitive visual Raman NS for in vivo imaging, the PBDB-T NS enables the diagnosis
of microtumor regions with dimensions of 0.5 mm × 0.9 mm, and also successfully diagnoses
deeper tumor tissues, with an in vivo circulation half-life of 14.5 h. This research unveils the potential
application of PBDB-T as a NIR excited visual Raman NS for microtumor diagnosis, introducing a new
platform for the advancement of “Visualized Drug Delivery Systems”. Moreover, the aforementioned
platform enables the development of a more diverse range of targeted visual drug delivery methods,
which can be tailored to specific regions.

Keywords: nano-delivery system; NIR excitation; resonant Raman scattering; microtumor imaging;
in vivo pharmacokinetics

1. Introduction

A visual nano-delivery system (NS) is an extensively employed technique in biomed-
ical imaging to offer crucial insights into physiological and pathological features, thus
aiding in personalized diagnosis and treatment [1,2]. Nevertheless, existing visual NSs
encounter challenges concerning photostability and biocompatibility when it comes to
detecting microtumors and deep-seated tumors [3–5]. Fluorescence and Raman imaging,
both of which possess superior spatial resolution and sensitivity, hold great promise for
in vivo imaging applications in the field of biomedical imaging. Among them, fluores-
cence imaging is a widely employed technique [6,7]. Fluorescence imaging-based NSs
have been developed in the research of cancer diagnosis and treatment [8]. It has been
shown that poly (ethylene glycol)-block-polylactide (PEG-b-PLA) polymer micelles can be
employed for optical imaging of tumors to monitor tumor growth and metastasis in real
time by fluorescence imaging, thereby providing guidance for personalized treatment [9].
In addition, near-infrared fluorescence imaging utilizing a novel NIR fluorescent NS based
on analogous proteins and PLA was employed for colon cancer detection. Thus, the
visualization-guided delivery system can strongly guide tumor diagnosis [10]. However,
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fluorescent NSs often exhibit poor photostability and are prone to photobleaching [11].
Additionally, the emission spectra of fluorescence dyes typically have broad bands, leading
to spectral overlap issues [12]. Meanwhile, Raman imaging is gaining increasing attention.
It is an imaging modality associated with molecular vibrational modes, offering distinctive
“fingerprint-like” spectra. Raman imaging provides spectra with extremely narrow peaks,
enabling detection in complex biological environments [13,14]. Moreover, it possesses excel-
lent resistance to photobleaching and photodegradation, making it suitable for long-term
imaging applications [15–17].

Generally, spontaneous Raman scattering exhibits a small cross-section and low scat-
tering efficiency, resulting in weak Raman signals. To achieve high-resolution Raman
imaging, enhanced Raman scattering techniques are commonly utilized [18]. Among these
techniques, surface-enhanced Raman scattering (SERS) is widely employed to enhance the
scattering signal by adsorbing Raman-active molecules onto metal substrates such as gold
(Au) [19,20]. However, the exceptional chemical stability and resistance to degradation and
metabolism of Au and other metal substrates raise potential biocompatibility issues [21,22].
In contrast to SERS, organic resonance-enhanced Raman scattering does not require a metal
substrate [23]. However, the signal intensity of resonance Raman scattering depends on
the degree of matching between the absorption spectrum and the excitation light [24].
Currently, the absorption spectrum of a resonance Raman NS primarily lies within the
Ultraviolet–Visible light range, and short-wavelength lasers (e.g., 514 nm, 532 nm) are
commonly employed for resonance excitation [25,26]. Visible light is readily absorbed and
scattered by tissues [27]. Conversely, NIR light exhibits enhanced penetration capabilities
into biological tissues and reduces interference from autofluorescence, making it favorable
for deep-tissue imaging [28]. Therefore, the development of a resonance Raman NS that
can be excited by NIR light is urgently needed.

Polythiophene materials exhibit excellent biocompatibility and outstanding optical
properties, rendering them valuable for the development of biological NSs. For exam-
ple, Li Li et al. [29] prepared a class of fluorescence bio-probes based on thiophene or
3,4-ethylenedioxythiophene, which are specific for lipid droplet imaging, enabling the elu-
cidation of differences in lipid droplets and cytoplasmic polarity. Wansu Zhang et al. [30]
achieved high NIR spatial resolution fluorescence imaging probes by utilizing thiophene
components of different lengths and connecting them with electron-withdrawing ester-
substituted thieno[3,4-b]-thiophene (TT). Giada Onorato et al. [31] demonstrated optical
control of a poly(3-hexylthiophene-2,5-diyl) (P3HT) NS for the regeneration and repair of
tissue. Given the outstanding properties of thiophene-based polymers, our objective is
to develop a visual Raman NS with excellent biocompatibility using multiple thiophenes
as the structural components. However, thiophene-based polymers face the challenge of
absorption spectra being far from the excitation light in the NIR range [32,33]. Therefore, it
is essential to develop a thiophene-based polymer resonance-enhanced Raman NS that is
compatible with NIR excitation light. As evidenced in the literature, the rational design
of donor–acceptor (D-A) units in the main chain of polymers can regulate intra-molecular
charge transfer between the donor and acceptor units, effectively red-shifting and extend-
ing the main absorption peak of the organic polymer NS into the NIR region [34]. This
approach offers promising potential for the development of a thiophene-based polymer
resonance-enhanced Raman NS with NIR excitation compatibility.

In this study, we selected the organic polymer PBDB-T (also known as PBDTBDD) con-
taining the electron-withdrawing unit BDD with Di-thiophene structural components [35,36]
and the electron-donating unit BDT with Tetra-thiophene structural components [37–39], as
illustrated in the Scheme 1 diagram. The investigation of the PBDB-T molecule revealed that
following molecular modulation of the D-A type, the PBDB-T NS exhibited a significantly
red-shifted absorption spectrum in comparison to the BDD NS. Furthermore, the absorption
edge of the PBDB-T NS extended into the NIR region (700 nm~900 nm). Upon excitation
with the commonly used 785 nm laser, the PBDB-T NS generated pre-resonance-enhanced
Raman spectra, effectively avoiding strict resonance fluorescence interference, in contrast
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to the BDD NS [40–42]. This study highlighted the unique features of visual Raman NSs.
By utilizing the characteristic Raman peak at 1425 cm−1 for biological imaging, the PBDB-T
NS achieved an in vitro detection limit of 0.78 mg L−1, demonstrating substantial imaging
potential in comparison to other reported resonance Raman NSs [43,44]. Upon intravenous
administration, the PBDB-T NS accumulated in tumors through the enhanced permeabil-
ity and retention (EPR) effect [45,46], facilitating the detection of microtumors measuring
0.5 mm × 0.9 mm, which demonstrated enhanced imaging capabilities when compared to the
previously reported resonance Raman probes [44]. The PBDB-T NS also exhibited excellent
biocompatibility due to its D-A-type molecular structure comprising thiophene components.
In conclusion, the PBDB-T NS, which is modulated by D-A molecules, represents a promising
NIR pre-resonance visual Raman NS for tumor diagnosis, offering a new platform for the
development of “Visualized Drug Delivery Systems”.
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Scheme 1. The schematic diagram illustrates resonance-enhanced Raman scattering and in vivo
visualization diagnosis (1425 cm−1) using the visual Raman NS, PBDB-T NS. In contrast, the non-
visual Raman NS, BDD NS, exhibits absorption spectra mainly in the range of 220–400 nm, and no
enhancement is observed in Raman spectra upon NIR laser excitation. Following D-A molecular
modulation, the visual Raman NS, PBDB-T NS, shows absorption spectra primarily in the range of
500–700 nm. Subsequent NIR laser excitation leads to a significant enhancement in the Raman spectra,
with the strongest characteristic Raman peak at 1425 cm−1. Intravenous injection of PBDB-T NS into
tumor-bearing mice results in passive tumor accumulation mediated by the EPR effect, enabling
the visualization diagnosis of tumors and microtumors through NIR laser excitation. DSPE-PEG is
utilized to enhance the water solubility of the Raman NS.

