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Abstract: The aim of the present study is to develop Doxorubicin–Erlotinib nanoparticles (Dox–Erlo
NPs) and folate-armored Dox–Erlo-NP conjugates for targeting glioma cancer. Glioma is one of
the most common progressive cancerous growths originating from brain glial cells. However, the
blood–brain barrier (BBB) is only semi-permeable and is highly selective as to which compounds are
let through; designing compounds that overcome this constraint is therefore a major challenge in the
development of pharmaceutical agents. We demonstrate that the NP conjugates studied in this paper
may ameliorate the BBB penetration and enrich the drug concentration in the target bypassing the BBB.
NPs were prepared using a biopolymer with a double-emulsion solvent evaporation technique and
functionalized with folic acid for site-specific targeting. Dox–Erlo NPs and Dox–Erlo-NP conjugates
were extensively characterized in vitro for various parameters. Dox–Erlo NPs and Dox–Erlo-NP
conjugates incurred a z-average of 95.35 ± 10.25 nm and 110.12 ± 9.2 nm, respectively. The zeta
potentials of the Dox–Erlo NPs and Dox–Erlo-NP conjugates were observed at −18.1 mV and
−25.1 mV, respectively. A TEM image has shown that the NPs were well-dispersed, uniform, de-
aggregated, and consistent. A hemolytic assay confirmed hemocompatibility with the developed
formulation and that it can be safely administered. Dox–Erlo-NP conjugates significantly reduced
the number of viable cells to 24.66 ± 2.08% and 32.33 ± 2.51% in U87 and C6 cells, respectively, and
IC50 values of 3.064 µM and 3.350 µM in U87 and C6 cells were reported after 24 h, respectively.
A biodistribution study revealed that a significant concentration of Dox and Erlo were estimated in
the brain relative to drug suspension. Dox–Erlo-NP conjugates were also stable for three months.
The findings suggest that the developed Dox–Erlo-NP conjugates may be a promising agent for
administration in glioma therapy.

Keywords: brain targeting; nanoparticles; folate receptor; glioma cancer; doxorubicin; erlotinib;
blood–brain barrier

1. Introduction

Glioma results from the growth of malignant tissue in the brain or spinal cord and is
extremely difficult to treat. Any drug targeting glioma must overcome the blood–brain
barrier and effectively target any of a variety of cells proliferating at different rates while
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also providing a satisfactory safety profile. Gliomas destroy surrounding tissue and are
associated with a devastating loss of functionality and a poor prognosis, with the mean
survival rate from the time of diagnosis being <2 years [1]. The tumors show a limited
response to conventional chemotherapy, and the development of therapies to specifically
target the malignant cerebral or spinal tissue is extremely challenging due to the nature of
the blood bran barrier (BBB) and the wide variety of malignant cells, different locations of
tumors, and high rates of cell proliferation. Current therapeutic approaches are based on
neurosurgical procedures, advanced radiotherapy, and a variety of emerging chemothera-
pies. Among novel drug therapies, nano-particle compounds are the most promising as
these formulations penetrate the blood–brain barrier (BBB) and the blood–brain tumor
barrier (BBTB) more effectively than conventional drugs. They allow for more selective
tumor targeting as well as a reduction in the size and frequency of dosage, thus improving
the options for the development of tailored formulations and less invasive therapies for
this patient population. When successful, targeted drug therapies that are tailored to the
specific malignancies of individual patients will provide hope to this patient population as
a whole, promising to meaningfully extend their individual lifetimes following a glioma
diagnosis [1].

Despite advances in nanotechnology and the development of multimodal therapies,
disease prognosis remains a main challenge for therapeutic, drug-based interventions.
Gliomas in the brain represent 57% of all gliomas, while 48% are malignancies associated
with the central nervous system [2].A range of tumors may develop within each category,
each requiring tailored intervention. The current standard of therapy for gliomas includes
chemotherapy and radiotherapy with temozolomide, a combination of radiation and
chemotherapy followed by surgical resection [3]. The surgery is carried out to excise the
tumor; however, successful excision is no guarantee against re-growth or metastasis. The
invasive nature of surgical procedures is also associated with risk to surrounding tissue,
and the development of efficient, effective, and safe drug-based therapies tailored to target
individual tumors is therefore highly desirable and may lead to a real improvement in
survival rates and quality of life for this patient population [4].

Conventional chemotherapy is inefficient in treating gliomas because of the two
barriers in the brain: the blood–brain barrier (BBB), and the blood–brain tumor barrier
(BBTB). These barriers limit the transportation of dissolved, active therapeutic agents to the
brain while also inhibiting drug excretion, i.e., the removal of metabolites and drug residues
via the blood stream, thus limiting the effects on the tumor while also increasing the risk of
damage to other, healthy tissue. Chemotherapeutic agents are toxic formulations known
to cause multiple adverse responses due to their lack of tissue specificity, the high doses
required to successfully target malignant tissue, and the required frequency of dosage. In
addition, the limited excretion of metabolites and drug residues from the treated tissues
leads to drug deposition and the accumulation of damaged tissues in the normal and
neighboring cells/tissues, adding to the toxic burden and exacerbating the harmful effects
of already toxic drugs [5,6].

In accordance with estimates for 2021, 83,570 people in the U.S.A. alone were expected
to be diagnosed with a brain tumor. Of this number, 24,530 were expected to be malignant
tumors and 59,040 were expected to be non-malignant tumors, with brain tumors being
established as the likely cause of death in 18,600 of these cases [7]. More alarmingly, the
most recent evidence suggests that there was a massive growth in the global occurrence
of glioblastoma between 1995 and 2015, with more than double the rate of 2.4 to 5.0 per
100,000 individuals in the U.K. Glioblastoma occurrence is predicted to also increase
dramatically in the U.S.A. over the next 30 years [8].

Erlotinib [N-(3-ethynylphenyl)-6,7-bis(2-methoxyethoxy)-4-quinazolinamine] is
a quinazoline compound with antineoplastic activity that functions as an epidermal growth
factor receptor (EGFR) antagonist and protease inhibitor. The main action mechanism of
this drug is the inhibition of the phosphorylation of tyrosine kinase associated with tumor
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growth. However, this compound has a limited ability to overcome the constraints of the
BBB and BBTB; it may therefore not be a suitable alternative for glioma patients [9].

Doxorubicin (Dox) is one of the most commonly recommended agents for the treatment
of benign and malignant tumors, including solid and liquid tumors. Its action mechanism
involves the inhibition of the topoisomerase II inhibitor, leading to a transient arrest of the
cell cycle in the G2 to M phases. However, as is the case with quinazoline, this drug has
limited BBB and BBTB penetrability [10].

In recent decades, nano-scale technology has emerged as a useful tool in a range
of sciences and industrial applications, including pharmacology and the production of
pharmaceuticals [11]. The size of nanoparticles (NPs) generally varies in the range of
1–100 nm, thus meeting one criterion for successful drug penetration of the BBB and the
BBTB. As drug carriers, nanoparticles protect therapeutic agents from degradation in the
biological fluid, provide bio-stability, prevent early release, and enable the transport of
drug compounds to the intended tissues/cells [12]. The surface area and mass ratio of
NPs are higher than macro-scale particles, resulting in the unique features of very small
size and high drug-loading/encapsulation capacities, making nanoparticles important
candidates as carriers of both diagnostic and therapeutic agents [13,14]. NP technologies
applied to biomedical sciences enable the tailoring of drugs to specific tissues in a controlled
manner, thus opening up the development of drug tailoring for individual patients and
novel diagnostic tools [15]. So far, NPs have demonstrated advantages in the targeting of
glioma tumors by enabling BBB and BBTB penetration for site-specific delivery, enabling
precise drug-to-tissue tailoring, minimizing off-target effects, and reducing drug dose and
frequency, and reducing the duration of drug administration, which also helps to improve
patient compliance [16,17].

The BBB was first identified by Ehrlich in 1885 through a dye test. It comprises
endothelial cells such as astrocytes, pericytes, and neuronal cells. Endothelial cells primarily
restrict the passive transport of substances from blood to the brain. The permeability of
brain blood vessels can be increased only when the BBB is ruined; however, some blood
vessels nurturing a tumor form the BBTB. The BBTB causes less hindrance to the transport of
substances in a brain tumor. The blood vessels bear over-expressed receptors, which could
facilitate the ligand-gated active targeting of substances in the tumor microenvironment.
To overcome the BBB and achieve a successful therapeutic delivery in the brain, ligand-
targeted NPs have an overwhelming response in the diagnosis and treatment of glioma [18].
Luque-Michel et al. injected mice with polymeric NPs loaded with both superparamagnetic
iron oxide NPs and Dox and, using an MRI, observed the high accumulation of nanocarriers
in a glioma tumor region, leading to the successful suppression of tumor growth [19].

It is well established that the folate receptors (FR) are over-expressed in a range of
solid tumor cells, viz., non-small cell lung cancers, colorectal, pancreatic, ovarian, breast,
kidney, gastric, and prostate cancers, including glial tumors of the brain and central nervous
system [20]. Folate receptors are glycoprotein-based receptors with a molecular weight
in the range of 38–45 kDa, and folic conjugate has been proven to have higher rates of
uptake than conventional therapies through folate-receptor-mediated endocytosis in tumor
cells [21]. A high level of expression of folate receptors has been observed in solid tumors of
the body. These sites may therefore represent an ideal target domain for nanocarriers [22].
In the development of drugs, folic acids (FA) are biotechnological ligands as they retain
a high affinity for folate receptors and enable the targeted delivery of drugs to a tumor.
Like antibodies, FAs are superior targeting ligands due to their relatively smaller size and
lack of immunogenicity. They are readily available and have relatively simple conjugation
properties. Folic acids have been used for a while as targeting ligands for nanoparticle
uptake in cancer cell lines and are extensively explored as a targeting ligand for cell lines
and tumors that over-express folate [23].

A biopolymer is a macromolecule composed of repeating structural units of monomers
with covalent bonds that form a chain-like structure. Recently, biopolymers have gained
wider attention with a view to develop pharmaceutical nanocomposites meeting the essen-
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tial requirements of having antimicrobial properties: having stability and flexibility and
being biocompatible, biodegradable, and bioresorbable [24]. Biopolymers have the major
advantage of being easily broken down in the biological system by naturally occurring
microorganisms and enzymes. Additionally, as their by-products are organic and with-
out detrimental impact on the biological system, they are highly promising carriers for
therapeutic drugs. As a result, a significant body of work has emerged on polysaccharide-
based biopolymers for biomedical applications, replacing synthetic nanomaterials to
hopefully improve efficacy and safety profiles and reduce the harmful side effects of
anti-cancer drugs.

In the present study, biopolymers obtained from a natural source—the bark of Cinnamo-
mum zeylanicum—were used to achieve drug encapsulation and the delivery of the active
compound to the targeted site, facilitating its entry into the brain tumor [25]. This is the
first time we have prepared a combined formulation of Erlo and Dox in functional biopoly-
mer. We expect this formulation to have the dual advantage of diminishing resistance
development in cancer cells and eliciting ameliorating, anti-cancer effects via the inhibition
of epidermal growth factor receptor (EGFR) and damage to DNA. The functionalized
nanoparticles were delivered via a naturally obtained Cinnamomum zeylanicum biopolymer,
while the formulation was evaluated in vitro for physicochemical characteristics such as
particle size, surface charge, % drug release. The biocompatibility of NPs was assessed
using a hemolysis assay. We also examined the formula’s biodistribution and cell viability
against glioma cell lines and performed stability studies in vitro.

2. Results
2.1. Formulation Optimization

The experimental design applied a novel tool to achieve statistical optimization and en-
able the minimization of method-induced variability while yielding a high-quality product
with uniform and homogeneous particle size distribution, as well as methodical stability for
other parameters under study. As in many other experimental designs, the Box–Behnken de-
sign was used to optimize and investigate the principal effects, interactions, and quadratic
effects of the independent variables on responses, viz., particle size, PDI, and %drug re-
lease. This design is effective for exploring quadratic response surfaces and constructing
second-order polynomial models [26]. The Dox–Erlo NPs were optimized using the Box–
Behnken design and a preliminary formulation was developed based on the trial-and-error
method to identify the desirable components and select the appropriate concentration for
the independent variables. According to this examination, a surfactant concentration lower
than 1.00% w/v yielded larger NP sizes owing to a minimum size reduction attributed
to poor emulsification, resulting in low drug encapsulation and impaired drug release.
Furthermore, NPs in the >3.00% w/v size range demonstrated a diminished overlay and
an extremely poor drug profile. To obtain the required particle sizes for the formulation,
sonication below 3.00 min of sonication time is required. Size reductions of the nanoparti-
cles were observed to be low. Above 12.00 min small particles were in line to accumulate,
leading to instability issues, possibly due to an excess reduction of particle size. Thus, the
selection of low and high levels of excipient concentrations was based solely on primary
investigations. In this context, the surfactant levels were low (−1), medium (0), and high,
(+1); at 0.50, 1.50, and 2.50% (w/v), respectively. Polymer concentrations were 1.00, 2.00,
and 3.00% (w/v); and the sonication time levels were low, (−1), medium (0), and high
(+1); corresponding to 3.00, 7.50, and 12.00 min, respectively, as is depicted in Table 1. The
obtained independent variable data in the Box–Behnken design and their corresponding
responses according to experimental runs are shown in Table 2.
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Table 1. Box–Behnken design variables for formulation of Dox–Erlo NPs.

Independent Variables

Level Used

Low Medium High

(−1) (0) (+1)

Polymer concentration (A), % w/v 1.00 2.00 3.00

PVA (B), % w/v 0.50 1.50 2.50

Sonication Time (C), min 3.00 7.50 12.00

Dependent variables

Particle size (R1) Minimize

PDI (R3) Minimize

Drug release (R2) Maximize

Table 2. Observed responses in Box–Behnken design for Dox–Erlo NP preparations with their
predicted and actual values.

Run
Order (A) (B) (C) Actual

Value of R1
Predicted

Value of R1
Actual

Value of R2
Predicted

Value of R2
Actual

Value of R3
Predicted

Value of R3

1 3.00 1.50 12.00 121.00 128.00 89.00 89.50 0.1230 0.1208
2 2.00 0.50 3.00 230.00 230.13 78.00 77.00 0.2230 0.2253
3 2.00 1.50 7.50 180.00 190.00 71.00 75.00 0.1430 0.1332
4 3.00 0.50 7.50 240.00 236.12 71.00 72.00 0.2210 0.2235
5 1.00 1.50 3.00 159.00 152.00 65.00 64.50 0.2310 0.2332
6 1.00 1.50 12.00 100.00 96.25 63.00 63.00 0.2070 0.2117
7 2.00 2.50 3.00 227.00 230.13 57.00 58.50 0.2130 0.2132
8 2.00 1.50 7.50 201.00 190.00 74.00 75.00 0.1300 0.1332
9 2.00 1.50 7.50 189.00 190.00 79.00 75.00 0.1290 0.1332

10 3.00 1.50 3.00 170.00 173.75 83.00 83.00 0.1950 0.1903
11 2.00 1.50 7.50 200.00 190.00 76.00 75.00 0.1230 0.1332
12 2.00 2.50 12.00 130.00 129.88 73.00 74.00 0.1120 0.1097
13 1.00 0.50 7.50 136.00 142.87 59.00 60.50 0.2980 0.2935
14 1.00 2.50 7.50 156.00 159.88 45.00 44.00 0.2230 0.2205
15 3.00 2.50 7.50 127.00 120.12 79.00 77.50 0.1520 0.1565
16 2.00 0.50 12.00 232.00 228.88 68.00 66.50 0.2380 0.2377
17 2.00 1.50 7.50 180.00 190.00 75.00 75.00 0.1410 0.1332

(A) Polymer concentration, % w/v; (B) surfactant concentration, % w/v; and (C) sonication time, min. R1—Particle
size; R2—drug release %; and R3—PDI.

The linear correlation plots (A, C, E) and their residual plots (B, D, F) between actual vs.
predicted values of particle size, PDI, and % drug release, are indicated in Figure 1. Fitting
data to the various models—viz., cubic, 2FI, linear, and quadratic—in the Box–Behnken
design indicated the quadratic model for each response. The best-fitted model for each
response was selected using ANOVA by regression analysis the calculation of F values.
The response surface morphology of the BBD expresses the individual, combined, and
quadratic impacts on the dependent variables, viz., particle size (nm), PDI, and % drug
release (Figure 2). The outcome of the regression analysis for particle size (R1), % drug
release (R2), and the PDI (R3) of formulation are provided in Table 3. The analysis of
variance of the calculated models for responses are shown in Table 4.
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polymer, surfactant, and sonication time on responses, particle size (A–C), % drug release (D–F), and
PDI (G–I).

Table 3. Summary results of regression analysis for response fitting of quadratic models for R1, R2,
and R3.

Quadratic Model R–Squared Adjusted
R–Squared

Predicted
R–Squared SD % CV

Response (R1) 0.9768 0.9469 0.8327 9.94 5.68
Response (R2) 0.9740 0.9405 0.8524 2.60 3.68
Response (R3) 0.9914 0.9802 0.9502 0.0076 4.18

Regression equation of the fitted quadratic model
Particle size (R1) = +190.00 + 13.37 × A − 24.75 × B − 25.38 × C − 33.25 × A × B + 2.50 × A × C

− 24.75 × B × C − 46.25 × A2 + 21.00 × B2 − 6.25 × C2

% Drug release (R2) = +75.00 + 11.25 × A − 2.75 × B +1.25×C + 5.50 × A × B + 2.00 × A × C +
6.50 × B × C − 2.75 × A2 − 8.75 × B2 + 2.75 × C2

PDI (R3) = +0.1332 − 0.0335 × A − 0.0350 × B − 0.0228 × C + 0.0015 × A × B − 0.0120 × A × C
− 0.0290 × B × C + 0.0414 × A2 + 0.489 × B2 + 0.0144 × C2
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Table 4. Analysis of variance (sum of square, degree of freedom, mean square, F-value, and p-value)
for response, particle size, drug release, and PDI.

Result of the
Analysis of Variance Particle Size (nm) Drug Release (%) PDI

1. Regression analysis
Sum of squares 29,090.22 1776.26 0.6131

Degree of freedom (df) 9 9 17
Mean squares 3232.25 197.36 0.0361

F-value 32.68 29.09 113.60
p-Value <0.0001 <0.0001 <0.0001

2. Lack-of-fit tests
Sum of squares 270.25 13.50 0.0001

df 3 3 3
Mean squares 90.08 4.50 0.0000

F-value 0.8539 0.5294 0.5471
p-Value 0.5330 0.6858 0.6762

Correlation of variation (% CV) 5.68 3.68 4.18
3. Residual

Sum of squares 692.25 47.50 0.0004
df 7 7 7

Mean squares 98.89 6.79 0.0001
SD 9.94 2.60 0.0076

2.2. Response 1: Effect on Particle Size

The effects on particle size of various excipients used in the formulation are explained
by the quadratic equation (Table 2).In the above equation of particle size (Table 2), the terms
A, B, C, AB, AC, BC, A2, B2, and C2 are significant. The model’s F-value, 32.68, suggested
a significant model. The statistical p-values < 0.05 indicate significant model terms, while
p > 0.05 indicates insignificant model terms. The lack-of-fit F-value of 0.85 expressed
remained insignificant for this quadratic model.

The size of particles in the formulations were reported from 100 to 240 nm in formula-
tions number 6 to 3 (Table 2). The surfactant concentration revealed positive and negative
effects on particle size. For example, formulations number 2 and 4 exhibited particle sizes of
230 nm and 240 nm, respectively, at a 0.5% concentration of surfactant. On the other hand,
a particle size of 227 nm at a 2.5% concentration of surfactant was found for formulation
number 7. Formulation number 6 and formulation number 1 demonstrated a particle size
of 100 nm and 121 nm, respectively, at a 1.5% surfactant concentration (Table 2).

The concentration of the polymer provided a positive effect on particle size. Raising
the polymer concentration to 3% w/v led to an increased size of particle. For example,
formulations number 6 and 13, having a polymer concentration of 1% w/v, had particle
sizes of 100 nm and 136 nm, respectively. On the other hand, formulations number 11 and
7 demonstrated particle sizes of 200 nm and 227 nm, respectively, with a 2% w/v polymer
concentration. Again, increasing the polymer concentration (3% w/v) led to larger particle
size: 240 nm.

On the other hand, sonication time demonstrated a negative impact on particle size.
The formulations number 6 and 1 achieved particle sizes of 121 nm and 100 nm, respec-
tively, with 12 min of sonication. With the same sonication time, formulation 16 exhibited
a 232 nm particle size, probably due to a combined effect. Formulations 2 and 10 achieved
a particle size of 230 nm and 170 nm, respectively, by sonication for 3 min.

2.3. Response 2: Effect on % Drug Release

The impact on % drug release of various excipients used in the formulation is explained
by quadratic equation (Table 3).

In the above equation, the terms A, B, C, AB, AC, BC, A2, and B2 are significant.
The Model F-value, 29.09, indicated a significant model for the % drug release. The
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lack-of-fit F-value of 0.53 entails insignificant for the model to fit. The polymer concentra-
tion positively impacted the % drug release. Formulation number 14 demonstrated that
a 45% drug release had a 1% w/v polymer concentration. The increase of polymer concen-
tration to 2% w/v led to an increased drug release: 71% and 75%, as seen in formulations
number 3 and 17, respectively. Furthermore, after an increase in the polymer concentration
of the formulation to 3% w/v, an increase in drug release was observed, such as cases of
89% and 83% in formulations number 1 and 10, respectively (Table 2).

2.4. Response 3: Effect on the PDI

The effect on the PDI of various excipients used in the formulation is explained by the
quadratic equation (Table 3).

Surfactant concentration provided both positive and negative effects on the PDI. The
observed PDI values were achieved: 0.123 and 0.231 at 1.5% and 2.5% of w/v surfactant
concentration, corresponding to formulations number 1 and 5, respectively. Similarly,
the polymer concentration provided both a positive and a negative effect on the PDI.
When increasing the concentration of the polymer from 1 to 3% w/v, the PDI was initially
increased and later decreased. For example, the polymer concentration of 3% w/v, as seen
in formulations 4 and 5, indicated PDI values of 0.221 and 0.231, respectively. On the other
hand, sonication time had a less negative impact on the PDI of formulations (Table 2).

In view of the above obtained outcomes, the optimized formulation was generated
using a point-prediction technique with a Box–Behnken design. The optimized formula
for preparation included a polymer concentration (2.94% w/v), surfactant concentration
(2.20% w/v), and sonication time (11.39 min). The experimental design predicted a particle
size of 92.76 nm, a % drug release of 89.31%, and a PDI of 0.102. The experimental
or observed values of particle size, % drug release, and PDI were 95.35 ± 10.25 nm,
70.42 ± 7.25%, and 0.109, respectively.

2.5. Characterization of Dox–ErloNPs
2.5.1. Particle Size and Zeta Potential

The particle size and zeta potential of Dox–Erlo NPs and Dox–Erlo-NP conjugates are
shown in Figure 3A,B. Dox–Erlo NPs demonstrated a particle size of 95.35 ± 10.23 nm.
On the other hand, Dox–Erlo-NP conjugates appeared at a particle size of
110.12 ± 9.2 nm. The zeta potential of Dox–Erlo NPs and the Dox–Erlo-NP conjugates were
−18.1 mV and −25.1 mV, respectively, as is shown in Figure 3C,D. The size range of the
Dox–Erlo NPs and the Dox–Erlo-NP conjugates was between 50 and 150 nm (Figure 4A,B).
The entrapment efficiency % of Erlo and Dox was 80 ± 2.3% and 78 ± 4.8%, respectively,
and the polydispersity index (PDI) of the Dox–Erlo NP formulation was reported be 0.1027.
The predicted NP size of the optimized formulation was 92.7661 nm, vs. an experimen-
tal particle size of 95.35 ± 10.25, reporting a percentage error of 2.79%. On the other
hand, the % drug release of the optimized NPs was 89.91%, vs. the experimental value of
79.203 ± 0.24%, demonstrating a percentage error of 11.90%. The PDI of the predicted for-
mulation was 0.102, compared to a PDI of 0.10, for the experimental value, demonstrating
a percentage error of 6.8% (shown in Table 5).

Table 5. The optimized composition using experimental design for the development of Dox–Erlo
NPs with experimental and predicted responses.

Variable
Composition Responses Predicted Value Experimental

Value % Error

A (2.94 % w/v) R1 92.76 nm 95.35 ± 10.25 nm 2.79
B (2.20 % w/v) R2 89.91% 79.203 ± 0.24% 11.90
C (11.39 min) R3 0.102 0.109 6.8
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2.5.2. DSC of Dox–Erlo NPs

DSC is used for the physicochemical characterization of the nature of substance. The
DSC peaks of Erlo, cinnamon biopolymer, polyvinyl alcohol, Dox–Erlo NPs, and Dox–Erlo-
NP conjugates are shown in Figure 5. The pure Erlo has a characteristic peak at 234.544 ◦C.
Polyvinyl alcohol has shown a peak at 316.97 ◦C. Further, the endothermic peak, obtained
at 168.136 ◦C, corresponds to the mannitol that was detected in the Dox–Erlo-NP conjugate
in Figure 5.

2.5.3. FT-IR Spectral Analysis

FT-IR spectroscopy characterized the chemical stability of NPs encapsulated in the
core of the biopolymer. The FT-IR spectra of Erlo, biopolymer, polyvinyl alcohol, Dox–Erlo
NPs, and Dox–Erlo-NP conjugates are indicated in Figure 6. The structure of Erlo shows
a 2-methoxy ethoxy group (C-O stretching) and amino-group (N-H stretching) of quinazo-
line ring. The biopolymer demonstrated a peak around 2743.12 cm−1, and 2918.33 cm−1

belongs to the carboxylic acid group. The Erlo drug demonstrated absorption bands at
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3267.14 cm−1, corresponding to N-H stretching, and at 1081.18 cm−1, attributed to C-O
stretching (Figure 6).
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2.5.4. Proton Nuclear Magnetic Resonance (1H NMR)

The formation of an amide bond between the primary amine group (-NH2) of folic
acid and the carboxylic acid group from the Dox–Erlo NPs through a conjugation reaction
is shown in Figure 7A. The 1H NMR spectroscopy of the amide linkage formation in Dox–
Erlo-NP conjugates is shown in Figure 7A,B. An appearance of the signals at 8.3921 ppm
indicated the formation of an amide bond through a reaction between the activated ester
group of the polymeric nanoparticles and the primary amine group of folic acid (Figure 7B).

2.5.5. X-ray Diffraction Analysis

The confirmation of the physicochemical drug behavior encapsulation in the NPs
was further illustrated with help of X-ray analysis. The X-ray diffraction patterns of Erlo,
cinnamon biopolymer, Dox–Erlo NPs, and Dox–Erlo-NP conjugates are shown in Figure 8.
The high-intensity characteristic peaks in the Erlo were observed at 2θ angles of 18.74◦,
20.38◦, 21.07◦, 25.26◦, 36.04◦, and 40.33◦,indicating their crystalline nature (Figure 8A).The
low-intensity peaks in the biopolymer were observed at 2θ angles of18.84◦, 22.72◦, 23.48◦,
and 25.41◦. Moreover, the peaks prevailed in the biopolymer, as is shown in Figure 8B,
suggesting a less-crystalline nature. However, the peaks of crystalline nature were produced
at a very low intensity or disappeared in the diffraction patterns of Dox–Erlo NPs and the
Dox–Erlo conjugates, indicating that Erlo and Dox were in amorphous or molecular states
in the NPs.

2.5.6. In Vitro Drug Release

In vitro release studies were performed for Erlo and Dox from Dox–Erlo NPs and
Dox–Erlo-NP conjugates at a pH of 7.4 (simulating a physiological pH) and a pH of 5.4
(mimicking the pH of acidic, intracellular, endosomal cancer cells), respectively. The
maximum amounts of Dox released from the Dox–Erlo NPs and Dox–Erlo-NP conjugates
at a pH of 7.4 were 59.54 ± 0.10% and 58.34 ± 0.073%, respectively. On the other hand, at

11



Pharmaceuticals 2023, 16, 207

a pH of 5.4, the maximum amounts of Dox release from the Dox–Erlo NPs and Dox–Erlo-
NP conjugates were 76.29 ± 0.19% and 74.24 ± 0.24%, respectively. The amounts of Erlo
released from Dox–Erlo NPs and Dox–Erlo-NP conjugates at a pH of 7.4 were 70.42 ± 0.05%
and 68.47 ± 0.29%, respectively. Similarly, at a pH of 5.4, the amounts of Erlo released at the
end of 47 h were 82.11 ± 0.30% and 78.43 ± 0.39%, respectively, as is shown in Figure 9A,B.
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2.5.7. Kinetic Release Model

The releases of Erlo and Dox from Dox–Erlo NPs and their conjugates were fitted to
the different release kinetic model. The exponent (n) expressed aFickian or non-Fickian
pattern of drug release. The exponent value for the zero-order release/Case II trans-
port, n = 1; non-Fickian diffusion, 0.5 < n < 1; or relaxational release, n > 1 is considered.
The model of good fit was judged based on the regression coefficient value (R2). The
regression coefficient (R2) values for such models were determined, for example: zero order
(R2 = 0.9002), first order (R2 = 0.9744), Higuchi (R2 = 0.9096), Korsmeyer–Peppas
(R2 = 0.9793), and Hixson–Crowell (R2 = 0.9593) were estimated. It was observed that
Korsmeyer–Peppas showed a good fit to the model of (R2 = 0.9793) for the Erlo release from
Dox–Erlo-NP conjugates at apH of5.4. The n-value was 0.4805 and the k-value was 3.0543.
The release of Dox from Dox–Erlo-NP conjugates at a pH of 5.4 fitted in a different kinetic
model, and the regression coefficients for various kinetic models were provided: zero order
(R2 = 0.8541), First order (R2 = 0.9231), Higuchi matrix (R2 = 0.9233), Korsmeyer–Peppas
(R2 = 0.9751), and Hixson–Crowell (R2 =0.9025) [Table 6]. The Korsmeyer–Peppas was
the best-fitted model, with a regression value of (R2 = 0.9751), an n-value of 0.5951, and
a k-value of 2.4551. The release mechanism indicated an anomalous, non-Fickian diffusion
of Dox, both via diffusion and biopolymeric matrix erosion; on the other hand, Erlo was
released via biopolymeric matrix erosion.

