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Gliomas are a group of highly malignant tumors that are prone to recurrence after surgery. Due to the limitation
of the blood-brain barrier (BBB), most antitumor drugs cannot cross it. Therefore, improving the delivery effi-
ciency of antitumor drugs in their treatment remains a significant challenge. Herein, we report a unique cellular
biomimetic drug delivery system (CTP@RAW) that benefits from the exceptional immune homing and long-term
tracking ability of RAW 264.7 cells to specifically penetrate BBB and target tumor sites. The drug (TMZ) is
encapsulated in RAW264.7 to avoid being cleared or degraded by the blood, improve bioavailability and reduce
systemic toxicity. And that, owning to polydopamine (PDA) coating on the quantum dots-drug nanoparticles,
which can endogenously and controllably release TMZ in response to certain tumor microenvironment (high GSH
and low pH). This delivery system can also achieve precise localization and real-time visualization of tumors via
fluorescence imaging. The released drugs effectively inhibit tumor growth by regulating cytokine expression
levels, including GFAP, Ki67, Caspase-3, and TNF-a. Our study demonstrates that this drug delivery system can
cross BBB, improve drug delivery efficiency, and has excellent potential for visualization and precision treatment

of in situ gliomas.

1. Introduction

Gliomas are a group of primary cranial malignant tumors with a high
incidence and low curative rate, which can seriously endanger human
health [1,2]. Due to tumor heterogeneity and aggressiveness, as well as
physiological barriers, these gliomas are often difficult to identify
accurately, and their diagnosis, monitoring, and treatment are chal-
lenging [3-5]. Therefore, achieving the precise targeted delivery of
therapeutic drugs is a significant challenge in this field [6]. The highly
selective nature of the blood-brain barrier (BBB) prevents most diag-
nostic drugs from entering the tumor region, leading to inaccurate
diagnosis and poor therapeutic outcomes [7-9]. It has been reported
that less than 5 % of the molecules tested in the field of drug discovery
for this disease can cross the BBB, and a small number of these drugs still
struggle to reach the concentrations required for treatment once they
enter the cranium [10,11]. Researchers have been trying to enhance
drug-delivery efficiency with nano-drug delivery vehicles like extracel-
lular vesicles, liposomes, hydrogels, micelles, polymers, inorganic NPs

[12]. However, most of these vehicles need more specific selectivity for
the brain and tend to be enriched in organs such as the liver and spleen,
making them difficult to be effective [13-15]. Materials with adaptive
deformation capacities have also been discovered to further amplify the
interaction between drug particles and cells [16]. Recently, Fan group
have developed fruit-derived extracellular vesicles as drug carriers
loaded with drugs, enabling them to cross BBB by receptor-mediated
endocytosis and membrane fusion, achieving efffcient therapy of gli-
oma [17-19]. The latest research shows that cell-mediated biomimetic
drug delivery systems can exhibit excellent performance, which has
attracted the wide attention of researchers [20-23]. The report claims
that the cell-mediated active targeted drug delivery system can pene-
trate the BBB while selectively accumulating in the tumor region, which
can better enhance the drug’s therapeutic activity in vivo, achieve
precise targeted delivery, and reduce the adverse effects of the drug [24,
25]. Typical examples are immune cells, which can naturally cross the
BBB and be identified and recruited to the site of the lesion [26-28].
Among them, macrophages, as a natural immune cells and antigen

* Corresponding author. School of Pharmaceutical Sciences & Institute of Materia Medica, Shandong First Medical University & Shandong Academy of Medical

Sciences, China.
E-mail address: liangwanjun@sdfmu.edu.cn (W. Liang).

https://doi.org/10.1016/j.mtbio.2025.101694

Received 29 January 2025; Received in revised form 7 March 2025; Accepted 20 March 2025

Available online 22 March 2025

2590-0064/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-

nc/4.0/).


https://orcid.org/0009-0001-1262-4182
https://orcid.org/0009-0001-1262-4182
mailto:liangwanjun@sdfmu.edu.cn
www.sciencedirect.com/science/journal/25900064
https://www.journals.elsevier.com/materials-today-bio
https://doi.org/10.1016/j.mtbio.2025.101694
https://doi.org/10.1016/j.mtbio.2025.101694
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/

X. Wang et al.

presenting cells, have the natural ability to phagocytic nanoparticles and
a long blood half-life, which can overcome the metabolic problems of
drugs during transportation [29,30]. Therefore, the use of macrophages
for chemical drug delivery leads to a significant increase in drug accu-
mulation in gliomas, which provides an important carrier support for the
establishment of cell-simulated drug delivery systems for accurate
diagnosis and treatment [31,32]. This further provides a feasible basis
for developing novel drug delivery research in real-time visualization
and precise treatment of gliomas.

In brain glioma visualization, another challenge is ensuring that the
probe delivered to the tumor site can output a sensitive signal [33].
Currently, optical bioimaging, as a powerful technique for monitoring
the biological behavior of living systems, has the advantages of visual-
ization, immediacy, and high sensitivity, which have made it indis-
pensable in life science research [34-36]. In particular, representative
semiconductor quantum dot probes have unique advantages over other
probes, such as narrow emission peaks, outstanding optical stability, and
a wide range of excitation wavelengths [37,38]. Among them, the recent
emergence of new I-III-VI CulnS; quantum dots, which do not contain
toxic class A elements (Cd, Pb, Hg) or class B elements (Se, As), has just
solved the problem of biotoxicity of traditional quantum dots and
facilitated the development of fluorescent probes for visualization of
drug delivery and in vivo imaging [39,40].

Designing controlled release properties for drug delivery carriers is
critical to precise drug delivery, reducing toxic side effects, and
improving bioavailability. Therefore, it is crucial to construct suitable
controlled-release devices when designing drug delivery systems. Poly-
dopamine (PDA) is a multifunctional material with good biocompati-
bility, adhesion, high chemical reactivity, and multiple drug release
response mechanisms [41-43]. PDA is used to design of multiple
stimulus-responsive drug release mechanisms that can respond to
endogenous stimulation of specific pH and glutathione (GSH) [44-48].
This can stabilize the drug in the delivery vehicle in the blood circula-
tion, and achieve the drug release in the tumor microenvironment [49,
50]. The microenvironment can realize the drug’s intelligent release,
which can both reduce the drug’s toxicity in the body and improve the
therapeutic efficiency [51,52]. These properties present an excellent
potential for its application in controlled drug release. In addition,
designing an excellent drug delivery system also requires a reasonable
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tumor model to provide an accurate assessment basis [53,54]. In vitro,
three-dimensional (3D) tumor models can better simulate the spatial
structure and growth environment of in vivo tumors, retain the patho-
logical and genetic characteristics of tumor cells, and reflect the complex
interactions between tumor cells and their microenvironment. They
have gradually become a powerful tool for the study of tumor mecha-
nism, drug screening, and individualized tumor treatment [55-58].