1.1. Materials

All chemicals used in this article were purchased from commercial sources and used
as is upon receipt. Poly[(2,6-(4,8-bis(5-(2-ethylhexyl)-thiophene-2-yl)-benzo[1,2-b:4,5-b′]-
dithiophene))-alt-(5,5-(1′,3′-di-2-thienyl-5′,7′-bis(2-ethylhexyl)-benzo[1′,2′-c:4′,5′-c′]-
dithiophene-4,8-dione)] (PBDB-T), Poly[benzo[1,2-c:4,5-c′]dithiophene-4,8-dione] (BDD) and
the thiophene polymer poly(3-hexylthiophene-2,5-diyl) (P3HT) were purchased from Derthon
Optoelectronics Materials Science Tech Co. (Shenzhen, China). 1,2-distearoyl-snglycero-3-1,2-
distearoyl-snglycero-3-phosphoethanolamine-N[amino(polyethylene glycol)-2000] (DSPE-
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PEG) was purchased from AVT Pharmaceutical Technology Co., Ltd. (Shanghai, China). and
sodium cholate was purchased from Bidepharm (Shanghai, China). Trichloromethane was
supplied by Aladdin Biochemistry Co. (Shanghai, China).

1.2. Characterization

The absorption spectra of the nano-system were recorded using an Ultra-micro Spectro-
photometer (BioDrop, Biochrom Inc., Cambridge, UK). An 800 µL aliquot of the PBDB-T
NS solution was transferred into a quartz dish suitable for microscale solutions using a
pipette gun and then placed into the sample detection chamber of the instrument. The
instrument was configured to operate in absorbance spectroscopy mode, and the measure-
ment process was completed accordingly. Spectral measurements were conducted five
times, and representative spectra were selected for presentation.

The size of the nano-system was measured using a dynamic light scattering (DLS)
analyzer (Zeta-sizer Nano ZS, Malvern, UK). The nanoparticle solution was appropriately
diluted to 5 mg L−1 to ensure that the nanoparticles were uniformly dispersed and trans-
ferred to the DLS measurement cell. The assay was started in a Zeta-sizer Instrument
according to the preset parameters, and at the end of the measurement, the particle size
distribution of the nanoparticles, including the mean particle size and polydispersity index
(PDI), was recorded.

The morphology of the NS was examined using a transmission electron microscope
(TEM) (Talos L120C, Thermo Fisher Scientific, Waltham, MA, USA) at 120 kV. A 10 µL
volume of the PBDB-T NS solution was deposited onto a formaldehyde-coated copper grid
and allowed to air-dry for 30 min at room temperature. Subsequently, the sample was
observed using transmission electron microscopy to characterize its morphology.

Raman detection and imaging were performed on a Renishaw inVia Raman micro-
scope equipped with 532 nm, 785 nm, and 830 nm lasers, a 5× objective (NA 0.12; Leica,
Wetzlar, Germany), and a 1020 × 256-pixel charge-coupled device detector. The output
power of the lasers was measured using a handheld laser power meter (Edmund Optics
Inc., Barrington, NJ, USA). And the instrumental limit of resolution was 1 cm−1.

The fluorescence spectrum was acquired using a multifunctional plate reader system
(Thermo Fisher Scientific, USA), with suitable excitation wavelengths selected (532 nm,
600 nm, 633 nm, and 785 nm). A 96-well plate containing the PBDB-T NS at a concentration
of 90 mg L−1 was employed. Spectral measurements were conducted five times, and
representative spectra were carefully chosen for presentation.

Density Functional Theory (DFT) Calculation: Molecular optimization geometry
(methyl substitution for side chain alkyl) of PBDB-T, BDD, and P3HT were calculated
using Density Functional Theory (DFT) under Gaussian 16/B3LYP/6-31G(d) conditions.
Version: Gaussian16; subversion: Revision A.03; release date: officially released to the
world by Gaussian Inc., an American company, on 18 January 2017; the last update date
is 31 August 2022.

The particle size distribution of the PBDB-T NS by TEM was simulated using Image J
(Version 1.53t, 24 August 2022) [47].

1.3. Preparation of PBDB-T NS and BDD NS

DSPE-PEG (3 mg) and polymer (PBDB-T, BDD, or P3HT) (1.5 mg) were dissolved
in 1 mL of trichloromethane to which 5 mL of sodium cholate solution (1% in water)
was subsequently added. The mixed solution was sonicated for 3 min to produce an
oil/water emulsion. The emulsion was then added to 30 mL of sodium cholate solution
(0.1% in water) and stirred for 10 min. Finally, trichloromethane was removed by rotary
evaporation for 30 min. The resulting nano-systems (NPs) were filtered and washed
using an ultrafiltration tube (100 kDa) and then concentrated to a final concentration of
3 mg·mL−1. The concentration of NPs in aqueous solution is determined by the ratio of
polymer mass to the volume of water (Scheme 2).
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1.4. Preparation of PBDB-T and BDD Film

Initially, the polymer (either PBDB-T or BDD) (0.3 mg) was dissolved in 1 mL of
chloroform, after which the solution was drop-cast onto a quartz slide. The slide was then
left in a fume hood for one day, allowing the solvent to completely evaporate before the
measurement of the absorption spectrum.

1.5. In Vitro Raman Characterization

For the analysis of the characterization of PBDB-T and BDD solids, Raman measure-
ments were carried out using a 5× objective lens, a 532 nm laser (power of 39.5 mW), a
785 nm laser (power of 84.5 × 10−2 mW), an 830 nm laser (power of 62.6 × 10−2 mW), an
exposure time of 1 s, and a one-time accumulation setting. Spectral measurements were
conducted five times, and representative spectra were selected for presentation.

To characterize the detection limit of the PBDB-T NS, we utilized a 785 nm laser
and imaged using a 5× objective lens. Furthermore, the laser power was set to 84.5 mW,
the acquisition time was set at 1 s, and only one accumulation was performed. Spectral
measurements were conducted five times, and representative spectra were selected for
presentation. The Raman spectra were analyzed utilizing the leveling baseline algorithm in
WiRE4.3 software from Renishaw.

1.6. Cell Culture

CT26-Luc cells were provided by Imanis Life Sciences (Rochester, MN, USA) and
then cultured in a culture environment at 37 ◦C with 5% CO2 using Roswell Park Memo-
rial Institute-1640 (RPMI-1640) medium. An amount of 10% fetal bovine serum and 1%
penicillin–streptomycin were mixed into RPMI-1640. Before preparation for the construc-
tion of the CT26-Luc in situ tumor model, the cells were cultured to reach confluency.

1.7. Pharmacokinetics and Cytotoxicity of the PBDB-T NS

For pharmacokinetic studies, we used a BALB/c mouse model containing 5 mice per
group and injected the PBDB-T NS via the tail vein at a dose of 20 mg kg−1. Blood sample
collection time points were designed to be 1, 2, 4, 8, 20, 32, and 48 h post-injection, and
50 µL of blood samples were collected each time. After the blood sample was centrifuged,
the supernatant was removed and placed on a slide, and the Raman signal was measured
with the use of Raman spectroscopy and labeled as a percentage (%) of the relative injected
dose. Subsequently, pharmacokinetic parameters were calculated using a one-compartment
open model. Cell viability of the PBDB-T NS on the CT26-Luc cells was evaluated using the
Cell Counting Kit-8 (CCK-8) assay following the guidelines of the manufacturer, Beyotime
(Nantong, China). First, 5 × 104 CT26-Luc cells per milliliter were placed in 96-well
microwell plates in RPMI-1640 medium containing 10% FBS. Twenty-four hours after cell
attachment, 12 and 24 h incubations were performed using RPMI-1640 medium containing
0–250 mg L−1 of PBDB-T NS (5 replicate sets for each treatment). Afterward, the PBDB-T
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NS were removed and cells were washed three times with PBS. An amount of 10 µL of
CCK-8 dye and 100 µL of RPMI-1640 were added to each well and then incubated for
2 h. The plates were analyzed using an enzyme marker (Molecular Devices SpectraMax
M2e) analysis device. Absorbance readings were taken at 450 nm and the value read was
proportional to the number of live cells, while cell viability was expressed as a percentage
of absorbance relative to untreated controls.