Table 6. Kinetic drug release of Erlo and Dox release from Dox–Erlo-NP conjugates at pH 5.4.

Erlo Release from Dox–Erlo-NP Conjugates at pH 5.4

Zero order 0.9002 1.65021
First order 0.9744 −0.0355

Higuchi matrix 0.9096 9.7543
Korsmeyer–Peppas 0.9793 3.0543

Hixson–Crowell 0.9593 0.0090
Dox release from Dox–Erlo-NP conjugates at pH 5.4

Model Fitting R2 k
Zero order 0.8541 1.2361
First order 0.9231 −0.0195

Higuchi Matrix 0.9233 8.3559
Korsmeyer–Peppas 0.9751 2.5251

Hixson–Crowell 0.9025 0.0056

In the determination of the Erlo release from the Dox–Erlo-NP conjugates at a pH of
7.4, the regression coefficient values for the zero order (R2 = 0.8704), first order (R2 = 0.9537),
Higuchi matrix (R2 = 0.9190), Korsmeyer–Peppas (R2 = 0.9782), and Hixson–Crowell
(R2 = 0.9306) were determined. Among these models, Korsmeyer–Peppas demonstrated
the highest regression value (R2 = 0.9782), with a release exponent n-value of 0.5294
and a k-value of 2.733 selected. Further, the regression coefficients for Dox release from
Dox–Erlo-NP conjugates at a pH of 7.4 were determined using the same models: zero
order (R2 = 0.8718), first order (R2 = 0.9294), Higuchi (R2 = 0.9062), Korsmeyer–Peppas
(R2 = 0.9709), and Hixson–Crowell (R2 =0.9125). Due to the emergence of a highest regres-
sion coefficient value for the Korsmeyer–Peppas model, it was selected as the model of
good fit. It indicated an n-value of 0.41 and a k-value of 2.9451 [Table 7]. The mechanism of
drug release expressed that Dox was released via Fickian diffusion following both diffusion
and biopolymeric matrix erosion. On the other hand, the Erlo release mechanism followed
an anomalous or non-Fickian diffusion through biopolymeric matrix erosion [27].
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Table 7. Kinetic drug release of Erlo and Dox release from Dox–Erlo-NP conjugates at pH 7.4.

Erlo Release from Dox–Erlo-NP Conjugates at pH 7.4

Model Fitting R2 k

Zero order 0.8704 1.3919

First order 0.9537 −0.0244

Higuchi Matrix 0.9190 8.8754

Korsmeyer–Peppas 0.9782 2.7330

Hixson–Crowell 0.9306 0.0067

Dox release from Dox–Erlo NPs conjugates at pH 7.4

Model Fitting R2 k

Zero order 0.8718 1.1629

First order 0.9294 −0.0183

Higuchi Matrix 0.9062 8.3554

Korsmeyer–Peppas 0.9709 2.9451

Hixson–Crowell 0.9125 0.0052

2.5.8. Hemolysis Study

Hemolysis experiments were carried out to ensure the biocompatibility of the in-
house-built NPs and NP conjugates in the bloodstream and to obtain information about
the charge–particle interaction with biomolecules in terms of thrombosis and hemolysis
in vivo. These interactions enable damage to erythrocytes and thereby acquit hemoglobin
from erythrocytes. It was observed that increasing the NP doses led to an increased release
of hemoglobin from the erythrocytes. The hemolytic analysis revealed that RBC damages
were less than 6–8% in any of the concentrations (1.5 mg, 3 mg, and 6 mg) used in the
experiment relating to placebo NPs, Dox–Erlo NPs, and Dox–Erlo-NP conjugates.

2.5.9. Cytotoxicity Assay

The results of the MTT assay analysis of plain drugs, Dox–Erlo-NPs, and Dox–Erlo-
NP conjugates on glioma cell lines (U87 and C6) at varying concentrations (0.20 µM,
0.40 µM, 0.80 µM, 1.6 µM, 3.2 µM, and 6.4 µM) are shown in Figure 10A,B. The Dox–
Erlo-NP conjugates significantly depleted the count of viable cells to 24.66 ± 2.08% when
compared to Dox–ErloNPs (66 ± 2.6%) and plain drugs (85.33 ± 5.5%) in glioma U87 cells.
Oppositely, Dox–Erlo-NP conjugates reduced the viable cell count to 32.33 ± 2.51% when
compared to Dox–ErloNPs (65 ± 1%) and plain drugs (87 ± 3.46%) in glioma C6 cells.
Furthermore, cell death was expressed in terms of the IC50 related to the dose of drug,
which killed 50% of cancer cells in a specified time period, i.e., the inhibitory concentration
(IC50). The IC50 values of plain Dox–Erlo, Dox–ErloNPs, and Dox–Erlo-NP conjugates were
26.589 µM, 9.830 µM, and 3.064 µM, respectively, after 24 h in the U87 cell line. The IC50
values of plain Dox–Erlo, Dox–ErloNPs, and Dox–Erlo-NP conjugates were determined
to be 32.60 µM, 8.625 µM, and 3.350 µM, respectively, after 24 h in the C6 glioma cell line,
shown in Figure 10A,B.

2.5.10. Biodistribution Study

The tissue homogenates from various organs such as the liver, kidney, brain, and blood
of rats were extracted and analyzed via HPLC for the presence of Dox and Erlo. It was
found that a significant amount of Dox and Erlo were estimated in the brain as compared
to drug suspension (p < 0.05). The biodistribution studies of the formulation in various
organs are expressed in Figure 11.
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Figure 10. The percentage cell viability following 24 h of treatment with various doses of plain
Dox–Erlo, Dox–ErloNPs, Dox–Erlo-NP conjugates, placebo Dox–Erlo NPs, and placebo Dox–Erlo-NP
conjugates on U87 (A) and C6 (B) glioma cell lines. The experiments were performed in triplicate
with mean ± S.D (n = 3). Significance value * (p < 0.05), ** (p < 0.01), *** (p < 0.001), **** (p < 0.0001)
relative to pure Dox-Erlo.

18



Pharmaceuticals 2023, 16, 207

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 19 of 30 
 

 

2.5.10. Biodistribution Study 
The tissue homogenates from various organs such as the liver, kidney, brain, and 

blood of rats were extracted and analyzed via HPLC for the presence of Dox and Erlo. It 
was found that a significant amount of Dox and Erlo were estimated in the brain as com-
pared to drug suspension (p < 0.05). The biodistribution studies of the formulation in var-
ious organs are expressed in Figure 11. 

Heart Liver Blood Kidney Brain
0

5

10

15

20

25

30

35

40

45

D
ru

g 
co

nc
en

tr
at

io
n 

(n
g/

gm
 o

f t
is

su
e)

 Plain (Dox)
 NPs
  NPs Conjugates

(A: Dox)

 

Heart Liver Blood Kideny Brain
0

1000

2000

3000

4000

5000

6000

7000

8000

D
ru

g 
co

nc
en

tr
at

io
n 

(n
g/

gm
 o

f t
is

su
e)

  Plain(Erlo)
  NPs
  NPs Conjugates

(B:Erlo)

 

 
Figure 11. Graph representing the biodistribution of Dox (A) and Erlo (B) from plain, Dox–Erlo NPs,
and Dox–Erlo-NP conjugates. Isolated organs of animals after 24 h of dose (C).
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2.5.11. Stability Study

The stability study was performed as per guideline issues under a stability study [28].
The Dox–Erlo-NP conjugates’ stability experiments under a specific set of conditions are
expressed in Table 8. The particle size observed was 109.45 ± 12.48 nm at 25 ± 2 ◦C,
65 ± 5% RH at the end of 90 days. However, at an elevated temperature of 40 ± 2 ◦C,
75 ± 5% RH, a particle size of 115.33 ± 12.38 nm was observed. Similarly, the surface
charge on the Dox–Erlo-NP conjugates at temperatures of 25 ± 2 ◦C, 65 ± 5% RH and
40 ± 2◦C, 75 ± 5% RH were recorded as −21.1 ± 4.01 and −20.4 ± 3.20 mV, respectively.
The entrapment efficiencies after a stability period of 90 days were calculated at 76 ± 5.3%
and 73 ± 3.3%, respectively.

Table 8. Stability indicating data of Dox–Erlo-NP conjugates with regard to particle size, zeta potential,
and % entrapment efficiency.

Sampling
Period

(in Days)
Particle Size (nm) Zeta Potential (mV) % Entrapment Efficiency

(25 ± 2 ◦C,
65 ± 5% RH)

(40 ± 2 ◦C,
75 ± 5% RH)

(25 ± 2 ◦C,
65 ± 5% RH)

(40 ± 2 ◦C,
75 ± 5% RH)

(25 ± 2 ◦C,
65 ± 5% RH)

(40 ± 2 ◦C,
75 ± 5% RH)

0 95.35 ± 10.23 95.35 ± 10.33 −18.1 ± 2.40 −18.1 ± 2.40 80 ± 2.3% 80 ± 4.6%

30 99.39 ± 11.03 100.46 ± 9.2 −18.3 ± 3.40 −19.3 ± 2.31 79.3 ± 3.4% 79 ± 3.2%

60 104.22 ± 13.44 106.25 ± 14.25 −19.2 ± 3.24 −20.2 ± 2.05 78 ± 3.8% 77 ± 4.4%

90 109.45 ± 12.48 115.33 ± 12.38 −21.1 ± 4.01 −20.4± 3.20 76 ± 5.3% 73 ± 3.3%

3. Discussion

The treatment of a glioma is impeded via the invasiveness or the inadequacy of
drugs penetrating the BBB [29]. The current study was designed to develop, character-
ize, and evaluate Dox–Erlo NPs and folate-armored Dox–Erlo-NP conjugates for target-
ing glioma cancer via a nose-to-brain route. The study aimed to improve the targeted
specificity and promote the penetration of NPs to glioma cells to achieve the desired
therapeutic concentration.

This biopolymeric, nanocarrier-based drug delivery is a novel approach for drug
targeting to a specific region as it offers biodegradability and biocompatibility and is non-
toxic to the vital organs of the body, as was disclosed in the hemocompatibility study.
The folate-armored, polymeric nanocarrier has shown better biodistribution in the brain
due to its higher permeability and penetration of the BBB. The developed biopolymer
nanoconjugates were effective in glioma therapy as they enabled a controlled drug release
over a prolonged time and a tunable size, by which they could approach the target domain,
minimize off-target effects, and increase bio-stability. The TEM studies of the nanoconjugate
were well-dispersed, uniform, de-aggregated, and consistent in size. The low PDI value
showed that the developed preparations were consistent, homogeneous, and had a narrow
size distribution. The zeta potential value indicated a negative surface charge on the
nanoparticle formulation; the nanoparticles showed no agglomeration due to a same-
charge surface repellence of each other, creating a resistive force that led to the enhanced
stability of the nanosize system [30].

It has been proven that the over-expressed folate receptor on the tumor cells’ surface
could be a specific target site for delivering cytotoxic agents [31]. In our study, the conju-
gation of folic acid to Erlo–Dox preparations was found to be at a higher concentration in
the brain when compared to a non-conjugated preparation. This substantiates the higher
efficacy of folate-conjugated nanoparticles when compared to plain NPs. The conjugated
NPs’ formulation exhibited a remarkable cell death and higher concentration in the brain
when compared to the unconjugated NPs, consistent with the previous literature. The
conjugation of folate with NPs was confirmed by 1H NMR analysis. The results clearly
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indicated that conjugated NPs can be a promising, tumor-targeting carrier candidate. No
endothermic peak in DSC was detected for the drug in Dox–Erlo NPs and conjugated
NPs, suggesting that drug has been incorporated in the NPs. The DSC chromatogram of
mannitol was detected in the Dox–Erlo-NP conjugates [32].

The functional peaks of the drug in FT-IR becoming flattened in the Dox–Erlo NPs
and Dox–Erlo-NP conjugates indicated that the drug was encapsulated in the biopolymeric
core [33]. 1H NMR evidently revealed the conjugation of the primary amine group of folic
acid with the carboxylic acid group of the polymeric NPs. In 1H NMR, the appearance of
the signals at 8.3921 ppm indicated the formation of an amide bond by a reaction between
the activated ester group of the polymeric nanoparticles and the primary amine group of
the folic acid. Dox–Gefit-NP conjugates were synthesized, as indicated by the formation of
amide bond. The appearance of this peak confirmed the conjugation of folic acid [34].

The prepared nanoparticles were nano-sized, having a desirable diameter of
95.35 ± 10.25 nm and 110.12 ± 9.2 nm for the NPs and conjugates, respectively, and
exhibited a sustained release of the drug under physiological conditions [35,36].The zeta
potential value indicated a negative surface charge on the nanoparticle formulation and
no non-agglomerated NPs, probably due to the same-charge surface repellence of each
other, with the resultant resistive force leading to an enhanced stability of the nanosize
system [37]. Furthermore, the mean PDI of the NPs in our study was 0.109, showing that
the developed preparations were consistent, homogeneous, had a narrow particle-size
distribution, were monodispersed, and were satisfactory [38,39].

Free Dox and Erlo can cause brain toxicity, cardiotoxicity, and kidney or liver damage.
In this study, converting them to NPs and encapsulating them within a biopolymer helped
to prevent the toxic side effects of systemic Dox and Erlo administration. The encapsulation
of the drug was confirmed by DSC, with FTIR analysis as standard practice. It is being
proven that biopolymers demonstrate non-toxicity and short immunogenicity, are bio-
absorbable, and have subsequently good biocompatibility. Hence, their use can minimize
the potential hazards of cytotoxicity. In the present study, a Cinnamomum zeylanicum
biopolymer was extracted and used as a nanoparticle-carrier material to achieve a higher
concentration of the drug at the targeted tumor site with reduced toxicity. The cytotoxicity
study result showed no toxicity of the biopolymer, signifying that the biopolymer is safe
and biocompatible [40].

The results of the % drug release assessment demonstrated that Erlo released faster
than Dox from NPs. During the initial phase of drug release, an abrupt release was
demonstrated, followed a controlled release for a long time. This may be due to Erlo
becoming entrapped in the exterior layer, while Dox was encapsulated in the interior
core of the NPs [41]. Further, it was observed that release of Erlo and Dox was found
to be higher at an acidic, intracellular, endosomal pH of 5.4 when compared to a pH of
7.4. It is worthwhile to disclose herein that the microenvironment of a tumor is slightly
more acidic than the physiological fluid [42]. The higher drug release at an endosomal
pH of 5.4 in the slightly acidic microenvironment of the tumor may be attributed to the
fact that the protonation of the biopolymer and drugs resulted in a higher dissolution of
Dox and Erlo from the internal polymeric complex of the NPs in the acidic environment.
The pH-dependent drug release is highly desirable for cancer-tissue targeting and also
minimizes non-selective drug release in systemic circulation. It also provides sufficient
drug concentration upon cellular internalization, which is mediated via endosomal escape
and lysosomal fusion [43–45]. After fitting the drug-release data in kinetic models, the
exponent value n of Erlo from Dox–Erlo NPs at a pH of 5.4 and a pH of 7.4 and Dox
from Dox–Erlo NPs at a pH of 5.4 showed that the release mechanism was diffusion (non-
Fickian). However, Dox at a pH of 7.4 demonstrated a Fickian drug release mechanism. The
findings indicate that Erlo and Dox release from Dox–Erlo-NP conjugates was ascertained
via diffusion from polymeric core. The hemolysis assay disclosed that the maximum
concentration of formulation was 6 mg; when tested for hemocompatibility, this did not
cause significant hemolysis. The hemolysis study was resembled preceding work in the
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literature [46,47]. The developed formulations were conceived to be as least toxic or non-
toxic and are regarded as safe and hemocompatible for in vivo administration. As per the
experimental observation, the stability of the Dox–Erlo-NP conjugates were maintained,
as indicated by an insignificant alteration in particle size, zeta potential, and entrapment
efficiency after an analysis of the sample at fixed intervals of time during a storage period
of 90 days (p > 0.05). This further indicates that in-house-built Dox–Erlo NPs were robust
and consistently in line with the ICH stability-testing guidelines [48,49].

The efficacy of the formulation was studied by assessing the IC50 values and the
percent of depletion of cancer cells [50]. The cell-killing potency of the formulations was
dose and time-dependent. The MTT assay interpreted that the Dox–Erlo-NP conjugates
successfully decreased the % cell viability according to the concentration of the drug in NPs
and the drug delivery into the cells [51]. The existing literature demonstrates that using
a synergistic combination of EGFR inhibitor viz., Erlotinib provides the cells susceptible to
apoptosis with exposure to the DNA-destructive agent doxorubicin [52].

The analytical estimation showed that drug concentration was achieved in the vital
organs (the heart, liver, and kidney) with small quantities of Dox and Erlo when compared
to the targeted brain, which may be attributed to the partitioning behavior of the nanosized
Dox–Erlo NPs and the Dox–Erlo-NP conjugates via endothelial fenestration. Overall,
the concentrations of Dox and Erlo achieved in the target organ, i.e., in the brain, were
significantly higher than in other organs of the body (p < 0.05), indicating the specific
delivery of the formulated conjugate in the targeted region of glioma cancer [53].

4. Material and Methods
4.1. Materials

Erlotinib (Mol wt = 393.436, purity of ≥95%) was a gift sample from Natco Pharma
Ltd. UPSIDC (Dehradun, India). Doxorubicin also a gift sample from Neon Laborato-
ries Pvt. Ltd. (Ghaziabad, India).The cinnamon biopolymer was purchased from Shree
Ram Overseas (New Delhi, India). The polyvinyl alcohol (PVA) was received from
Sisco Research Laboratory Pvt. Ltd. (Mumbai, India). The cross-linking agents EDC
[1-(3 Dimethylaminopropyl)-3-Ethyl Carbodiimide Hydrochloride] and Sulpho-NHS [N-
Hydroxysuccinimide] were received from Sisco Research Laboratories Pvt. Ltd. (Mumbai,
India). The solvent, Dimethyl Sulfoxide (DMSO), was obtained from Merck Pvt. Ltd.
(Mumbai, India), and acetone was obtained from SD Fine Chem Pvt. Ltd. (Mumbai, India),
HPLC-grade water and other reagents were used as received.

4.2. Cytotoxicity Study
Materials

The specified materials for the study of cytotoxicity, such as culture media, penicillin
streptomycin, MTT (4, five-dimethylthiazol-2yl)-2, five-diphenyl tetrazolium bromide),
fetal bovine serum (FBS), and Dulbecco’s Modified Eagle Medium (DMEM) were bought
from Himedia (Mumbai, India). The phosphate-buffered saline (PBS) was purchased
from (Himedia, India). The cell lines C6 and U87 were received from NCCS, Pune, In-
dia. Cells were stored at 37 ◦C and 5% CO2 in a humidified CO2 incubator to maintain
continuous growth.

4.3. Formulation Optimization Using Statistical Design

The optimization of formulation was carried out through Design-Expert Software
(Design-Expert version 12, State-Ease® Inc., Minneapolis, MN, USA) using Box–Behnken
design (BBD).The expert design used a three-level, three-factor BBD which produced
seventeen experimental runs for optimizing the formulation. The investigative impact
of independent variables, viz., (A) polymer concentration; (B) surfactant concentration;
and (C) sonication time on thefactors (R1) particle size (nm); (R2) PDI, and (R3) drug
release (%) were studied. The levels of independent variables under study were used as
low (−1), intermediate (0), and high (+1), and their impact on the responses R1, R2, and
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R3 are shown in Table 1. This design comprehensively explained the major, combined,
and quadratic effect of factors A, B, and C on various selected responses in the study
of the formulation. The optimization of formulation based on Design-Expert version 12,
State-Ease® Inc. (Minneapolis, MN, USA) was reported in various preceding works [54].

4.4. Preparation of Dox–Erlo-Loaded NPs

Dox–Erlo-loaded biopolymeric NPs were developed by implementing a modified,
double-emulsion solvent-evaporation technique [55]. The technique involved the prepa-
ration of an Erlo solution in an organic phase (1 mg/mL), a Dox solution in an aqueous
phase (5 µg/mL), a biopolymer in an aqueous phase (29.4 mg/mL), and the preparation of
an aqueous PVA solution. Primarily, the solutions of Erlo (1 mg/mL) and Dox (5 µg/mL)
were transferred slowly using an injectable needle in the aqueous biopolymer solution
(2.94% w/v) and emulsified slowly using a probe sonicator (Hielscher ultrasonicator, Berlin,
Germany) (02 min, 30 KHz power, 50 W, 01 cycle) to obtain a polymeric core of the drug as
a primary emulsion (o/w). Second, this primary emulsion was transferred into the aqueous
PVA solution (2.20 % w/v) slowly, using an injection needle at a rate of 0.5 mL/min. This
was then emulsified for 11 min with the probe sonicator (30 KHz power, 80 W, 01 cycle)
to obtain a secondary emulsion comprising a nanoparticle suspension. Thereafter, the
preparation was stirred magnetically at 1000× g rpm for 4 h at ambient temperature to
allow for the evaporation of the organic phase. Further, NPs were held open overnight to
obtain hard and dry particles. The nanoparticles were then ultracentrifuged at 15,000× g
rpm (OptimaTM LE-80K Ultracentrifuge) for 30 min and washed (n = 3) to free the NPs of
un-entrapped drug and free biopolymer matter. The Dox–Erlo-loaded nanoparticle was
then re-dispersed in water and lyophilized to dryness for future characterization. The NP
preparation steps are illustrated in Figure 12.
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4.5. Surface Modification of Dox–Erlo Biopolymeric NPs

The nanoparticles were re-dispersed to 10 mg/mLin double-distilled water and incu-
bated with 0.1% of 1-(3 Dimethylaminopropyl)-3-Ethyl Carbodiimide Hydrochloride (EDC.
HCl) and N-hydroxysuccinimide (sulpho-NHS, 0.05% w/v), for 5 h in a biological shaker
to activate the carboxylic group. In the course of the first step of the coupling reaction,
an unstable intermediate was formed on reaction with the EDC cross-linker, which fur-
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ther reacted with sulpho-NHS and formed a stable ester. After incubation, the amine-
reactive stable ester (sulpho-NHS NPs) was washed three times with distilled water. In
the consequent step, the stable ester (sulpho-NHS NPs) was re-dispersed with folic acid
(0.1% w/v) and incubated overnight to hasten the coupling reaction at ambient temperature
in an end-to-end biological shaker. The folate-conjugated Dox–Erlo NPs were subjected to
centrifugation for half an hour at 15,000× g rpm; thereafter, the supernatant was withdrawn
and washed to remove traces of un-conjugated EDC and sulpho-NHS. The conjugated
Dox–Erlo NPs were dried via lyophilization for further use. The surface-modification steps
of the NPs are shown in Figure 13.
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4.6. Characterization of Dox–ErloNanoparticles
4.6.1. Particle Analysis and Z-Average

The distribution of particles and the Z-average of Dox–Erlo NPs were analyzed
by utilizing a Zetasizer 1000 HS (Malvern Instruments, Worcestershire, UK). As per
the standard procedure, the Dox–Erlo NPs were re-distributed in HPLC-grade water
(0.5 mg/mL) and sonicated for one minute for one cycle at 60 Hz. The sizing analyses were
computed and recorded three times (n = 3).

4.6.2. Drug Entrapment and Loading in NPs

Erlo and Dox entrapment in the Dox–Erlo NPs was evaluated by the centrifugation
of the formulation at an elevated speed of 15,000× g rpm at 4 ◦C for 30 min (C24, REMI
Refrigerated Centrifuge, Mumbai, India). The amount of un-incorporated drug was esti-
mated by reading the absorbance of the supernatant at 342 nm and 480 nm using a UV-
visible spectrophotomer.

The % entrapment efficiency and the loading of drug were estimated using
following equation:

% Entrapment e f f iciency =
Total amount o f drug − amount o f drug in the supernatant

Total amount o f drug
× 100 (1)
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4.6.3. High-Resolution Transmission Electron Microscopy (HR-TEM)

The morphological characterization of the nanoparticles was studied using a JEOL,
JEM 2100 Plus, (Japan) operated at 80 to 200 kV at an ultra-high resolution (UHR). The
re-dispersed nanoparticles (0.5 mg/mL) were sonicated for 1 min by dispersion in water.
Further, one drop of nanoparticles was stretched over a permeable film grid and dried for
ten minutes. Microscopic images were observed and captured at 80 to 200 kV.

4.6.4. Fourier Transform Infrared Spectroscopy (FT-IR)

The FT-IR spectra of Erlo, biopolymer, PVA, Dox–Erlo NPs, and Dox–Erlo-NP con-
jugates were characterized by FT-IR (Tensor 37, Bruker, MA, USA). Sample of weights of
5 mg were directly placed into the light-beam path and spectra were recorded in a scanning
range of 4000–400 cm−1.

4.6.5. Differential Scanning Calorimetry (DSC)

The DSC technique was used to compute the melting point and physical state of
the drugs Dox, Erlo, biopolymer, PVA, Dox–Erlo NPs, and Dox–Erlo-NP conjugates by
using DSC (Pyris 4 DSC, Perkin Elmer, Waltham, MA, USA). This technique estimated
the difference in temperature between a test sample and a reference as a function of the
time and temperature when the samples underwent temperature scanning in a range of
50–350 ◦C in a controlled atmosphere.

4.6.6. X-ray Diffraction (XRD)

XRD analyses of Dox, Erlo, biopolymer, PVA, Dox–Erlo NPs, and Dox–Erlo-NP con-
jugates were characterized by a PAN analytical X’pert PRO, (Netherland) working at
40 kV, 30 mA, and 2-theta angle ranges (0◦ to 80◦) using monochromatic CuKa-radiation
(k = 1.5406 Å).

4.6.7. Proton-Nucleic Magnetic Resonance (1H-NMR)

The 1H-NMR spectra of Dox–Erlo NPs and Dox–Erlo-NP conjugates were acquired
on a Bruker Avance—II (Terre Haute, IN, USA) at 400 MHz. The chemical shifting was
reported in ppm for the structure elucidation of Dox–Erlo-NP conjugates, which were
compared with the Dox–Erlo NPs to confirm the conjugation by using a DMSO solvent and
investigating the surface chemistry of the nano-conjugate [56].

4.6.8. In Vitro Release Studies

In vitro Dox and Erlo release of the developed formulations of Dox–Erlo NPs and Dox–
Erlo-NP conjugates were assessed by diluting the nanoparticles in PBS at a physiological
pH of 7.4 and at an acidic, intracellular, endosomal pH of 5.4. The encapsulated drug NPs
were kept enclosed in a dialysis bag (Mol. wt cut-off = 60–8 kDa) with the ends tightened.
The dialysis bag was then immersed in 50 mL of PBS at a pH of 7.4 and maintained at
37 ± 0.5 ◦C with a gentle shaking at 50 rpm. A sample (1 mL) was adjourned at programmed
intervals and replaced with an equal volume of fresh PBS at a pH of 7.4 and a pH of 5.4.
Samples were examined using UV-visible light with wavelengths of 342 nm and 480 nm.

4.6.9. Hemolysis Study

The hemolysis study was carried out by collecting blood from adult rats in EDTA-
coated tubes, followed by centrifugation at 2000 rpm for 10 min to separate the cells and
plasma. Further, the sediment cells were washed (n = 3) with PBS at a pH of 7.4. Vari-
ous concentrations of NPs (placebo NPs, Dox–Erlo NPs, and Dox–Erlo-NP conjugates),
including 1.5 mg, 3 mg, and 6 mg, were incubated with RBCs of number 1.5 × 107 at 37 ◦C
for 1 h. The samples were subsequently subjected to centrifugation for ten minutes at
2000 rpm. The supernatant was analyzed at 540 nm using UV-visible spectroscopy.
An RBC hemolysis of 100% with Triton X-100 was considered to be a positive control
and an RBC hemolysis of 0% after treatment with PBS was considered to be a negative
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control [57]. If the hemolysis was less than 10%, it was regarded as non-toxic. The following
formula was used to calculate the hemolysis %:

% Hemolysis = [(Abs(treatment) − Abs(PBS))/Abs(Triton × −100)] × 100 (2)

4.6.10. Cytotoxicity Study

The test for the efficacy of the nanosystem composition in terms of therapeutic accu-
mulation and internalization was investigated in cell lines C6 (ATCC, CCL107) and U87
(ATCC, HTB14) of glioma tumors in vitro. The cell-viability study of Dox–Erlo NP and
Dox–Erlo-NP conjugate nanosystem was carried out using an MTT assay. The culture cells
were treated with DMSO, and the formazan reagent formed (solubilized) was estimated
using a spectrophotometer. MTT acts only on biologically active cells, and the activity of
cells indicates the cells’ viability [58]. In this method, cell lines were added to a 96-well
plate (106 cells/well) containing DMEM media and then incubated overnight at 37 ◦C in
a humidified atmosphere in which the air was enriched with (5% v/v) CO2 tofacilitate the
attachment of cells to the bottom of each well. Upon the well attachment of cultured cells,
cells were treated with concentrations (between 0.20 and 6.4 µM) of Dox–Erlo-NPs and
Dox–Erlo-NP conjugates and incubated for 24 h.