To achieve precise delivery and real-time visualization of gliomas,
we proposed to develop an immune cell targeting-mediated cytomimetic
drug delivery system (CTP@RAW) based on the targeting properties,
immediate tracing, and controlled release, as shown in Fig. 1. Benefit
from the high signal-to-noise imaging of quantum dot materials that can
be used to visualize deep brain tumor regions covered by thick skulls and
the unique immune homing and the long-term tracing ability of
RAW264.7 cells, CTP@RAW showed unique recognition of gliomas and
drug delivery ability to across the BBB. Our research focuses on a novel
drug delivery system that encapsulates temozolomide (TMZ), an anti-
glioma drug, within polydopamine (PDA) on the surface layer of
quantum dots (CZQDs) nanoparticles. This method not only reduces
drug toxicity in vivo but also responds to the specific environmental
conditions of high glutathione (GSH) concentration and low pH. The
acidic tumor microenvironment, which contains significantly more
glutathione than the typical physiological environment, plays a crucial
role in triggering the degradation of the nanocarrier, allowing for a
controlled release of temozolomide. In addition, macrophages, which
have an innate homing ability for immune responses, can prolong the
residence time of temozolomide in the lesion area, significantly regulate
the expression levels of cytokines such as GFAP, Ki67, Caspase-3, and
TNF-a in vivo, and ultimately improve the therapeutic effect of TMZ.
This delivery system, with its active targeting and penetration of the
BBB, high signal-to-noise ratio, real-time visualization, and integration
of precision diagnosis and treatment of gliomas, is a testament to the
precision of modern medical science.

2. Materials and methods
2.1. General information

Aladdin Biochemical Technology Co., Ltd. supplied dopamine and 3-
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Fig. 1. The establishment schedule of an advanced cytomimetic drug delivery system that can penetrate the blood-brain barrier and target tumor sites, allowing for
precise diagnosis and integrated treatment of orthotopic gliomas while significantly enhancing drug efficacy.
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(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT).
Temozolomide (TMZ) was acquired from Sigma-Aldrich. Beyotime
provided us with phosphate-buffered saline (PBS). Sigma-Aldrich sup-
plied the Calcein-AM/PI double stain kit and the ROS kit. Calcein-AM,
FITC, and Hoechst33342 were acquired from Shanghai McLean
Biochemical Co., LTD. Reed Biotech LTD provided mouse TNF-a, GFAP,
and Caspase-3 ELISA kits. We obtained RAW264.7, U87-MG, and
bEnd.3 cells from the Chinese Academy of Sciences Cell Bank. They were
kept in a 1 % penicillin-streptomycin solution (Solarbio) and DMEM
(Biological Industries) supplemented with 10 % fetal bovine serum
(Gibco) at 37 °C with 5 % CO,. We purchased 0.25 % trypsin digestion-
EDTA from Solarbio. Every experiment was carried out using cells in the
exponential growth phase. The serum and blood used in the experiment
were all obtained from healthy mice. BALB/c mice were bought from
Jinan Pengyue Laboratory Animal Breeding Co., LTD., which produced
mice that weighed 20 g on average, or about 6 weeks old. The Shandong
First Medical University School of Pharmacy and Pharmaceutical Sci-
ences and Institute of Materia Medica’s Institutional Animal Care and
Use Committee’s recommendations were followed when conducting the
experimental animal operations (No: W202403010).

2.2. Characterizations

The nanoformulations’ morphology was examined using a trans-
mission electron microscope (HT7800, Hitachi, Japan). A Zeta-sizer
Nano (ZS-90, Malvern, UK) was used to detect the size distribution.
An inverted fluorescent microscope (IX83 + DP80, Olympus, Japan) was
used to get cell imaging. A UV-vis spectrometer (UV2600i, Shimadzu,
Japan) was used to obtain the UV-vis spectrum. A multipurpose
microplate detector (Synergy H1, Biotek, USA) was used to gather the
ELISA assay. The biodistribution was obtained in vivo and in vitro
through a small animal imaging system (Lumina XRMS III, PerkinElmer,
USA).

2.3. Preparation of CulnSy/ZnS-TMZ quantum dots

Dissolve 0.034 g (0.10 M) CuCl,-2H>0 in 20 mL deionized water and
1.106 g (1.00 M) InCl3 in 5 mL anhydrous ethanol, respectively. 5.882 g
(1.00 M) sodium citrate was dissolved in deionized water (20 mL), and
6.02 g (2.50 M) NayS-9H,0 was dissolved in 20 mL deionized water. In a
three-neck flask, CuCl, solution 0.5 mL, InCl3 solution 0.05 mL, sodium
citrate solution 0.8 mL, glutathione 0.0305 g, and deionized water 40
mL were added successively. Under magnetic stirring, a NayS solution of
0.124 mL was added rapidly. The CulnS; QDs were obtained by reflux
reaction at 95 °C, and the Cu:In ratio was 1:1, then dispersed in water (5
mL) at 4 °C.

0.176 g (0.04 M) Zn(OAc),-2H0, 0.061 g thiourea, and 0.368 g
glutathione were dissolved together in 20 mL deionized water, and the
pH of the solution was adjusted to 8-9 with 1.0 M NaOH solution as the
Zn precursor solution. 1.35 mL of the Zn precursor solution was added
into the prepared CulnS; solution, and the CulnS,/ZnS quantum dots
solution was obtained by constant temperature reflux reaction at 95 °C.
Finally, the prepared CulnS,/ZnS quantum dots (CZQDs) were dispersed
in deionized water and then stored at 4 °C.

After 5 min of ultrasonography, 1 mL of the produced CZQDs solu-
tion was added, and it was mixed for 5 h with TMZ (1.0 mL, 1.0 mg mL~!
in PBS). After gradient centrifugation, CZQDs-TMZ (CT) nanoparticles
were the result. Lastly, 1 mL of deionized water was used to disperse the
produced CT, which was then kept at 4 °C.

2.4. Preparation of CT@PDA nanoparticles

The generated ANP solution was sonicated in 1 ml of Tris-HCI buffer
solution with a pH of 8.5 for 5 min. The liquid was then swirled
constantly for 4 h while 5 mg of dopamine were added. The CT@PDA
(CTP) nanoparticles were then distributed in 1 ml PBS and kept at 4 °C
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following gradient centrifugation.
2.5. Drug loading rate of CTP

CTP was initially combined with TMZ solutions at varying concen-
trations (in PBS with pH values of 6.8, 7.4, 8.0, and 8.5) and agitated at
room temperature for 5 h. The unloaded TMZ was separated by centri-
fugation and washed by PBS. The concentration of TMZ in the super-
natant was determined by measuring its absorbance at 330 nm in the
UV-visible spectrum. We further investigated the impact of TMZ con-
centration (1, 5, 10, 20, 50, and 100 pg mL ™) on the loading rate of CTP
because it was found to be significant in deciding the loading rate. We
also investigated the relationship between drug loading ratio and reac-
tion time (10, 20, 30, 40, 50, 60 min). Drug loading rate (%) = (coVo-
cV)/coVy, where cg (mg~mL’1) and Vo (mL) represented the initial
addition concentration, and volume of TMZ, ¢ (mg-mL_l) and V (mL)
represented the free TMZ’s concentration and the supernatant volume.