1.8. Animal Studies

In compliance with the study design approved by the Animal Protection Committee,
all animal experiments were conducted at the Animal Resource Center of Shanghai Jiao
Tong University School of Medicine. BALB/c nude mice, approximately 6 weeks old, used
for animal imaging studies were purchased from Shanghai SLAC Laboratory Animal Co.,
Ltd. (Shanghai, China). The mice were anesthetized by 2% isoflurane inhalation during the
imaging experiments.

1.9. Establishment of Subcutaneous or Orthotopic CT26-Luc Colon Tumor Model

Based on a previously reported method [48], BALB/c mice were used for a subcuta-
neous tumor model with CT26-Luc cells (~2 × 106), which were injected subcutaneously
into the right side of each mouse. To construct the in situ CT26-Luc colon tumor model,
the abdominal skin of mice was first sterilized using 0.5% (w/v) iodophor solution. Next,
a small central incision (about 3~5 mm) was cut through the skin of the lower abdomen
to expose the cecum. Subsequently, CT26-Luc cells (approximately 2 × 106) suspended
in 15 µL of PBS were injected into the cecum wall. Upon completion of the procedure,
the injected cecum was placed back into the abdominal cavity and the wound was closed
using biodegradable sutures. To monitor the growth of colon tumor lesions, an IVIS spec-
tral imaging system was used to detect tumors by intraperitoneal injection of D-luciferin
(15 mg/mL, 200 µL), thereby measuring bioluminescent signals.

1.10. In Vivo Raman Imaging

In the tumor Raman imaging study, BALB/c nude mice were first injected with PBS
liquid (10 mg kg−1) containing the PBDB-T NS. Then, mice with subcutaneous CT26-
Luc colon tumor models were scanned 24 h later, and Raman signals were collected at
1425 cm−1 for Raman imaging. In this procedure, a 5× objective lens, a 785 nm laser
excitation source, a power of 84.5 mW (power density: 3.5 × 102 w cm−2), an exposure
time of 0.52 s, and a single accumulation in the point-and-scan acquisition mode were
used, with an integration time of 43 min. For mice in the in situ CT26-Luc colon tumor
model, the abdominal skin was incised under anesthesia to expose the cecum, and then
Raman scanning was performed. The Raman imaging parameters utilized consisted of a
5× objective lens, 785 nm laser excitation at 84.5 mW power, a 0.3 s exposure time, collection
of Raman signals at 1425 cm−1, and a single cumulative shot in streamline-scan imaging
acquisition mode, followed by an integration time of 42 min.

1.11. Histologic Analysis

Tumors were identified and excised under Raman imaging, and tumor samples were
embedded in an optical cutting temperature compound (OCT) (Sakura Finetek Inc., Tokyo,
Japan) for frozen sectioning. After frozen sectioning, tissue sections of 4 µm thickness were
used for routine H&E staining. This staining method is often used to observe and evaluate
the cellular morphology and organization of tissues.

1.12. Data Processing

The quantitative results were presented as means ± S.D. (standard deviation). Stu-
dent’s t-tests were employed to assess inter-group differences. Statistical significance was
denoted as * for p < 0.05, ** for p < 0.01, *** for p < 0.001, and **** for p < 0.0001.
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2. Results and Discussion
2.1. Preparation and Spectral Characterization of the PBDB-T NS and BDDNS

We first investigated the Raman spectroscopic properties of PBDB-T and BDD
(Figure 1A,B) in their solid-state forms. PBDB-T is a thiophene-based polymer with a
D-A structure unit. As shown in Figure 1C–E, the Raman peaks of PBDB-T in the wavenum-
ber range of 1070 cm−1 and 1540 cm−1 exhibited the highest intensities when excited by a
785 nm laser, compared to excitation with 532 nm and 830 nm lasers. Therefore, subsequent
studies were mainly conducted using 785 nm excitation. Then, the molecular optimization
geometry (methyl substitution for side chain alkyl) of PBDB-T was calculated using Density
Functional Theory (DFT) under RB3LYP/6-31G(d) conditions for Raman vibration mode.
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Figure 1. Raman spectral characterization of PBDB-T and BDD in the solid state after baseline
correction. (A) Chemical structure of BDD. (B) Chemical structure of PBDB-T and D-A structural unit.
(C) Comparative Raman spectra of PBDB-T and BDD in the solid state after excitation with 532 nm.
(D) Comparative Raman spectra of PBDB-T and BDD in the solid state after excitation with 785 nm,
along with the Raman characteristic peaks in the range of 800 cm−1 to 1600 cm−1. (E) Comparative
Raman spectra of PBDB-T and BDD in the solid state after excitation with 830 nm. (F) Particle size
distribution of the PBDB-T NS was analyzed by dynamic light scattering (DLS) (inset: representative
TEM image of the PBDB-T NS).



Pharmaceutics 2024, 16, 655 8 of 19

Under laser excitation, PBDB-T exhibits enhanced characteristic Raman peaks within
the range of 800 cm−1 to 1600 cm−1 as follows: The peak at 1425 cm−1 corresponds to
the benzene ring C=C stretching mode and thiophene C=C stretching mode in the BDT
unit, as well as the C=C stretching and C-H rocking modes of the bridged thiophene
between BDD and BDT; the peak at 1460 cm−1 belongs to the benzene ring C=C stretching
mode and thiophene C=C stretching mode in the BDT unit, as well as the C-H rocking
mode of the bridged thiophene; the peak at 1480 cm−1 is attributed to the thiophene C=C
stretching mode in the BDT unit; the peak at 1540 cm−1 corresponds to the benzene ring
C=C stretching mode, thiophene C-H rocking mode in the BDT unit, as well as the bridged
thiophene C-H rocking mode; and finally, the peak at 1070 cm−1 is associated with the C-H
rocking mode of the BDD unit and the bridging thiophene C-H rocking mode. Among
these Raman peaks, the peak at 1425 cm−1 showed the highest intensity and was selected
as the main peak for further experiments. In contrast to PBDB-T, the BDD polymer did not
exhibit enhanced Raman spectra when excited with 532 nm, 785 nm, or 830 nm lasers in the
solid state. To transform PBDB-T into a Raman imaging NS with long circulation capability
in vivo, PBDB-T NS with an average size of 10.2 nm were prepared by mixing PBDB-T
polymer with DSPE-PEG2000 using a single emulsion–solvent evaporation method [49],
and transmission electron microscopy (TEM) images confirmed the spherical morphology
of the NSs (Figure 1F) (simulated size by TEM: 9.509 nm).

In conclusion, the D-A molecular structure modulates the intra-molecular charge
distribution of the PBDB-T NS, thereby enhancing excellent Raman spectral properties. This
has inspired further investigations into the mechanisms underlying Raman enhancement
and the potential applications of in vivo Raman imaging.

2.2. Donor–Acceptor(D-A) Molecular Regulation Mechanism of the PBDB-T NS for
Raman Enhancement

To further investigate the inspired Raman performance of PBDB-T over BDD, we
initially compared their absorption spectra and energy gap variations. First, BDD nanopar-
ticles were prepared using the aforementioned method, as depicted in Figure 2A, with a
pale yellow color (2.5 mg L−1).