After the completion of the treatment, the media were removed carefully and incu-
bation was repeated with 10 mL of MTT for 3 h. After the completion of the incubation,
the optical density was measured at 570 nm in a microplate reader. Each experiment was
performed in triplicate (n = 3). Untreated cells were related to the control group (100% cell
viability), and the IC50 of the cells was determined. IC50 is the drug concentration that
slows cell growth by 50% when compared to a control. It is calculated using a regression
analysis of cell-viability studies.

Cell viability (%) was expressed as the mean viability (%) ± standard deviation (SD)
(n = 3) using the following formula:

The cell viability (%) was represented as mean ± SD (n = 3) using following formula;

Percent cell viability = OD treated/OD controlled × 100 (3)

4.6.11. Biodistribution Studies

Animals were procured from an animal house prior to the experiment and maintained
in polymeric cage as per animal ethical guidelines. The animals were housed at room tem-
perature and exposed to 12 h of light/dark. They were kept on food and water ad libitum.
Institutional Animal Ethics Committee (IAEC) guidelines were followed in conducting
animal experiments as per the guidelines by DIT University, Dehradun, Uttarakhand, India
(Ref no. DITU/IAEC/21-22/07-05). To investigate biodistribution, the administration of
a single dose of a formulation such as pure Erlo, pure Dox, Dox–Erlo NPs, or Dox–Erlo-NPs
conjugates having 1 mg Erlo and 5 µg of Dox was performed via the nose-to-brain delivery
of 20 µL once per day for 14 days in four groups of male Wistar rats (n = 3). Different
organs, viz., the liver, heart, kidney, blood, and brain were removed from each group
(n = 3) 24 h after the last dose. The removed tissues were blotted with tissue paper, weighed,
and homogenized in 1 mL of ice-cold sodium chloride solution per 1 g of tissue. Thereafter,
aliquots were separated and kept at −20 ◦C until analysis. The Dox and Erlo contents were
estimated by using HPLC, using the procedure shown in the section on HPLC methodology.

4.6.12. Stability Study

This study was carried out as per ICH guidelines on three months of Dox–Erlo-NP
conjugates. A stability study of the in-house-built formulation was performed to ensure
the physiochemical alteration in the quality of Dox–Erlo-NP conjugates. The samples were
kept in a stability chamber at an ambient temperature, 25 ± 2 ◦C, 65 ± 5% RH; and at
a higher temperature, 40 ± 2 ◦C, 75 ± 5% RH, for 90 days. The evaluations were conducted
at intervals of 0, 30, 60, and 90 days.
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4.6.13. Statistical Analysis

Quantitative data are presented as the mean ± standard deviation (SD). Statistical
comparisons between different treatments were analyzed with a one-way ANOVA using
Graph Pad Prism. A value of p < 0.05 was considered statistically significant.

5. Conclusions

Dox–Erlo NPs were successfully developed for the first time, prepared using a Cin-
namomum zeylanicum biopolymer. The optimization procedure was accomplished using
a three-factor and three-level Box–Behnken experimental design. The optimized compo-
sition had a biopolymer content of 2.94% w/v, a surfactant content of a 2.2% w/v, and
a sonication time of 11.39 min. In this optimum composition, formulation was characterized
by a particle size of 95.35 nm, a PDI of 0.102, and % drug release of 89.91%. The analytical
findings confirmed that both drugs were loaded in the biopolymeric core of the NPs. The
biodistribution study revealed that folate-functionalized NP conjugates showed improved
Dox and Erlo transport across biological barriers and potentially enriched the drug concen-
tration in the brain. The higher cell death in an MTT assay recorded for the NP conjugates
over the drug suspension against C6 and U87 cell lines resulted in an enhanced anti-tumor
efficacy. The hemolysis study demonstrated that Dox–Erlo-NP conjugates were suitable
for in vivo administration. Based on the findings of the studies, it is further suggested that
Dox–Erlo-NP conjugates could be an option for effective drug delivery to glioma cancer.

6. Patents

This work has been patented as Indian Patent Application No. 202111038933. Publica-
tion Date, 10 September 2021.
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Abstract: We prepared a tumor microenvironment-responsive magnetic nanofluid (MNF) for im-
proving tumor targeting, imaging and treatment simultaneously. For this purpose, we synthesized
sulfonamide-based amphiphilic copolymers with a suitable pKa at 7.0; then, we utilized them to
prepare the tumor microenvironment-responsive MNF by self-assembly of the sulfonamide-based
amphiphilic copolymers and hydrophobic monodispersed Fe3O4 nanoparticles at approximately
8 nm. After a series of characterizations, the MNF showed excellent application potential due to the
fact of its high stability under physiological conditions and its hypersensitivity toward tumor stroma
by forming aggregations within neutral or weak acidic environments. Due to the fact of its tumor
microenvironment-responsiveness, the MNF showed great potential for accumulation in tumors,
which could enhance MNF-mediated magnetic resonance imaging (MRI), magnetic hyperthermia
(MH) and Fenton reaction (FR) in tumor. Moreover, in vitro cell experiment did not only show high
biocompatibility of tumor microenvironment-responsive MNF in physiological environment, but also
exhibit high efficacy on inhibiting cell proliferation by MH-dependent chemodynamic therapy (CDT),
because CDT was triggered and promoted efficiently by MH with increasing strength of alternating
magnetic field. Although the current research is limited to in vitro study, these positive results still
suggest the great potential of the MNF on effective targeting, diagnosis, and therapy of tumor.

Keywords: tumor microenvironment-responsive; magnetic nanofluid; improved magnetic resonance
imaging; neutral-responsive Fenton reaction; enhanced chemodynamic therapy

1. Introduction

In tumor diagnosis and treatment, superparamagnetic iron oxide (SPIO) nanoparticles
play a unique and important role, because they possesses versatile applications for clinical
diagnosis and tumor adjunctive therapy [1,2]. For tumor diagnosis, SPIO nanoparticles
have been used widely as a contrast agent (CA) in magnetic resonance imaging (MRI), as it
could improve the contrast in anatomical imaging to highlight the situation and structure
of a tumor by shortening the spin−spin relaxation time (T2) of the proton [3]. For tumor
therapy, magnetic hyperthermia (MH) is a noninvasive hyperthermia that inhibits tumor
growth by the Brownian relaxation and Néel relaxation of SPIO nanoparticles under an
alternating magnetic field (AMF) [4]. Furthermore, many studies also found that SPIO
nanoparticles could induce apoptosis of tumor cells directly by producing ferrous ions,
which can generate toxic reactive oxygen species (ROS) by the Fenton reaction (FR) [5].
Although SPIO nanoparticles present much potential, their effectiveness in tumor diagnosis
and therapy still depends on their accumulation in the tumor, which is similar to that of
a chemotherapeutic drug. Learning from the progress of stimuli-responsive polymeric
nanocarriers for tumor targeting [6,7], the targeted accumulation of SPIO nanoparticles in
a tumor could also be improved by constructing stimuli-responsive magnetic nanofluid
(MNF) through the self-assembly of SPIO nanoparticles and stimuli-responsive polymers.
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Because tumor angiogenesis and aerobic glycolysis have been recognized as features
of most malignant solid tumors, regardless of their tissue origin or genetic background [8],
pH-sensitive nanocarriers have attracted tremendous interest in tumor diagnosis and
subsequent treatment over the past decades [9,10]. In order to construct pH-sensitive
nanocarriers, many types of pH-sensitive polymers have been designed and synthesized,
as they possess ionizable basic or acidic residues [11], resulting in varied physicochemical
properties (solubility or chain conformation) with a change in the surrounding pH [12].
However, slight pH differences between a tumor stroma (pH = 7.1–6.7) [13] and the physi-
ological condition (pH = 7.35–7.45) is impossible to be recognized by most pH-sensitive
deliveries, which usually consist of pH-sensitive polymers and occur during phase tran-
sition in endocytic organelles with a lower pH value (pH ≤ 6.0), such as endosomes
and lysosomes [9,10]. There are only a few pH-sensitive polymers with dissociation con-
stants (pKa) around neutral pH, such as cationic polymers with repeating ionizable tertiary
amines [14,15] or anionic polymers with suitable sulfonamide groups [16,17]. Until now,
the most successful pH-sensitive polymers used in targeting tumor microenvironment were
cationic polymers with ionizable tertiary amine blocks, showing a hydrophobic–hydrophilic
phase transition in weakly acidic microenvironments [18,19], which disassemble rapidly in
tumor microenvironment, leading to their application in targeted tumor chemotherapy [20]
and enhanced tumor fluorescence imaging [19]. Unfortunately, ionized cationic polymer
exhibit a potential risk of hemolysis in vivo, as its positive charge could easily damage
membranes of red blood cells [21]. Therefore, a sulfonamide-based anionic polymer with
suitable pKa within a tumor microenvironment pH value (7.1–6.7) should be an optimized
option to prepare MNF with tumor microenvironment responsiveness.

According to the property of an anionic polymer, its hydrophilic–hydrophobic phase
transition can be triggered under a certain pH value, which is usually lower than the pKa
of anionic polymer [11]. As a result, a pH-responsive MNF with a suitable pKa (7.1–6.7)
should lose its colloidal stability in tumor stroma, resulting in the efficient accumulation
and retention of SPIO in tumor tissue. Furthermore, tumor tissue had existing amounts of
endogenous hydrogen ion (H+) and hydrogen peroxide (H2O2). Due to the phase transi-
tion of anionic polymers in tumor stroma, encapsulated SPIO nanoparticles obtained the
opportunity to interact with surrounding H+, resulting in the release of ferrous ion (Fe2+).
Next, the endogenous H2O2 in the tumor tissue could be decomposed under the catalysis
of Fe2+, implying the possibility of FR in the tumor microenvironment. When the phase
transition of anionic polymer blocks occurred completely, stranded SPIO nanoparticles
could form many aggregations with a large size spontaneously. According to previous stud-
ies, a closed packing structure of the multiple SPIO nanoparticles exhibited its attractive
effects on improving the negative signal contrast of pathological tissue [22] and enhanced
the efficiency of MH [23] simultaneously. Therefore, sulfonamide-based MNF with a pH
responsiveness not only possesses a specific advantage in tumor targeting but also shows
other potentials for improving the sensitivity of tumor MRIs and enhancing the antitumor
efficacy by a combination of MH- and FR-mediated chemodynamic therapy (CDT).

In this study, we designed and fabricated a tumor microenvironment-responsive
MNF, which maintained stability in blood vessels and formed aggregations in tumor
microenvironment to enhance tumor MH, ROS generation and MRIs simultaneously, as
shown in Figure 1.

In order to prepare the tumor microenvironment-responsive MNF, we synthesized
a sulfonamide-based amphiphilic copolymer, polycaprolactone-b-poly(sulfadimethoxine
acrylamide) (PCL-b-pSMA) by reversible addition−fragmentation chain transfer (RAFT)
polymerization, according to relevant studies [24,25], which showed pKa of approximately
7.0. Then, the MNF was fabricated by the simple self-assembly of the PCL-b-pSMA and
hydrophobic Fe3O4 nanoparticles. Due to the fact of the pH sensitivity of PCL-b-pSMA at a
neutral pH value, the MNF in the aqueous phase displayed a similar pH responsiveness at
a neutral pH value (≈7.0). According to the pH sensitivity of the MNF on neutral medium,
we further investigated its application potentials for MH, FR and MRI for tumor theranos-
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tics. The relevant results show that the MNF under neutral conditions exhibited a better
performance in enhancing the specific absorption rate (SAR), increasing the generation of
hydroxyl radical (•OH) and improving the T2 relaxivity (r2), simultaneously, compared
to its counterpart in a physiological environment. Based on these advantages, we further
studied the effects of the tumor microenvironment-responsive MNF on MH-induced cell
death and ROS generation under different strengths of AMF (Happlied). As the intercellular
ROS level and cell mortality rate under MH showed a high degree of correlation, this study
suggests that the MNF can stimulate CDT by MH and inhibit cell proliferation efficiently by
integrating MH and CDT effectively. Therefore, the tumor microenvironment-responsive
MNF possesses a versatile potential for tumor targeting, diagnosis and treatment.
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Figure 1. Schematic illustration of the tumor microenvironment-responsive MNF, which was pre-
pared by self-assembly of Fe3O4 nanoparticles and pH-responsive polymer. According to the phase
transition of the pH-responsive micelles under a neutral condition, the tumor microenvironment-
responsive MNF could maintain an individual state and form aggregations in tumor microenviron-
ment to improve tumor MH, ROS generation and MRI simultaneously.

2. Results and Discussion
2.1. Synthesis and Characterization of the pH-Responsive Amphiphilic Copolymer

As an anionic polymer usually possesses hydrophilicity in neutral and physiological
conditions, we selected the polycaprolactone (PCL) segment as the hydrophobic block of
the amphiphilic copolymer because of its high biocompatibility. The synthetic route, as
shown in Figure S1 (Supplementary Materials), contained ring opening polymerization
(ROP), an esterification reaction and RAFT polymerization simultaneously. By the ROP, the
PCL was synthesized successfully, which was confirmed by the H proton nuclear magnetic
resonance (1H NMR) spectrum, as shown in Figure S2. S-1-dodecyl-S’-(a,a’-dimethyl-
a′′-acetic acid)trithiocarbonate (DDMAT) was used as the chain transfer agent (CTA) for
the RAFT polymerization. The following product was PCL-DDMAT by the esterification
reaction between PCL and DDMAT, which was also confirmed by its structure using the
1H NMR spectrum, as shown in Figure S3.

The final reaction was the RAFT polymerization for the preparation of the pH-
responsive amphiphilic copolymer. In this study, we selected sulfadimethoxine acrylamide
(SMA) as the pH-sensitive monomer, because the poly(methacryloyl sulfadimethoxine)
showed a pKa at approximately 7.0 in a relevant study [24]. Utilizing DMSO-d6 as a sol-
vent, we characterized the structures of the PCL-b-pSMA and SMA, as shown in Figure 2.
According to previous studies [24,26,27], all of the characteristic peaks of the SMA were
identified and marked in Figure 2A (bottom spectrum). Based on the 1H NMR results of the
SMA (Figure 2A, bottom spectrum) and PCL-DDMAT (Figure S3), we further identified all
of the characteristic peaks of the PCL-b-pSMA, also shown in Figure 2A (top spectrum). Ap-
parently, because of the polymerization of SMA, the characteristic peaks of the acrylamide
in the SMA disappeared; meanwhile, all of the characteristic peaks of the SM broadened. In
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addition to the characteristic peaks of SM, the characteristic peaks of PCL can also observed
in Figure 2A (top spectrum), which confirms the successful polymerization of SMA as a
product of the PCL-DDMAT.
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Figure 2. Structure and pH responsive of the PCL-b-pSMA: (A) 1H NMR spectrum of PCL-b-pSMA,
marking all characteristic peaks; (B) pH-dependent transmittance curve and diameter variation of
PCL-b-pSMA, showing a pKa at 7.0.

After researching the structure of the PCL-b-pSMA, we characterized the pKa of the
PCL-b-pSMA, as shown in Figure 2B. According to relevant studies [28,29], the cloud point
method was utilized to determine the pKa of the PCL-b-pSMA, as shown in Figure 2B
(red line), by quantifying the turbidity of the PCL-b-pSMA under different pH buffers at
500 nm. We prepared the micelles of the PCL-b-pSMA in an alkaline solution first; then,
we observed its light transmittance using a UV-Vis spectrophotometer under a decreasing
pH from 9.13 to 5.18. Apparently, the transmittance of the PCL-b-pSMA micelles with a
high concentration (≈3 mg mL−1) was influenced by the environmental pH value. In the
alkaline environment, the PCL-b-pSMA micelles showed almost 100% transmittance. When
the pH value decreased to 7.5, its transmittance decreased slightly. However, the turbidity
increased sharply with the decrease of the pH from 7.27 to 6.88, and the corresponding light
transmittance decreased from 87.7% to 29.3%. When the pH value decreased further (≤6.59),
the PCL-b-pSMA formed obvious sediment, and the corresponding light transmittance
was near 0%. As PCL is a typical hydrophobic polymer, the high transmittance of the
PCL-b-pSMA depends on the hydrophilicity of the pSMA in an alkaline solution. When
the solution pH value downregulated from a weak alkaline to faintly acid, the increasing
turbidity of the PCL-b-pSMA micelles indicated the rapid phase transition of the pSMA
from hydrophilicity to hydrophobicity.

The phase transition of the pSMA not only decreased the transmittance of the PCL-b-
pSMA micelles at the macro level but also reduced their stability at the micro level, which
could be observed by dynamic light scattering (DLS), which was assessed under a low con-
centration of the PCL-b-pSMA micelles (0.3 mg mL−1). As shown in Figure 2B (gray line),
the DLS result exhibited the effect of the pH value on the PCL-b-pSMA micelle’s hydrated
diameter. According to the result, the hydrated diameter of the PCL-b-pSMA micelles in an
alkaline solution decreased slightly from 64.7 (pH ≈ 9.21) to 62.9 nm (pH ≈ 7.43) with the
decreasing pH value. When the surrounding pH value decreased to 7.05, the diameter of
the PCL-b-pSMA micelles increased sharply to 198.9 nm. With the pH decreasing further
(pH ≈ 6.85), the particle size of the PCL-b-pSMA micelles increased to 379.4 nm, indicating
the agglomeration of the PCL-b-pSMA micelles. Finally, the diameter of these agglomerated
micelles reached almost 600 nm in an acidic environment, which corresponded to the very
low transmittance of its counterpart, with 10 times the concentration. According to the
results shown in Figure 2B, we estimated the pKa value of the PCL-b-pSMA at 7.0, because
the PCL-b-pSMA micelles presented 50% transmittance at that pH value.

Furthermore, we observed the PCL-b-pSMA micelles under a physiological and neutral
pH value directly by transmission electron microscopy (TEM), as shown in Figure 3A,B.
By the negative staining of phosphotungstic acid, many bright spheres could easily be
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observed, which represented the inner core of the PCL-b-pSMA micelles. Apparently,
the PCL-b-pSMA micelles in the buffer with a physiological pH value displayed high
colloidal stability, because their inner cores (bright spheres) could be separated from each
other by a hydrophilic shell composed of pSMA. On the contrary, in the neutral buffer
(pH ≈ 7.05), the PCL-b-pSMA micelles did not display a larger inner core, but also collected
together spontaneously, as shown in Figure 3B, indicating that the colloidal stability of the
PCL-b-pSMA micelles was broken.
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Figure 3. Morphologies (TEM) and particle size distributions (DLS) of PCL-b-pSMA micelles in the
aqueous phase (0.3 mg mL−1) with different pH values: (A) TEM result of PCL-b-pSMA micelles
in the buffer with a physiological pH value (pH = 7.43); (B) TEM result of PCL-b-pSMA micelles in
neutral buffer (pH = 7.05); (C) DLS results of the samples in (A,B).

Based on the TEM results, we investigated these TEM samples again by digital photos
and DLS again; all are shown in Figure 3C. It was clear that the PCL-b-pSMA micelles in
neutral solution looked similar to a milk solution; meanwhile, its counterpart in the physio-
logical buffer with the same concentration showed excellent transmittance. Corresponding
to these photos, the PCL-b-pSMA micelles in the physiological buffer in the neutral so-
lution presented a smaller diameter (62.9 nm) and a narrower particle size distribution
(PDI = 0.141) than their counterparts in the neutral solution, which explains the high
transmittance of the former and the low transmittance of the latter.

Due to the fact of the results of the transmittance, DLS, TEM and digital photos, we
prepared an anionic pH-responsive amphiphilic copolymer with a pKa of approximately 7.0,
which should be suitable for the preparation of a tumor microenvironment-responsive MNF.

2.2. Characterization of the Tumor Microenvironment -Responsive MNF

In order to prepare the tumor microenvironment-responsive MNF, we firstly syn-
thesized hydrophobic Fe3O4 nanoparticles at approximately 8 nm. After, the MNF was
prepared by the simple self-assembly between the amphiphilic PCL-b-pSMA and hydropho-
bic Fe3O4 nanoparticles. It was clear that the Fe3O4 nanoparticles in hexane (0.1 mg mL−1)
presented monodispersity with a uniform particle size, as shown in Figure 4A, due to
the fact of their high hydrophobicity. In order to improve the water dispersibility of the
hydrophobic Fe3O4 nanoparticles, the polymeric micelles provided a powerful platform to
load the hydrophobic molecules into their hydrophobic cores. Therefore, we prepared the
MNF by the self-assembly of the hydrophobic Fe3O4 nanoparticles and the amphiphilic
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PCL-b-pSMA, with a corresponding weight ratio of 3/7. The obtained pH-responsive MNF
could be dispersed in an alkaline buffer (pH ≈ 9.0) directly. We further observed the mor-
phology of the MNF at a certain concentration (0.5 mg mL−1), which is shown in Figure 4B.
Apparently, in the aqueous phase, the hydrophobic Fe3O4 nanoparticles formed round
packed clusters unlike the monodispersed nanoparticles in hexane (Figure 4A), which
confirmed the successful fabrication of micellar MNF by encapsulation of the PCL-b-pSMA.
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Figure 4. Characterization of the Fe3O4 nanoparticles and MNF, including the morphologies (TEM),
particle size distributions (DLS) and magnetic properties (magnetic hysteresis loops): (A) TEM result
of the hydrophobic Fe3O4 nanoparticles in hexane (0.1 mg mL−1); (B) TEM result of the MNFs in
alkaline buffer (pH ≈ 9.0, 0.5 mg mL−1); (C) DLS results of the samples in (A,B); (D) magnetic
properties of the desiccative Fe3O4 nanoparticles (60.4 emu g−1) and MNF (17.9 emu g−1).

In addition to TEM, we also used DLS to characterize the diameters of the Fe3O4
nanoparticles and MNF, as shown in Figure 4C. Apparently, the DLS result confirmed the
Fe3O4 nanoparticles with a uniform particle size of approximately 8 nm, again, because
of their low particle size distribution (PDI = 0.125). In addition, the DLS result also
confirmed that the MNF possessed a larger particle size (145.2 nm) and a wider particle
size distribution (PDI = 0.145) than those of the Fe3O4 nanoparticles, which corresponded
to the TEM results in Figure 4A,B. Furthermore, the magnetic hysteresis curves of the
Fe3O4 nanoparticles and MNF were characterized, as shown in Figure 4D. The Fe3O4
nanoparticles presented obvious superparamagnetism, corresponding to their diameters at
approximately 8 nm. Consequently, the MNF also showed superparamagnetism without
significant remanent magnetization. Meanwhile, the Fe3O4 nanoparticles exhibited a high
saturation magnetism (Ms = 60.4 emu g−1); on the contrary, the MNF showed a relatively
low high saturation magnetism (Ms = 17.9 emu g−1). To understand the phenomenon, we
measured the Fe3O4 content in the MNF by thermogravimetric analysis (TGA). As shown
in Figure S4, the content of the Fe3O4 nanoparticles was 29.3 wt%, which was close to its
feed ration. Therefore, it was reasonable that the saturation magnetism of the MNF was
30% of that of the Fe3O4 nanoparticles. According to these results, the MNF was prepared
successfully by loading the hydrophobic Fe3O4 nanoparticles into the inner core of the
polymeric micelles.

In order to verify the pH responsiveness of the MNF, we also studied the macro-
scopic states and microscopic morphologies of the MNF in different buffers with the same
concentration (0.5 mg mL−1), as shown in Figure 5.
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Figure 5. The macroscopic states (digital photo) and microscopic morphologies (TEM) of the tumor
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for 2 and 30 min; (B) TEM results of the MNF for 2 min.

Corresponding to a pKa value of the PCL-b-pSMA, the MNF could disperse very well
in the aqueous phase with a physiological pH value (pH ≈ 7.43), forming a transparent
brown liquid in the macroscopic state. Furthermore, we assessed the long-term stability of
the MNF (1~13 d) under a physiological pH value (≈7.43), as shown in Figure S5, which
confirmed its high colloidal stability under physiological conditions. At the same time,
the MNF solution with a neutral pH value (pH ≈ 7.02) became a dark-brown liquid at the
macroscopic level. With the further decrease in the pH value, the MNF lost its colloidal
stability in the solution with weak acidity (pH ≈ 6.77), as shown in Figure 5A; many
sediments could be observed after adjusting the pH to 6.77 for 2 min. With the prolonged
observation time of 30 min, in physiological and neutral conditions, the MNF maintained
its original states; however, the MNF in a weak acidic environment dropped completely
to the bottom of the container. In addition to the differences at the macroscopic level,
the MNF solutions with corresponding pH values for 2 min also showed quite different
microscopic morphologies, as shown in Figure 5B. The MNF in the aqueous phase with
pH = 7.43 exhibited a similar morphology as the TEM result in Figure 4B, indicating
its colloidal stability under the physiological conditions again. However, in a neutral
environment, several micellar MNF formed a large Fe3O4 cluster, as shown in Figure 5B,
resulting in the low transmittance of the sample. When the surrounding pH value was
downregulated to weak acidity (pH≈ 6.77), many Fe3O4 nanoparticles piled up chaotically,
also shown in Figure 5B, because the surrounding pH value was lower than the pKa of
the PCL-b-pSMA. In addition to the macroscopic states and microscopic morphologies, we
also quantified the diameters (Figure S6) and zeta potentials (Figure S7) of the MNF in
solutions with corresponding pH values, which are shown in Figures S6 and S7. Apparently,
in a neutral and weak acid solution, the MNF not only displayed larger diameters but
also showed higher surface potentials (negative charge) compared to their counterparts
in a physiological environment. According to these results, the MNF exhibited a similar
pH responsiveness with a neutral pH value, which can be ascribed to the pKa of the
PCL-b-pSMA. Considering a tumor microenvironment pH value (7.1~6.7) [13], the tumor
microenvironment-responsive MNF should possess a potential for targeted accumulation
in a tumor stroma.
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2.3. Advantages of Tumor Microenvironment-responsive MNF for Tumor Treatment and Diagnosis

Due to the high magnetic particle content, we studied the magnetocaloric effects of
the MNF under different conditions, and the corresponding heating curves are shown in
Figure 6A.
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Figure 6. The effect of the tumor microenvironmental pH value on the tumor microenvironment-
responsive MNF’s applications, including (A) enhanced MH with a concentration of Fe at
100 µg mL−1; (B) increased ROS generation with the concentration of the MNF at 250 µg mL−1;
(C,D) improved T2 relaxivity of the MRI with varied Fe concentrations from 1.36 to 0.0425 mM.

Under the same concentration of Fe (100 µg mL−1), the MNF could increase the
surrounding temperature rapidly in solutions with different pH values; however, the
fastest heating rate and highest heating temperature occurred in neutral conditions si-
multaneously. Additionally, the initial heating rate and final heating temperature of the
MNF in a weak acid environment were also higher than its counterpart in physiological
conditions. Therefore, the ranking of the MNF’s SAR in the different buffers is neutral
condition > weak acid > physiological condition, which is also shown in Figure 6A. This
is an interesting phenomenon, because environmental factors of MH are rarely reported.
According to the mechanism of MH, the monodispersed SPIO nanoparticles with a small
diameter (≤10 nm), as used in this study, induced a magnetocaloric effect under AMF
mostly by Néel relaxation, which is associated with magnetic moment [4]. Therefore, many
previous studies have focused on material factors for enhancement of the magnetic moment
of SPIO, including composition [30], shape [31], and structure [32]. However, in the past
decade, many relevant studies also found that the micellar MNF with a large diameter
exhibited high efficiency in producing thermal energy by Néel relaxation [23,33], because
the effective magnetic moment of the SPIO could be improved by increasing the diameter
of the magnetic nanocluster. In this study, due to the results shown in Figure 5B and Figure
S6, the tumor microenvironment-responsive MNF in neutral and weak acid conditions
displayed a larger diameter by the aggregation of multi-magnetic micelles, compared to
its counterpart in a physiological environment. Consequently, the magnetocaloric effect
of the MNF could be enhanced specifically in tumor stroma, which should benefit the
application of tumor microenvironment-responsive MNF for clinical MH. However, it is
worth noting that the tumor microenvironment-responsive MNF showed the highest SAR
value under neutral conditions. This should be attributed to the Brownian relaxation of
the MNF under AMF, because the agglomerated MNF could maintain dispersibility in the
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neutral solution, as shown in Figure 5, leading to their free rotation under AMF. Therefore,
the tumor microenvironment-responsive MNFs could generate thermal energy efficiently
in the neutral solution by integrating Brownian relaxation and Néel relaxation. On the
contrary, in a weak acid environment, the MNF could not undergo Brownian motion easily,
because it formed precipitates rapidly. Consequently, the MH of the MNF in the weak acid
solution could be induced by Néel relaxation alone.