2.6. Stability study

Storage stability: CTP was stored at 4 °C with different time points to
test its storage stability. To assess the system’s stability, we also did
measurements of surface potential changes and the particle size at
predetermined intervals of time (0, 2, 4, 6, 8, and 10 days).

Medium stability: CTP was stored at 4 °C in different medium (PBS,
serum, and blood) to study the fluorescence properties.

2.7. Drug release in vitro

The drug release properties of CTP was assessed with dialysis tech-
niques. In summary, 200 mL PBS (pH 5.0, 6.0, and 7.4) was added to a
sealed dialysis bag (MW = 500, USA) containing 1 mL CTP solution. The
bag was then stirred magnetically at room temperature. The dissolving
media were collected at various time points (0.5, 1, 2, 4, 8, 12, 16, 20,
and 24 h) and with varying pH (7.4, 6.0, and 5.0), and all test samples
were shielded from light. To measure the amount of released TMZ using
a UV-vis spectrophotometer, 3 mL of the PBS dissolving media was
removed at each time point and replaced with 3 mL of new PBS. The
effects of redox features on GSH-triggered drug release were examined
under identical conditions, except for glutathione (GSH) concentration.
After being transferred to a dialysis bag, 1 mL of the 0.2 mg mL™' CTP
solution was soaked in 100 mL of PBS, including GSH (2, 5, and 10 mM).
The detection procedures and additional experimental stages described
above are used here.

2.8. The preparation of the cell bionic drug delivery system CTP@RAW

RAW264.7 cells were incubated with CTP (100 pg mL™!) for 3 h.
Trypsin was used to break down the cells, DMEM was used to end the
process, and the cells were centrifuged to produce the cell bionic drug
delivery system (CTP@RAW), which was then distributed in PBS solu-
tion for future use. The cells were meticulously cleaned five times in a
PBS solution after the cell growth medium was removed in order to get
rid of any remaining nanoparticles.

2.9. Cytotoxicity assay

RAW264.7 cells or U87-MG cells were planted in 6-well cell culture
trays. Different amounts of CTP, CT, CZQDs, or TMZ (50 pg mL™!) were
added to the culture system, and this mixture was then incubated for 48
h at 37 °C. 150 mL of working solution—which included 5 mL Calcein-
AM solution (2 mM), 15 mL PI solution (1.5 mM), and 5 mL of buffer
solution-were used to dye RAW cells. The combination was then incu-
bated for 15 min at 37 °C. Finally, the distinction between living and
dead cells - green and red fluorescence, respectively—was made using
fluorescent microscopy.
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Using an MTT assay, the cytotoxicity of CTP, CT, CZQDs, and TMZ
was further assessed. Briefly, RAW264.7 cells were sown in culture
plates (1 x 10* cells per well) and left to react for 48 h with varying
concentrations of CTP, CT, CZQDs, or TMZ. After thoroughly cleaning
the cells with PBS, they were placed in 100 pL of DMEM (0.5 mg mL™*
MTT) and incubated for 4 h. After the supernatant was removed entirely,
100 pL of DMSO was added to each well of the mixture. After gently
shaking the 96-well plate for 10 min to dissolve the formaldehyde
crystals, the absorbance at 490 nm was measured on a microplate reader
(the background absorbance was 690 nm).

2.10. Cellular uptake of CTP

Cell imaging: RAW264.7 cells (or U87-MG cells) were inoculated in
cell culture plates and incubated with CTP, CT, and CZQDs for 0.5h, 1 h,
and 4 h, respectively. Then, the medium was removed and cleaned with
PBS three times, and 500 puL PBS was added to each well to observe the
imaging performance of nanotherapeutic drugs in cell carriers by an
inverted fluorescence microscope.

Overnight, 200 pL CTP (100 pg mL™!, without FBS) was applied to
incubate RAW264.7 cells that had been injected in 6-well plates. Every
30 min during the next 6 h, the fluorescence spectra of cell supernatants
were examined. The loading kinetics of CTP in the cells were ascertained
by comparing the spectra with those of a CTP solution (100 pg mL™1).
The CTP fluorescence signal was seen using a fluorescent microscope.
Three measurements (n = 3) were taken concurrently.

CTP retention rate in RAW264.7 cells: Following seeding in cell culture
plates, RAW264.7 cells were exposed to 200 pL CTP (100 pg mL ™) for 3
h. The intensity of the CTP fluorescent spectra that the cells had ingested
was used As a starting point. Before the cells were grown in fresh DMEM,
they were thoroughly washed with PBS. For the following 48 h, the
fluorescence intensities of the cell supernatant were monitored every 4
h. The CTP’s retention ratio in RAW264.7 cells was calculated using the
relationship between the intensity of CTP’s cell supernatant fluores-
cence and its initial value. For each experiment, three measurements
were made in parallel (n = 3).

2.11. Analysis of intracellular ROS level

U87-MG cells were seeded with a density of 5 x 10* cells/well in 96-
well plates for quantitative investigation to detect ROS generation.
Following a 24-h growth period, the cells were treated with 100 pg mL ™
of CTP, CT, CZQDs, or TMZ and incubated for 6 h. As a control group,
cells with no material addition were used. Following incubation, 10 pM
of Hy-DCFDA was added, the cells were then cultured with fresh me-
dium, and the mixture was incubated for 30 min at 37 °C. After
removing any extra Hy-DCFDA from the cells, they were cleaned with
PBS and given a new medium. Utilizing a fluorescent microscope, the
cells were examined for microscopic qualitative imaging. For quantita-
tive measurements, the fluorescence intensity was measured with a
microplate reader.

2.12. Drug release of CTP@RAW in vitro

In vitro cumulative release of CTP@RAW in DMEM (pH = 7.4), DMEM
(pH = 6.0), and DMEM (pH = 6.0, 10 nM GSH) was investigated. RAW
264.7 cells were cultured in a cell culture bottle and exposed to 100 pg
mL~%, 200 pL, and no FBS of CTP for 3 h. The cells were placed in fresh
DMEM after being well-cleaned with PBS. For the next 4 h, the UV-vis
absorbance of the cell supernatant was measured every 30 min. After
that, the pH of the DMEM was adjusted to 6.0, and the cell supernatant
was collected every 30 min for four tests of UV-vis absorbance. To
investigate GSH-triggered drug release, 1 mL of 10 mM GSH solution
was added to a cell culture plate. The other experimental steps and
detection processes were identical to those described before. For each
experiment, 3 mL solution was removed, and 3 mL new DMEM was
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introduced to maintain the total volume of solution in the culture bottle.
2.13. Penetration and characterization of 3D tumor spheroids

U87 spheroids were formed after 5 x 10* U87-MG cells were seeded
on a 96-well spherical microplate for 3 days. 3D tumor spheroids were
treated with PBS, CTP, or TMZ (50 pg mL™1), and this mixture was
subsequently incubated at 37 °C for 6, 12, 24, 48, and 72 h. The 3D
tumor spheroids were washed and mixed with 150 mL of working so-
lution (5 mL Calcein-AM solution (2 mM), 15 mL Hoechst33342 solution
(1.5 mM), and 5 mL buffer solution), which was then incubated at 37 °C
for 15 min. Finally, fluorescence microscopy was utilized to distinguish
living and dead cells (green or blue fluorescence, respectively).