The absorbance spectra of the film and NS states exhibited a range of approximately
220–400 nm, indicating that the 785 nm excitation was significantly outside the absorption
spectrum of the BDD NS, as shown in Figure 2C. The PBDB-T NS appeared deep blue
(2.5 mg L−1), with strong absorption observed in the UV–Vis–NIR spectra in the range of
approximately 500~700 nm for both the film and NS, displaying two distinct absorption
peaks (Figure 2B). The peak at 578 nm was attributed to the π-π* transition of the main
chain’s conjugated backbone, while the 622 nm peak was attributed to the interchain π-
π* transition induced by the π-π stacking of the main chain [50]. Both the film and NS
states of PBDB-T exhibited similar absorption peaks, indicating pronounced aggregation in
both states.

The position of the 785 nm excitation was 70 nm from the edge of the absorption peak
(i.e., 715 nm), which is outside the PBDB-T NS absorption spectrum but close enough to in-
duce enhanced Raman scattering through 785 nm laser pre-resonance excitation (Figure 2C).
Molecular optimization geometry (methyl substitution for side chain alkyl) of PBDB-T,
BDD, and P3HT were calculated using Density Functional Theory (DFT) under Gaussian
16/B3LYP/6-31G(d) conditions. The highest occupied molecular orbitals (HOMOs) and
lowest unoccupied molecular orbitals (LUMOs) were plotted (Figure 2D). It was observed
that the electronic distribution in the LUMO energy orbitals of PBDB-T is mainly located
on the electron-withdrawing unit side, while in the HOMO energy orbitals, the electronic
distribution is mainly on the electron-donating unit side. This results in a significantly
smaller bandgap (Eg) compared to BDD, which explains the absorption red-shift of the
PBDB-T NS relative to the BDD NS. Furthermore, a polythiophene polymer P3HT NS was
prepared using the aforementioned method, with an absorption spectrum ranging from
approximately 350 nm to 655 nm and an absorption peak at 515 nm, resulting in a blue-shift
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relative to the absorption spectrum of the PBDB-T NS (Figure 2E) due to P3HT’s larger
bandgap (Eg) compared to PBDB-T (Figure 2F).
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Figure 2. Comparative UV–Vis–NIR absorption spectra and Density Functional Theory (DFT) calcu-
lations of PBDB-T, BDD, and P3HT. (A,B) Comparison of the UV–Vis absorption spectra of PBDB-T
and BDD in film and nano-system forms (inset: PBDB-T NS and BDD NS in PBS). (C) Comparison
of the UV–Vis absorption spectra of the PBDB-T NS and BDD NS, along with the position of the
785 nm excitation light. (D) HOMO-LUMO distribution of PBDB-T and BDD. (E) Comparison of
the UV–Vis absorption spectra of PBDB-T NS and P3HT NS (inset: chemical structure of P3HT).
(F) HOMO-LUMO distribution of PBDB-T and P3HT. The optimized structures of the HOMO and
LUMO with the energy gap (Eg) at S0 were calculated by DFT (Gaussian 16/B3LYP/6-31G (d)).
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The matching degree of the excitation light and the absorption spectrum play a
crucial role in the enhancement of resonance Raman scattering for organic materials [51].
When the absorption spectrum of a polymer coincides with the excitation light, strict
resonance Raman scattering occurs, resulting in signal enhancement but also a strong
likelihood of intense fluorescence interference, ultimately leading to a sharp decrease in
the detected Raman scattering signal [52]. Conversely, under non-resonant conditions,
although fluorescence interference is greatly reduced due to the excitation light being far
from the absorption spectrum of the organic material, the collected Raman signal also
rapidly diminishes. Thus, by adjusting the molecule structure, it is possible to tune the
absorption edge to be near the excitation light, which can reduce fluorescence interference
while enhancing Raman scattering signals [53,54]. This represents a promising approach to
Raman enhancement known as “pre-resonance Raman enhancement”.

In this study, the PBDB-T polymer, which has been molecularly tuned through the
BDD electron-accepting unit and the BDT electron-donating unit, leads to the redistribution
of electrons from the original non-interacting orbitals of the acceptor and donor into the
hybridized orbitals of PBDB-T, resulting in the creation of new HOMO and LUMO energy
levels after polymerization (Figure 2D). The new polymer HOMO orbitals are typically
distributed on the donor unit, while LUMO orbitals are typically distributed on the acceptor
unit, and a strong electron donor can raise the energy levels of the HOMO orbitals [55,56].
As shown in Figure 2D, molecular tuning of the D-A structure results in an increase in the
HOMO energy level of the PBDB-T polymer, leading to a reduced bandgap, and causing
the absorption edge to shift towards the NIR (Figure 3A). Therefore, the PBDB-T NS will
exhibit different Raman properties under excitation by 532 nm laser and NIR lasers (785 nm
and 830 nm). The position of the 785 nm excitation light near the absorption edge of the
PBDB-T NS allows for enhanced Raman scattering signals through pre-resonance excitation,
reducing fluorescence interference (Figure 3C). Although the 830 nm excitation light is far
from the 622 nm absorption peak of the PBDB-T NS and outside of its absorption spectrum,
it effectively reduces fluorescence interference but results in a very low collected Raman
scattering signal (Figure 3D,E). Ultimately, the Raman signal intensity obtained with 785 nm
excitation at 1425 cm−1 is approximately 13.6 times higher than that obtained with 830 nm
excitation (Figure 3F). On the other hand, the 532 nm excitation light, which is close to the
578 nm absorption peak of PBDB-T NS and within its absorption spectrum (Figure 3A),
results in strict resonance excitation, leading to both resonant enhanced Raman signals and
intense fluorescence interference (Figure 3B,E,G).

Consequently, the Raman signal intensity detected at 1425 cm−1 under 532 nm excita-
tion is only approximately one-third of that obtained under 785 nm excitation (Figure 3F).
Regarding the BDD NS, with absorption peaks at 275 nm and an absorption edge at around
500 nm (Figure 3A), both 532 nm, 785 nm, and 830 nm are far from their absorption peaks,
resulting in the inability to obtain resonant-enhanced Raman signals (Figure 3B–D). It is
worth noting that the positions of the Raman spectral peaks of the PBDB-T NS are identical
to those obtained in the solid state (Figures 1D and 3C). Furthermore, even at a low concen-
tration of 2 mg L−1, the Raman signal at 1425 cm−1 can still be detected for the PBDB-T
NS, with a calculated detection limit of 0.78 mg L−1 (Figure 3H,I), indicating a high Raman
detection sensitivity of PBDB-T NS.

Under excitation at 532 nm and 633 nm where the laser wavelengths coincide with
the absorption peaks of PBDB-T, strict resonance excitation occurs (Figure 4A), resulting in
intense fluorescence signals with emission spectra ranging from approximately 650 nm to
850 nm (Figure 4B). This corresponds to the fluorescence interference generated by PBDB-T
probes under resonant excitation conditions during Raman detection, which leads to lower
Raman enhancement properties under resonant excitation, as depicted in Figure 3E,F.
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Figure 3. Raman characteristics of the BDD NS (250 mg L−1) and PBDB-T NS (250 mg L−1) under
different wavelength laser excitations (baseline corrected). (A) UV–Vis–NIR absorption spectra of
the BDD NS and PBDB-T NS, positions of excitation wavelengths (532 nm, 785 nm, and 830 nm),
and NIR spectral region. (B–D) Comparative Raman spectra of the BDD NS and PBDB-T NS excited
by 532 nm, 785 nm, and 830 nm lasers, respectively. (E) Comparative enhanced Raman spectra of
the PBDB-T NS excited by different wavelength lasers. (F) Comparative ratios of Raman intensity
(1425 cm−1) to laser power under different laser excitations. Data are represented as mean ± standard
deviation (n = 5), **** p < 0.0001. (G) The normalized fluorescence spectra of the PBDB-T NS were
obtained at 600 nm excitation (strict resonance excitation). (H) Raman spectra of the PBDB-T NS at
different concentrations under 785 nm laser excitation. (I) A linear relationship between the intensity
of the Raman peak at 1425 cm−1 in (e) and the concentration of the PBDB-T NS. Data are represented
as mean ± standard deviation (n = 5). The lowest limit of detection (LOD) was calculated using the
formula 3σ/k, where σ is the standard deviation of the blank control (PBS) and k is the slope of the
calibration curve. The LOD was determined to be 0.78 mg L−1.