In addition to MH, the neutral condition could also improve the catalytic performance of
the MNF to generate •OH, as shown in Figure 6B. It is well known that Fe2+ can decompose
low toxic H2O2 to form high toxic •OH by FR efficiently [34,35], inducing the application
of the SPIO nanoparticles for CDT in many previous studies [36]. Therefore, in this study,
we evaluated the •OH-generating ability of the MNF in solutions with different pH values
using methylene blue (MB) as a detection probe, since the MB could be decomposed by •OH.
Obviously, H2O2 could not break the structure of the MB, as the UV spectrum of the MB
alone (a) coincided with that of the mixture of MB and H2O2 (b). However, by incubating
with H2O2 and the MNF (c~e) simultaneously, the UV absorbance of the MB declined,
indicating its degradation. Moreover, the surrounding pH value influenced the degradation
of the MB significantly, also shown in Figure 6B, in which a neutral environment (d) was
the best condition for the catalytic performance of the tumor microenvironment-responsive
MNF. This was an unexpected result, because most previous studies showed that an acidic
environment (pH ≤ 6.0) could improve the efficiency of FR [34,37]. However, in these studies,
the corresponding iron-based nanocatalysts maintained a high colloidal stability in a neutral
environment, which reduced the interaction between the naked SPIO nanoparticles and H2O2.
In our study, due to the phase transition of the PCL-b-pSMA, the interactions between H2O2
and the naked SPIO increased. More importantly, as shown in Figure 5, the agglomerated
MNF could maintain the dispersed state in the aqueous phase for long time in a neutral
environment; meanwhile, its counterpart under weak acidic conditions precipitated rapidly.
This phenomenon indicated that the tumor microenvironment-responsive MNF presented a
state of transition in a neutral environment, which increased the probability of an interfacial
reaction between the Fe3O4 nanoparticles and H2O2 dramatically. Considering a neutral or
weak acidic microenvironment of a tumor stroma, the tumor microenvironment-responsive
MNF possesses a unique advantage for tumor microenvironment-responsive CDT.

The agglomerated MNF in a neutral environment not only presented an excellent
catalytic performance but also enhanced the T2 relaxivity in the MRI, which is shown
in Figure 6C,D. For a given Fe concentration, the T2 imaging of the MNF under neutral
conditions (pH ≈ 6.99) was significantly darker than its counterpart in a physiological
environment, as shown in Figure 6C. As the T2 imaging of the MRI represented a negative
signal contrast, the darker imaging MNF in neutral conditions indicated the enhancement
of the T2 imaging. Based on the results in Figure 6C, we quantified the T2 relaxivities of the
MNF under different conditions, as shown in Figure 6D. The MNF in neutral conditions
possessed a steeper slope (r2 = 271.6 mM−1s−1) compared to its counterpart in physiological
conditions (r2 = 164.1 mM−1s−1). The results of the T2 imaging enhancement correspond
to many relevant studies [22,38–40]; all of them confirmed that the T2 relaxation rate of
the MRI could be enhanced by forming SPIO clusters and increasing the diameter of these
clusters. Although the MNF was a micellar cluster of SPIO nanoparticles in a physiological
environment, as shown in Figure 5, the particle size of the SPIO clusters could be increased
further in neutral conditions. Therefore, the T2 imaging of the MNF could be enhanced by
a neutral environment, indicating its application for tumor detection by MRI.

2.4. MH-Induced Apoptosis and Intracellular •OH Generation In Vitro

As it is hard to distinguish the pH value of a physiological condition (pH ≈ 7.35–7.45)
and a neutral condition (pH ≈ 7.0) by RPMI-1640 medium, the effect of the pH value was
not considered in the cell experiment.

The Cytotoxicity experiments were studied using 4T1. Firstly, we assessed the biocom-
patibilities of the pH-responsive micelles and MNF, as shown in Figure 7A. It was clear that
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under a physiological condition (pH ≈ 7.35–7.45), the pH-responsive micelles displayed
biocompatibility, as its cell survival rates at all concentrations (0.025–1 mg mL−1) ranged
from 100% to 90%. Compared to the pH-responsive micelles, the pH-responsive MNF
showed a higher cell survival rate under same the concentration, also shown in Figure 7A,
indicating the excellent biocompatibility of the MNF under physiological conditions.
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Figure 7. Cellular experiments on the biological effect of the MNF and MH, including the
(A) biocompatibility of the PCL-b-pSMA micelles and MNF; (B) MH-induced cell death; intercellular
ROS generation by (C) MNF (D) and MH.

Apparently, the MNF showed excellent biocompatibility; however, the MNF-based
MH could also inhibit cell proliferation efficiently, as shown in Figure 7B. For these studies,
the concentration of the MNF was fixed at 0.2 mg mL−1. After incubation with the MNF
alone for 12 and 24 h, the 4T1 still displayed a high cell viability, which was similar as
the result in Figure 7A. Nevertheless, after exposure to AMF with different Happlied for
10 min, the cell viabilities decreased obviously. Moreover, the inhibition rate of the 4T1’s
proliferation under AMF exhibited a Happlied-dependent tendency. When the Happlied of
the AMF was fixed at 21.2 kA m−1, 4T1’s viabilities decreased to 81.2% at 12 h and 76%
at 24 h after MH for 10 min. When the Happlied of the AMF was increased to 31.8 kA m−1,
4T1’s viabilities were suppressed exponentially, which was 21.4% for 12 h and 2.8% for 24 h.
Therefore, the survival of the 4T1 under the AMF with the highest Happlied (42.4 kA m−1)
decreased to 1.7% at 24 h after MH. To determine the relationship between the Happlied of
the MH and the cell survival rate, we recorded the heating curves of the MNF under AMF
with the same condition as described in the cell experiment, and the results are shown in
Figure S8. Apparently, under the AMF with the given Happlied in this study, MH could not
induce a sufficient temperature (>45 ◦C) to suppress cell death efficiently. Therefore, we
evaluated the intercellular ROS level, another possible mechanism related to cell death,
after different treatments.

As 2’,7’-dichlorodihydrofluorescin diacetate (DCFH-DA) can be metabolized within
the cell by intercellular ROS, forming a fluorescent compound, 2’,7′-dichlorofluorescein
(DCF), flow cytometry was utilized to quantify the intercellular ROS level by detecting
the fluorescent intensity of the DCF. In order to correspond to the cytotoxicity of the
MNF for different culture times, we studied the intercellular ROS level after incubating
with MNFs for 12, 24 and 48 h. The result confirmed the excellent biocompatibility of
the MNF, again, as shown in Figure 7C. The fluorescent intensities of the DCF for all
predetermined times overlapped with that of 4T1 under standard culture conditions for
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48 h. Although the MNF showed a high biocompatibility, MNF-mediated MH could boost
the intercellular ROS level, as shown in Figure 7D. Further, the intercellular ROS level
under MH presented a similar trend as that of its counterpart for the cell inhibition rate.
For the group of MH-1, the low Happlied (21.2 kA m−1) limited the increase in the DCF
fluorescent intensity, resulting in a high cell viability, as shown in the biocompatibility for
the MNF. For the groups of MH-2 (31.8 kA m−1) and MH-3 (42.2 kA m−1), they showed
similar intercellular ROS levels, corresponding to their cell mortality rate efficiencies on
inhibiting 4T1 proliferation. Therefore, the SPIO biocompatibility did not conflict with the
SPIO-mediated CDT. The occurrence of CDT should be triggered by a certain stimulation,
such as MH [41], photothermal treatment [42], photodynamic therapy [43], and tumor
microenvironment [44]. On the basis of the pH responsiveness under neutral conditions,
the MNF possessed many advantages for tumor microenvironment-enhanced MH, catalytic
activity and MRI. This novel MNF should be a competitive candidate for tumor diagnosis
and treatment.

3. Materials and Methods
3.1. Materials

The Sn(Oct)2 (92.5–100%), 4,4’-Azobis(4-cyanovaleric acid) (V501, 98%), 1,2-hexad-
ecanediol (97%) and Oleylamine (>70%) were purchased from Sigma Aldrich (Steinheim,
Germany). ε-Caprolactone (ε-CL, 99%), N,N’-dicyclohexylcarbodiimide (DCC, 98%), 4-
dimethylaminopyridine (DMAP, 99%) and sulfadimethoxine (SM, 98%) were purchased
from Tokyo Chemical Industry (TCI, Tokyo, Japan). Iron(III) acetylacetonate [Fe(acac)3],
benzyl ether (99%) and oleic acid (90%) were purchased from Alfa-Aesar (Heysham, Eng-
land). Benzyl alcohol (BaOH, 99%, safe dry), acryloyl chloride (98%), tetrahydrofuran (THF,
99%) and MB (95%) were purchased from Admas (Shanghai, China). The dialysis tub-
ing (8000–14,000 Da), dichloromethane (DCM, 99.9%), dioxane (99%), ethyl ether (99.5%),
methanol (99.5%) and H2O2 (30%) were purchased from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China). 3-(4,5-Dimethyl-thiazol-2-yl)-2,5-diphenyl tetrazoliumbromide
(MTT) was purchased from Beyotime Biotech. Co., Ltd. (Shanghai, China).

The SMA was synthesized by the procedure described in the relevant literature [45].
The DDMAT was synthesized according to [27], and the monodisperse superparamagnetic
Fe3O4 nanoparticles were synthesized according to [46], with minor modifications. The
typical synthetic procedure is described as follows: A certain amount of Fe(acac)3, 1,2-
hexadecanediol, oleic acid and oleylamine with molar numbers of 2, 10, 2 and 2 mmol were
dispersed successively in benzyl ether (20 mL). After deoxidizing by argon at 50 ◦C for
30 min, the mixture was heated to 200 ◦C for 2 h under an argon atmosphere and then
heated further to reflux (≈300 ◦C) for two and a half hours. The product, monodispersed
Fe3O4 nanoparticles, was precipitated by excess ethanol and then collected by centrifuga-
tion. The purified process was repeated three times. The purified Fe3O4 nanoparticles were
dried by a high-purity argon flow. Finally, the magnetic nanoparticles were dispersed in
THF with a concentration of 10 mg mL−1 for storage under −20 ◦C.

The other reagents were used as received. The water used in all experiments was
deionized with a Millipore Milli-Q system (Billerica, USA).

3.2. Synthesis of the pH-Responsive Amphiphilic Copolymer

The pH-responsive amphiphilic copolymer, PCL-b-pSMA, was synthesized by the
reaction procedure, as shown in Figure S1, which was described as follows.

In the first step, the PCL was synthesized by ROP using BaOH as an initiator and ε-CL
as monomers with a corresponding molar ratio of 1:50. The reaction was heated to 110 ◦C
under an argon (Ar2) atmosphere for 24 h. The product, PCL, was purified by precipitating
in excess ethyl ether three times from its DCM solution. Finally, the PCL was dried until
reaching a constant weight in a vacuum oven at an ambient temperature.

The second reaction was to prepare the macro-CTA, PCL-DDMAT, by esterification
between the PCL and DDMAT, according to the established method [25]. In the reaction,
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a certain amount of PCL, DDMAT, DCC and DMAP with a corresponding molar ratio of
1:5:5:1 was weighted accurately and dissolved in anhydrous DCM by magnetic stirring.
The esterification was carried out under an Ar2 atmosphere for 48 h. To purify the PCL-
DDMAT, the supernatant of the reaction was collected and successively precipitated in
excess cold ethyl ether. The process for the purification was repeated several times until
the supernatant was without any DDMAT. Finally, the purified PCL-DDMAT was dried in
a vacuum oven at an ambient temperature and preserved in Ar2 under a low temperature
(−20 ◦C).

The third reaction was the synthesis of the PCL-b-pSMA by a RAFT reaction. In
the reaction, the PCL-DDMAT (0.02 mmol, 110 mg), SMA (2 mmol, 728 mg) and V501
(0.004 mmol, 1.1 mg) were dissolved in dioxane of 5 mL under magnetic stirring. Then, the
mixture was thoroughly degassed by three freeze–pump–thaw cycles. The reaction was
carried out at 70 ◦C for 10 h. The final product, PCL-b-pSMA, was purified by repeated
precipitation in excess methanol, followed by freeze-dried treatment and also preserved in
Ar2 under a low temperature (−20 ◦C).

3.3. Characterization of the pH-Responsive Amphiphilic Copolymer

All products were characterized by their 1H NMR spectrum, with CDCl3 or DMSO-d6
as the solvent, and their chemical shifts relative to tetramethylsilane (TMS) were identified.
In order to identify the pH responsiveness of the PCL-b-pSMA, we prepared micelles of the
PCL-b-pSMA first, where the THF solution of the PCL-b-pSMA (20 mg mL−1) was dialyzed
against an alkaline solution (pH = 9.13) for 48 h. After, the obtained micelle solution of
the PCL-b-pSMA with a high concentration (>3 mg mL−1) downregulated its pH value
by the gradual addition of a small amount of hydrochloric acid solution (1 M). By using
a UV-Vis spectrophotometer (Shimadzu, UV2600, Tokyo, Japan), we recorded its light
transmittance at different pH values (9.13~5.18). The pKa value of the PCL-b-pSMA was
defined as the surrounding pH value, producing a 50% decrease in the optical transmittance
at 500 nm [29]. At the same time, the pKa value of the PCL-b-pSMA was also identified
by DLS (Malvern, Nano ZS90, Worcestershire, UK), which measured the size distribution
of the dilute PCL-b-pSMA micelles (0.3 mg mL−1) with varied surrounding pH values.
Moreover, the morphologies of the PCL-b-pSMA micelles at pH values under physiological
and neutral conditions were observed directly by TEM (Hitachi, HT-7800, Tokyo, Japan), in
which the samples were stained by phosphotungstic acid (2%).

3.4. Preparation of the Tumor Microenvironment-responsive MNF

The tumor microenvironment-responsive MNF was prepared by ultrasound-assisted
self-assembly. In a typical procedure, the PCL-b-pSMA (210 mg) and Fe3O4 (90 mg) were
dissolved in THF (10 mL) completely by oscillation. The mixed solution was then slowly
added into an excess alkaline solution (pH ≈ 9, 50 mL) under sonication, followed by
dialyzing against the same alkaline solution for 48 h. The dialysis solution was purified by
centrifugation (2000 RPM, 10 min), and the supernatant was collected. Finally, the tumor
microenvironment-responsive MNF was purified from the supernatant by high-speed
centrifugation (100,000× g, 20 min). The obtained sediment was collected by lyophilization
and stored at 4 ◦C.

3.5. Physicochemical Properties of the Tumor Microenvironment-responsive MNF

First, the morphologies of the Fe3O4 nanoparticles and MNF were characterized by
TEM (Hitachi, HT-7800, Tokyo, Japan) directly, in which the MNF was dispersed into
an alkaline solution (pH ≈ 9). Their particle sizes were measured by DLS (Malvern,
Nano ZS90, Worcestershire, UK) under an ambient condition. In order to confirm the pH
responsiveness of the MNF, we dissolved the MNF into an alkaline solution (pH ≈ 9) and
downregulated the surrounding pH value to physiological (pH≈ 7.43), neutral (pH ≈ 7.02)
and weak acidic (pH ≈ 6.67) conditions. Then, we studied their colloidal stability by
qualitative observation (digital imaging and TEM) and quantitative analysis (DLS). In
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addition, the zeta potentials of the MNF in the corresponding buffers (pH≈ 7.43, pH ≈ 7.02
and pH ≈ 6.67) were characterized simultaneously by DLS. The long colloidal stability
of the MNF was also assessed by DLS from 1 to 13 d. The content of the Fe3O4 in the
tumor microenvironment-responsive MNF was measured by TGA (NETZSCH STA 449 F3,
Weimar, Germany).

3.6. Enhancements of the MNF for MH, FR and MRI under a Neutral Condition

In order to determine the magnetocaloric effect of the MNF, the concentration of
Fe ([Fe]) was fixed at 100 µg mL−1, which was identified by an inductively coupled
plasma mass spectrometer (ICP-MS, Thermo scientific, Xseries II, Waltham, USA). Then, the
heating curves of the MNF under physiological (pH ≈ 7.45), neutral (pH ≈ 6.97) and weak
acidic (pH ≈ 6.64) conditions were plotted. In this study, an AMF generator (SPG-20AB,
ShuangPing Tech. Ltd., Shenzhen, China) with the corresponding frequency (f, 114 kHz)
and strength (Happlied, 89.9 kA m−1) was employed. The inner diameter of the heating coil
was 28 mm. The increasing temperature was recorded by a computer-attached fiber optic
temperature sensor (FISO, FOT-M, Québec, Canada). Finally, the SAR was calculated by
the formula described in a relative study [23].

In addition to the MH, the catalytic potential of MNF under physiological (pH ≈ 7.45),
neutral (pH ≈ 6.97) and weak acidic (pH ≈ 6.64) conditions was also studied by de-
tecting the generation of •OH. As the •OH can induce the degradation of MB [47], the
study was divided into five groups: MB, MB + H2O2, MB + H2O2 + MNF (pH = 7.45),
MB + H2O2 + MNF (pH = 6.97) and MB + H2O2 + MNF (pH ≈ 6.64). In this study, the
concentrations of MB, H2O2 and MNF were 50 µg mL−1, 1 mM and 250 µg mL−1. Then,
the degradation of MB was observed using digital imaging and monitored using a UV-Vis
spectrophotometer (Shimadzu, UV2600, Tokyo, Japan) 2 h later.

The MRI studies were performed with a 3.0-T clinic MRI imaging system (Siemens
Trio 3T MRI Scanner, Erlangen, Germany), which was equipped by a micro coil for the
transmission and reception of the signal. After dissolving the MNF in an alkaline solution
(pH ≈ 8.45), the concentrations of Fe ([Fe]) were identified by ICP-MS first. Then, the study
was divided into two groups: physiological condition (pH ≈ 7.42) and neutral condition
(pH ≈ 6.99). All groups possessed identifiable [Fe] from 1360 to 42.5 µM.

For the T2-weighted images, two groups with a series of [Fe] gradients were scanned
under these conditions, listed as the following: TR = 5000 ms, TE = 10–90 ms, slice
thickness = 3 mm and flip angle = 150◦.

3.7. Cellular Studies on MH and MH-Induced ROS Generation

In this study, we used a mouse-derived breast cancer cell line, 4T1, purchased from
the Chinese Academy of Sciences (Shanghai, China). The 4T1 was cultured using RPMI-
1640 medium (Hyclone) containing 10% fetal bovine serum (FBS, every green, Hangzhou,
China) and then placed in an incubator at 37 ◦C with 5% CO2 and humidified conditions.
The cytotoxicity in vitro was performed by the standard MTT assay. In the research,
the biocompatibilities of the PCL-b-pSMA and MNF with varied concentrations from
0.25–1 mg mL−1 under physiological conditions for 48 h were studied.

To evaluate the efficiency of the MH in vitro, the MNF was dissolved in RPMI-
1640 medium (containing 10% FBS and 1% penicillin–streptomycin) at a concentration
of 0.2 mg mL−1. Considering the effect of Happlied on the MH, the study was divided
into three group, MH-1, MH-2 and MH-3, which were operated under the corresponding
Happlied as 21.2, 31.8 and 42.4 kA m−1, respectively. The 4T1 was incubated in a culture
dish (35 mm) at a density of 4 × 105 cells per dish in 2 mL of corresponding medium.
After incubating for 24 h, the culture medium was replaced by the corresponding medium
containing MNF (0.2 mg mL−1). Then, the 4T1 was placed in a heating coil with an inner
diameter of approximately 38 mm. The applied AMF possessed a constant frequency
(f = 114 kHz) and varied Happlied (21.2, 31.8 and 42.4 kA m−1). The exposure time under
AMF was fixed at 10 min. After MH, the cells were cultured for a prolonged 12 or 24 h.
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Finally, the cell viabilities were quantified by MTT. After the cell experiment, the heating
curves of the MNF (dissolved in RPMI-1640 medium) were recorded in a culture dish
(35 mm) under AMF with the same conditions as described for the MH study.

For detecting the ROS generation, DCFH-DA was used following the instructions of
the ROS Assay Kit (Beyotime Biotech. Co., Ltd., Shanghai, China). Prior to treatment of the
DCFH-DA, 4T1 was incubated in a culture dish (35 mm) at a density of 2 × 105 cells per dish
in 2 mL of corresponding medium. Then, the 4T1 was treated by the MNF (0.2 mg mL−1)
alone for different culture times (12, 24 and 48 h) or MH for 12 h under the established
conditions, as described in the MH study. After pretreatment, the culture medium of the
4T1 was replaced by serum-free medium containing DCFH-DA (10 µM) for 40 min. Finally,
4T1 was collected and analyzed by flow cytometry.

4. Conclusions

We successfully prepared tumor microenvironment-responsive MNFs by the self-
assembly of pH-responsive PCL-b-pSMA and superparamagnetic hydrophobic Fe3O4
nanoparticles for targeted tumor theranostics. As the PCL-b-pSMA possessed a pKa within
a pH range of the tumor microenvironment, the MNF exhibited a great potential for tumor
targeting, by maintaining a high colloidal stability in a physiological environment for a long
time, forming large, agglomerated clusters in the tumor microenvironment rapidly. Because
the tumor microenvironment-responsive MNF showed larger agglomerated clusters in a
tumor microenvironment, the close-packed multiple SPIOs with a larger diameter exhibited
better performance in reducing the T2 and increasing SAR simultaneously. Meanwhile, due
to the agglomeration of the MNF in the tumor tissue, the encapsulated Fe3O4 nanoparticles
could be exposed from the inner core of the micellar MNF, which induced efficient ER by the
interaction between Fe2+ and endogenous H2O2. The further cell experiments confirmed
that the tumor microenvironment-responsive MNF displayed excellent biocompatibility,
corresponding to its high stability in a physiological environment. However, after applying
AMF, the tumor microenvironment-responsive MNF exhibited high efficiency in inhibiting
cell proliferation, because of the MH-induced CDT. According to these results, the tumor
microenvironment-responsive MNF not only showed high safety in medical areas but also
showed itself as a powerful tool to enhance tumor contrast by MRI and improve tumor
treatment by combing MH and CDT specifically.
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tions; Figure S6: Particle sizes of the tumor microenvironment-responsive MNF in solutions with
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Abstract: Low-density lipoprotein (LDL), a natural lipoprotein transporting cholesterol in the circula-
tory system, has been a possible drug carrier for targeted delivery. LDL can bind to the LDL receptor
(LDLR) with its outside apolipoprotein B-100 and then enter the cell via LDLR-mediated endocytosis.
This targeting function inspires researchers to modify LDL to deliver different therapeutic drugs.
Drugs can be loaded in the surficial phospholipids, hydrophobic core, or apolipoprotein for the
structure of LDL. In addition, LDL-like synthetic nanoparticles carrying therapeutic drugs are also
under investigation for the scarcity of natural LDL. In addition to being a carrier, LDL can also be a
targeting molecule, decorated to the surface of synthetic nanoparticles loaded with cytotoxic com-
pounds. This review summarizes the properties of LDL and the different kinds of LDL-based delivery
nanoparticles, their loading strategies, and the achievements of the recent anti-tumor advancement.

Keywords: low-density lipoprotein; nanoparticle; cancer therapy

1. Introduction

In recent years, cancer has become a major public health problem worldwide, and
the latest cancer statistics showed that cancer is the second leading cause of death in the
United States [1]. Chemotherapy is one type of cancer treatment under investigation to
improve mortality [2–4]. Although chemotherapy kills fast-growing cancer cells, the fast-
growing and dividing healthy cells will also be affected [5]. Nanoparticles (NPs) carrying
cytotoxic agents to cancer cells help lessen the toxicity of chemotherapy and provide a
new strategy for targeted cancer therapy [6,7]. Traditional NPs are enriched in the tumor
through the high permeability and retention effect (EPR effect) with their sizes, for instance,
polymers, micelles, microspheres, liposomes, and so on [8–10]. Some of them have been
approved by the FDA and clinical studies show that the utilization of these therapeutic
particles significantly prevents the spread of liver cancer [9], gastric cancer [10] and breast
cancer [11], and so on. However, most of these targeted NPs are passive NPs that would
not actively target cancer cells. Active targeted NPs that can specifically target specific
cancer cells with particular ligands or proteins might effectively increase the enrichment of
NPs and reduce side effects [12].

Low-density lipoprotein (LDL) is one kind of nanoscale molecule that could be an
actively targeted NP [13]. LDL is the cholesterol transporter in the body to deliver choles-
terol to the cells expressing the LDL receptor (LDLR) [14]. LDLR is overexpressed on
the hyperproliferative cells, especially cancer cells such as liver cancers, glioma cancers,
and lung cancers [15–18]. LDLR would recognize the apolipoprotein B-100 (ApoB-100)
on the LDL and then form the LDL-LDLR complex to start the endocytosis. ApoB-100 is
the apolipoprotein on the LDL that confirms the targeting characteristic of this nanoscale
molecule [19]. As an endogenous molecule, LDL would not trigger an immune response
and reduce unnecessary stress for the body.
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2. LDL and LDL Receptors

LDL is a spherical nanoscale molecule with a diameter of 18–25 nm [20], whose
outer layer is a hydrophilic phospholipid monolayer, accompanied by ApoB-100 and free
cholesterol, and the inner layer is a hydrophobic core composed of esterified cholesterol
and triacylglycerol (Figure 1). The component of LDL is approximately 50% cholesterol,
25% protein, 20% phospholipids, and 5% triacylglycerol. ApoB-100 on the surface of LDL
recognizes and binds to LDLR during endocytosis [21].

Figure 1. Schematic diagram of LDL structure. LDL is composed of phospholipid monolayers,
cholesterols, triglycerides, and ApoB-100.

LDLR, a transmembrane glycoprotein consisting of 4536 amino acid residues, is one
of the largest monomeric proteins [17]. LDLR is a widely expressed protein that absorbs
approximately 70% of circulating LDLs via LDLR-mediated endocytosis [16]. During the
endocytosis, the apoB-100 on the LDL would recognize the LDLR, and then LDL and LDLR
form a complex. The complex enters the cell through the pits of the clathrin envelopes and
is surrounded into a coated vesicle. Facilitated with the low pH environment of endosome
and lysosome, LDL is digested to cholesterol and triglyceride while the LDLR returns to
the cell membrane to restart another endocytosis [22].

LDLs, as the crucial source of exogenous cholesterol, play a crucial role in providing
cholesterol for cell proliferation. LDLR is highly expressed in malignant tumors such as
gastric cancer [23], liver cancer [24], breast cancer [25], and leukemia [26], indicating that
the intake of LDL might accelerate oncogenic processes. Caruso et al. found that, in rapidly
proliferating tumor cells, the metabolic rate of LDLR significantly accelerated [27]. Given
this function, Krieger et al. combined cytotoxic drugs with LDL to form LDL-based NPs
and observed more accumulation of NPs in LDLR overexpressing tumor cells [28]. The
intake of LDL-based NPs is dependent on the LDLR-mediated endocytosis, and the release
of drugs is facilitated with lysosome (Figure 2). The targeting function of LDL-based NPs
relies on the LDLR expression level but not the EPR effect; therefore, LDL-based NPs are
suitable for malignancy including leukemia and solid tumor cells.

Figure 2. Schematic diagram of cellular uptake of LDL-based NPs loaded with drugs by LDLR-
mediated endocytosis.
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3. Categories of LDL-Based NPs

The affinity of ApoB-100 with LDLR results in the combination of LDL and LDLR,
which facilitates the uptake of LDL. Thus, LDL particles containing apoB-100 can be
developed as an active targeted carrier to transport therapeutic drugs. Another modification
to utilize the LDL and LDLR interaction is to use the whole LDL as a wizard decorated
on the surface of the NPs to target LDLR overexpressed cells. Therapeutic agents can be
added to its comparatively large-load hydrophobic core, apolipoprotein, and monolayer
phospholipid when LDL is used as carrier [29]. Because of the limited sources of native
LDL, Nikanjam and collaborators used phosphatidylcholine, cholesterol oleic acid, ApoB-
100 protein, or other synthetic peptides to develop synthesized LDL-like nanoparticles [16].
From then on, synthesized LDL-drugs nanoparticles are developed to deliver therapeutic
drugs in vitro and in vivo. Here, we classify LDL-based drug-loaded particles into three
types according to their source and function:

Native LDL-drug nanoparticles (nLDL-drugs) refer to nanoparticles composed of
natural LDLs and cytotoxic drugs. Synthesized LDL-drug nanoparticles (sLDL-drugs)
refer to nanoparticles that own the basic structure of LDL, coming from de novo synthe-
sized LDL-like nanoparticles with therapeutic drugs loaded. LDL decorated targeting
nanoparticles (LDL-NPs) refer to artificial nanoparticles formed by coupling native LDLs
to the outer layer of the synthetic inorganic NPs carried therapeutic drugs.

We summarize the reconstruction methods of LDL-based nanoparticles and their
recent achievements, which will provide the newest investigations of the LDL-based
targeted delivery. LDL-based NPs owns the following advantages.

Firstly, LDL-based NPs are highly biologically safe. As a biological molecule, LDL has
biocompatibility and good biodegradability. LDL will be degraded into recyclable units,
including cholesterol, fatty acids, and amino acids in the lysosome.

Secondly, LDL-carriers can effectively avoid triggering the immune system, ensuring
that the delivered drugs reach the target cells before the clearance.

Thirdly, LDL enhances the targeting function of anticancer drugs through LDLR-
mediated endocytosis. The LDLR and LDL would form a complex and then enter cells
through the clathrin internalization pathway. About 30–40% of LDL is cleared every day,
and two-thirds of them are absorbed by receptor-mediated endocytosis.

Fourthly, LDL has a long circulation time (2–4 days), which can maintain the drug
concentration in the body and prolong the residence of the drugs.

3.1. Native LDL-Drug Particles (nLDL-Drugs)

Commercial LDLs are mainly derived from native LDLs isolated from human or animal
plasma. The native LDLs own the advantages of stable structure, immunogenicity-reduction,
and superior targeting function. Usually, there are three strategies to form nLDL-drugs due to
the structure of LDL, including phospholipid monolayer loading, protein loading, and core
loading. The hydrophobic lipid core and amphiphilic phospholipids of LDLs can load with a
mass of lipophilic and amphiphilic drugs, and the amino acid residues of ApoB-100 can be
covalently bound to diagnostic ligands or therapeutic agents [30] (Table 1).