2.14. BBB model establishment and characterization

The BBB model was made of a polycarbonate 12-well transwell
membrane with an 8 pm pore size and bEnd.3 cells. The cells were sown
at a density of 5 x 10* cells per well and cultivated for three days. An
epithelial volt-ohm meter was used to measure the transendothelial
electrical resistance of cell monolayers. Only those with values above
200 Q cm ™2 were tested. After staining the bEnd.3 cells with DAPI, they
were washed in DMEM. The U87-MG cells were cultivated overnight at
the bottom of a 12-well plate, with a planting density of 1 x 10* cells/
well. In the 3D tumor spheroid group, the U87-MG spheroid was seeded
at the bottom of a 12-well plate; the other experimental conditions are
all the same. The material was then removed and stained with FITC for
15 min. Then, CTP@RAW (1 x 10* cells/well) in DMEM was injected
into the upper chamber and incubated for 12, 24, and 48 h. Finally, a
fluorescence microscope was used to examine the distribution of
CTP@RAW in the upper chamber and basolateral bottom. In addition,
BBB-penetration efficiency was further calculated by fluorescence in-
tensity. Measured the fluorescence intensity of CTP@RAW added into
the upper chamber and after 48 h incubation measured the fluorescence
intensity of CTP@RAW in the basolateral bottom, then obtained the
number of cells crossing the BBB.

2.15. Therapeutic effect investigation of orthotopic glioma

In order to construct the orthotopic glioma model, the nude mice
were anesthetized and fixed in the stereoscope frame. In-situ glioma was
induced by intraperitoneal injection of U87-MG cells (2 x 10° cells) into
the bright lateral striatum. The glioma had grown for a week and was
ready for more tests. Tumor-bearing BALB/c mice were randomly
assigned to four groups (PBS, free TMZ, CTP, and CTP@RAW). At 7, 10,
13, 16, 19, 22, and 25 days, test groups were intravenously given equal
doses of TMZ (5 mg/kg). Throughout the experiment, the weight
changes of mice body were monitored, and the fluorescence images were
collected at various periods following injection. On the final day of the
trial, mice were terminated via cervical dislocation. The heart, lungs,
spleen, liver, kidney, and brain were all collected and photographed.

2.16. Semiquantitative and quantitative analysis

Semiquantitative analysis of inflammatory factors (GFAP, Ki67, and
Caspase-3) from immunohistochemical staining of tumor-bearing mice
was performed using the following calculating process: A fluorescence
microscope was used to record luminescence images from immunobhis-
tochemical staining. The target areas were selected from luminescence
photographs, and the gray values were read using Andor Solis software.
The histogram and statistical analysis were drawn using the Origin
program and Microsoft Excel.

After centrifugation, the brain tissue supernatant was extracted and
homogenized in PBS at a pH of 7.4. The ELISA reagents were then added
to the standard sample solutions and incubated for 30 min at 37 °C.
Then, either from tissue homogenates or serum, the brain tissue
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supernatant was added. The microplate reader was utilized to measure
the absorbance at 450 nm. GFAP, TNF-qa, and caspase-3 concentrations
were ascertained using the pre-established standard curve.

2.17. Invivo safety evaluation

Following therapy, the heart, spleen, liver, kidney, lung, and brain
tissues from tumor-bearing mice were collected. They were then
promptly preserved in 4 % paraformaldehyde solution for histopatho-
logical examination. The tissues were cleaned with PBS. Every sample
was divided into 5 pm pieces and embedded in paraffin. The tissue al-
ternations were examined under a microscope after the hematoxylin and
eosin (H&E) staining processes were carried out in accordance with the
kit’s instructions.

2.18. Statistical analysis

The means of each group were reported as the average of three
separate experiments plus the standard deviation of the mean, and the
statistical significance of any differences between the means was
assessed using Student’s t-test. At significance levels of *p < 0.05, **p <
0.01, and ***p < 0.001, the statistical significance was established.

3. Results and discussion

3.1. Establishment of immune cell targeting-mediated cytomimetic drug
delivery system (CTP@RAW)

The CTP nanoparticles were produced using the following approach.
CZQDs were first produced using the hydrothermal technique, followed
by centrifugal separation. TMZ would be fixed onto the surface of CZQDs
by electrostatic contact, while PDA would cling to the surface of CT via
dopamine self-polymerization. PDA which wrapped around nano-
particles can prevent TMZ leakage while maintaining the stability of
QDs. CZQDs possessed spherical morphology, with diameters of about
7.5 nm and a uniform size distribution, as indicated in the acquired
HRTEM image (Fig. 2(a) and (b)). In addition, the CT and CTP sizes were
around 8.6 nm and 21 nm, respectively, with a narrow particle size
distribution (polydispersity = 0.106 and 0.137) (Fig. 2(b)). The
UV-visible spectra and zeta potential might be used to determine if the
components were successfully transformed during the functionalization
of CZQDs. As illustrated in Fig. 2(c), the UV-vis spectra of TMZ revealed
a strong absorption peak at 330 nm, 258 nm, and 212 nm. The UV-vis
spectra of CZQDs revealed an acromial absorption peak at 223 nm. The
absorption maxima in the UV-vis spectrum of CTP was at 321 nm and
226 nm, while TMZ’s absorbance at 258 nm and 212 nm was submerged
in the terminal absorption of the CZQDs, confirming the efficacy of TMZ
attachment to CZQDs (Fig. 2(c)). The variation of zeta potential on the
CZQDs surface also indicated that TMZ and PDA were successfully
modified on the CZQDs surface (Fig. S1). CZQDs produce a strong
fluorescence emission at 625 nm (Fig. 2(d)). The link between fluores-
cence intensity and concentration was also investigated. Fig. 2(e) shows
a good linear relationship and sensitivity between gray values and CTP
concentrations, laying the groundwork for semi-quantitative bio-
imaging. We immersed the material in PBS, serum and blood with
concentrations of 10 % for ten days to determine its stabilities. Finally,
we discovered that the fluorescence signal remained constant
throughout time, enabling continuous monitoring in a biological envi-
ronment (Fig. S2). We further tested that CTP particle size remained
unchanged in pH 7.4 PBS (Fig. S3). However, the size distribution
showed that CTP degraded into 0.7 nm of smaller nanoparticles, and
some fragments of polydopamine gathered into large spheres (11 nm
and 1300 nm) after incubation with the medium of pH 6.0 (Fig. 2(f)).
GSH treatment also led to heavy degrading of CTP, with the diameter
changing from 8.6 to 3.1 nm.