Conversely, no significant fluorescence signal was observed under excitation at 785 nm
(Figure 4C), indicating the absence of fluorescence interference during near-infrared excita-
tion. As illustrated in Figure 3E,F, under 785 nm laser excitation, the PBDB-T probes achieve
optimal Raman enhancement properties by attaining pre-resonance Raman enhancement
effects while simultaneously avoiding fluorescence interference. However, under 830 nm
laser excitation, which is further away from the absorption peak, although the possibility of
fluorescence interference is further reduced, the resonance enhancement effect for Raman is
also diminished, resulting in the weakest Raman enhancement properties observed under
830 nm laser excitation. Finally, we conducted additional measurements of the fluorescence
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spectra of BDD NPs under 532 nm laser excitation, as shown in Figure 4A,D, and found
no detectable fluorescence signal under 532 nm laser excitation. Therefore, the lack of
Raman enhancement in BDD probes under 532 nm laser excitation (Figure 3B) is not due to
fluorescence signal interference, but rather because the absorption spectrum of BDD probes
is too far from the 532 nm excitation light (Figure 4A).
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Figure 4. Fluorescence properties of PBDB-T NPs and BDD NPs. (A) UV-Vis-NIR absorption spectra
of BDD NPs and PBDB-T NPs, and the excitation wavelengths (532 nm, 633 nm, and 785 nm) along
with the NIR spectrum range. (B) Normalized fluorescence spectra of the PBDB-T NPs obtained under
532 nm and 633 nm laser excitation (strict resonance excitation). (C) Normalized fluorescence spectra
of PBDB-T NPs obtained under 785 nm laser excitation (pre-resonance excitation). (D) Normalized
fluorescence spectrum of BDD NPs obtained under 532 nm laser excitation.

In conclusion, the enhancement of pre-resonance Raman signals depends on the rel-
ative distance between the absorption edge of the polymer NS and the excitation light
(785 nm), which is 70 nm, with the Raman signal intensity gradually decreasing as the excita-
tion light (830 nm) moves away from the absorption edge. At the same time, pre-resonance
Raman also avoids fluorescence interference caused by strict resonance. Therefore, fol-
lowing molecular tuning of the D-A type, the absorption spectrum of the PBDB-T NS is
optimally matched with the 785 nm laser, resulting in the best enhancement of Raman
properties. This positions the PBDB-T NS as a promising candidate for high-resolution
in vivo Raman imaging.

2.3. Stability, Cytotoxicity, In Vivo Pharmacokinetics of the PBDB-T NS

To investigate the photobleaching resistance, the PBDB-T NS was excited in PBS
solution using a 785 nm laser for 60 s to complete Raman stability measurement, indi-
cating the excellent photostability of the PBDB-T Raman NS relative to the fluorescent
NS (Figure 5A,B). Furthermore, the particle size of the prepared PBDB-T NS showed no
significant change even after storage at room temperature for over 5 months, indicating the
excellent storage stability of the PBDB-T NS (Figure 5C). To assess the stability of the Raman
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property of the PBDB-T NS in physiological environments, the PBDB-T NS was cultured in
FBS for 48 h, and Raman spectra were obtained at different time points, demonstrating the
maintenance of good Raman stability of the PBDB-T NS in serum (Figure 5D,E). Inspired by
the excellent Raman properties of the PBDB-T NS under 785 nm excitation at 1425 cm−1, we
explored the cytotoxicity and in vivo pharmacokinetics of the PBDB-T NS. The cytotoxicity
of the PBDB-T NS was evaluated by analyzing the cell viability of CT-26 cells at different
concentrations (0~250 mg L−1) using CCK-8 (Cell Counting Kit-8). As shown in Figure 5F,
even after co-incubation of the NS with the cells for 12 and 24 h, it was observed that the
cell viability remained above 80% even at an NS concentration as high as 250 mg L−1,
indicating the low toxicity of the PBDB-T NS to cells.

Pharmaceutics 2024, 16, x FOR PEER REVIEW 14 of 20 
 

 

 

Figure 5. Excellent stability of the PBDB-T NS. (A) Photostability measurement of the Raman signal 

(1425 cm−1) of the PBDB-T NS under continuous excitation for 60 s in PBS. (B) Representative Raman 

spectra of the PBDB-T NS at selected time points in (A). (C) DLS measurement of the PBDB-T NS 

after storage in PBS for over 5 months. (D) Serum stability measurement of the Raman signal (1425 

cm−1) of the PBDB-T NS incubated in FBS for 48 h. Data are represented as mean ± standard deviation 

(n = 5), ns p = 0.63. (E) Representative Raman spectra of the PBDB-T NS at selected time points in 

(D). (F) Cell viability of CT 26 cells incubated with different concentrations of the PBDB-T NS for 12 

and 24 h. (G) Pharmacokinetic characteristics of the PBDB-T NS in BALB/c mice. Data are repre-

sented as mean ± standard deviation (n = 5). (H) Representative Raman spectra of the PBDB-T NS at 

selected time points in (G). 

2.4. In Vivo Intraoperative Raman Imaging of Tumors and Metastatic Microtumors, and In Vivo 

Non-invasive Raman Imaging of Deep Tumor Tissue 

Visualization of small tumors (~4 mm) during surgery, especially metastatic tiny tu-

mors (~3 mm) that are often missed because they are difficult to observe, is critical to im-

proving cancer outcomes and survival [58]. Therefore, the detection of microtumors in 

surgery has emerged as a promising direction for Raman imaging. To explore whether the 

PBDB-T NS can achieve this goal in the process of Raman detection, we established an in 

Figure 5. Excellent stability of the PBDB-T NS. (A) Photostability measurement of the Raman signal
(1425 cm−1) of the PBDB-T NS under continuous excitation for 60 s in PBS. (B) Representative Raman
spectra of the PBDB-T NS at selected time points in (A). (C) DLS measurement of the PBDB-T NS after
storage in PBS for over 5 months. (D) Serum stability measurement of the Raman signal (1425 cm−1)
of the PBDB-T NS incubated in FBS for 48 h. Data are represented as mean ± standard deviation
(n = 5), ns p = 0.63. (E) Representative Raman spectra of the PBDB-T NS at selected time points in (D).
(F) Cell viability of CT 26 cells incubated with different concentrations of the PBDB-T NS for 12 and
24 h. (G) Pharmacokinetic characteristics of the PBDB-T NS in BALB/c mice. Data are represented as
mean ± standard deviation (n = 5). (H) Representative Raman spectra of the PBDB-T NS at selected
time points in (G).
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To evaluate the pharmacokinetics, the PBDB-T NS was injected intravenously at a
concentration of 20 mg L−1, and blood samples were taken from the ophthalmic vein at
different time points. Quantitative analysis of the Raman signal intensity at 1425 cm−1 in
the centrifuged serum was performed to follow the distribution of the PBDB-T NS from
the bloodstream to the tissues. As shown in Figure 5G,H, as the PBDB-T NS gradually
distributed from the blood to the systemic tissues, the concentration of the NS in the blood
slowly decreased, with an in vivo circulation half-life of 14.5 h [57]. These results lay the
foundation for subsequent imaging of colon tumors using the PBDB-T NS.