Table 1. Advantages and disadvantages of different modification strategies.

Strategy Advantage Disadvantages

Phospholipid monolayer loading
1. Simple operation
2. Larger drug load

1. Drug Amphiphile
2. Easy leakage

Apolipoprotein loading 1. Simple operation 1. ApoB-100 inactivation
2. Less drug load

Core loading
1. Large drug load
2. Less damage to the shell

1. Cumbersome operation
2. Drug hydrophobicity
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Phospholipid monolayer loading This modification of the phosphate monolayer
of LDL mainly relies on relatively weak interactions such as van der Waals forces or
other non-covalent bonds. Usually, therapeutic drugs are inserted into the phospholipid
monolayer [26] (Figure 3a). Because of the amphiphilic characteristic of the phospholipid,
it is easier for therapeutic drugs with the amphiphilic structure to be inserted, while non-
amphiphilic drugs require more steps to insert into the phospholipid. The nLDL-drugs
from this way are relatively simple, uniform, and high-integrity.

Figure 3. The modification strategy of nLDL-drugs particles. (a) drugs are inserted in the phospho-
lipid monolayer; (b) drugs are loaded to the hydrophobic core.

Apolipoprotein loading This method involves the covalent binding of diagnostic or
therapeutic drugs to ApoB-100. Lysine, arginine, tyrosine, and cysteine residues are used
to couple amino acids on apolipoprotein residue [31], of which the lysine side chain is
connected. To date, this method mainly delivers a contrast agent to monitor the biodistri-
bution in the human body for its limited loading capacity. Meanwhile, the inactivation of
ApoB-100 for extensive covalent modification [32] should be considered.

Core loading This method mainly refers to the reconstruction of therapeutic drugs
on the core of LDL (Figure 3b). After the replacement of the non-polar core is achieved
by freeze-drying or organic extraction [8], a drug/cholesterol mixture or drug-cholesterol
conjugate [33] is used to form the reconstruction of the hydrophobic core. This method
maintains the structure of phospholipids and apolipoprotein and ensures the binding
activity of ApoB-100. Both hydrophilic and hydrophobic drugs could be delivered in this
way. At the same time, sustained release and bioavailability are guaranteed.

3.2. Synthesized LDL-Drug Particles (sLDL-Drugs)

The sLDL-drugs are mainly obtained by the solvent evaporation method [16] or the
solvent emulsification method [34]. In addition, sLDL-drugs are usually composed of a
purified lipid emulsion with LDLR recognition functions and therapeutic drugs. Antitumor
drugs are encapsulated in a hydrophobic core (Figure 4a) [16,35] with mixed alcohol oleic
acid. The outer layer is a single-layer shell composed of hydrophilic phospholipids, where
the ApoB-100 is embedded. Sometimes, special proteins or polypeptides would replace
the apoB-100 to bind to the LDLR binding domain (Figure 4b) [16]. Compared with nLDL-
drugs, the sLDL-drugs obtained by this method are more structurally stable and overcome
leakage during transportation.

3.3. LDL Decorated LDLR Targeting Nanoparticles NPs (LDL-NPs)

Because of the good biocompatibility and biodegradability property of chitosan (CS)
and silica nanoparticles (SLN), CS or SLN-based LDL-containing targeting nanoparticles
have been constantly developed [36]. In LDL-modified NPs, LDL serves as the targeting
molecule in therapy (Figure 5). Due to the large loading capacity of CS and SLN, multiple
active pharmaceutical ingredients can be encapsulated in a single NP, thereby achieving
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synergistic therapy. LDL and synthetic nanoparticles are mainly combined with electrostatic
interactions in this way.

Figure 4. The modification strategy of sLDL-drugs. (a) targeting function is provided by ApoB-100;
(b) targeting function is provided by biomimetic peptide.

Figure 5. Model diagram of LDL-NPs. The NP core is loaded with small molecule drugs, and the
LDL is attached to the outer layer of the NP as a targeting molecule.

4. Application of LDL-Based NPs in Cancer Therapy
4.1. nLDL-Drugs

Using natural LDL as a carrier to deliver therapeutic drugs has successfully inhib-
ited the proliferation of melanoma, liver cancer, lung cancer, and so on [22,23]. There
are several nLDL-drugs under investigation, and they made progress in cancer therapy
(Table 2). Krieger et al. first designed r [25-HC-oleate] LDL to effectively reduce the activ-
ity of 3-hydroxy-3-methylglutaryl coenzyme A reductase in human fibroblasts, proving
that constitutive LDL could selectively transport hydrophobic compounds to cells with
LDLR [28]. Then, Masquelier et al. obtained an antitumor drug composed of a lipophilic
derivation of doxorubicin (DNR) and LDL, termed DNR-LDL via lyophilization [26]. By
investigating the in vivo fate of the complex, it was found that the DNR-LDL was quite
similar to native LDL, and the high LDLR activity of the cancer cells resulted in the ac-
cumulation of DNR-LDL. Samadi-Baboli et al. confirmed that LDL-based nanoparticles
were dependent on LDLR-mediated endocytosis, and the potency of lipophilic cytotoxic
drugs against tumors was improved when combined with LDL [37]. Lo et al. prepared
LDL-Doxorubicin (LDL-DOX) and injected it to liver cancer-bearing mice. It is found that
LDL-DOX could selectively accumulate in the cancer cells, indicating that cancer cells had
elevated expression of LDLR and more intake of LDL [38].

In addition, to widely incorporate cytotoxic drugs into LDL, LDL could also carry
low-toxicity docosahexaenoic acid (DHA), an omega-3 polyunsaturated fatty acid, to
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improve cardiovascular health and prevent cancer. Reynolds et al. constructed LDL-DHA
nanoparticles and found that the effective therapeutic dose of LDL-DHA on cancer cells
does not influence normal cells, which may rely on the active lipid peroxidation and
selective induction of reactive oxygen for cancer cells [8]. Yang et al. further evaluated
the LDL-DHA on human liver cancer stem cells (CSC) and found that CSCs had a lower
survival rate than normal cancer cells for the different LDLR expression [39], verifying LDL
as a suitable delivery platform for drug-resistant cancer stem cells. Wen et al. achieved
significant disease burden reduction by using synthetic LDL-DHA for liver cancer in
situ [17]. Malik et al. combined LDL-DHA with pulsed-focused ultrasound technology to
deliver LDL-DHA locally to the brain, and highly concentrated LDL-DHA in the treatment
area was observed [40].

Table 2. nLDL-drugs and applications.

Category Drugs Indications Reference

DNR-LDL Doxorubicin Leukemia cells [26]
m-LDL Cytotoxic compound 25 Lung fibroblasts [41]

OL-NME-LDL Elliptinium-oleate B16 melanoma [37]
Paclitaxel-LDL Paclitaxel Leukemia cells [26]

LDL-DOX Doxorubicin HepG2 cells [42]
LDL-DOX Doxorubicin R-HepG2 cells [38]

r-Pc-LDL-FA Tetra-t-butyl-silicon phthalocyanine KB cells, HT-1080 cells, and HepG2 cells [30]
Hyp-LDL Hypericin U87-MG cells [43]
LDL-DHA Docosahexaenoic acid Hepatoma cells (H4IIE) [15]
LDL-DNA Docosahexaenoic acid Fibroblasts [44]
CaP@LDL STAT3-decoyodns HepG2 and PLC/PRF/5 cells [45]
DOX-LDL Doxorubicin A549 cells [18]
LDL-DHA Docosahexaenoic acid HuH-7 and HepG2 cells [39]
LDL-DHA Docosahexaenoic acid TIB-75 cells [8]

4.2. sLDL-Drugs

Since LDL source is scarce, synthetic LDL-like particles gradually become prevalent
in reconstructed LDL-based NPs. The research on the combination of synthetic LDL
(sLDL) and their different therapeutic preparations develop rapidly and achieve superior
therapeutic effects (Table 3).

Baillie et al. prepared sLDL by combining lipid microemulsion with amphiphilic
peptides containing apolipoprotein B receptor domain. This sLDL was taken up via
LDLR-mediated endocytosis and could support the proliferation of U937 in culture [46].
Nikanjam et al. synthesized a new nanoparticle composed of an LDL-like shell with
Paclitaxel oleate (PO) loaded, which was termed nLDL-PO, and demonstrated that only
6 h was needed for nLDL-PO to deliver Paclitaxel (PTX) to glioma cells via LDLR-mediated
endocytosis [17]. Kim et al. developed biocompatible anti-cancer paclitaxel therapeutic
solid lipid nanoparticles (PtSLNs) by containing paclitaxel in the core and modifying
PEG on the surface to connect the tumor-targeting ligand [47]. As excepted, PtSLNs
demonstrated a better targeting effect than the clinically free Taxol. Su et al. prepared sLDL
to encapsulate paclitaxel-alpha linolenic acid (PALA) for tumor therapy. PTX-loaded nano-
drug PALA-sLDL had a suitable size (approximately 66 nm) and high loading efficiency,
and a good tumor growth inhibitory effect in U87 MG mice [48]. Qian et al. connected
the lipid binding motif of apoB-100 to one end of PEG and introduced folate acid (FA) as
a tumor-targeting moiety to the other end of PEG, constructing targeted folate receptor
(FR) LDL bionic nanoparticles [34]. The uptake of these nanoparticles in FR-overexpressing
tumor cells (HeLa cells) was much higher than that of FR-deficient tumor cells (A549 cells),
at the same time producing a very significant anti-tumor efficiency in M109 tumor-bearing
mice. Similar folic acid functionalized LDL biomimetic particles achieved co-delivery of
anticancer drugs and superparamagnetic nanocrystals in MCF cells [25].
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Table 3. sLDL-drugs and applications.

Category Drugs Indications Reference

nLDL-PO Paclitaxel oleate GBM cells [17]
siRNA-PEG/SLN siRNA PC3 cells [49]
Targeted PtSLNs Paclitaxel NCI-H1975, NCI-H1650, NCI-H520, PC9 [47]

FA-mpLNPs Iron oxide nanocrystals MCF-7 [25]
PALA-sLDL Paclitaxel-alpha linolenic acid U87 MG, HepG2 [48]
FPLM NPs Paclitaxel HeLa, A549 [34]

AODN Pro-doxorubicin 4T1 [35]
Lf-mNLC Curcumin BCECs [50]

4.3. LDL-NPs

LDL-modified NPs are prepared using chitosan (CS) or solid lipid nanoparticles
(SLN) as the carriers and LDL molecules as targeting ligands. This nanoparticle has a
better targeting capacity to LDLR overexpressed cells and higher loading ability (Table 4).
Currently, LDL-NPs are applied in the treatment of liver and breast cancer. Zhang et al.
first synthesized N-succinyl-chitosan (NSC) as the center part of NPs and then loaded
osthole to obtain Ost/LDL-NSC-NPs. Excellent proliferation inhibition could be observed
when applying these NPs to HepG2 cells [36]. Based on this, Zhu et al. used LDL-SCS-NPs
to deliver siRNA and doxorubicin to liver cancers, providing a novel and effective way
for the co-delivery of genes and chemotherapeutic drugs [51]. Ao et al. developed the
SLN-based docetaxel (DTX) and thalidomide (TDD) co-delivery system and found that
these NPs had strong targeting properties [52]. Ye et al. used SLN-based LDL-containing
NPs to co-deliver sorafenib (Sor) and doxorubicin (Dox). Obvious tumor inhibition was
observed in vitro and in vivo [53]. Wang et al. developed co-drug lipid nanoparticles
LD-SDN to transport sorafenib and dihydroartemisinin to liver cancer cells, revealing
excellent apoptosis induction [24].

Yang et al. developed a binary copolymer system based on N-succinyl chitosan lipoic
acid micelles to co-deliver the siRNA and paclitaxel [54] to inhibit the growth of breast
cancer cells in vitro and in vivo. Zhu et al. prepared PTX and siRNA co-loading drug
siRNA-PTX/LDL-NSC-SS-UA and made significant progress in overcoming multidrug
resistance [55]. Pan et al. used the SLN-designed and synthesized indocyanine green
multifunctional platform (LDL/SLN) to target breast cancer cells, which provided new
ideas for the development of photothermal therapy for breast cancer [56].

Table 4. LDL-NPs and applications.

Category Drugs Indications Reference

Ost/LDL-NSC-NPs Osthole HepG2 cells [36]
Dox-siRNA/LDL-SCS-NPs Dox siRNA HepG2, H22 [51]

PTX-siRNA/LDL-NSC-LA micelles MDR1 siRNA and paclitaxel MCF-7 cells [54]
LDL/SLN/DTX/TDD Docetaxel (DTX), Thalidomide (TDD) HepG2 cells [52]

LDL/SLN/Adr Adriamycin Colorectal cancer [57]
LDL-SLN/Sor/Dox Sorafenib, Doxorubicin HepG2 cells [53]

LD-SDN Sorafenib, Dihydroartemisinin HepG2 cells [24]
LDL/SLN/ICG Sorafenib, Dihydroartemisinin MCF-7 cells [56]

Nowadays, more and more studies are focused on bionic nanoparticles. Compared
with the modification of nLDL-drugs particles, LDL-NPs can further save costs, improve
plasticity, and provide more modification methods and materials. These biomimetic ma-
terials have larger particle sizes and more target candidates to interact with cancer cells.
Although the nLDL-drugs have been investigated for a long time, and the experimental
protocols are experienced, there are still some challenges to uniformity and integrity. There-
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fore, more and more investigation of sLDL-drugs and LDL-NPs is prevalent. Here, we
compare the advantages and disadvantages of these three particles (Table 5).

Table 5. Comparison of LDL-based NPs.

Strategy Advantages Disadvantages

nLDL-drugs

1. Biocompatibility, biodegradability
2. Targeting
3. Long half-life

1. Scarce raw materials and high cost [18]
2. Poor stability, harsh storage conditions [8]

sLDL-drugs

1. Low cost
2. High loading capacity
3. Targeting peptides to further improve targeting

1. Complex process requirements [17]
2. Not very targeting capacity [58]

LDL-NPs

1. Low cost
2. Simple protocol
3. Diversity targeting moiety

1. Large size [24]
2. Exogenous material [56]

5. Conclusions and Future Prospects

LDL has the characteristics of small size, amphiphilic molecular surface, receptor-
mediated internalization, and long circulation time. With these functions, therapeutic
drugs can be combined with LDL to target LDLR-overexpressed tumor cells. As an ideal
carrier and effective ligand for targeted therapy, LDL-based drug-loaded nanoparticles
further promote the development of targeted delivery and expand the application of LDL
in cancer therapy. Most targeting NPs are designed for solid tumors but not hematological
malignancies. This is because hematological oncology is different from solid ones in that
leukemia cells might be all around the body, while solid tumor cells usually locate in a
particular tissue. LDL-based NPs depend on LDLR-endocytosis to effectively target cancer
cells and thus can be utilized in leukemia and solid tumors. By comparing the degradation
efficiency of monocyte 125I-LDL isolated from healthy individuals and leukemia patients,
Viitols et al. found that primary leukemia cells had a higher degradation rate of 125I-
LDL [59]. Then, Zhou et al. found that the intake of sLDL was inversely proportional to
the degree of cell differentiation by using synthetic LDL particles to target leukemia cell
lines and CML patient stem/progenitor cells [60]. Hence, LDL could be a potential drug
delivery carrier for leukemia disease.

Although the research on LDL-based NPs has made many achievements, there are
still limitations to clinical advancement. The limits are the sources of LDL, the complex
processing requirements, and the trigger of atherosclerosis in the body. sLDL-drugs and
LDL-NPs are derived from non-plasma-separated LDL, overcoming the problem of resource
limitations. In addition, they still restore the targeting characteristics of LDL and keep the
simple and controllable synthesis process. Due to the larger particle diameter, the loading
capacity also increases. Meanwhile, LDL-based targeting NPs not only target solid tumors
but also hematological malignancy. More importantly, these NPs have stronger targeting
function to cancer stem cells or drug-resistant cells for these cells overexpressing LDLR. In
short, LDL-based nanoparticles have good application prospects in cancer-targeted therapy.
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Abstract: Tumor-derived membrane vesicles (TDMVs) are non-invasive, chemotactic, easily obtained
characteristics and contain various tumor-borne substances, such as nucleic acid and proteins. The
unique properties of tumor cells and membranes make them widely used in drug loading, membrane
fusion and vaccines. In particular, personalized vectors prepared using the editable properties of
cells can help in the design of personalized vaccines. This review focuses on recent research on
TDMV technology and its application in personalized immunotherapy. We elucidate the strengths
and challenges of TDMVs to promote their application from theory to clinical practice.

Keywords: tumor-derived membrane vesicles; cancer therapy; tumor vaccine; personalized
immunotherapy

1. Introduction

Cancer is the leading cause of human death globally and a significant disease reducing
life expectancy. According to the International Agency for Research on Cancer (IARC),
19.3 million new cases and millions of cancer deaths were estimated worldwide in 2020 [1].
Clinically, the primary treatments for cancers are surgical resection, radiotherapy and
chemotherapy, but these methods may cause tumor recurrence, damage to normal tissues,
and toxic side effects caused by a lack of precise targeting [2]. In contrast to conventional
treatments, tumor immunotherapy, which refers to the regulation of the patient’s immune
system to fight against tumors, has become the mainstream of research and clinical practice.
Immunotherapy by activating immune cells to trigger a systemic anti-tumor immune re-
sponse can eradicate primary and distant tumors, establishing long-term immune memory
to prevent tumor recurrence [3]. Tumor immunotherapy has now yielded exciting results
in hematological cancers, lymphoma and myeloma [4]. Monoclonal antibodies, immune
checkpoint therapy (ICT) and chimeric antigen receptor (CAR) T cell therapy have achieved
significant clinical efficacy [5,6]. However, there remain many challenges to the widespread
clinical application of immunotherapy. Monoclonal antibodies can exhibit off-target toxicity
and adverse immunological effects. Only 13% of patients showed a significant immune
response to ICT [7]. Effective CAR T-cell therapy for hematological cancers has not signif-
icantly impacted the treatment of more prevalent solid epithelial cancers [8]. Combined
immunotherapy has better therapeutic effects while at the cost of more acute inflammatory
side effects [9,10]. Therefore, how to safely and effectively drive the immune response
against cancer remains an urgent issue for tumor immunotherapy.

The gap between the tumor microenvironment in the body is the main reason for the
significant gap in the efficacy of tumor immunotherapy. In particular, the immunosup-
pressive microenvironment and high interstitial pressure in solid tumors make it difficult
for drugs to penetrate and act inside the tumor, thus contributing to the immune escape
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of tumor cells and making treatment very difficult. Tumors can be divided into three
types [11]: the first is the immune desert type, which lacks tumor-infiltrating lymphocytes
(TILs) in the central and peripheral regions. PD-1/PD-L1 therapy is clinically ineffective for
this type. The second is the immune-excluded type, which has many TILs at the tumor edge
but forms an immune desert in the central area. After treatment with anti-PD-L1/PD-1,
stroma-associated T cells can show signs of activation and proliferation without deeper in-
filtration. The third, the immunoinflammatory type, has TILs in the central and peripheral
regions and contains effectors such as monocytes and pro-inflammatory factors around
the tumor.

Nevertheless, tumor escape suppresses the immune response. Tumor mutational
burden (TMB) due to intratumoral heterogeneity also has implications for treatment. As
TMB increases, more neoantigens are released, triggering more robust T cell responses
for better therapeutic effects [12,13]. The amount and type of gut microbiota affect the
incidence of cancer and the body’s susceptibility to treatment. The study showed that ICT
had no significant effect on tumor-bearing mice lacking gut microbes [14–16]. The higher
the abundance of probiotics and the more CD8+ T and CD4+ T cells in the surrounding
blood, the better effect of anti-PD-1 on melanoma.

Fortunately, the development of nanomaterials has opened up more options for tumor
immunotherapy. Protein particles, vesicles, liposomes, micelles, inorganic particles and
metal-organic frameworks (MOFs) are used to enhance tumor immunogenicity and inhibit
tumor growth [17–19]. However, the foreign substances and the carriers involved in
drug transport are also easy to be eliminated by the immune system [20]. Polyethylene
glycol (PEG) is commonly used to modify the surface of nanoparticles. It can protect the
nanoparticles from clearance by the immune system and prolong drug half-life. However,
recent studies found that PEG can accelerate the blood clearance effect, reducing the drug’s
efficacy [21]. The major limitation to the broader success of immunotherapy treatments
is not the lack of rational therapeutic targets but rather how to successfully reach these
targets at the right time and place. Therefore, it is necessary to develop personalized
therapeutic modalities that promote systemic and durable anti-tumor immunity to eradicate
malignancies and prevent metastasis and recurrence completely [22].

Cell-derived membrane vesicles carry abundant recognition units that endow them
with high biological specificity. Membrane vesicle camouflage can bypass clearance by im-
mune cells, has a longer circulation time and upon reaching the tumor site, its bilayer lipid
structure can fuse directly with tumor cells to utilize the treatment [2,23,24]. Membrane
vesicles can improve bioavailability, effectively target treatment sites, reduce drug side
effects and promote drug retention and sustained release in tissues [25–27]. In addition,
several clinical results suggest that membrane vesicles of their own origin are virtually
immunogenic and non-toxic, while synthetic materials still have unavoidable safety con-
cerns in terms of immunogenicity and toxicity [28]. A variety of cell-derived membrane
vesicle nanoparticles have been studied, including erythrocytes, stem cells, dendritic cells,
natural killer cells, fibroblasts and tumor cells [29,30]. In particular, tumor cells can ex-
pand indefinitely and can isolate membrane vesicles in large batches of cultures in vitro.
Unlike other membrane vesicles, tumor-derived membrane vesicles have properties that
are highly similar to those of homologous tumors. TDMVs can be divided into tumor
cell membrane vesicles (TCMVs) and tumor extracellular vesicles (TEVs). TCMVs carry a
comprehensive and complete set of proteins and surface antigens that can stimulate the
body’s immune response and have great potential as cancer vaccines [25,31]. TEVs are
significant players in intercellular signaling and information exchange, regulating tumor
progression by promoting tumor invasion, extracellular matrix remodeling, angiogenesis
and immunosuppression [23,32].

Personalized therapies have emerged in response to differences in the efficacy of
immunotherapy for different individuals. Delivering personalized drugs to patients based
on genomic alterations, specific biomolecules and biomarkers can ensure maximum thera-
peutic efficacy and minimal side effects, eliminating the time wastage caused by ineffective
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drugs. Due to their excellent homotargeting capabilities, TDMVs can solve the challenge of
precise targeting of personalized therapies and overcome the complex and cumbersome
synthesis process of stimulus-responsive nanomedicines [33]. An example of personalized
nanomedicine based on cancer cell membranes was obtained using B16F10 and red blood
cells (RBC) membrane fusion vesicles and coating hollow copper sulfide nanoparticles
loaded with doxorubicin (DOX) [34]. This study showed that the nanoparticle system had
significant homotypic targeting with increasing cycle time and could effectively kill tumors.

For tumor therapy, tumor cell-derived membrane vesicles have promising application
prospects and unique advantages (Figure 1). This review introduces the use of tumor
cell-derived membrane vesicles, including cell membranes (TCMVs), exosomes (TEXs),
microvesicles (TMVs) and apoptotic bodies in immunotherapy, discussing their benefits
and limitations. Finally, a brief summary of the current challenges and prospects for using
cancer cell-derived membrane vesicles to improve immunotherapy is presented.
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2. Tumor Cell-Derived Membrane Vesicles
2.1. Tumor Cell Membrane Vesicles

Immunotherapy not only kills tumors in situ but also inhibits tumor metastasis and
recurrence. However, how to precisely target tumor cells across the tumor extracellular
matrix has been the main reason limiting the further development of immunotherapy. Due
to the presence of large amounts of collagen, the extracellular matrix (ECM) of tumors
is denser than normal cells, and the dense ECM makes it difficult for drugs to reach the
core of tumors. The ECM can also bind to many drugs, further reducing the therapeutic
effect [35,36]. At the same time, the rapid proliferation of the tumor makes the lymphatic
reflux function absent, and the hydraulic pressure in the interstitial space of tumor tissue
increases, making it difficult for the drugs injected intravenously to penetrate the tumor to
achieve the therapeutic effect [37,38].

Tumor cells have the ability to self-target and adhere to homologous tumor tissue,
known as “homologous adhesion” of tumor cells [39–41]. Many studies have shown that
the abnormal expression of specific antigens on the surface of tumor cells (galactose lectin-3,
N-calmucin, immunoglobulin-like cell-adhesion molecule) and cell adhesion molecules
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(epithelial cell adhesion molecules) contribute to this adhesion effect [41–43]. In particu-
lar, the immunoglobulin-like cell-adhesion molecule (Ig-CAM), which is overexpressed
on the surface of tumor cells, supports homologous adhesion through homologous in-
teractions with each of the other proteins (e.g., calmodulin, integrins) on the surface of
adjacent cells [44–46]. This homologous adhesion confers specific self-recognition and
self-targeting capabilities to tumor cells, which will provide a precise self-targeting function
for immunotherapy.

TCMVs are tumor cell membranes extracted by squeezing using ultrasound and filter
head to form nanoscale bilayer lipid structured vesicles that do not carry tumor cell ge-
netic material. TCMVs have the properties of immune escape, unlimited growth capacity,
anti-cell death, prolonged circulation time and homologous targeting. These properties
allow TCMVs-based drug delivery systems to be highly aggregated at tumor sites (Table 1).
TCMVs encapsulate adriamycin or paclitaxel and target tumor sites by exploiting homolo-
gous targeting of tumor cells [47,48]. Wan et al. delivered DOX and sorafenib (Sfn) with
TMCVs to modulate the tumor microenvironment to sensitize the immune response against
tumor immunogenic cell death (ICD). TMCVs delivery vehicle shows high stability, bio-
compatibility and excellent anticancer properties [49,50]. Cell membrane vesicle surface
proteins provide antigen, recruit and activate antigen-presenting cells (APCs), while the
wrapped drug can be released to kill tumor cells. MCF-7 cell membrane-encapsulated
indocyanine green (ICG) nanoparticles were used in a diagnostic and therapeutic plat-
form [41]. Thanks to the homologous targeting of cancer cell membranes, the particles
aggregated heavily at tumor sites and reduced aggregation in the liver and kidney, showing
good photothermal response and excellent imaging properties. Rao et al. designed a
nanoprobe of MDA-MB-435 cancer cell membrane-encapsulated upconversion nanopar-
ticles [51]. Lu et al. devised a highly sensitive multicellular miRNA imaging strategy
for the first time by simultaneously encapsulating Au nanoparticles and DSN modified
with miRNA fluorescent detection probes into tumor cell capsules to achieve ultrasensitive
multiplex miRNA imaging in living cells [52]. Zhang et al. overexpressed PD-1 on cancer
cell membranes to enhance anti-tumor responses by disrupting the PD-1/PD-L1 immuno-
suppressive axis [53]. Jiang et al. expressed CD80 on the surface of tumor cell membranes
to make them into antigen-presentable particles [54]. The particles could directly stimulate
activated tumor antigen-specific T cells by binding to the T cell receptor and CD28, and
activated T cells suppress tumor growth by killing tumor cells expressing the same antigen.
Zhu et al. designed a viral mimetic ternary nanoengineering constructed from DNA, Gd
(III) and tumor cell membranes to enable host-specific gene therapy [54]. Membrane fusion
technology expands the application of TCMVs. The particles obtained by fusing erythro-
cyte membranes with TCMVs have the biocompatibility of erythrocytes and the precise
targeting ability of tumor cells and are loaded with photosensitizers to obtain excellent
anti-tumor effects [34,55,56]. TCMVs carry all the antigenic proteins of tumor cells, but
their immunogenicity is low. Researchers have fused TCMVs with biological membranes
such as bacterial membranes, dendritic cell membranes and macrophage membranes to
improve the immunogenicity of the particles and enhance antigen delivery, obtaining better
immune effects [2,57–59].
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Table 1. Representative applications of TCMVS in tumor therapy.

TCMVs Sourse Engineering Strategy Drug Application Ref.

Ovarian cancer cell DC/TCMVs Fusion; PLGA core CpG ODN Vaccine [60]
4T1 cell DC/TCMVs fusion; MOF core photosensitizer PDT and vaccine [61]
4T1 cell DC/TCMVs fusion; MOF core - vaccine [62]

Glioblastoma cell Cu2-xSe NPs core PD-L1 inhibitor and
indoximod ICT, PDT and ICD [63]

Osteosarcoma cell
Macrophage cell

membrane/TCMVs fusion;
PLGA core

PTX targeted tumor [64]

solid tumor Bacterial membrane/
TCMVs fusion - vaccine [64,65]

B16F10 cell Bacterial membrane/TCMVs
fusion; PLGA core ICG Vaccine and PTT [66]

B16F10 RBC/TCMVs fusion; CuS
NPs core DOX Chemo-immunotherapy [34]

4T1 cell PLGA core R837 vaccine [67,68]
Ovarian cancer cell RBC/TCMVs fusion; Fe3O4 core ICG PTT and Immunotherapy [69]

4T1 cell RBC/TCMVs fusion; Fe3O4 core CSF-1R inhibitor: Immunotherapy [70]
HepG2 cell Prussian blue Nps core - PTT [56]

4T1 cell alginate gel encapsulation anti-PD-1 antibodies vaccine [71]

4T1 cell PAMAM core DOX targeting and
anti-metastasis treatment [72]

HCT116 F127 core R837 vaccine [33]
4T1 cell and B16F10 cell Encoded SIRPα and PD-1 - ICT and CD47 blockade [73]

B16F10 - DMA and Cdk5 inhibitor ICT [74]
Hela cell PLGA core PTX and siRNA Chemo-immunotherapy [48]

B16-OVA cell OVA assembly core Ce6 PDT [75]
lung carcinoma cell - Dox and Sorafenib ICD and ICT [49]

4T1 cell Surface-anchored CD80
and IL-12 - vaccine [76]

MCF-7 Au NPs core MicroRNA cancer diagnosis [52]

4T1 cell and B16F10 cell thermosensitive hydrogel
encapsulation black phosphorus Vaccine, PTT and ICT [77]

B16F10 cell cationic polymers core DOX Chemo-immunotherapy [78]
Tumor cell Surface-anchored anti CD205 - vaccine [79]

B16-OVA Surface-anchored mannose;
PLGA core R837 vaccine [80]

B16F10 PLGA core CpG vaccine [81]

ICD, Immunogenic cell death; ICT, immune checkpoint therapy; NPs, nanoparticles; PDT, photodynamic therapy;
PTT, photothermal therapy.