The UV-vis spectra of various TMZ dosages were measured and
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linearly fitted prior to examining the drug loading and release behavior
under various settings (Figs. S4 and S5). With an RZ of 0.9995, the usual
working curve was I = 0.02507 cryz + 0.01123. It could be found that
the drug’s loading was pH-dependant, peaking at 54.1 % at pH 8.5, by
comparing the loading rates of CZQDs to TMZ (50 pg mL 1) at different
pH levels (Fig. S6). The maximum loading rate of CZQDs to TMZ was
46.2 % after 4 h at 50 pg mL~! (pH 8.5), as shown in Fig. S7.

Under various test settings (pH and GSH), the drug release charac-
teristics of CTP were examined. After being loaded into nanoparticles
(CTP), only 9.1 % TMZ was dissolved in the pH 7.4 medium after 24 h.
When CTP was exposed to a lower pH environment (pH 6.0 and 5.0), the
drug release pattern was activated and amplified, resulting in cumula-
tive release percentages of 25.1 % and 35.7 %, respectively (Fig. 2(g)).
This phenomenon was caused by the "TMZ-CZQDs" structure’s coordi-
nation link weakening at lower pH values. This is related to the pH-
induced breakdown of the electrostatic attraction between TMZ and
CZQDs and the acidic biodegradation of the PDA framework. The tumor
cell microenvironment has significantly more GSH than the usual
physiological milieu. Enough GSH will cause PDA to break down into
monomers, breaking down nanocarriers and drug release. As indicated
in Fig. 2(h), with the increasing of GSH concentration, the TMZ release
percentage also increased accordingly. According to our research, this
process was caused by the breaking of noncovalent hydrophobic con-
nections as well as electrostatic attraction between the aromatic sections
of nanocarriers and TMZ. Fig. 2(i) showed the dual-stage responsive
TMZ release of CTP performance. The release rate of TMZ from CTP was
substantially faster at low pH than at high pH, demonstrating that CTP
were pH sensitive. Because an acidic environment surrounds cancer
cells, the high drug release in an acidic pH environment promotes cancer
cell treatment with CTP, decreasing biotoxicity to normal cells. More-
over, the GSH addition significantly boosted the release rate of TMZ. At
pH 5.0, adding 20 pL of 10 mM GSH resulted in a 71.1 % increase in TMZ
release compared to without GSH, indicating that CTP is GSH sensitive.
When compared to other groups, the rate of drug release from the CTP-
affected GSH at pH 6.0 can reach 59.1 %. When pH was 7.4, it reached a
drug release rate of 43.2 % with GSH. The above results suggested that
because the tumor cell microenvironment is acidic and contains a high
amount of GSH, this nanocarrier system was regarded a viable vehicle
for drug delivery in cancer therapy.

3.2. Anti-glioma effects of CTP in vitro

Multiple approaches were used to investigate CTP’s in vitro anti-
glioma efficacy to confirm the improved effects on glioma. As illus-
trated in Fig. 2(j), Calcein-AM/PI double labeling was used to observe
the anti-glioma action in vitro intuitively. After 24 h of incubation with
CTP, CT, and TMZ, cells died at varying rates compared to those incu-
bated with blank culture medium (control). We first discovered CTP
uptake in U87-MG cells. Fig. S8 shows that the fluorescence signal in-
tensity of the CTP, CT, and CTP groups steadily rose with increasing
incubation time. However, no fluorescence signal was found in the TMZ
group. After 24 h, free TMZ and CT produced similar numbers of dead
cells, which were lower than CTP. CTP produced massive dead cells,
displaying the highest cytotoxicity on U87-MG cells. However, CZQDs
did not cause cell death, suggesting that the inhibition of cell activity by
CTP and CT was due to TMZ release rather than CZQDs toxicity.

Next, an MTT assay was applied to investigate the inhibition effect of
CTP on the proliferation of U87-MG cells (Fig. 2(k)). When containing
the same dose of TMZ, the inhibitory rate of CTP on the activity of U87-
MG cells was similar to that of free TMZ, which indicated that the sur-
face modified PDA of the clinical material CT did not affect the release of
TMZ. This further demonstrated that PDA could be decomposed and
released TMZ under the condition of low pH and high GSH of tumors. CT
also showed similar inhibition rates on U87-MG cells, mainly due to the
direct contact of TMZ on the surface of CZQDs. The IC50 was calculated
to be 160 pg mL~! of CTP, CT and TMZ, without significant difference.
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Fig. 2. The characteristics of CTP and validation of its antitumor efficacy in vitro. (a) TEM image of CZQDs. (b) Size distributions of CZQDs, CT and CTP in PB S (pH
7.4) was monitored by dynamic light scattering. (c) UV-vis spectrums of CZQDs, CT and CTP. (d) Fluorescence spectrums of CZQDs, CT and CTP. (e) The average gray
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However, CZQDs showed good cellular activity, indicating that ZnS and
GSH modified on the surface of CulnS; quantum dots reduced cells
toxicity, thereby increasing the material’s biocompatibility.
ROS-induced cell death is a common target for tumor therapy.
Increased ROS levels cause apoptosis by causing damage to the organ-
elles, membrane structure, and nucleus of the cell. ROS production of
CTP, CT, CZQDs, and TMZ after co-incubation with U-87 MG cells was
detected by DCFH-DA: the more cells apoptosis, the more ROS produced,
and the higher fluorescence intensity. As demonstrated in Fig. 2(1),
compared to the control and CZQDs groups, the ROS levels of the CTP,
CT, and TMZ groups were significantly higher. They had a time-

(@)
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dependent effect, with the ROS level in the CTP group changing the
most. The fluorescence intensity bar graph (Fig. 2(m)) showed that there
were significant differences between CTP and CZQDs, p < 0.001 and p <
0.001, respectively, indicating that CTP had the best therapeutic effect
among many materials and excellent potential to treat tumor.

3.3. In vitro anti-glioma effects towards 3D tumor model

A 3D tumor model of U87-MG spheroids was applied to simulate the
solid tumor microenvironment (Fig. 3(a)). First, U87-MG cells were
inoculated into an U-shaped 96-well plate and grew for 3 days to reach
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Fig. 3. Anti-glioma effects in vitro towards 3D tumor model. (a) Schematic illustration of therapeutic for 3D U87-MG spheroids. (b) Fluorescence images of Calcein-
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the size required for the experiment (about 500 pm in diameter), as
shown in Fig. S9. Then, CTP, CTP@RAW, CT or TMZ were added to the
experimental group, and PBS was added to the control group. Calcin-
AM/Hoechst33342 double staining was used to visually observe the
inhibitory effects of CTP, CTP@RAW, CT or TMZ on 3D tumor spheroids.
Red fluorescence represented the fluorescence signal of quantum dots
presented by CZQDs, green represented living cells, uniformly blue
represented normal cells, and bright blue represented apoptotic cells. As
shown in Fig. 3(b) and Fig. S10, CT, CTP, CTP@RAW and TMZ induced
similar U87-MG cell apoptosis, which appeared in large areas of bright
blue compared with the control group. CT and CTP reduced the size of
the tumor spheroids to 210 pm and 221 pm, slightly smaller than treated
group, due to the enrichment of TMZ by nanoparticles. In CTP@RAW
group, the 3D tumor spheroids size riched to 218 pm, Therefore,
although CTP was encapsulated in RAW264.7 cells, it did not affect its