2.4. In Vivo Intraoperative Raman Imaging of Tumors and Metastatic Microtumors, and In Vivo
Non-Invasive Raman Imaging of Deep Tumor Tissue

Visualization of small tumors (~4 mm) during surgery, especially metastatic tiny
tumors (~3 mm) that are often missed because they are difficult to observe, is critical to
improving cancer outcomes and survival [58]. Therefore, the detection of microtumors in
surgery has emerged as a promising direction for Raman imaging. To explore whether the
PBDB-T NS can achieve this goal in the process of Raman detection, we established an in
situ CT 26-Luc colon tumor model based on a previously reported method and administered
the PBDB-T NS to mice via intravenous injection (10 mg L−1). Due to the EPR effect, the
PBDB-T NS passively accumulated in the tumor region. Characteristic Raman signals at
1425 cm−1 were detected at the site of in situ tumors 24 h post-administration (Figure 6A,B),
and positive areas of the characteristic Raman signal were confirmed as tumor regions
by hematoxylin and eosin (H&E) staining (Figure 6C). Additionally, Raman imaging of
the PBDB-T NS effectively detected a metastatic microtumor measuring 0.5 mm × 0.9 mm
(Figure 5A Merged), which is crucial for comprehensive and complete tumor clearance.
These results demonstrate that the PBDB-T NS can accurately distinguish in situ tumor
tissue, metastatic microtumors, and normal tissue through Raman imaging.
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Figure 6. Intraoperative Raman (1425 cm−1) imaging of mouse colon tumors using the PBDB-T NS
(10 mg L−1). (A) Raman imaging of primary tumors and metastatic tumors in CT26-Luc tumor-
bearing mice. Red arrows indicate primary tumor lesions and green arrows indicate metastatic
microtumor lesions. (B) Raman spectra at different locations in (A), i.e., the number 1 represents
the main tumor region, the number 2 represents the area of metastatic microtumor, and the number
3 represents the region of normal tissue. (C) Histological analysis of tumor sections. The dashed line
encloses the tumor area.

Non-invasive in vivo imaging of deep tissues plays a significant role in tumor di-
agnosis and treatment [59]. Based on existing methods, we established a subcutaneous
CT 26 colorectal tumor model and utilized the accumulation of the PBDB-T NS in the sub-
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cutaneous tumor for deep tissue Raman imaging. Following intravenous administration of
the PBDB-T NS (10 mg L−1), Raman imaging was conducted 24 h later. In comparison with
adjacent normal tissue, it was found that the NS could detect the tumor in deep tissues
(Figure 7A,B). This was further confirmed by hematoxylin and eosin (H&E) staining analy-
sis, which revealed that the positive areas of the characteristic Raman signal corresponded
to the tumor region (Figure 7C). Additionally, Raman imaging of tumors in the non-dosed
control group by PBDB-T NPs, as depicted in Figure 7D,E, further elucidated the passive
tumor-targeting aggregation of the probe for tumor imaging diagnosis.
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and the number 2 represents the region of normal tissue. (C) Histological analysis of tumor sections.
The dashed line encloses the tumor area. (D) Raman imaging of tumor site in tumor-bearing mice
of the non-treated control group. Number 1 and dashed lines represent tumor regions. (E) Raman
spectra from corresponding locations in (D).

After the completion of tumor Raman imaging, the main organs of the tumor-bearing
mice were removed and subjected to histological evaluation. In comparison with the control
group, no significant tissue abnormalities were observed in the major organs including the
heart, liver, spleen, lungs, and kidneys (Figure 8). Additionally, an analysis of mouse blood
chemistry and hematology was conducted (Table 1). This indicates that the PBDB-T NS is a
biologically safe in vivo Raman NS.
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Figure 8. Histological analysis of major organs in tumor-bearing mice after intravenous injection of
the PBDB-T NS (10 mg kg−1) or PBS, stained with H&E. The control group represents the healthy
group injected with PBS.

Table 1. Analysis of mouse blood chemistry and hematology. Intravenous injection of the PBDB-T
NS (10 mg kg−1). Data are presented as mean ± standard deviation (n = 3).

Item Reference Range PBDB–T NS Control

WBC 109/L 0.8–10.6 6.43 ± 0.90 3.77 ± 0.77
LYMPH 109/L 0.6–8.9 5.07 ± 0.65 2.87 ± 0.58
MONO 109/L 0.04–1.4 0.13 ± 0.05 0.13 ± 0.05
NEUT 109/L 0.23–3.6 1.23 ± 0.26 0.77 ± 0.19

LYMPH % 40–92 78.40 ± 0.99 75.43 ± 1.48
MONO % 0.9–18 2.50 ± 0.08 3.67 ± 0.78
NEUT % 65–50 19.10 ± 1.04 20.90 ± 1.36
RBC 1012/L 6.5–11.5 7.95 ± 0.34 8.18 ± 0.24
HGB g/L 110–165 122.33 ± 2.62 132.00 ± 1.41
HCT % 35–55 39.67 ± 1.58 42.00 ± 0.41
MCV fL 41–55 49.97 ± 0.29 51.43 ± 1.02
MCH pg 13–18 15.33 ± 0.50 16.07 ± 0.29

MCHC g/L 300–360 308.33 ± 8.50 313.67 ± 1.89
RDW % 12–19 14.85 ± 0.15 14.07 ± 0.46
PLT 109/L 400–1600 683.67 ± 121.69 663.33 ± 67.71

MPV fL 4.0–6.2 5.90 ± 0.16 5.83 ± 0.17
PCT % 0.100–0.780 0.40 ± 0.08 0.41 ± 0.07

Blood sample were collected from BALB/c mice (male, 6 weeks, 18–25 g) at 7 d after i.v. injection of PBDB-T NS
(10 mg kg−1). The analysis was performed by Mindray Animal automatic blood cell analyzer (Model: BC-2800vet).
Mice without treatment were used as Control. Complete blood counts: Blood levels of White blood cells (WBC),
Lymphocytes (LYMPH), Monocytes (MONO), Neutrophils (NEUT), Red blood cells (RBC). Hemoglobin (HGB),
Hematocrit (HCT), Mean corpuscular volume (MCV), Mean corpuscular hemoglobin (MCH). Mean corpuscular
hemoglobin concentration (MCHC), Red cell volume distribution width (RDW), Platelets (PLT), Mean platelet
volume, (MPV) and Plateletcrit (PCT). Reference ranges of hematology data of healthy BALB/c mice were obtained
from Mindray Animal Care.

Visual NSs have the full potential to deliver drugs, increase drug targeting, and clarify
drug metabolism kinetics [60]. For example, a fluorescence-based prodrug NS allows
tumor-specific stimulation [61], while some researchers have developed an NS based on
NIR-II fluorescence imaging that can be used to monitor responsive drug release and tumor
targeting [62]. Based on this, our pre-resonance visual Raman NS is expected to guide
therapy along with tumor diagnosis in the future.
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3. Conclusions

In this study, we have successfully explored the application of an organic polymer,
PBDB-T, with a donor (Tetra-thiophene structural components) and acceptor (Di-thiophene
structural components) as a visual Raman NS. PBDB-T exhibited a red-shifted absorption
spectrum close to the NIR excitation light. When using 785 nm excitation light for op-
timal matching excitation, the PBDB-T NS achieved enhanced resonant Raman spectra
without fluorescence interference. Therefore, by collecting Raman signals at 1425 cm−1

after intravenous administration, a high-resolution diagnosis of microtumors measuring
0.5 mm × 0.9 mm was achieved through Raman imaging. Additionally, it allowed for the
bioimaging of deep tumor tissues. Our study unveils the potential of PBDB-T as a promis-
ing NIR pre-resonance visual Raman NS for tumor diagnosis, offering a new pathway for
the development of polymer Raman nano-systems incorporating multiple thiophenes as
structural components, and providing a modifiable foundational platform for future visual
drug NS development.
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28. Altınoğlu, E.; Adair, J.H. Near infrared imaging with nanoparticles. WIREs Nanomed. Nanobiotechnol. 2010, 2, 461–477. [CrossRef]