2.2. Tumor Extracellular Vesicles

Extracellular vesicles (EVs) are nano- or micron-sized particles composed of phos-
pholipid bilayers constitutively or inducibly released by all cells, including exosomes,
microvesicles and apoptotic bodies (Table 2). The components of natural extracellular
vesicles mainly contain proteins, nucleic acids, lipids and metabolites, which act as message
transmitters, regulate recipient cells’ physiological and pathological states by delivering
signaling molecules to other cells, and participate in the development and progression of
many diseases [82–84]. They reflect the metabolic state of the organism and the function of
cells under different pathological conditions and have potential clinical diagnostic value.
Meanwhile, extracellular vesicles are the organism’s components with low immunogenic-
ity and good biocompatibility, exhibiting tissue targeting mediated by surface molecules
(integral proteins and glycan) and the ability to transport biomolecules to recipient cells
promising for drug delivery applications [85]. Currently, therapeutic drugs are loaded
into extracellular vesicles by incubation, extrusion, electroporation, ultrasound and genetic
modification for therapeutic research in diseases such as cardiac repair, liver diseases, lung
diseases and tumors [86–88].
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Table 2. Classification of different types of extracellular vesicles.

Exosomes Microvesicles Apoptotic Bodies

Size 20–100 nm 50–1000 nm 500–2000 nm

Biogenesis

The inner membrane forms
multivesicles within the cell that

fuses with the plasma membrane to
release exosomes into the

extracellular compartment

Local changes in plasma membrane
stiffness and curvature, cell surface
shrinkage and outward blistering

Released by belting of apoptotic
cell membrane

Contents mRNA, microRNA, cytoplasmic
and membrane protein, MHC

mRNA, miroRNA, noncoding RNAs,
cytoplasmic and membrane protein

nuclear fractions, cytoplasmic
protein, cell organelles

Biomakers Tetraspanins, ESCRT peoteins,
flotillin, TSG101 Integrins, seltctins, CD40 ligand Phosphatidylserine, annexin V

Ref. [89,90] [91,92] [93,94]

TEVs secreted by tumor cells play an essential role in tumor development. TEVs
interacting with ECM can induce tumor cell adhesion and targeted migration [95]. On
the other hand, TEVs carry a variety of bioactive substances (proteins, RNA, lipids) that
enhance vascular permeability and create a microenvironment conducive to tumor cell
metastasis [96–98]. For example, lung cancer cell exosome miRNA-9 promotes endothelial
cell migration and angiogenesis through the downregulation of the SOCS5-JAK-STAT
pathway [99]. Glioma or breast cancer cells secrete glutaminyl transferase-containing
microvesicles that can alter the tumor microenvironment and promote tumorigenesis [100].
Tumor cells secrete DNA-containing apoptotic vesicles capable of transferring from source
cells to normal cells, triggering the expression of oncogenes in fibroblasts [101]. In addition,
EVs from tumor cells such as melanoma, breast and lung cancer have been reported to
carry the immunosuppressive molecule PD-L1, which promotes tumor growth by misfiring
T cells through the binding of the PD-L1 structural domain to PD-1 [102].

TEVs can be used not only as biomarkers or drug delivery vehicles due to their
unique advantages but also for tumor immunotherapy. Many clinical trials evaluate the
composition of TEVs as biomarkers for determining cancer staging and the effectiveness
of oncology drug therapy (Table 3). Researchers are evaluating the expression profiles of
exosomal miRNA and PD-L1 before and after immunotherapy in patients with non-small
cell lung cancer and exploring the potential of exosomes as biomarkers for predicting
the efficacy of anticancer drugs (NCT04427475). Koh et al. designed an extracellular
vesicle-based immune checkpoint inhibitor that achieved tumor regression by blocking
CD47 with SIRPα on phagocytes, leading to more extensive CD8+ T cell infiltration in
tumors [103]. TEVs carry tumor-associated antigens (TAA) that stimulate in vivo through
the Fas/FasL signaling pathway CD8+ T cells to kill tumors. Meanwhile, TEVs enhance
antigen uptake by DCs and trigger more robust immune responses by inducing specific
CD4+ T cell proliferation. TEVs play an important role in regulating immune cells in the
tumor microenvironment as mediators between tumor and immune cells.
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Table 3. Representative applications of TEVs in tumor therapy.

TEVs Sourse Engineering Strategy Drug Application Ref.

MDA-MB-231 cells alpha-lactalbumin-
engineered TEVs ELANE and Hiltonol Vaccine and ICD [104]

Colorectal cancer cell - microRNA 424 immunotherapy [105]

CT26 cell
thermosensitive

liposomes/gene-engineered
TEVs Fusion

- PTT and CD47 blockade [106]

HEPA1–6 - HMGN1 vaccine [107]
4T1 cell AIE luminogen/TEVs fusion Dexamethasone PDT [108]
EL4 cell gold-silver nanorods core CpG PTT and immunotherapy [109]

HER2 expressing breast cancer encoded anti-CD3 and
anti-HER2 antibodies - immunotherapy [110]

Serum exosomes from
tumor-bearing mice - black phosphorus PTT and vaccine [111]

B16BL6 cells encoding streptavidin
lactadherin protein CpG immunotherapy [112]

2.2.1. Exosomes

Compared to synthetic nanoparticles, exosomes have the natural advantage of less
toxicity and less rejection by the immune system. In addition, it allows them to cross
some barriers, such as the placental barrier and blood–brain barrier [113–115]. Exosomes
are not formed by direct outgrowth or shedding from the plasma membrane; instead,
they are formed by inward outgrowth from the inner membrane, resulting in the forma-
tion of intracellular multi-vesicular vesicles, which then fuse with the plasma membrane
and release exosomes into the extracellular compartment [89,90]. Exosomes are common
membrane-bound nanovesicles that contain a variety of biomolecules such as lipids, pro-
teins and nucleic acids. Exosome surface-bound proteins are derived from the cytoplasmic
membrane from which they originate, and thus exosomes released from antigen-presenting
cells, DCs and tumor cells have promising applications in vaccine development [116]. In
addition, exosomes have characteristics such as lipid membranes and particle sizes in the
nanoscale size, which can reduce the clearance or damage of their contents by complement
or macrophages, thus prolonging the circulating half-life and improving biological activity.
Chemical or biological modification of exosomes can enhance the potential therapeutic
capacity of exosomes. Thus, exosomes can be used as drug delivery vehicles to treat
diseases [117]. Exosomes have advantages such as good biocompatibility, low immuno-
genicity and the ability to cross the blood–brain barrier, which facilitate the delivery of
nucleic acids or drugs. Exosomes carry tumor necrosis factor-related apoptosis-inducing
ligands that transduce pro-apoptotic signals to different tumor cells, thereby inducing
apoptosis in cancer cells and ultimately inhibiting tumor progression [118]. In addition, ex-
osomes can transport small molecule compound drugs, such as paclitaxel and adriamycin,
across the blood–brain barrier for targeted delivery [114,119]. Exosomes can eliminate
the drug resistance properties of tumor cells, such as wrapping chemotherapeutic drugs
into tumor cell-derived exosomes. They are preferentially internalized by tumor cells and
subsequently release anti-tumor drugs, thereby reversing tumor cell resistance in vitro.
There are differences in the surface protein composition of exosomes of different cellular
origins, and their ability to transport RNA-like drugs varies. Mesenchymal cell-derived
exosomes expressing the CD47 protein that protects cells from phagocytosis enhanced the
ability to deliver miRNAs to pancreatic tumors, significantly improving overall survival in
a mouse model [120].

The secretion of tumor-derived exosomes (TEXs) is mainly attributed to the overex-
pression of Rab3D and the acidic tumor microenvironment [121], which carries information
characteristic of malignant tumors, such as NKG2-D-ligand on the surface of melanoma-
derived exosomes [122]. It shows that TEXs play a crucial role in cancer metastasis and
proliferation [123]. However, TEXs mode of communication with cells is still not fully
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understood. Current scholarship suggests that TEXs rely mainly on lipid rafts in the
cytoplasmic membrane of target cells [124], cholesterol homeostasis [125] or membrane
fusion [121] to enter the recipient cells. Uptake of TEXs by ordinary endothelial cells acti-
vates angiogenic signaling pathways in the cells to stimulate new blood vessel formation
and promote tumor growth [126]. At the same time, TEXs can be secreted into the tumor
microenvironment via autocrine and paracrine signaling to initiate epithelial-mesenchymal
transition (EMT), which has a high potential to form tumor metastases once it spreads to the
systemic circulation [127]. In addition, TEXs can evade immune surveillance and promote
irrepressible metastatic progression [128]. TEVs can influence tumor progression by affect-
ing the role of immune cells. It found that TEVs carry NKG2D ligands that bind directly to
natural killer (NK) cells, downregulate NKG2D expression, inhibit NK cell activation and
significantly reduce the recognition and killing effect of NK cells on tumors [129].TEVs can
regulate macrophage polarization, organize phagocytosis of tumor cells by macrophages
and enhance tumor cell drug resistance [130,131]. TEVs act on CD8+ T and CD4+ T cells
through PD-L1 on the membrane surface, resulting in suppression of T cell function, a
significant reduction in secreted effector cytokines (TNF-α, IL-2, TNF-α), and a significant
reduction in the expression of CD69 and CD25, markers of CD8+ T cell and CD4+ T cell
activation [132–134].

Engineered exosomes enhance anti-tumor capacity through precise targeting, high
bioavailability and enhanced efficiency. Surface modification of TEXs through cellular
transgene expression, chemical modification and electrostatic interactions can further en-
hance the targeting efficiency of exosomes to cancer cells. TEVs have been used as delivery
systems for small molecule drugs, proteins and nucleic acids [135,136]. In addition, TEXs
promote resistance to various chemotherapeutic agents and antibodies, which provides a
multi-component diagnostic window for tumor detection [137,138]. Currently, more than
40 clinical trials of TEXs biomarkers are in progress, according to the Clinical Trials Registry
website (clinicaltrials.gov).

2.2.2. Microvesicles

Unlike exosomes, microvesicles are a type of Evs formed directly by the cytoplasmic
membrane through outward outgrowth form [139]. The biogenesis of microvesicles in-
volves local stiffness and curvature changes caused by the rearrangement of lipids and
proteins on the cytoplasmic membrane, followed by the vertical transport of molecular
material to the plasma membrane to form specific contents, and finally, the use of surface
contraction mechanisms to squeeze leading to the outward blistering of the plasma mem-
brane to produce vesicles [91,92]. Microvesicles not only randomly wrap the cell contents
but also selectively incorporate proteins and nucleic acids, etc., into the vesicles. It has been
shown that ARF6 is one of the microvesicle regulatory selective proteins [140], which binds
to Ras-related small GTP and is involved in the activation and regulation of intracellular so-
matic recycling and extracellular peripheral actin remodeling [141]. EGFR, Akt, MT1-MMP
and other complex kinase receptors, β1 integrin receptor, MHC-I, VAMP3 and others enter
microvesicles via ARF6-regulated intracellular somatic recycling [142–144]. Meanwhile,
AFR6 can translocate the ARF6-Exportin5 axis of miRNA into microvesicles [145].

Tumor-derived microvesicles (TMVs) can deliver biologically active components, in-
cluding oncoproteins, oncogenes, soluble factors, chemokine receptors, specific enzymes
and microRNAs [146–148]. TMVs help tumor cells evade by exposing FasL proteins, tumor
necrosis factor (TNF)-associated regulatory ligands, etc., to induce apoptosis in CD8+ T cells’
immune response [149,150]. Breast cancer cells or glioma cells secrete glutamyltransferase
microvesicles to promote tumorigenesis and improve the tumor microenvironment [100].
In breast cancer cells cultured in a hypoxic environment, Rab22a is co-localized with mi-
crovesicles by a situation that regulates microvesicle formation and material sorting [151].
VEGF released from tumor cells is an influential factor in promoting tumor angiogene-
sis [152]. TMVs were reported to carry CD147 to promote VEGF secretion and thus induce
angiogenesis in ovarian cancer [153].
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Nevertheless, Zhang et al. observed that miRNA-29a/c carried by TMV inhibited the
growth of vascular cells by suppressing VEGF expression in gastric cancer cells [154]. Thus,
miRNA-loaded microvesicles could be designed to suppress tumor growth by blocking
blood vessel generation. Multidrug resistance mediated by the plasma membrane mul-
tidrug efflux transporter, P-glycoprotein (P-gp), often leads to tumor treatment failure [155].
In breast cancer, the transient receptor potential channel 5 (TRPC5) protein carried by
TMV was demonstrated to regulate the expression of P-gp and promote tumor drug re-
sistance [156]. Dong et al. found that the TRPC5 blocking antibody T5E3 reduced P-gp
expression in human breast P-gp production in human epithelial cells and converted drug-
resistant cells to non-drug-resistant cells [157]. MVs can also merge with other biological
membranes to transport anti-tumor drugs into cells as a type of EVs. Therefore, TMVs with
homologous targeting might be suitable vehicles for anti-tumor therapy [76]. Meanwhile,
TMVs can serve as vehicles carrying biological signals or molecules that facilitate tumor cell
invasion and metastasis and serve as biomarkers to predict cancer patient prognosis [158].

2.2.3. Apoptotic Bodies

Apoptotic vesicles refer to the condensation of chromatin during apoptosis leading
to blistering of the plasma membrane enclosing the cell contents into distinct membrane-
enveloped vesicles, which prevent toxic components of dying cells from damaging the
cells [159,160]. Apoptotic vesicles are the largest extracellular vesicles, approximately
500–2000 nm in size, and typically contain DNA fragments, histones and cytoplasmic or-
ganelle fragments [93]. The markers of apoptotic vesicles are usually considered to be
Annexin V, thrombospondin and C3b [94,161,162]. In the normal state, apoptotic vesicles
are cleared by phagocytosis through specific interactions between recognition receptors
on and specific changes in the membrane composition of apoptotic cells [162–164]. Re-
cent studies have indicated that apoptotic vesicles are implicated in tumor progression,
metastasis and microenvironment formation. Apoptotic vesicles carry DNA fragments
capable of transferring at the level of adjacent but different cell types. Apoptotic vesicles
can transport tumor DNA from human C-MYC and H-RASV12-transfected rat fibrob-
lasts to wild-type mouse fibroblasts, activating the full tumorigenic potential of wild-type
cells [165]. DNA packaged into lymphoma-derived apoptotic vesicles is phagocytosed
by surrounding fibroblasts, leading to the fusion of lymphoma-derived DNA into the
genome of fibroblasts [166]. In addition, apoptotic vesicles can transfer proteins to phago-
cytic cells such as macrophages and DCs for immunomodulation [167–169]. For example,
macrophages can phagocytose apoptotic vesicles containing auto-antigens, suggesting that
auto-antigens can be transferred to specialized phagocytes, providing new ideas for tumor
vaccine research [170].

3. Engineering Tumor Cell-Derived Membrane Vesicles in Cancer Treatment
3.1. Encapsulation

In 2011, Zhang took the lead in proposing a camouflage strategy, using erythrocyte
membrane wrapping material to obtain camouflage to evade the clearance of nanocarriers
by immune cells, thus deriving a biomimetic delivery platform for nanocarriers modified
with cell membranes [171]. At the same time, the encapsulated nanocarriers also help
provide physical support for membrane vesicles, ensuring that the functional components
are embedded in the membrane function. A variety of materials, including mesoporous
silicon, polymers, magnetic nanoparticles, MOFs, gold nanoparticles and upconversion
nanoparticles, are encapsulated to function in membrane vesicles [72,171–175]. Kroll et al.
used TCMVs to encapsulate PLGA nanoparticles loaded with immune adjuvant CpG and
achieved significant therapeutic and preventive effects (Figure 2) [81]. The use of PLGA
nanoparticles with small particle sizes is beneficial to lymph node drainage, and CpG can
efficiently induce the maturation of APCs cells to break the immunosuppression of the
tumor microenvironment. TCMVs that retain cell surface antigenic proteins are wrapped
on the surface of nanoparticles to more realistically mimic the surface structure of tumor
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cells and induce anti-tumor immune responses more efficiently. Li et al. developed a novel
cancer vaccine with Fe3O4 magnetic nanoclusters as the core and anti-CD205-modified
TCMVs as the coat [79]. Vaccine homing in lymph nodes was achieved using Fe3O4 mag-
netism. Meanwhile, camouflaged TCMVs act as reservoirs for various antigens, enabling
subsequent multi-antigen responses. In addition, the modified anti-CD205 directed more
nanoparticles to CD8+ DCs, promoting antigen cross-presentation. These specific benefits
lead to the considerable proliferation of T cells with clonal diversity and cytotoxic activity.
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3.2. Surface Modification

The surface of cell-derived membrane vesicles is composed of polysaccharides, pro-
teins, lipids, etc. They provide various surface properties that allow modification by foreign
materials. For example, thiol and amine groups on the membrane surface can interact
with maleimide-modified nanoparticles on the membrane surface via thiol and carboxy-
lation reactions [80,176,177]. Jia et al. engineered an integrated glioma exosome-based
diagnostic and therapeutic platform that carried curcumin (Cur) and superparamagnetic
iron oxide nanoparticles (SPIONs) [178]. These TEXs were conjugated to peptides targeting
neuropilin-1 by click chemistry for glioma-targeted exosome imaging and therapeutic
function. Experiments with glioma cells and in-suit glioma models demonstrate that
such engineered TEXs can smoothly cross the blood–brain barrier, providing favorable
conditions for targeted imaging and treatment of gliomas. Chemical coupling does not
destroy the integrity of membrane vesicles and has the advantages of high selectivity and
fast reaction speed. However, conditions such as osmotic pressure and temperature must
be strictly controlled during the reaction. Additionally, the residual solvents should be
removed to avoid rupture or denaturation of membrane vesicles after the reaction [179].
The surface modification of membrane vesicles by physical means such as hydrophobic
interaction, receptor–ligand binding and electrostatic interaction is also a commonly used
method [103,180]. Membrane vesicles have lipid bilayers and negative charges, enabling
hydrophobic and positively charged materials to adsorb on membrane vesicles stably.
Physical strategies are readily achieved by direct co-incubation with cells or EVs within
a specific temperature range. DSPE-PEG is a commonly used auxiliary phospholipid,
which can bind to RBD, maleimide, folic acid and other ligands to enhance the targeting of
materials [181–183]. Yang et al. used mannose-modified DSPE-PEG to insert into TCMVs
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to enhance antigen presentation by utilizing mannose receptors carried on the surface
of APCs [175]. Nakase binds cationic lipids to the surface of exosomes via electrostatic
interactions, facilitating the uptake of exosomes [184]. Although the physical strategy is
easy to operate and has high safety, it still suffers from the difficulty in controlling the
adhesion strength, and the resulting vesicles may dissociate due to in vivo shear forces.

3.3. Membrane Fusion

To enhance the effect of tumor cell-derived membrane vesicles, the researchers used dif-
ferent kinds of materials to fuse them. In addition to excellent biocompatibility, senescent or
damaged red blood cells are eliminated by cells such as macrophages and DCs in the spleen,
providing spleen targeting capabilities [69,185]. Wang et al. designed a pH-responsive
copolymer micelle camouflaged by the erythrocyte and TCMVs hybrid membranes. In the
acidic tumor microenvironment, the micelle exhibited a membrane escape effect, which
could promote recognition and interaction with tumor-associated macrophages [70]. Han
et al. obtained a personalized vaccine by fusing red blood cells with TCMVs by ultrasound
and extrusion. The vaccine particles can be effectively delivered to the spleen and activate
the T cell immune response [186]. The fusion vesicles of DCs-derived cell membranes
and TCMVs retain the antigens of tumor cells and carry costimulatory substances such as
MHC-I, MHC-II, CD80 and CD86, and retain the antigen presentation and T cell activation
functions of DCs [60–62,187]. The macrophages are highly infiltrating and can induce better
tumor treatment and recurrence prevention after fusion with TCMVs [64,188]. The vesicles
obtained by fusion of multiple TCMVs carry multiple tumor-specific antigens, which can
treat multiple tumors and prevent recurrence [73,189]. Years of research have found a large
number of pathogen-associated molecular patterns (PAMPs) on the surface of bacterial
membranes, such as lipopolysaccharides, mannose, lifters and lectins. These PAMPs can
induce the recognition and binding of highly expressed pattern recognition receptors (PRRs)
on the surface of innate immune cells, thereby activating innate and adaptive immunity
and clearing tumors [2,190]. Chen et al. designed hybrid vesicles of attenuated Salmonella
fused to TCMVs [66]. This hybrid vesicle inherits the immune functions of both parents and
exhibits a robust immune response to tumor cells. In addition, loading indocyanine green
(ICG) inside the hybrid vesicles can induce local photothermal effects, effectively destroy-
ing solid tumors and inhibiting tumor recurrence. Zuo et al. constructed hybrid vesicles
fused with E. coli membranes and TCMVs to inhibit tumor metastasis (Figure 3) [191].
Due to the immunogenicity of bacterial membranes, hybrid vesicles are more likely to
be accumulated in the draining lymph nodes than single TCMVs. The activated innate
immune system further activates the adaptive immune response involving T lymphocytes,
effectively inhibiting tumor growth, recurrence and metastasis to the lung. Furthermore,
hybrid vesicles induced adaptive immune responses in a syngeneic bilateral tumor model,
reversibly demonstrating the effect of individualized immunotherapy.

3.4. Genetic Engineering

Genetic engineering has higher controllability, safety and flexibility than membrane
fusion technology. Genetic engineering transfers the genetic information of living cells
into membrane vesicles through physical methods such as viral vectors, cationic polymers,
electroporation and microinjection [53,54,192,193]. Rao et al. fused TCMVs containing
SiRPα variant, M1 macrophage membrane and platelet membrane to obtain hybrid fusion
vesicles. By blocking the CD47/SIRP innate immune pathway and promoting M2 to M1
repolarization in the tumor microenvironment, local recurrence and metastasis of malignant
melanoma were significantly prevented [194]. Meng et al. constructed a fusion cell vesicle
of a high-affinity SIRPα variant and PD-1 (Figure 4) [73]. First, 4T1 cells and B16F10 cells
could express SIRPα and PD-1, respectively, by gene editing, and the cell membranes of
the two were fused to obtain fused TCMVs. Simultaneously blocking the CD47/SIRP and
PD-1/PD-L1 immunosuppressive axis via SIPRα and PD-1 promotes antigen presentation
by macrophages and DCs and enhances anti-tumor T cell immunity.
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Similarly, taking advantage of the targeting properties of TEVs, introducing genetic
information such as small interfering RNA (siRNA) and miRNA from other cells into TEVs
can induce the expression of transgenic proteins in target cells and prevent RNA from
being degraded by RNases [194–197]. Ohno targeted miRNA delivery to EGFR-expressing
cancer tissues using modified exosomes with GE11 peptide or EGF on the surface [198].
Morishita et al. genetically engineered melanoma cells by transfection with a plasmid
encoding a streptavidin-lacadherin fusion protein to generate genetically engineered exo-
somes. A vaccine combining these engineered exosomes with a biotinylated CpG adjuvant
in vitro induced strong anti-tumor effects in a mouse model of melanoma [112]. High
mobility group nucleosome-binding protein 1 (HMGN1) is a protein adjuvant that can
enhance the response of DCs to exogenous antigens and continuously induce Th1 immune
responses [199]. Zuo et al. directly anchored the functional N-terminal domain of HMGN1
(N1ND) to TEXs through CP05, an exosome anchoring peptide, which enhanced the mat-
uration and activation of DCs and accelerated the generation of memory T cells. The
approach generated strong and durable anti-tumor immunity [107]. Shi et al. found that
genetically engineered exosomes with anti-CD3 and anti-HER2 antibodies led SMART-Exos
to efficiently and selectively induce HER2-expressing tumor-specific immunity, thereby
providing a new tumor immunotherapy idea for HER2-positive breast cancer [200,201].
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4. The Application of Tumor Cell-Derived Membrane Vesicles to
Personalized Immunotherapy

Personalized therapy is the most suitable therapy for the patient, taking into account
the individual circumstances of the patient’s genetic information, epigenetic and envi-
ronmental factors. It also ensures the effectiveness of prescriptions, reduces the adverse
reactions caused by traditional treatments and costs more time for treatment [202]. The
development of tumor cell-derived membrane vesicles technology provides precise tar-
geting of tumor tissue for personalized immunotherapy. In addition, tumor cell-derived
membrane vesicles can combine with stimuli-responsive treatments such as light, sound,
magnetism, pH and reactive oxygen species to improve tumor personalized treatment
effects, promote tumor regression and inhibit metastasis and recurrence [74,203,204].

4.1. Cancer Vaccines

As emerging tumor immunotherapy, tumor vaccines utilize the administration of
tumor cell-associated antigens and other immune stimulatory signals to train the body’s
immune system to recognize and fight tumors [65,205,206]. It possesses the advantages
of high specificity, low cost and few adverse reactions. Corresponding tumor vaccines
such as breast and bladder cancer have also entered the clinical trial stage. Considerable
inherited heterogeneity exists between patients with the same type of cancer [71,207]. The
complexity and diversity of antigens result in significant differences in antigen presentation
between individuals with the same tumor type, leading to various efficacy between different
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populations. Vaccines from lysates of tumor tissues or tumor cell lines contain intact tumor
cell-specific antigens.

Tumor cell-derived membrane vesicles-coated drugs are a potent anticancer weapon.
In addition to inducing a highly specific immune response, they also can target homologous
tumor cells [81,110]. Ye et al. used melanoma tumor cell lysate as antigen combined with
photothermal therapy to enhance antigen uptake by DCs, promote T cell migration and local
pro-inflammatory cytokine production and effectively target primary and distal secondary
primary tumors [208]. Yang et al. proposed to coat imiquimod adjuvant nanoparticles
with mannose-modified TCMVs, so that the vaccine can be taken up and presented by
antigen-presenting cells in large quantities, triggering an anti-tumor immune response [175].
Ma et al. prepared a tumor cell lysate-based nanovaccine, which induced tumor-specific T
cell responses, and both adaptive and innate immune responses against cancer cells were
activated by the nanovaccine [209]. DCs are important immune cells linking innate and
adaptive immunity and serve as vaccine targets. Lu et al. reported a hydrogel personalized
vaccine loaded with granulocyte-macrophage colony-stimulating factor (GM-CSF) using
surgically resected tumor cell lysates as antigens. DCs are recruited by releasing GM-
CSF from the hydrogel, thereby providing a fully personalized tumor antigen repertoire,
exhibiting excellent tumor-suppressive effects in postoperative tumor models [210].

However, the complex intracellular proteins and organelle components in whole-cell
lysates can disrupt the recognition and presentation of antigens [211]. In contrast to whole
cell lysates, TCMVs have complete cell membrane protein antigens (including neoantigens)
and do not contain complex cytoplasmic proteins and components, making them the best
tumor vaccine candidates. TCMVs vaccine triggers individualized immune responses
against corresponding tumors and induces more effective and durable anti-tumor immune
responses while avoiding tumor cytoplasmic protein interference and immune escape
caused by downregulation of partial antigen expression [67,212]. Kroll et al. designed a
nanovaccine with TCMVs encapsulating CpG, using the antigenic proteins on TCMVs to
activate the body-specific immune response, leading to an anti-tumor effect [81]. Xiong et al.
reported a calmodulin-expressing TCMVs wrapper-loaded R837 nanovaccine that used
calmodulin exposed on the surface of TCMVs to induce active uptake of the vaccine by DCs,
enabling simultaneous delivery of adjuvant and antigen and departure of a personalized
immune response against 4T1 tumors [67]. Xu et al. constructed a fluorinated polymer-
based personalized tumor vaccine that showed a robust immune memory effect in several
postoperative models and effectively protected against tumor recurrence [213]. Zhang et al.
fused the Toll-like receptor agonist monophosphoryl lipid A (MPLA) into the phospholipid
bilayer of TCMVs to increase the activity of APCs, thereby activating CD8+ T cells to
kill tumors [86]. Liu et al. prepared a DCs and TCMVs fusion vesicle tumor vaccine
(Figure 5) [62]. The fusion of the two immune-associated cells resulted in high expression
of tumor antigen complexes and immune costimulatory molecules on the fusion vesicles,
allowing the vaccine particles to exert APCs to stimulate T cell immune activation and
induce a favorable immune response. In addition, eukaryotic-prokaryotic nanovaccines
constructed using TCMVs with bacterial extracellular vesicles showed powerful therapeutic
and therapeutic effects, providing new perspectives on the design of tumor immunogenicity,
adjuvant and scalable vaccine platforms [66].