24 h

Materials Today Bio 32 (2025) 101694

drug release in the tumor environment, and there was no significant
difference. However, the 3D tumor spheroids did not decrease in the
control group but slightly increased. In the treatment period, the
diameter of U87-MG spheroids was measured, as shown in Fig. S11,
consistent with the observed fluorescence imaging. After 72 h of
administration, the inhibition rate of 3D tumor spheroids in various
groups was measured; CTP, CTP@RAW, CT or TMZ treatment resulted
in similar inhibition of glioma, with inhibition rates of 68.5 %, 70.3 %,
63.8 % and 65.1 % (Fig. 3(c)). As a result, the effect of CT, CTP and TMZ
on three-dimensional U87-MG spheroids were similar to the results of
2D U87-MG cells, demonstrating that CT and CTP were highly cytotoxic
to glioma cells and the tumor spheroids.
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3.4. RAW264.7 cellular uptake of CTP and its mechanism

One of the critical metrics for assessing the safety of medication
nanocarriers is their cytotoxicity. Cells were treated with TMZ, CZQDs,
CT, or CTP for 24 and 48 h, after which they were stained with calcein-
AM and PI to confirm the biological toxicity of these substances to the
cells. Fig. 4(a)’s fluorescence imaging results showed that CZQDs
treatment group had no toxicity to RAW264.7 cells, and the results were
the same as the control group. Both TMZ and CT treatment groups
showed high cytotoxicity, which may be due to the direct contact of TMZ
with cells. However, the CTP treatment group showed less cytotoxicity
due to the coated PDA on CT, which reduced the chance of direct contact
between TMZ and cells and increased biosafety. A high cell survival rate
was maintained after 48 h of co-incubation, which showed different
cytotoxicity compared with U87-MG (as illustrated in Fig. 4(a)), further
indicating that CT modified PDA could only be destroyed by tumor cells
to release drugs to damage cells. After incubation for 48 h, the apoptosis
rate was statistically measured. As shown in Fig. 4(b), the apoptosis rate
of CTP was less than 10 %, while the apoptosis rate of CT and TMZ were
52.03 % and 46.13 %, with a significant difference (P < 0.001). In
addition, RAW264.7 cells were evaluated for TMZ, CZQDs, CT, and CTP
cytotoxicity in vitro by commonly used MTT assay. As shown in Fig. 4
(¢), TMZ and CT showed strong cytotoxicity at 80 pg mL~!, while the
CTP group showed lower cytotoxicity even when the concentration
reached to 180 pg mL™!. The survival rates at high concentration were
85.51 % (CTP), 32.32 % (CT) and 55.26 % (TMZ), respectively, with a
significant difference (P < 0.001). These results indicate that CT coating
modified PDA can enhance the material’s biocompatibility and reduce
cytotoxicity, providing an excellent cellular carrier for the delivery of
therapeutic drugs.

In order to study the uptake behavior of RAW264.7 cells, media
containing CZQDs, CT, and CTP were co-cultured with cells, which
determined the uptake capacity of RAW264.7 cells to different mate-
rials. The fluorescence imaging further visualized the uptake results;
fluorescence of the CZQDs was conducted based on their distinguished
red light. After incubation of RAW264.7 cells with CZQDs, CT and CTP
for 3 h, we observed bright fluorescence in the cytoplasm and the cells’
structure were intact, indicating that CZQDs, CT and CTP could be taken
up by RAW264.7 cells, further demonstrating the success of our syn-
thesized drug delivery system (Fig. S12). RAW264.7 is a type of innate
immune cell and phagocyte, which can effectively uptake nanoparticles
through phagocytosis. This phagocytosis depends on the binding of
membrane surface receptors (such as scavenger receptors, toll-like re-
ceptors, and complement receptors) to nanoparticles [59-61]. As shown
in Fig. 5(a) that the fluorescence intensity increased with the increase of
incubation time, and the fluorescence reached its strongest after 3 h of
coincubation. The fluorescence study showed that cells absorbed CTP in
a temporal gradient, reaching equilibrium (48.4 %) at 3 h, showing time
dependence. This allowed researchers to examine the absorption dif-
ferences between CT and CTP by RAW264.7 cells (Fig. 5(b)).

The camouflaged nano-complex CTP@RAW was obtained through in
vitro co-incubation. As shown in Fig. 5(c), the intracellular loading
dynamics were examined over an extended period at various CTP doses.
The loading ratio analysis demonstrated that the absorption of CTP by
cells happened in a time-dependent way, with the highest percentage of
cells (51.7 %) absorbing the substance at 3 h when the concentration of
CTP was 100 pg mL ™', The uptake rate stayed saturated after that. The
loading ratio dropped to 20.3 % at 50 pg mL ™! of CTP, demonstrating
concentration dependence. Furthermore, the retention ratio of CTP in
RAW cells remained high (82.9 %) at 48 h in DMEM, as shown in Fig. 5
(d). Thus, the above demonstrated that CTP@RAW was assembled
successfully and provided an excellent potential for long-term
monitoring.

The effective release of medications is an essential aspect of illness
treatment. TMZ has been shown to be released from CTP in the presence
of low pH or high GSH concentration, and we then further investigated
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the drug release of CTP@RAW as follows. Fig. S13 showed different TMZ
release ratios of CTP@RAW in DMEM with different pH, up to 36.4 % at
the pH of 5.0. A high concentration of GSH could also increase the ratio
of CTP@RAW releasing TMZ. In the medium containing 10 mM GSH, the
TMZ release rate was as high as 49.5 % (Fig. S14). To demonstrate that
our designed CTP@RAW can release TMZ within the tumor, we adopted
pH 6.0 DMEM and 10 mM GSH to simulate the tumor microenviron-
ment. According to the dual-stage responsive TMZ release performance
results, the passive TMZ release nearly reached a plateau in 4 h. How-
ever, when the DMEM with pH of 6.0 was changed, the TMZ release
significantly accelerated. After adding GSH, a further expedition of TMZ
release was noticed 3 h after addition (Fig. 5(e)). Finally, to demonstrate
that CTP@RAW could release TMZ in a tumor environment, as shown in
Fig. 5(f). We incubated CTP@RAW with RAW264.7 cells or U87-MG
cells, and it was observed that more TMZ was released in U87-MG
cells (52.2 %) than in RAW264.7 cells (10.3 %). These findings sup-
ported the prepared CTP@RAW’s ability to react to the tumor envi-
ronment and initiate appropriate on-demand drug release.