[PubMed]
29. Li, L.; Xu, Y.; Chen, Y.; Zheng, J.; Zhang, J.; Li, R.; Wan, H.; Yin, J.; Yuan, Z.; Chen, H. A family of push-pull bio-probes for tracking

lipid droplets in living cells with the detection of heterogeneity and polarity. Anal. Chim. Acta 2020, 1096, 166–173. [CrossRef]
30. Zhang, W.; Huang, T.; Li, J.; Sun, P.; Wang, Y.; Shi, W.; Han, W.; Wang, W.; Fan, Q.; Huang, W. Facial control intramolecular

charge transfer of quinoid conjugated polymers for efficient in vivo nir-ii imaging. ACS Appl. Mater. Inter. 2019, 11, 16311–16319.
[CrossRef]

31. Onorato, G.; Fardella, F.; Lewinska, A.; Gobbo, F.; Tommasini, G.; Wnuk, M.; Tino, A.; Moros, M.; Antognazza, M.R.; Tortiglione,
C. Optical control of tissue regeneration through photostimulation of organic semiconducting nanoparticles. Adv. Healthc. Mater.
2022, 11, e2200366. [CrossRef] [PubMed]

32. Yaghoobi Nia, N.; Bonomo, M.; Zendehdel, M.; Lamanna, E.; Desoky, M.M.H.; Paci, B.; Zurlo, F.; Generosi, A.; Barolo, C.; Viscardi,
G.; et al. Impact of p3ht regioregularity and molecular weight on the efficiency and stability of perovskite solar cells. ACS Sustain.
Chem. Eng. 2021, 9, 5061–5073. [CrossRef]

33. Zhao, Q.; Li, D.; Peng, J. Interrogating polymorphism in conjugated poly(thieno)thiophene thin films for field-effect transistors.
Macromolecules 2023, 56, 490–500. [CrossRef]

34. Lu, H.; Zhang, X.; Li, C.; Wei, H.; Liu, Q.; Li, W.; Bo, Z. Performance enhancement of polymer solar cells by using two polymer
donors with complementary absorption spectra. Macromol. Rapid Commun. 2015, 36, 1348–1353. [CrossRef] [PubMed]

35. Jeong, M.; Oh, J.; Cho, Y.; Lee, B.; Jeong, S.; Lee, S.M.; Kang, S.H.; Yang, C. Triisopropylsilyl-substituted benzo[1,2-b:4,5-c′]-
dithiophene-4,8-dione-containing copolymers with more than 17% efficiency in organic solar cells. Adv. Funct. Mater. 2021,
31, 2102371. [CrossRef]

36. Zheng, B.; Huo, L.; Li, Y. Benzodithiophenedione-based polymers: Recent advances in organic photovoltaics. NPG Asia Mater.
2020, 12, 3. [CrossRef]

37. Huo, L.; Liu, T.; Fan, B.; Zhao, Z.; Sun, X.; Wei, D.; Yu, M.; Liu, Y.; Sun, Y. Organic solar cells based on a 2d benzo[1,2-b:4,5-b′]-
difuran-conjugated polymer with high-power conversion efficiency. Adv. Mater. 2015, 27, 6969–6975. [CrossRef]

https://doi.org/10.1021/jacs.3c06102
https://www.ncbi.nlm.nih.gov/pubmed/37596976
https://doi.org/10.1021/acs.analchem.1c03277
https://doi.org/10.3390/bios11120512
https://www.ncbi.nlm.nih.gov/pubmed/34940269
https://doi.org/10.1038/nprot.2016.036
https://doi.org/10.1038/nmeth.4578
https://doi.org/10.1002/adma.200803464
https://doi.org/10.1021/nl504444w
https://doi.org/10.1016/j.talanta.2008.02.042
https://doi.org/10.7785/tcrt.2012.500325
https://doi.org/10.1063/5.0047578
https://doi.org/10.1002/asia.202200014
https://doi.org/10.1016/j.biomaterials.2015.02.056
https://www.ncbi.nlm.nih.gov/pubmed/25890703
https://doi.org/10.1002/anie.202014839
https://www.ncbi.nlm.nih.gov/pubmed/33325142
https://doi.org/10.1021/jp805530y
https://www.ncbi.nlm.nih.gov/pubmed/18954035
https://doi.org/10.1016/j.trac.2017.12.002
https://www.ncbi.nlm.nih.gov/pubmed/32029956
https://doi.org/10.1039/C4CP03422H
https://www.ncbi.nlm.nih.gov/pubmed/25277821
https://doi.org/10.1038/s44222-022-00002-8
https://doi.org/10.1002/wnan.77
https://www.ncbi.nlm.nih.gov/pubmed/20135691
https://doi.org/10.1016/j.aca.2019.10.061
https://doi.org/10.1021/acsami.9b02597
https://doi.org/10.1002/adhm.202200366
https://www.ncbi.nlm.nih.gov/pubmed/35861262
https://doi.org/10.1021/acssuschemeng.0c09015
https://doi.org/10.1021/acs.macromol.2c02289
https://doi.org/10.1002/marc.201500127
https://www.ncbi.nlm.nih.gov/pubmed/25959873
https://doi.org/10.1002/adfm.202102371
https://doi.org/10.1038/s41427-019-0163-5
https://doi.org/10.1002/adma.201503023


Pharmaceutics 2024, 16, 655 19 of 19

38. Duan, C.; Furlan, A.; van Franeker, J.J.; Willems, R.E.M.; Wienk, M.M.; Janssen, R.A.J. Wide-bandgap benzodithiophene–
benzothiadiazole copolymers for highly efficient multijunction polymer solar cells. Adv. Mater. 2015, 27, 4461–4468. [CrossRef]
[PubMed]

39. Huo, L.; Hou, J. Benzo[1,2-b:4,5-b′]dithiophene-based conjugated polymers: Band gap and energy level control and their
application in polymer solar cells. Polym. Chem. 2011, 2, 2453. [CrossRef]

40. Brozek-Pluska, B.; Miazek, K.; Musia, J.; Kordek, R. Label-free diagnostics and cancer surgery raman spectra guidance for the
human colon at different excitation wavelengths. RSC Adv. 2019, 9, 40445–40454. [CrossRef]

41. Qiu, Y.; Zhang, Y.; Li, M.; Chen, G.; Fan, C.; Cui, K.; Wan, J.; Han, A.; Ye, J.; Xiao, Z. Intraoperative detection and eradication of
residual microtumors with gap-enhanced raman tags. ACS Nano 2018, 12, 7974–7985. [CrossRef]

42. Walters, C.M.; Pao, C.; Gagnon, B.P.; Zamecnik, C.R.; Walker, G.C. Bright surface-enhanced raman scattering with fluorescence
quenching from silica encapsulated j-aggregate coated gold nanoparticles. Adv. Mater. 2018, 30, 1705381. [CrossRef] [PubMed]

43. Liu, Z.; Davis, C.; Cai, W.; He, L.; Chen, X.; Dai, H. Circulation and long-term fate of functionalized, biocompatible single-walled
carbon nanotubes in mice probed by raman spectroscopy. Proc. Natl. Acad. Sci. USA 2008, 105, 1410–1415. [CrossRef]

44. Zavaleta, C.; de la Zerda, A.; Liu, Z.; Keren, S.; Cheng, Z.; Schipper, M.; Chen, X.; Dai, H.; Gambhir, S.S. Noninvasive raman
spectroscopy in living mice for evaluation of tumor targeting with carbon nanotubes. Nano Lett. 2008, 8, 2800–2805. [CrossRef]

45. Blanco, E.; Shen, H.; Ferrari, M. Principles of nanoparticle design for overcoming biological barriers to drug delivery. Nat.
Biotechnol. 2015, 33, 941–951. [CrossRef]