The immunogenicity of TEXs could be improved by gene editing [214]. TEXs loaded
with IL-2 and IL-18 cytokine genes could induce potent specific killing responses [215,216].
Yin et al. anchored the TLR4 agonist HMGN1 short functional peptide to TEXs from
different sources through the exosome anchoring peptide CP05 and obtained a more
immunogenic DC vaccine, especially in the middle and late stages with low immune
response rate. In the mouse model of hepatocellular carcinoma, the tumor microenviron-
ment was significantly improved, and long-term immune response and tumor inhibition
were obtained [107]. ICD can enhance tumor antigen exposure, promote the release of
immune-stimulating tumor cell content, and facilitate the uptake of dying tumor cells by
DCs. Huang et al. constructed a combination of TLR3 agonist Hiltonol and ICD inducer
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ELANE to engineer TEXs that can activate DCs in situ in a mouse xenograft model of
poorly immunogenic triple-negative breast cancer and tumor organs derived from patients
with hot tears; both produced effective tumor suppression [104]. In conclusion, engi-
neered tumor-cell-derived membrane vesicles have a promising application in developing
anti-tumor vaccines due to their great advantage of carrying tumor-specific antigens.
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naling by binding to SIRPα, causing immune escape of tumor cells from the mononuclear 
phagocyte system. Researchers designed exosomes containing SIRPα variants as immune 
checkpoint blockers, thereby antagonizing the interaction between CD47 and SIRPα, in-
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sponse [53,103,106]. 

Figure 5. Fusion vesicles encapsulating MOFs for tumor prevention. (A) Preparation of fused vesicles
encapsulating MOFs. (B) Fusion vesicle vaccination for tumor prophylaxis. (C) Mechanisms by
which fusion vesicles induce immune response. Reprinted/adapted with permission from Ref. [62].
2019, Springer Nature.

4.2. Immune Checkpoint Therapy

Immune checkpoint therapy (ICT) has achieved therapeutic effects in a variety of
tumor models, but in clinical trials, the response rates of different patients to ICT vary
widely, and most patients cannot benefit from ICT therapy. The development of tumor cell-
derived membrane vesicles technology provides a new idea for ICT. Li et al. designed an
injectable hydrogel based on TCMVs with the powerful ability to simultaneously reprogram
local tumors and circulating exosomal PD-L1 to facilitate PD-L1-based immune checkpoint
therapy (Figure 6) [74]. Using sodium oxidized alginate-modified TCMVs as a gelling
agent, hydrogels were formed in vivo with Ca2+ channel inhibitors (DMA) and cell cycle
protein-dependent kinase 5 (Cdk5) inhibitors to create an immune ecology as an antigen
pool. Reducing the amount of circulating exosomal PD-L1, decreasing genetic PD-L1
expression in tumor cells, attenuating IFN-γ-induced PD-L1 adaptive immune tolerance
and achieving downregulation of PD-L1 expression in tumor cells and exosomes.
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Figure 6. Schematic diagram of TCMVs-based injectable hydrogels for ICT. (A) Oxidized sodium
alginate is adsorbed on the surface of TCMVs to form a gel, and after injection into the tumor, Ca2+ in
the microenvironment would chelate with the particles to form a gel, causing an antigen reservoir
effect and continuous recruitment to activate antigen-presenting cells and lymphocytes. (B) Adding
DMA and ROSCO to the gel blocks Ca2+ entry into tumor cells and inhibits the secretion of circulating
PD-L1 and tumor PD-L1 exosomes. Reproduced with permission [74]. Copyright 2021, Wiley-VCH.

miRNA-424 in TEVs inhibits the CD80/86-CD28 costimulatory pathway in DCs and
T cells, resulting in resistance to ICT. TEVs with knockdown of miRNA-424 increase
the efficacy of immune checkpoint blockade therapy and stimulate anti-tumor immu-
nity [105]. CD47 is overexpressed on a variety of tumor cells and activates “don’t eat me”
signaling by binding to SIRPα, causing immune escape of tumor cells from the mononu-
clear phagocyte system. Researchers designed exosomes containing SIRPα variants as
immune checkpoint blockers, thereby antagonizing the interaction between CD47 and
SIRPα, inducing enhanced tumor phagocytosis, and triggering an effective anti-tumor
T-cell response [53,103,106].

4.3. Combination Therapy

In order to achieve complementary advantages and functional amplification of various
therapeutic methods, researchers have conducted many studies on the combination of im-
munotherapy with other methods such as chemotherapy, photothermal and photodynamic
therapy [217–220]. Wu et al. developed a chemoimmunotherapy-based TCMVs nanopar-
ticle, using the homotypic targeting ability of TCMVs to deliver DOX to the tumor site,
causing tumor cell death to form a tumor in situ vaccine [78]. TEVS-loaded chemotherapy
drugs can promote drug uptake and reverse drug resistance in tumor-regenerative or stem-
like cancer cells [221–223]. Remarkable achievements have been made in photodynamic
and photothermal tumor therapy by exploiting the homologous targeting properties of
TEVs [77,108,111,224]. Wang used TCMVs to encapsulate ovalbumin-assembled nanopar-
ticles encapsulating the photosensitizer Ce6 [75]. The ROS generated after illumination
significantly enhances the cross-presentation efficiency of antigens, which can effectively
initiate immune cascade reactions and improve the effectiveness of traditional photody-
namic therapy. Zheng et al. fed cells with attached CpG gold nanorods and then produced
apoptotic bodies loaded with gold nanorods by UV light irradiation of cells [109]. Upon
near-infrared light irradiation, the photothermal effect triggered by the gold nanorods
effectively eliminated the tumor.
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At the same time, the strategy relied on co-stimulation with immune agonist, CpG,
and tumor-associated antigens released by photothermal therapy in situ, promising to
elicit a practical, durable tumor-specific immune response advantageous for alleviating
immunosuppression. Zhen et al. constructed a biomimetic nanoparticle (CS-I/J@CM NPs)
combining light, sound and immune checkpoint therapy for the treatment of glioblastoma
(Figure 7) [63]. The encapsulation of TCMVs can improve the targeting ability and enrich-
ment of particles at tumor sites. Cu2-xSe particles possess the properties of light-responsive
Fenton-like catalytic induction of immunogenic cell death and alleviation of tumor hypoxia,
repolarizing M2 macrophages to M1 type, thereby alleviating the immunosuppressive
microenvironment of glioblastoma. The release of indoximod effectively blocked IDO-
induced Treg cell infiltration in tumor sites. JQ1 can reduce the expression of PD-L1 on
cancer cells. Under NIR II light irradiation, nanoparticles transformed glioblastoma from
cold tumor to hot tumor, and the CD8+ T cells in the tumor increased significantly, showing
a good therapeutic effect.
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5. Concluding Remarks and Future Perspectives

From synthetic materials such as functionalized liposomes and micelles inspired by
biomembranes to tumor cell-derived membrane vesicle-coated nanoparticles that bind to
cell membranes, researchers have pursued suitable carrier materials for tumor immunother-
apy. This review focuses on TDMV technology and its application in personalized im-
munotherapy. Tumor immunotherapy has yielded exciting results in several clinical trials.
At the same time, achieving precise targeting and universal efficacy is also a problem for
tumor immunotherapies in clinical trials. The choice of any TDMVs can target homologous
tumors, overcoming the disadvantages of synthetic particles. TDMVs exploit the biological
properties of cells, such as the ability to cross biological barriers, circulate in the body
for long periods, interact with other cells and the capability to pass through biological
barriers. In particular, the ability to pass through biological barriers and modify tissue
toxicity effectively protects the drug from its effects. Unique approaches are utilized by
introducing integrated biological components and functions that have synergistic effects
and enhance the performance of TDMVs. For example, ligands composed of antibodies,
peptides and proteins can be integrated into cell membranes to improve the function of
cancer immunotherapy. TDMVs carry tumor cell proteins or genetic material, and their
modification enables personalized therapy for all patients, especially for the development
of tumor vaccines.

Cancer immunotherapy based on TDMVs technology is an attractive option due to
the excellent biocompatibility and versatility, but in practice, there are many challenges
to overcome to achieve widespread clinical application. First, the mechanism of action
of TDMVs with tumor cells has not yet been fully explained. For example, the biological
information carried by TEVs is stochastic in nature, and the mechanism of carrying is still
unclear to achieve effective and precise regulation. Its mode of communication with the
cell remains unclear. Second, whether the batch reproducibility, homogeneity and storage
stability of TDMVs meet the quality manufacturing specification (GMP) standards also limit
their further clinical translation. Third, biosafety issues are owing to unknown biological
mechanisms. The current system for evaluating biosafety in the clinical setting is not robust,
making the safety assessment of TDMVs unconvincing. In addition, personalized im-
munotherapies based on TDMVs currently have long lead times and high costs, and further
exploration of optimization options is needed. However, with greater understanding and
creative ideas, the field of TDMV -based nanotechnology can certainly circumvent these
issues and drive cell membrane nanotechnology closer to accurate clinical applications.
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Abstract: The current study evaluated the ability of sesamol-loaded albumin nanoparticles to im-
part protection against oxidative stress induced by anthracyclines in comparison to the free drug.
Albumin nanoparticles were prepared via the desolvation technique and then freeze-dried with the
cryoprotectant, trehalose. Albumin concentration, pH, and type of desolvating agent were assessed
as determining factors for successful albumin nanoparticle fabrication. The optimal nanoparticles
were spherical in shape, and they had an average particle diameter of 127.24 ± 2.12 nm with a
sesamol payload of 96.89 ± 2.4 µg/mg. The drug cellular protection was tested on rat hepatocytes
pretreated with 1 µM doxorubicin, which showed a 1.2-fold higher protective activity than the free
sesamol. In a pharmacokinetic study, the loading of a drug onto nanoparticles resulted in a longer
half-life and mean residence time, as compared to the free drug. Furthermore, in vivo efficacy and bio-
chemical assessment of lipid peroxidation, cardiac biomarkers, and liver enzymes were significantly
ameliorated after administration of the sesamol-loaded albumin nanoparticles. The biochemical
assessments were also corroborated with the histopathological examination data. Sesamol-loaded
albumin nanoparticles, prepared under controlled conditions, may provide an enhanced protective
effect against off-target doxorubicin toxicity.

Keywords: sesamol; albumin nanoparticles; doxorubicin; oxidative stress; antioxidants

1. Introduction

Excessive free radical generation and cellular oxidative stress are implicated as a
causative or as an adjuvant of various pathologies, such as hepatic fibrosis, pulmonary
inflammation, cardiomyopathy, diabetic complications, renal disease, brain aging, and
neurodegenerative conditions [1–3]. Several chemotherapeutic agents are a potential source
of free radicals and reactive species, which impede their therapeutic use [4]. Free radicals
are involved in cellular respiration, cell growth regulation, intracellular signaling, and
biomolecule synthesis [5].

Doxorubicin (DOX), a secondary metabolite of Streptomyces peucetius that belongs to
the family of anthracycline drugs, is a potent antineoplastic agent that is widely used to
treat different adult and pediatric tumors, including solid tumors, leukemias, breast cancer,
and Hodgkin’s and non-Hodgkin’s lymphoma. It works by multiple cytotoxic pathways
and the most potent is targeting topoisomerase II α, which is highly expressed in cancer
cells, to inhibit DNA replication [6]. Unfortunately, DOX is metabolized by cytochrome
P450 and flavin-monooxygenase enzymes to its semiquinone form, which interacts with
oxygen molecules to generate reactive oxygen species (ROS) [4,7]. Additionally, DOX
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molecules interact with iron (Fe2+) forming a free radical complex, which is usually in-
volved in the production of hydroxyl radical (HO•). Excessive ROS generation triggers
the lipid peroxidation and the depletion of endogenous antioxidant enzymes, resulting in
mitochondrial dysfunction, cellular injury, and multi-organ toxicity [8]. Hence, searching
for a protective agent remains a challenge [9].

Currently, there is great interest toward the combination of natural antioxidants such
as, curcumin, silibinin, or sesamol (SML), and conventional antineoplastic agents such as,
cisplatin, and doxorubicin as prospects for chemotherapy to avoid harmful [10] effects,
which can be toxic to healthy cells [11–14]. Sesamol (3,4-methylenedioxy phenol, SML), a
phenolic antioxidant agent, is a major component of sesame seed oil. SML has a potent
antioxidant, anti-inflammatory, and free radical scavenging activity [10,15].

Several researchers have demonstrated the protective effect of SML on oxidative stress
caused by DOX. It has been reported to possess various physiological activities as a hepato-
protective, cardioprotective, antiatherogenic, and anti-aging agent by attenuating oxidative
stress and systemic inflammation [16]. However, SML has poor intracellular bioavailability
(Fic) due to its hydrophilic nature [17]. SML also suffers from rapid clearance that is associ-
ated with the appearance of its metabolites such as sesamol sulphate/glucuronide within
four hours [18,19]. Hence, a sustained release formulation can provide a controlled and a
steady release manner to maintain SML plasma concentration that is stable for a prolonged
time. Albumin nanoparticles that can be internalized and engulfed by cells may provide
sustained drug release and prolonged efficacy.

Human serum albumin (HSA) is an endogenous, non-toxic, biodegradable, non-
immunogenic, water-soluble polymer (Generally Regarded As Safe (GRAS)) that possesses
serum stability and a long half-life [20]. In addition, HSA provides sites for the binding of
various polar and nonpolar drugs. Further, albumin-based nanoparticles (ANPs) play a
vital role in passive targeting, and they accumulate in solid tumors and inflamed tissues
due to the enhanced permeability and retention effect [21]. The aforementioned preferable
properties of albumin form the rationale for developing albumin-based drug delivery
systems [20]. Clinically, several drugs have been loaded onto ANPs and approved for use
as DOX, methotrexate, and paclitaxel.

It is worth noting that HSA possesses direct and indirect antioxidant effects. It works
directly as a free radical scavenger as the free thiol groups in the Cys-34 residue are able to
trap different types of ROS and six methionine groups, which are easily oxidized. Moreover,
HSA can act indirectly by binding bilirubin that inhibit lipid peroxidation and free metals
such as iron and copper, which catalyze aggressive ROS formation [22].

The work in this study comprised the fabrication of a series of SML-loaded ANPs
(SML-ANPs) formulations adopting the desolvation technique. A systematic optimization
concerning the influence of albumin concentration, pH of the medium, and the type of
desolvation reagent on the physicochemical characteristics of nanoparticles was carried out
to allow preparation of a colloidal system with well-defined physicochemical characteristics.
In vitro and in vivo assessments were carried out in animal models of oxidative stress
induced by DOX.

2. Results
2.1. Characterization of SML-ANPs and Statistical Modeling

The desolvation technique allowed fabrication of homogenous SML-ANPs with a drug
loading capacity ranging from 14.8 to 116.7 µg/mg HSA. All the prepared formulations
showed particle diameters ranging from 111.5 to 367.1 nm, with an acceptable PDI < 0.3
and zeta potential. The morphological appearance using SEM imaging revealed that the
particles have almost a regular spherical shape with a smooth surface, as shown in Figure 1.
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Figure 1. Size distribution histograms, the intensity-, volume-, and number-averaged hydrody-
namic diameter histograms of a selected SML-ANPs (A), scanning electron micrograph (B). 

Figure 2 summarizes the effect of the three tested variables on the fabrication of 
SML-ANPS. Although the increase in pH had a fluctuating effect on the particle size and 

Figure 1. Size distribution histograms, the intensity-, volume-, and number-averaged hydrodynamic
diameter histograms of a selected SML-ANPs (A), scanning electron micrograph (B).

Figure 2 summarizes the effect of the three tested variables on the fabrication of SML-
ANPS. Although the increase in pH had a fluctuating effect on the particle size and the
loading capacity, it was observed to cause a marked increase in the negative charge of
the produced ANPS. However, optimizing HSA mass to get small monodisperse ANPS
with a high loading capacity was more significant (Supplementary material, Table S1). The
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D-optimal design reveals the importance of each of the variables, and it jointly tests their
interactions (Supplementary material, Table S2). Each response was fitted to the suggested
model generated by the optimal design. The generated equations according to the DOD
(Equations (S9)–(S14)) are mentioned in the supplementary file [23,24].
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Figure 2. Contour plots generated by the D-optimal design demonstrating the effect of albumin
concentration and aqueous medium pH using ethanol acetone as a desolvating agent on the albu-
min nanoparticles diameter (PS), polydispersity index (PDI), Zeta potential, sesamol encapsulation
efficiency (EE%), albumin nanoparticles percent yield, and sesamol loading in albumin nanoparti-
cles (LC).

Multiple regression analysis of the results of the measured responses was performed,
as shown in Table 1. The R2 values represent the amount of variation around the mean
explained by the model. Most of the presented models were significant (p value < 0.001),
with a good predictability (R2 > 0.94), demonstrating fittingness of the models except the
PDI model which was insignificant. An ANOVA test was used to verify the adequacy
of these models. The term “adequate precision” is a measure of the range of a predicted
response relative to its associated error, which measures the signal-to-noise ratio [25]. Most
of the models showed a ratio higher than 4.0, which implies an adequate signal that can
navigate the design space using that model [26]. The results showed that changing the
three tested factors (HSA concentration, pH, and changing type of desolvating agent)
had a statistically significant impact on the physicochemical properties of the prepared
SML-ANPs. The Predicted R2 was in reasonable agreement with the Adjusted R2; i.e., the
difference was less than 0.2, which showed a strong correlation between the independent
parameters and the responses.
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Table 1. Characteristics of the generated response surface models.

Responses PS PDI Zeta %EE %Yield LC 1

Order Quadratic Quadratic Linear Quadratic Quadratic Quadratic

Significance
extremely
significant
(p < 0.001)

ns
extremely
significant
(p < 0.001)

extremely
significant
(p < 0.001)

extremely
significant
(p < 0.001)

extremely
significant
(p < 0.001)

R2 0.994 0.649 0.969 0.972 0.983 0.942
Adjusted R2 0.989 0.338 0.963 0.947 0.968 0.890
Predicted R2 0.969 −0.468 0.953 0.871 0.923 0.736

Adequate
precision 45.801 3.998 34.93 18.01 23.926 12.855 2

1 Abbreviations: DL: Drug loading; EE%: Percent of entrapment efficiency; SML-ANPS: Sesamol-loaded albumin
nanoparticles; PDI: Polydispersity index; PS: Particle size; Y%: Percent of yield; and ZP: Zeta potential. 2 “ns”
presents that no significant differences.

Using Design-Expert software® and by applying the D-optimal design desirability
function, the optimum conditions for SML-ANPs fabrications were 131 mg/mL concen-
trations of HSA, pH 8.12, and ethanol acetone mixture as a desolvating agent with a
desirability rate of 0.734. Moreover, the optimum formulation according to the predeter-
mined parameters in the design and data analysis scored 127 nm, 0.07, −26.2 δ, 87.9%,
81.92%, and 96.9 µg/mg in particles size, PDI, zeta potential, percentage encapsulated, yield
percentage, and sesamol payload, respectively, which were found to be in considerable
agreement with their corresponding predicted values that were obtained by the design
expert software. The mean particle size measurements using DSL were in agreement with
the SEM imaging observed particle size.

2.2. In Vitro Cumulative Release Study

The in vitro release profiles of SML from the selected SML-ANPs formulations and
the free drug solution are shown in Figure 3. SML was released in a biphasic manner
with a sustained release subsequent to an initial burst in the first hour. The cumulative
percentage of SML released over 72 h was approximately 62.3%. Table S3, summarizes
the data derived from the kinetic study, where Higuchi and the Korsmeyer–Peppas model
fit the SML release from SML-ANPs rather than the other modules with maximum R2
values of 0.971 and 0.985, respectively, elucidating that SML release followed the diffusion
mechanism in the general manner. Besides, the value of the diffusion exponents (n) was
0.336, which corresponds to the Fickian diffusion mechanism of release [27,28].

2.3. Freeze Drying and Stability Studies of SML-ANPs

The freeze-drying of the selected formulation in the absence of cryoprotectants led to
a large increase in particle size reaching 386 nm and a lack of homogeneity (PDI, 0.52), as
shown in Figure 4. Therefore, freeze-drying without cryoprotectants was determined as
not an appropriate technique for stabilizing the suspension of SML-ANPs and enhancing
its long-term stability. In the current study, the propensity of three distinct cryoprotectants
(sucrose, trehalose, and mannitol) was evaluated at three concentrations of 1%, 2%, and
3% each, while retaining their original state. After reconstitution of the freeze-dried ANPs,
1% sucrose and 1% trehalose were able to maintain the original properties of SML-ANPs
suspension with a low non-significant difference at the lowest tested concentration. On
the other hand, mannitol showed a significant increase in particle size: 264.7 nm and a PDI
of 0.3.
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that no significant differences were found and the differences were considered significant when
p < 0.05, and extremely significant when p < 0.0001 presented by *, and ***, respectively.
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After reconstitution of the freeze dried SML-ANPs with different types of cryopro-
tectants, trehalose was able to maintain the properties of SML-ANPs, and it showed a
long-term stability of up to six months with a non-significant difference (p ≥ 0.05). Be-
sides, the data of the short-term stability study showed that SML-ANPs remained stable
in water and biologically-relevant media, with no statistically significant changes over
the 2-h incubation period in all conditions (results not shown). Regarding the shelf-life
testing, three samples of freeze-dried SML-ANPs were tested weekly for 12 weeks. There
was no significant change in nanoparticle diameter and PDI over the 12 weeks, except for
frozen batches that became micrometric and heterogeneous (PI > 0.3) after 3 weeks of the
experiment. Both types of cryoprotectants maintained their physicochemical properties
at 4 ◦C for more than 6 months. There was no significant change in the diameter and
PDI (p < 0.05) of the formula during the tested period for sucrose and trehalose. All of
these results confirmed that sucrose and trehalose would be suitable cryoprotectants for
ANPs. On the other hand, when HSA nanoparticles were not stabilized with lyophilization,
the resulting carriers were found to be stable for a few weeks, then nanoparticles rapidly
aggregated.

2.4. Pharmacokinetic Study Results

Figure 5 depicts the SML plasma concentrations following intravenous administration
of SML and SML-ANP at predetermined intervals. Although the clearance patterns of both
groups were almost similar, a significant difference of 151.9 and 67.3 µg/mL between SML-
treated and SML-ANP-treated groups, respectively, was observed early after 15 min. SML
plasma concentration was 10.5 µg/mL after 24 h of an SML-ANPs injection, while SML
was barely detected after 8 h in an SML-treated group. Additionally, the SML-treated group
displayed a short half-life and a rapid elimination rate of 1.25 h and 0.53 L/h, respectively.
As illustrated in Table 2, ANPs can act as an SML reservoir in the bloodstream, with an
extended half-life and slower elimination rates of 8.9 h and 0.11 L/h, respectively. When
SML-ANPs are gradually degraded, SML is slowly released into the blood stream resulting
in a prolonged drug residence time in blood circulation and a higher AUC value of 8.5 h and
88.7 µg·h/L, respectively. Nevertheless, the free SML solution showed a shorter residence
time and a lower AUC of 2.6 h and 19.5 µg.h/L, respectively.
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Table 2. Pharmacokinetic parameters of SML concentration after intravenous administration of free
SML and SML-ANPs to rats.

Parameters t1/2(h) * AUC (µg/mL h) * MRT(h) * CL (mL/h) *

Free SML 1.3 ± 0.13 19.5 ± 4.2 2.6 ± 0.03 528.2 ± 115.5
SML-ANPs 6.1 ± 0.44 88.7 ± 12.2 8.5 ± 0.63 114.2 ± 15.9

Abbreviations:
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The pharmacokinetic study showed that the average half-life, mean retention time,
and AUC were significantly higher (p < 0.05) than that of the SML-treated group (Table 2),
whereas the clearance rate was lower (p < 0.05). The above results indicate that SML-ANPs
increased the systemic circulation time leading to a higher amount of SML available for
cellular uptake. Moreover, maintaining the plasma SML concentration for a long time with
continuous release properties was demonstrated.

2.5. Evaluation of SML-ANPs Hepatoprotection

Figure 6 shows the relative cell protection of SML-ANPs at different concentrations.
The results from cultivated rat hepatocytes demonstrated that cell viability was dropped to
25.2± 1.3% by incubation with 1 µM DOX for 24 h. Viability percentage, SML hepatoprotec-
tion, and enhanced SML-ANP protection capability were counted, as illustrated in Table S4.
Treatment with SML showed a percentage of hepatoprotection at concentrations of 100 and
500 µg/mL up to 16.7 ± 4.4 and 30.1 ± 4.6, respectively. However, SML-ANPs showed an
enhanced protective activity in comparison to a free SML solution at concentrations of 100
and 500 µg/mL up to 23.2 ± 6.1 and 41.7 ± 4.9 µg/mL, respectively.
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Figure 6. Hepatoprotective effect of SML-ANPs on rat hepatocytes in comparison to free SML
solution, measured by the MTS assay. * p < 0.05 and ns when no significant difference was found
between the SML group and the SML-ANPs group. Results presented as %hepatoprotection and
expressed as the mean ± SD (n in each group = 4).
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2.6. Biochemical Assessment

By cumulative i.p. injection of DOX, serum levels of CK, LDH, AST, and ALT were
significantly elevated to 2.7, 4, 3.3, and 3-fold above the corresponding control values,
respectively. However, the co-treatment with SML-ANPs significantly reduced the elevated
serum CK and LDH by 59.3 and 64.5%, respectively, while AST and ALT were reduced by
60.5 and 59% in comparison to the corresponding values of the free SML treated group,
which were 35.6, 47.2, 49.9, and 41.2%, respectively (Figure 7). These results were accom-
panied by a significant increase in the MDA levels above the control values by 21.6, 9.4,
114, 7.5, and 8.8-folds in serum, cardiac, liver, kidney, and testis samples, respectively,
as illustrated in Figure 7. The protection of doxorubicin-treated rats with SML-ANPs
succeeded in normalizing MDA levels, as shown in Figure 7, where MDA activity was
significantly reduced in serum, cardiac, liver, kidney, and testis by 88.2, 77.3, 80, 72.3, and
81.2%, respectively, in comparison to the corresponding values of the free SML-treated
group: 61.9, 55.9, 59, 41.7, and 86.5%, respectively.
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2.7. Changes in Animal Body Weight and Mortality Rates

As illustrated in Table 3, the body weights (BW) of the experimental animals decreased
significantly starting from the first dose in the DOX-treated group compared to the control
group (p < 0.05). The administration of SML and SML-A NPs controlled this issue. Although
there was no significant difference in the animals’ body weight between SML-treated or
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SML-ANPs-treated animals during the first two weeks, the difference after the third week
was highly significant (p value < 0.001). Consequently, these findings pointed to the
enhanced protective effect of SML-ANPs at the tested dose. Furthermore, during the
study period, there was no mortality in both control GP and SML-ANPs GP. However,
throughout the experiment, three animals died; two animals in DOX GP and only one
animal in SML GP.

Table 3. Body weights of the experimental animals after the administration of the investigated
formulations as compared to the control.

Wt.(g)/Survival
Rate Control GP DOX GP * SML GP ns SML-ANPs GP ns,1,2

Body weight 151.7 ± 11.02 101.26 ± 5.61 146.5 ± 14.12 162.44 ± 15.49

Survival rate 10/10 8/10 9/10 10/10
1 Abbreviations: DOX GP: Doxorubicin treated group; SML GP: Sesamol treated group; SML-ANPs GP: Sesamol
loaded albumin nanoparticles treated group. 2 For all results, compared to the control group ns presents that no
significant difference was found and the differences were considered significant when p < 0.05 presented by *.
Body weight results expressed mean ± SD (n in each group = 10).

Moreover, the DOX treated group showed remarkable degenerative changes at dif-
ferent grades in the cardiac, liver, kidney, and testis tissues in the form of cellular atrophy,
cytoplasmic vacuolization, lymphoid cell aggregation, coagulative necrosis, edema, and
hemorrhages. Sesamol counteracted the damaging effects of oxidation in SML GP. However,
Sesamol-loaded albumin nanoparticles treatment in SML-ANPs GP markedly ameliorated
the DOX-induced pathological changes, and they maintained the normal histological pic-
ture, as shown in Figure 8. Moreover, the histopathological lesions in the four groups were
scored according to the following: 0 = no damage, 1 = (<25% damage) focal, slight changes,
2 = (25–50% damage) multifocal, significant changes, and 3 = (>50% damage) common
widespread changes, as illustrated in the Supplementary material, Table S5.