3.5. BBB crossing ability of CTP@RAW in vitro

For brain tumors to be effective, CTP@RAW must have a robust BBB-
crossing ability, which is typically confirmed by a transwell penetration
assay. A polycarbonate 12-well transwell membrane with 8 pm pore size
was used to build the BBB model and bEnd.3 cells were planted on it.
U87-MG cells were then seeded into the basolateral bottom of the
transwell plate. The upper chamber then received CTP@RAW. Lastly, a
fluorescent microscope was used to assess CTP@RAW’s BBB crossing
capabilities in vitro (Fig. 5(g) i). As anticipated, U87-MG cells labeled
with FITC were located near the basolateral bottom of the transwell
plate (Fig. S15). More significantly, red fluorescence of CTP@RAW with
intact morphology was also detected from the additional CTP@RAW in
the upper chamber of the transwell (Fig. 5(h) i). Then the BBB-
penetration efficiency was obtained (38.8 %) by fluorescence intensity
measuer. There was no red fluorescence in the transwell plate of the
control group, where RAW cells were seeded and labeled with FITC
(Fig. 516). In the control groups, which could be observed that U87-MG
is stained with green fluorescence in the basolateral bottom of the
transwell plate, but almost no red fluorescence appeared (Fig. S17).
Using tumor cytokines as chemotaxis, CTP@RAW was able to pass
through bEnd.3 cell monolayers, according to the data. At 48 h, it was
challenging to observe the complete morphology of U87-MG cells,
indicating that the dropped CTP@RAW could kill U87-MG cells and
exert anti-tumor properties.

3D tumor spheroids can be better used to simulate tumor charac-
teristics, so we used 3D tumor spheroids to demonstrate further the
ability of CTP@RAW to cross BBB. First, 3D tumor spheroids stained
with FITC were placed on the bottom of the transwell plate, and
CTP@RAW was added to the upper chamber; CTP@RAW was observed
in the lower chamber, as shown in Fig. 5(g) ii. In Fig. 5(h) ii, it could be
observed that CTP@RAW emitting red fluorescence also appeared in the
lower chamber, the same as the above experimental results. At 24 h, it
was found that CTP@RAW was more than that at 12 h, and CTP@RAW
mostly surrounded the tumor spheroid, as shown in Fig. S18. At 48 h,
CTP@RAW increased further, the invasion of CTP@RAW loosened the
tumor ball, and many fragments were dropped. While, it could not be
observed that CZQDs, CT, or CTP emitting red fluorescence also
appeared in the lower chamber (Fig. S19), the same as the above 2D cell
experimental results. According to the above experimental results, it
could be concluded that CTP@RAW had a unique ability in penetrating
the BBB. In addition, TNF-a was detected in the lower chamber super-
natant after CTP@RAW was added for 12, 24, and 48 h. As shown in
Fig. 5(i), with more and more CTP@RAW crossing into the bottom of the
transwell plate, the content of TNF-a is decreasing, indicating that
CTP@RAW could release TMZ and play a therapeutic role. These results
demonstrated that CTP@RAW could penetrate the bEnd.3 cell
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monolayer, increasing the effectiveness of CTP in crossing the BBB and
being essential for managing orthotopic glioma.

3.6. In vivo anti-glioma effects towards orthotopic glioma xenograft
model

Inspired by CTP@RAW’s exceptional performance, orthotopic
BALB/c nude mice models with U87-MG xenograft tumors were created
in order to investigate CTP@RAW’s anti-glioma therapeutic efficacy.
Every three days, intravenous administration of CTP@RAW, Free TMZ,
Free CPT, and PBS was carried out via tail vein and imaging. Seven
dosages in total were administered (Fig. 6(a)). After I.V. injection, the in
vivo fluorescence imaging was determined every 3 h, which showed the
highest fluorescence intensity at the point of post-injection of 9 h, and
the brain signals could be traced for up to 48 h (Fig. S20). During the
subsequent treatment period, we selected 9 h after LV. injection
CTP@RAW or CTP as the time point for brain signal acquisition. Fig. 6
(b) displays representative brain fluorescence pictures of orthotopic
U87-MG xenograft nude mice, illustrating the targeted administration of
the encapsulated medicines. Mice were sacrificed 48 h after injection,
and the brain and primary organs were separated for ex vivo fluores-
cence imaging and quantitative biodistribution analysis. Compared with
the free CPT group, the brain in CTP@RAW groups showed significantly
higher fluorescence signals, although some level of fluorescence signals
was observed in the liver because of uptaken of CTP@RAW by reticu-
loendothelial systems (Fig. 6(c)). Mice were slaughtered 48 h after in-
jection, and the brain and primary organs were isolated for ex vivo
fluorescence imaging and quantitative biodistribution analysis. Though
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fluorescence signals were also found in the liver due to CTP@RAW up-
take via reticuloendothelial systems, CTP@RAW groups had signifi-
cantly larger fluorescence signals in the brain than the free CPT group
(Fig. 6(c)). Then the brain’s average fluorescence intensity of each group
was semi-quantified (Fig. 6(d)), which showed that CTP@RAW could
target tumor sites and display bright fluorescence even though the tu-
mors were located deep in the brain covered by the skull. The fact that
there was no discernible difference in the mice’s weight between the
CTP@RAW, CTP, and PBS treatment groups for the course of the treat-
ment indicates that the experimental treatments were well tolerated at
the test dose (Fig. 6(e)). Mice survival was tracked and documented.
After receiving CTP@RAW therapy, the mice had the best survival rate
(Fig. 6(f)). The PBS group had a median survival time of 40 days;
whereas, the CTP@RAW group had a considerably longer median sur-
vival time of 80 days (***p < 0.001, tested by Log-rank analysis).
Compared with the free TMZ group, the median survival time was 60
days, but the mice’s body weight significantly decreased due to the
toxicity of TMZ (Fig. 6(e)). These results demonstrated that CTP@RAW
had the opportunity to target and deliver TMZ to glioma and had long-
term time visualization for glioma.

Brain tissue was extracted for immunohistochemistry and H&E
staining to elucidate the contribution of CTP@RAW to orthotopic gli-
oma. Brains were removed on Day 28 and paraffin slices were prepared
for H&E staining. Tumor cells were denser and darker than normal cells,
according to an H&E staining examination (Fig. 7(a)). The CTP@RAW
group’s glioma area was less than the other groups (Fig. S21). The H&E
stained area on Day 28 was used to calculate the glioma inhibition rate
in each group following the delivery of seven doses. Glioma was most
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Fig. 6. Visualization and therapy effect of orthotopic glioma. (a) Schematic illustration of therapeutic schedule for orthotopic BALB/c nude mice bearing U87-MG
xenograft tumors. (b) In vivo brain fluorescence imaging of orthotopic U87-MG xenograft nude mice in CTP@RAW and CTP groups. (c) Ex vivo vital organs (brain,
heart, liver, spleen, lung and kidneys) of orthotopic U87-MG xenograft nude mice in CTP@RAW and CTP groups. (d) Semi-quantification of fluorescence intensity in
brain of orthotopic U87-Luc xenograft nude mice with the treatment of PBS, TMZ, CTP@RAW and CTP. (e) Body weights of orthotopic U87-MG xenograft nude mice
over time. (f) Survival curves and median survival time of different groups. Data are presented as mean + SD (n = 5). *p < 0.05.
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Capase-3 and Ki67 levels in brain tissue after treatment. (d) Quantitative analysis of GFAP and Capase-3 in brain tissue homogenate supernatant. (e) Quantitative
analysis of TNF-a in brain tissue homogenate supernatant. Three measurements were averaged. *p < 0.05, **p < 0.01. ***p < 0.001.