46. Wu, J. The enhanced permeability and retention (epr) effect: The significance of the concept and methods to enhance its application.
J. Pers. Med. 2021, 11, 771. [CrossRef] [PubMed]

47. Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. Nih image to imagej: 25 years of image analysis. Nat. Methods 2012, 9, 671–675.
[CrossRef] [PubMed]

48. Gao, S.; Wei, G.; Zhang, S.; Zheng, B.; Xu, J.; Chen, G.; Li, M.; Song, S.; Fu, W.; Xiao, Z.; et al. Albumin tailoring fluorescence and
photothermal conversion effect of near-infrared-ii fluorophore with aggregation-induced emission characteristics. Nat. Commun.
2019, 10, 2206. [CrossRef]

49. Díaz-López, R.; Tsapis, N.; Santin, M.; Bridal, S.L.; Nicolas, V.; Jaillard, D.; Libong, D.; Chaminade, P.; Marsaud, V.; Vauthier, C.;
et al. The performance of pegylated nanocapsules of perfluorooctyl bromide as an ultrasound contrast agent. Biomaterials 2010,
31, 1723–1731. [CrossRef]

50. Qian, D.; Ye, L.; Zhang, M.; Liang, Y.; Li, L.; Huang, Y.; Guo, X.; Zhang, S.; Tan, Z.A.; Hou, J. Design, application, and morphology
study of a new photovoltaic polymer with strong aggregation in solution state. Macromolecules 2012, 45, 9611–9617. [CrossRef]

51. Mu, X.; Guo, Y.; Li, Y.; Wang, Z.; Li, Y.; Xu, S. Analysis and design of resonance raman reporter molecules by density functional
theory. J. Raman Spectrosc. 2017, 48, 1196–1200. [CrossRef]

52. Xie, L.; Ling, X.; Fang, Y.; Zhang, J.; Liu, Z. Graphene as a substrate to suppress fluorescence in resonance raman spectroscopy. J.
Am. Chem. Soc. 2009, 131, 9890–9891. [CrossRef]

53. Tsoi, W.C.; James, D.T.; Kim, J.S.; Nicholson, P.G.; Murphy, C.E.; Bradley, D.D.C.; Nelson, J.; Kim, J. The nature of in-plane skeleton
raman modes of p3ht and their correlation to the degree of molecular order in p3ht: Pcbm blend thin films. J. Am. Chem. Soc.
2011, 133, 9834–9843. [CrossRef] [PubMed]

54. Petry, R.; Schmitt, M.; Popp, J. Raman spectroscopy-a prospective tool in the life sciences. ChemPhysChem 2003, 4, 14–30. [CrossRef]
55. Zhang, M.; Guo, X.; Ma, W.; Ade, H.; Hou, J. A large-bandgap conjugated polymer for versatile photovoltaic applications with

high performance. Adv. Mater. 2015, 27, 4655–4660. [CrossRef]
56. Chen, C.; Chan, S.; Chao, T.; Ting, C.; Ko, B. Low-bandgap poly(thiophene-phenylene-thiophene) derivatives with broaden

absorption spectra for use in high-performance bulk-heterojunction polymer solar cells. J. Am. Chem. Soc. 2008, 130, 12828–12833.
[CrossRef] [PubMed]

57. Kastantin, M.; Ananthanarayanan, B.; Karmali, P.; Ruoslahti, E.; Tirrell, M. Effect of the lipid chain melting transition on the
stability of dspe-peg(2000) micelles. Langmuir 2009, 25, 7279–7286. [CrossRef]

58. Li, Y.; Zeng, S.; Hao, J. Non-invasive optical guided tumor metastasis/vessel imaging by using lanthanide nanoprobe with
enhanced down-shifting emission beyond 1500 nm. ACS Nano 2019, 13, 248–259. [CrossRef]

59. Chen, D.; Li, B.; Cai, S.; Wang, P.; Peng, S.; Sheng, Y.; He, Y.; Gu, Y.; Chen, H. Dual targeting luminescent gold nanoclusters for
tumor imaging and deep tissue therapy. Biomaterials 2016, 100, 1–16. [CrossRef]

60. Georgiev, N.I.; Bakov, V.V.; Anichina, K.K.; Bojinov, V.B. Fluorescent probes as a tool in diagnostic and drug delivery systems.
Pharmaceuticals 2023, 16, 381. [CrossRef]

61. Ma, S.; Kim, J.H.; Chen, W.; Li, L.; Lee, J.; Xue, J.; Liu, Y.; Chen, G.; Tang, B.; Tao, W.; et al. Cancer cell-specific fluorescent prodrug
delivery platforms. Adv. Sci. 2023, 10, e2207768. [CrossRef] [PubMed]

62. Xie, Q.; Liu, J.; Chen, B.; Ge, X.; Zhang, X.; Gao, S.; Ma, Q.; Song, J. Nir-ii fluorescent activatable drug delivery nanoplatform for
cancer-targeted combined photodynamic and chemotherapy. ACS Appl. Bio Mater. 2022, 5, 711–722. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/adma.201501626
https://www.ncbi.nlm.nih.gov/pubmed/26134748
https://doi.org/10.1039/c1py00197c
https://doi.org/10.1039/C9RA06831G
https://doi.org/10.1021/acsnano.8b02681
https://doi.org/10.1002/adma.201705381
https://www.ncbi.nlm.nih.gov/pubmed/29266419
https://doi.org/10.1073/pnas.0707654105
https://doi.org/10.1021/nl801362a
https://doi.org/10.1038/nbt.3330
https://doi.org/10.3390/jpm11080771
https://www.ncbi.nlm.nih.gov/pubmed/34442415
https://doi.org/10.1038/nmeth.2089
https://www.ncbi.nlm.nih.gov/pubmed/22930834
https://doi.org/10.1038/s41467-019-10056-9
https://doi.org/10.1016/j.biomaterials.2009.11.044
https://doi.org/10.1021/ma301900h
https://doi.org/10.1002/jrs.5193
https://doi.org/10.1021/ja9037593
https://doi.org/10.1021/ja2013104
https://www.ncbi.nlm.nih.gov/pubmed/21615087
https://doi.org/10.1002/cphc.200390004
https://doi.org/10.1002/adma.201502110
https://doi.org/10.1021/ja801877k
https://www.ncbi.nlm.nih.gov/pubmed/18759400
https://doi.org/10.1021/la900310k
https://doi.org/10.1021/acsnano.8b05431
https://doi.org/10.1016/j.biomaterials.2016.05.017
https://doi.org/10.3390/ph16030381
https://doi.org/10.1002/advs.202207768
https://www.ncbi.nlm.nih.gov/pubmed/37026629
https://doi.org/10.1021/acsabm.1c01139
https://www.ncbi.nlm.nih.gov/pubmed/35044163

	Introduction 
	Materials 
	Characterization 
	Preparation of PBDB-T NS and BDD NS 
	Preparation of PBDB-T and BDD Film 
	In Vitro Raman Characterization 
	Cell Culture 
	Pharmacokinetics and Cytotoxicity of the PBDB-T NS 
	Animal Studies 
	Establishment of Subcutaneous or Orthotopic CT26-Luc Colon Tumor Model 
	In Vivo Raman Imaging 
	Histologic Analysis 
	Data Processing 

	Results and Discussion 
	Preparation and Spectral Characterization of the PBDB-T NS and BDDNS 
	Donor–Acceptor(D-A) Molecular Regulation Mechanism of the PBDB-T NS forRaman Enhancement 
	Stability, Cytotoxicity, In Vivo Pharmacokinetics of the PBDB-T NS 
	In Vivo Intraoperative Raman Imaging of Tumors and Metastatic Microtumors, and In Vivo Non-Invasive Raman Imaging of Deep Tumor Tissue 

	Conclusions 
	References