inhibited by CTP@RAW treatment, with an inhibition rate of 86.3 %
(Fig. S22). The reasion was that the cellular bionic drug delivery system
we constructed was to wrap TMZ in RAW cells, utilizing the specific
immune homing effect of RAW264.7 cells on tumors to achieve efficient
targeting and enrichment of drugs, which realized the high BBB pene-
tration ability of CTP@RAW. The small amount of free TMZ that crossed
the blood-brain barrier may be why free TMZ had modest anti-glioma
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effects in vivo, due to TMZ was a liposoluble molecule small molecule
compound with a BBB penetration efficiency of 10 %-20 % [62]. The
fact that CTP did not increase the rate of tumor growth inhibition when
compared to free TMZ may have been due to the nanoparticles’ inability
to traverse the blood-brain barrier. After that, brain sections were
immunofluorescently stained with DAPI and many antibodies, including
GFAP, Caspase-3, and Ki67. Compared to the PBS group, Ki67
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expression in tumor regions of the mice treated with CTP@RAW was
decreased with the lowest fluorescence intensity, indicating that
CTP@RAW treatment significantly prevented glioma cell proliferation.
GFAP, a marker of astrocyte activation located at the glioma-normal cell
border [63], reduced the greatest in the CTP@RAW group and exhibited
the lowest fluorescence intensity, indicating glioma remission. H&E
staining intuitively demonstrated CTP@RAW’s good inhibitory activity
to glioma growth. The improved therapeutic efficacy of CTP@RAW in
vivo was further confirmed by immunofluorescent staining of GFAP and
Ki67, which was consistent with previous studies. Activation of
Caspase-3 causes specific morphological and biochemical changes in
apoptotic cells, which is considered a sign of apoptosis and plays an
irreplaceable role in apoptosis [64]. As shown in Fig. 7(b), Caspase-3
showed the highest fluorescence intensity in CTP@RAW-treated tu-
mors. Furthermore, semi-quantitative statistics of the mean fluorescence
intensity of Ki67, GFAP, and Caspase-3 revealed significant differences
between the CTP@RAW group and the other control group, showing
that CTP@RAW had a strong therapeutic effect on glioma (Fig. 7(c)).
Quantification of different cytokines (GFAP, Caspase-3 and TNF-a)
was investigated by ELISA. Following centrifugation, the blood and
brain tissue supernatant were extracted and homogenized in 1 mL of PBS
(pH = 7.4). The standard sample solutions were mixed with the ELISA
reagents, and the mixture was then incubated for 30 min at 37 °C. The
serum or brain tissue supernatant was then added. Using a microplate
reader, the absorbance at 450 nm was quantified. The developed stan-
dard curve was used to calculate the concentrations of various cytokines.
The activity of GFAP and Caspase-3 in all groups was decreased to
varying degrees compared to the PBS group. The level of GFAP and
Caspase-3 post-administration of CTP@RAW was sharply decreased in
brain tissue supernatant (Fig. 7(d)) and serum (Figs. S23 and S24). The
downregulation of GFAP and Caspase-3 in tumor tissues was found to be
associated with the higher therapeutic efficacy of CTP@RAW against
glioma, as evidenced by the expression of these two proteins in tumor
tissues being in step with trends of anti-glioma effects in vivo. Macro-
phages and monocytes mainly produce pro-inflammatory cytokine TNF-
o and play a role in tumor alterations and inflammatory responses [65].
The upregulation of TNF-a in brain tissue homogenate supernatant
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(Fig. S25) and serum (Fig. 7(e)) caused by inflammation was success-
fully suppressed by CTP@RAW, indicating that CTP@RAW was more
effective than TMZ and CTP in reducing the number of inflammatory
cytokines secreted.

The ELISA results led us to the following conclusions: APD@RAW
could be recruited to cross the BBB and accumulate in the tumor site due
to the homing effect of RAW, and the released TMZ exerts a therapeutic
effect on glioma under the around condition with low pH level and high
GSH concentration. All of these have also shown that this drug delivery
system dramatically improves the delivery efficiency and ultimate
therapeutic effect of TMZ drugs.

3.7. In vivo toxicity evaluation

Future applications of cellular drug delivery technology may be
influenced by its in vivo safety performance. Following seven dosages,
we investigated H&E-stained liver, kidney, lung, and heart sections in
mice to see if CTP@RAW was detrimental to the significant organs
during in vivo body metabolism. Every organ in the CTP@RAW group
and the PBS group, as seen in Fig. 8, had a distinct texture and lacked
any overt pathological indicators, such as necrosis, edema, or inflam-
mation. This was a positive indication that the drug-loaded intelligent
system had no detrimental effects on the organism’s metabolism. TMZ
can induce severe damage to the kidney and liver tissue, which could
cause renal tubules to be injured and hepatocyte aggregation. However,
in the CTP group, we could not find the abnormal cells in kidney and
liver tissue, indicating that CTP could effectively encapsulate TMZ to
prevent drug leakage and avoid direct contact between TMZ and tissues.
The medication put on CTP@RAW was nearly entirely released into the
brain as a result of the constant, sporadic near-infrared light radiation,
and reduce physical toxicity by reducing the concentration of TMZ in the
blood. Long-term brain retention of CTP@RAW resulted in extended
drug action duration, increased medication efficacy, avoided the onset
of dangerous side effects in metabolism, and kept the drug’s concen-
tration within a safe range during the metabolism.

Fig. 8. The toxicity evaluation of the drug delivery system to mice. H&E staining of the heart, liver, spleen, lung and kidney tissues from all the groups after

treatment. Scale bar: 100 pm.
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4. Conclusions

In summary, we de developed a novel cellular biomimetic drug de-
livery system (CTP@RAW) with macrophage camouflaged diagnostic
and therapeutic nanoparticles as a strategy. This system can penetrate
the BBB and target-enriched at the glioma site for controlled drug
release, precision therapy, and visualization. Our synthesized drug de-
livery system can simultaneously target visualization probes and ther-
apeutic drugs to the tumor site by exploiting the specific immune
homing ability of RAW264.7 cells. CZQDs core enables precise locali-
zation and real-time visualization of brain parenchymal tumors under
the skull overlay, and PDA-modified CT diagnostic nanoparticles reduce
the risk of damage to the carrier. CTP could be disassembled to release
the therapeutic drug TMZ in an in situ glioma model under the tumor
microenvironment with low pH and high glutathione concentration.
Thus, CTP@RAW demonstrated a superior ability to cross the blood-
brain barrier and illuminate even the subcranial tumor region. The
released TMZ from them inhibited tumor growth in vivo and modulated
the expression levels of GFAP, Ki67, Caspase-3, and TNF-q, suggesting
that it is an effective drug delivery for the systemic diagnosis and
treatment of gliomas. Overall, this work provides an advanced, intelli-
gent, immune cell-camouflaged diagnostic and therapeutic drug de-
livery system, CTP@RAW, which shows promising applications in BBB
penetration, real-time visualization, and precision therapy.
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