As shown in Figure 8A,B, the liver from the control group showed normal hepatic cells
structure organized in cords (Figure 8A) separated by hepatic sinusoids and radiating from
the central vein to the portal area (containing branches of heptaic artery, portal vein, and
bile duct) (Figure 8B). Kidney sections from the control group (Figure 8C) showed a normal
renal cortex with glomeruli and renal tubules. The heart from the control group (Figure 8D)
showed normal cardiac muscle histology with its characteristic striated appearance. Th
testicular sections from the control group (Figure 8E) showed normal seminiferous tubule
with its normal lining epithelium. The liver sections from the DOX group (Figure 8F,G)
showed hepatic cell atrophy: particularly, in the centrilobular area, widening of the hepatic
sinusoids (arrows), cytoplasmic vacuolization (arrowheads) (Figure 8F), and focal lymphoid
cell aggregations in the portal area (arrows) (Figure 8G). The kidney sections from the
DOX group (Figure 8H) showed glomerular necrosis (arrow), accumulation of hyaline
casts in the Bowman’s space and the tubular lumen (arrowheads), and severe renal tubular
necrosis. DOX group heart sections (Figure 8I) showed severe myocardial necrosis (arrows)
and lymphoid cell infiltration (arrowheads). The testicular sections from the DOX group
(Figure 8J) showed severe necrosis of the seminiferous tubule with loss of the spermatogenic
cells, intratubular multinucleated spermatids (arrows), and cytoplasmic vacuolization
(arrowheads). Liver sections from the SML group (Figure 8K,L) showed moderate atrophy
of the hepatocytes in the centrilobular zone, moderate widening of the hepatic sinusoids
(arrows) (Figure 8K), mild vacuolated cytoplasm (arrowheads) (Figure 8K), and mild
lymphoid cell infiltration in the portal area (arrowheads) (Figure 8L). (M) Kidneys from
the SML group showed moderate hyaline cast deposition in the Bowman’s space and
the tubular lumen (arrowheads) and individual cell necrosis (arrows). The heart sections
from the SML group showed mild individual necrosis of the cardiomyocytes (arrow) and
moderate cytoplasmic vacuolization (arrowheads) (Figure 8N). The testicular sections from
the SML group (Figure 8O) showed almost normal seminiferous tubules and few with
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depleted spermatogenesis and germ cell detachment from the basal lamina (arrows). The
liver sections from the SML-ANPs group (Figure 8P,Q) showed very few hepatocytes with
vacuolated cytoplasm (arrowhead) (P) and mild lymphoid cell infiltration in the portal
area (arrow) (Q). The SML-ANPs group kidney sections (Figure 8R) showed mild hyaline
cast deposition in the tubular lumen (arrowheads). The heart sections from the SML-ANPs
group (Figure 8S) showed lymphoid cell infiltration (arrowheads). Finally, the testicular
sections from the SML-ANPs group (Figure 8T) showed almost normal seminiferous tubules
and spermatogenic cells.
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orubicin treated group (DOX GP), sesamol treated group (SML GP), and sesamol-loaded albumin
nanoparticles group (SML-ANPs GP). (A–E) represent photomicrographs of the liver, kidney, heart
and testis sections, respectively, stained by H & E from the control group. (F–J) represent photomicro-
graphs of the liver, kidney, heart and testis sections, respectively, stained by H & E from DOX GP.
(K–O) represent photomicrographs of the liver, kidney, heart and testis sections, respectively, stained
by H & E from SML GP while (P–T) represent photomicrographs of the liver, kidney, heart and testis
sections, respectively, stained by H & E from SML-ANPs GP.

3. Discussion

ANPS were prepared by a desolvation technique that did not involve the use of heat
and high shear strength, which impair drug stability [29]. The operating conditions such
as initial pH of the solution, amount of HSA, and type of desolvating agent have been
identified as critical factors that influence characteristics of the formed particles. It was
previously reported that the isoelectric point (IP) of HSA is 4.9 [30]. At pH < IP, the absence
of electrostatic repulsion forces and hydrophobic interactions led to the aggregation of
protein molecules and a larger particle size. Decreasing the overall charges by approaching
the IP limits the physical stability of the colloidal dispersion and increases the probability
of aggregation. On the other hand, in a basic environment, the electrostatic interactions
increased the repulsive forces between HSA molecules and, concomitantly, the enhanced
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protein–solvent interactions decreased the coagulation. As a result, fine HSA particles
could be formed accompanied with a higher loading capacity at pH 8. However, at pH
9, enhanced ionization of the albumin molecules occurred and the high negative charges
enhanced the repulsion among the HSA molecules due to steric effects that slowed down
the aggregation during particle formation and led to an increase in particle size. Moreover,
the molecular repulsion caused by a large magnitude of a negative charge can hinder
molecules from getting closer thus preventing the production of aggregates with high
polydispersity. Furthermore, the accelerated cross-linking process in alkaline conditions
(Schiff’s base formation) could explain the lower loading capacity and the larger particle
size. As amino groups are deprotonated at high pH, free amino groups are available for
interaction with the aldehydic groups [31].

Figure 2 demonstrates the contour plots of the D-optimal models. Noticeably, from
the plots, a lower concentration of the HSA solution during desolvation significantly
decreased (p < 0.0001) the particle diameter and increased the loading capacity. Furthermore,
increasing the amount of HSA affected the coagulation of the albumin molecules and the
formation rate of ANPS. The free albumin molecules start to condense around the protein
nuclei, forming albumin particles that start to aggregate with a larger particle size and a
high percentage of yield. Upon increasing HSA concentration, the viscosity of the solution
increases. As a result, the movements of HSA molecules become slower between the
aqueous phase and the desolvating agent. This contributed to a slower nucleation rate and
hence larger particles. Changing the desolvation agent from a polar ethanol to an ethanol
acetone mixture significantly affected the ANPs zeta potential. Albumin molecules are
insoluble in both ethanol and the mixtures of ethanol and acetone [32]. Consequently, this
promotes albumin molecules nucleation and then aggregation. The aggregation process
results spontaneously in ANPs formation. Notably, the higher hydrophobicity of acetone
resulted in particles that possess a lower charge, compared to particles formed with using
pure ethanol. The high negative charge of NPs could improve their stability. Efficacy
of nanoparticles after injection is mainly dependent on particle size and surface charge.
The D-Optimal design allowed analysis of the factors that influence characteristics of the
formed nanoparticles.

The experimental results confirmed the ability of using sucrose and trehalose as
cryoprotectants to prevent the aggregation of ANPs during the freeze-drying process
and to protect them from the deterioration effect of dehydration and the subsequent re-
hydration step [33]. Mannitol failed to prevent the particles’ aggregation. This could be
ascribed to its partial crystallization, mostly during the freeze-drying process. The ability
of sucrose and trehalose to form amorphous glasses that are capable of interacting with
amorphous proteins, forming a glass matrix around nanoparticles during freeze-drying,
could interpret their effectiveness over mannitol [34].

In the in vitro release profile of SML-ANPS, the initial fast release can be attributed
to the desorption and the diffusion of SML from the outer surface of ANPS. The initial
drug release is necessary for a satisfactory therapeutic effect. The slow release is mainly
because of the slow diffusion of SML through the albumin matrix, and this was inconsistent
with similar data documented by other authors [35]. On the other side, glutaraldehyde
would disperse inside the nanoparticle network throughout the cross-linking process and
associate covalently with adjacent amine groups of lysine in albumin residues, leading to
a strong stabilization of the matrix of ANPS, resulting in a slow release of SML. During
circulation in the blood, slower drug release from the nanoparticles is beneficial as this
minimizes the systemic adverse side effects, and it increases ANPs’ targeting ability.

SML has been previously tested on different cell lines as an antioxidant to protect them
against the damaging effect of cancer therapy. [36]. Sesamol could reduce the oxidative
damage and the toxicity to H9c2 cardiomyoblasts caused by doxorubicin [37]. The cellular
ability to reduce MTT dye is an indicator of mitochondrial activity, a measure of cellular
viability [38]. DOX triggers cellular apoptosis by increasing the levels of intracellular ROS,
thus a reduction in cell viability and increasing apoptosis were observed to >70% [39].
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However, co-treatment with an antioxidant agent counteracts ROS production and im-
proves the endogenous enzyme levels. Sesamol, being a phenolic compound possessing a
methylenedioxy group, is considered a potent inhibitor of cytokine production. Moreover,
it is a powerful antioxidant [40]. Furthermore, sesamol was previously reported to elevate
mRNA levels and the protein expression of the antioxidant enzymes HO-1 and NQO1 as
well as to decrease the inflammatory cytokines TNF-α and IL-1β in D-galactose-treated
mice serum. Moreover, the activity of CAT and the GSH level were found to increase in
sesamol-treated mice serum. Additionally, sesamol treatment was also found to balance
the cellular redox status, protect against mitochondrial dysfunction, and upregulate the
antioxidant enzymes by activating the Nrf2 transcriptional pathway [41].

Therefore, treatment with both free and encapsulated sesamol had a protecting effect.
However, higher hepato-protectivity of the used antioxidant drug was observed when
it was encapsulated in albumin nanoparticles compared to the free drugs. This can be
explained by the efficient internalization, localization, and endocytic uptake of albumin
nanoparticles via different pathways [42]. Particles with diameters < 200 nm could be
phagocytized by cancer cells due to the enhanced permeability and a retention effect [43].
A synergistic antioxidant effect may be also ascribed to the presence of albumin. HSA was
reported to possess direct and indirect antioxidant effects. It exerts its direct effect being a
free radical scavenger where the free thiol groups in the Cys-34 residue are usually able to
trap different types of ROS and due to the presence of six methionine groups that are easily
oxidized. HSA can also act indirectly by binding bilirubin that inhibit lipid peroxidation
and free metals such as iron and copper, which catalyze aggressive ROS formation [22].

Furthermore, anionic HSA NPs bind to the albumin receptors on the cell surface
e.g., Gp60, SPARC. Additionally, binding of albumin to the neonatal Fc receptor (FcRn),
a cell membrane bound receptor found on endothelial cells and various organs, such as
the kidneys, liver, and intestine, was elucidated by Anderson and co-workers [42]. As
SML water solubility impaired its cellular uptake and such molecules need a specific
receptor or transporter to transfer it into the cells, it could therefore be hypothesized that
ANP improved the availability of SML by prolonging drug residence time and increasing
tissue uptake. Antioxidative agents inhibit oxidative damage and death in normal cells
by the induction of endogenous antioxidants and/or reactive oxygen species scavenging.
Moreover, they prevent the activation of chemical resistance pathways in cancer cells
through oxidative stress [44].

SML-ANPs and SML solution pharmacokinetic profiles were studied. SML solution
was directly injected, and thus blood exposure resulted in faster elimination. However, the
ANPs acted as reservoirs for SML in the blood, where SML-ANP was gradually degraded
over time and SML was slowly released into the bloodstream, resulting in an extended
residence time, a slower clearance, and higher AUC.

Anticancer agents such as DOX have been demonstrated to exert serious dose impacts
on the other non-targeted tissues. Previous reviews corelated DOX’s toxic side effects with
several factors, such as ROS and RNS generation [25,26]. The semiquinone formed by
DOX reacts with molecular oxygen, providing a radical superoxide (O2−) and returns to its
quinone form. This cycling process produces several active oxidant species, H2O2, OH−,
and ONOO−. The elevated levels of free radicals have a significant potential to initiate
lipid peroxidation upon rapid interaction with lipids. Furthermore, it triggers an oxidative
stress that affects different biomolecules such as the membrane-bound proteins, enzymes,
lipids, mitochondrial genomes, and others. Several studies have shown that oxidative
stress and development of iron anthracycline free radicals may be highly responsible for the
pathogenesis of DOX-induced cardiotoxicity, hepatotoxicity, nephrotoxicity, and testicular
toxicity [45]. DOX-induced cardiotoxicity in rat models is manifested as an escalating
level of serum lactate dehydrogenase (LDH), creatine kinase, and cardiac malondialdehyde
(MDA), which are associated with the histopathological changes. Coincidentally, DOX has a
high affinity for cardiolipin, a phospholipid inserted in the cell membrane of mitochondrial
where the DOX-cardiolipin complex act as a substrate and start the lipid peroxidation
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process. When the hepatocytes are damaged, certain changes occur in cell membrane
permeability, which is further correlated with the release of enzymes from the cells, reducing
the levels of ALT and AST and increasing their serum levels. A previous study reported an
enhanced lipid peroxidation in the kidneys of DOX-treated rats. A recent study provided
both biochemical and histological evidence for marked reproductive toxicity caused by
DOX through oxidative stress. It was reported that DOX-treated rats showed considerably
higher levels of MDA suggesting the strong pro-oxidative activity of DOX. The formation
of free radicals is considered to be the rate limiting step in lipid peroxidation. Compared
to the DOX-treated group, the administration of SML-ANPS 30 min before DOX showed
substantial improvement in the cardiac markers (CK and LDH serum levels) and the
biochemical variables. Normally, during DOX therapy, extensive free radical production
results in increased membrane permeability of MDA in tissue homogenates as MDA
molecules are normally located in the cellular cytoplasm and leak into the serum after
tissue damage during inflammation, which can explain histological injuries. Similarly,
other studies showed an increase in the levels of biochemical markers with an elevation
of LPO in different organs after doxorubicin treatment [11]. It was reported that the
therapeutic indices in traditional chemotherapy were enhanced upon co-treatment with
antioxidants [44].

4. Materials and Methods
4.1. Materials

The Bradford reagent (Cairo, Egypt), Doxorubicin, was purchased from Thermo Fisher
Scientific (Fair Lawn, NJ, USA); Glutaraldehyde, 25 wt.% solution was purchased from
Acros Organics (Merelbeke, Belgium); Fetal Bovine serum, gentamycin, HEPES buffer,
L-glutamine and RPMI-1640 medium were purchased from Lonza (Verviers, Belgium);
HPLC grade acetone, tetrazolium salt (MTT), sesamol and trypan blue dye were purchased
Sigma-Aldrich (St. Louis, MO, USA); HPLC grade acetonitrile was purchased from Carl
Roth (Karlsruhe, Germany); HPLC grade ethanol was purchased from Thermo Fisher
Scientific (Schwerte, Germany); lyophilized HSA were purchased from Alfa Aesar (Kandel,
Germany); and the Milli-Q® Integral Water Purification System for Ultrapure Water was
purchased from Merck Millipore (Darmstadt, Germany).

4.2. Methods
4.2.1. Fabrication of SML-ANPs

ANPs were prepared using the desolvation process. Briefly, different concentrations
of HSA solution were prepared (25, 50 and 100 mg/mL). Then, the pH of drug-polymer
solution was adjusted at different pH values (7, 8, and 9) using a phosphate buffered
saline solution (PBS). SML was dissolved in the HSA solution and incubated for 4 h under
constant stirring. Using a burette, a desolvating agent (ethanol or ethanol/acetone, 1:1)
was added at a constant rate of 1 mL/min under stirring of 550 rpm, until turbidity
just appeared. Finally, the formed ANPs were cross-linked by 8% glutaraldehyde (GA)
overnight at room temperature. The unbound drug in the nanoparticle dispersion was
removed by three cycles of washing and centrifugation at 14,000 rpm for 30 min each using
a cooling centrifuge at 4 ◦C (Sigma Laboratory centrifuges, Osterode am Harz, Germany).
The supernatant was collected for further analysis. After each cycle, 5 min sonication was
used for the re-dispersion of the formulation.

4.2.2. Characterizations of Albumin Nanoparticles

The average particle size (P.S.) and polydispersity (PDI) of purified reconstituted
nanoparticles were measured using dynamic light scattering (DLS) and utilizing a Malvern
Zetasizer (Worcestershire, UK). The samples were diluted at a ratio of 1:10, with purified
water. Thereafter, they were measured using the backscattered light detector operating at
angle of 173◦ and the Zeta potential values were measured by laser Doppler anemometry.
All samples were measured at 25 ◦C in triplicate to assess the reproducibility. Quantification
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of unbound SML in the supernatant was performed using a Dionex Ultimat 3000 UHPLC
system (Thermo Scientific, Waltham, MA, USA) equipped with HPG-3200 RS pump, a
DAD-3000 RS detector, a WPS-3000TRS analytical autosampler, and a Hypersil BDS C-18
column with the dimensions of (5 µm, 4.6 × 150 mm). A reversed-phase technique was
proceeded using a mobile phase consisted of acetonitrile and 0.3 M KH2PO4, pH 3.5, in the
volume ratio 70:30, respectively. The mobile phase flow rate was 1 mL/min, the injection
volume was 20 µL, and the eluent was quantified by Diode-Array Detection (DAD) detector
at 294 nm wavelength. The method accuracy was determined to be 99.99% with a limit of
quantification (LoQ) of 100 ng/mL. Then, encapsulation efficiency (% EE) was calculated
according to Equation (1);

% EE =
Initial amount of SML− amount of unloaded SML

Amount of drug initially added
× 100, (1)

while to determine the percent of ANPs yield, the unbounded HSA concentration in the
supernatant was determined spectrophotometrically at 595 nm, using a pre-constructed
calibration curve (10–80 µg/mL), based on the method of Bradford [46]. The percentage
of drug loading capacity (% LC) and the yield (% Y) of the nanoparticles were calculated
according to Equations (2) and (3), respectively;

% Yield =
Initial amount of HSA − amount of unbounded HSA

Initial amount of HSA
× 100 (2)

% LC =
Amount of encapsulated SML
Total weight of SML−ANPs

× 100. (3)

For the interpretation of Fourier transform-infrared spectroscopy (FT-IR) and differ-
ential scanning calorimetry (DSC) thermograms of lyophilized SML, HAS, SML/HSA
physical mixture, SML/HSA mixture after incubation, and SML-ANPs see supplementary
material, Figures S1 and S2.

4.2.3. Design of Experiments (DOE) for Studying Critical Factors

Three levels for each of the investigated factors were chosen to generate an experimen-
tal design, namely, the D-optimal design (DOD) (Table 4). The concentration of HSA, pH of
albumin-drug solution, and the type of the desolvating agent were treated as three inde-
pendent variables affecting the SML-ANPs formulation. The design matrices comprised 18
experimental runs (see supplementary material, Table S1).

Table 4. Factors controlling SML-ANPs preparation and their levels in D-optimal design.

Independent
Variable Level (−1) Level (0) Level (+1)

PH 7 8 9
HSA (mg/mL) 25 50 100

D.A Ethanol - Ethanol/acetone
Abbreviations: D.A: Desolvating agent; HSA: Humane serum albumin; SML-ANPS: Sesamol-loaded albumin
nanoparticles.

4.2.4. In Vitro Drug Release of SML from Selected SML-ANPs

An optimal amount of selected SML-ANPs containing 5 mg of SML were suspended
in phosphate buffered saline at pH 7.4 in a dialysis membrane (Molecular weight cut-off
12 kDa) and dialyzed against 50 mL of phosphate buffered saline. The medium was con-
tinuously stirred at 100 rpm and maintained at a temperature of 37 ◦C. Samples were
withdrawn at predetermined time intervals and the same volume was replaced with pre-
warmed fresh medium. The SML quantification was preformed, using HPLC as previously
described in the encapsulation determination section.
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Release Kinetic Studies

To study the release kinetics of SML, the data obtained from the in vitro release studies
of selected SML-ANP were fitted to various kinetic models, such as zero-order, first-order,
and the Higuchi, Korsmeyer–Peppas, and Hixson Crowell models [47]. Regression analysis
was used to determine the constants and the corr4elation coefficients of the data (R2) [48].

4.2.5. Morphological Characterizations

The morphology of selected SML-ANPs was visualized by Quanta FEG 250 scanning
electron microscopes (SEM) at a magnification of 120,000× and an accelerated voltage
of 20.0 kV. The sample was prepared by pipetting 10 µL of the SML-NPs suspension
(2 mg/mL) onto copper tape and leaving it to dry.

4.2.6. Freeze Drying of the Selected SML-ANPs

Using CHRIST Alpha 2-4 LD plus freeze-dryer (Osterode am Harz, Germany), the
ability of the selected SML-ANP to maintain their physiochemical characterizations under
freeze drying conditions was studied in absence and in the presence of distinct types of
cryoprotectants as trehalose, mannitol, and sucrose. The cryoprotectants were evaluated at
three different concentrations of 1%, 2%, and 3%, in order to obtain a stable solid dosage
form without negative impact on the product properties. In triplicate, samples and the
respective control without cryoprotectants were frozen at −80 ◦C overnight prior to freeze
drying process. The vacuum pressure was set at 0.011 mbar and the temperature was
maintained at −60 ◦C for 48 h. After freeze drying, the samples were re-dispersed in
distilled water. The particle size and the PDI were measured and compared with their
respective characteristics before freeze-drying [49].

4.2.7. Evaluating the Reconstituted SML-ANPs Stability

To evaluate the stability of SML-ANPs, three batches of the selected formulation after
freeze drying were stored in sealed Eppendorf tubes (1.5 mL) at 4 ◦C for 6 months and
then reconstituted for analysis. The reconstituted freeze dried SML-ANP formulations
were evaluated in terms of particle size and the polydispersity index. Besides, further
experiments were performed to examine the stability in different biological media after
a 2 h incubation. The nanoparticles were diluted 1 in 20 with purified water, phosphate
buffered saline (PBS), and Dulbecco’s Modified Eagle Medium (DMEM), and three readings
were taken at after 2 h.

4.2.8. The Hepatoprotective Study of SML-ANPs

Sprague–Dawley male rats (200–250 g) were obtained from the Animals House in the
Faculty of Science at Al-Azhar University, Cairo, Egypt and treated according to Helsinki’s
declaration of animals use (2008). Before performing liver biopsies on five rats, they were
administered ether anesthesia. The hepatocyte isolation was performed according to the
collagenase perfusion procedure which was previously described by Reese and Byard [50].
The hepatocytes (1 × 106 cells/mL) were placed in a Krebs–Henseleit buffer (pH 7.4)
containing 12.5 mM HEPES and kept at 37 ◦C with 95% O2 and 5% CO2. The hepatocytes
with a viability of more than 90%, which was measured with Trypan Blue, were used in the
experiments [51]. Rat hepatocytes were exposed to a medium containing DOX (1µM). Then,
the viability of cells was estimated by the MTT reduction assay [52]. The experimental
groups tested were as follows: Control group: untreated rat hepatocytes; DOX-treated
group: rat hepatocytes were treated with DOX (1 µM); SML treated group: rat hepatocytes
were treated with DOX (1µM) and a nontoxic dose of free SML; and SML-ANPs treated
group: rat hepatocytes were treated with DOX (1 µM) and a nontoxic dose of SML-ANPs.
In case of tested formulations treatment, the hepatocytes were pretreated with either SML
or SML-ANPs 24 h before adding the DOX. Each treatment was repeated four times (i.e.,
four wells for each treatment). The doses of DOX and SML were selected according to a
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preliminary cytotoxicity study and previous literature (supplementary file, Figure S3 and
Table S6) [53,54].

4.2.9. Pharmacokinetic Study

Adult male healthy Wister albino rats (weighing in the range of 150 ± 20 g) were
obtained from the animal house in the Faculty of Medicine, Assiut University, Assiut, Egypt.
The rats were acclimatized for 7 days and maintained on a 12:12 h light/dark cycle, and
they had free access to food and water. The protocol of the study (no. 155) was approved by
the animal care and use committee of the Faculty of Pharmacy, Ain Shams University, Cairo,
Egypt. A pharmacokinetic study was performed to assess SML sustained release from
SML-ANPs and to estimate their ability as a drug carrier to modulate SML rapid clearance.
Eight rats were randomly divided into two groups (four animals per group). The first group
received a single dose of free SML solution (15 mg/kg), while the second received an SML-
ANPs dispersion loaded with an equivalent amount to the injected SML solution. Blood
samples were withdrawn via vein puncture from the caudal vein into heparinized tubes at
predetermined time intervals (0.25, 0.5, 2, 4, 8, 12, and 24 h) after intravenous injection (IV).
Then, plasma samples were separated by centrifugation at 3000 rpm for 10 min and stored
at −20 ◦C for further analysis. Plasma SML concentrations were analyzed using a reversed
phase-HPLC by the method described previously with some modifications [55,56]. The
mobile phase composed of 70:30 v/v acetonitrile to 0.3 M orthophosphate buffer adjusted
at pH 3.5 by phosphoric acid. The flow rate was set at 1.0 mL/min, the injection volume
was 20 µL, and elute was analyzed with a DAD detector set at a wavelength of 294 nm.
Acetonitrile (1 mL) was added to the plasma sample (200 µL) to precipitate the plasma
proteins [57]. Then, plasma samples were vortexed for 10 min and then incubated and
centrifuged at 4000 rpm for 15 min. The collected supernatants were filtered through a
0.45 µm syringe filter (Millipore, Billerica, MA, USA). Then, they were analyzed using the
HPLC against a calibration curve of SML in the plasma that was constructed using blank
plasma spiked and mixed with standard SML solutions to obtain a concentration range of
0.01–10 µg/mL. The spiked plasma samples were then subjected to the same extraction
procedure as the tested plasma samples to avoid any quantitation error factor in sample
preparation [55,57]. The pharmacokinetic parameters were calculated by fitting the plasma
concentration–time data to a suitable model using WinNonlin Professional Edition software
version 2.0 (Science Consulting, Apex, NC, USA). The maximum plasma concentration
(Cmax), the time of maximal concentration (Tmax), the half-life (T1/2), the area under the
curve (AUC0–∞), and mean residence time (MRT0–∞) were calculated.

4.2.10. In Vivo Study of SML-ANPs

Acute administration of DOX in Wister rats, which normally induces a state of ox-
idative stress, is considered a widely used animal model to assess the protective ability
of antioxidative agents. An optimal dose was chosen according to a preliminary study
and following previous literature to be sufficient to induce a progressive oxidative state in
rats. This study was carried out in adult male healthy Wister rats weighing in the range of
160 ± 30 g from the Animal Facility of the Faculty of Medicine, Assiut University, Egypt.
The protocol of the study was approved by the Institutional Animals Ethics Committee
of the College of Pharmacy, Ain Shams University (No. 155). Rats were acclimatized for
7–10 days before the initiation of the experiment to observe any sign of disease, they were
maintained on a 25 ± 5 ◦C 12/12 h light/dark cycle, and they had free access to food
and water.

Rats were randomized into four groups, each group containing 10 animals: the control
group received saline four times per week, during three weeks (control group); the DOX
group received a repeated dose of DOX (2.5 mg/kg, intraperitoneal injection (IP)) three
times per week during the first two weeks and received just saline during the third week;
the SML group received an SML solution 30 min before the administration of DOX during
the first two weeks and before saline during the third week; and the SML-ANPs group

103



Pharmaceuticals 2022, 15, 733

received SML-ANPs 30 min before the administration of DOX during the first two weeks
and saline during the third week. The body weights and the mortality rate of animals
were recorded during the experiment. At the end of the study, the blood samples were
collected and the animals were sacrificed to take samples from different organs for further
examination, (see supplementary file).

Biochemical Assessment of the Selected SML-ANPs Formulations

Creatine kinase (CK) and lactate dehydrogenase (LDH) serum levels were detected as
markers of cardiotoxicity with respective kits and with the help of an ELISA reader (Bio Tek;
Santa Clara, USA) according to the manufacturer’s protocols. Nevertheless, the liver injury
was evaluated by measuring serum alanine aminotransferase (ALT) and aspartate transam-
inase (AST) levels as a specific biomarker using a specific kit following the manufacturer’s
protocol. Furthermore, the biochemical determination of malondialdehyde (MDA) serves
to indicate lipid peroxide formation. MDA levels (marker of lipid peroxidation (LPO)) were
assessed by reaction with thiobarbituric acid (TBA) at 100 ◦C. The reaction between MDA
and TBA produces a pink pigment, which has a maximum absorption at 532 nm. Briefly,
50 µL of supernatant, 1 mL of TBA, and 1 mL of trichloroacetic acid (TCA) [0.75% TBA: 30%
TCA] were mixed, placed in a boiling water bath for 60 min, and cooled and centrifuged for
15 min at 4000 rpm. The supernatant absorbance was measured against a reference blank at
532 nm by spectrophotometer; 1,1,3,3-Tetramethoxypropane (Sigma Chemicals, St. Louis,
MO, USA) was used as a standard MDA. The results were expressed as n mol/mg protein.

Histopathological Analysis

Since the histological study of doxorubicin multi-organ toxicity is a wide topic, we
focused on the toxicity of vital organs and a reproductive system that can be harmed
by cancer and its associated treatments, and we evaluated the protective activity of our
formulation against organ toxicity reported in previous literature [45,58–62]. Liver, kidney,
heart, and testis specimens were cut and fixed in a 10% neutral buffered formalin. The
formalin-fixed samples were routinely processed, embedded in paraffin, and sectioned.
Serial 3 µm sections, serially dehydrated in an ethanol gradient, were stained with Mayer’s
hematoxylin (Merck, Darmstadt, Germany) and eosin (Sigma, St. Louis, MO, USA) and
examined microscopically. The histological evaluation was performed by a histopathologist
(Dr Mahmoud Soliman) in a blind fashion on coded samples, and a comparison was made
with the sections from the control.

4.3. Statistical Analysis

All experiments were performed in triplicate and results were expressed as means
± standard deviations (SD) except for the in vivo study where the results were expressed as
mean ± standard error (SE) for eight animals in each group (n = 8). Statistical analysis tests
were performed using SPSS 21.0 software. For all results, the differences were considered
significant when p < 0.05, and they were regarded as extremely significant when p < 0.0001
presented by * and ***, respectively. Comparisons between groups were performed us-
ing one-way multivariate ANOVA followed by a Tukey’s post hoc test or Student t-test
where appropriate.

5. Conclusions

Based on the findings presented in this study, it is possible to conclude that the
desolvation method successfully produced SML-ANPs with promising physicochemical
features, such as high stability, sustained release and high loading capacity, where the
particle size, zeta potential, and loading capacity of the selected formulation were 127.24 nm,
−26.21 mV, and 96.89 g/mg ANPs, respectively. In addition to the specific role of albumin
molecules in cellular endocytosis, particles with diameters less than 200 nm improve
cellular absorption. Albumin nanoparticles also enhanced pharmacokinetic characteristics.
Sesamol suffer from low bioavailability, and they displayed a short half-life and a rapid
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elimination rate of 1.25 h and 0.53 L/h, respectively. However, albumin can act as an SML
reservoir in the bloodstream with an extended half-life and slower elimination rates of
8.9 h and 0.11 L/h, respectively. SML-ANPS exhibited significant protective effects against
hepatocytes pretreated with doxorubicin and the DOX-induced acute toxicity in albino
rats as an oxidative stress animal model by down regulating the production of harmful
free radicals and the LPO signaling pathway in serum and different organ tissues. Co-
treatment with SML-ANPs significantly reduced the elevated serum CK and LDH by 59.3
and 64.5%, respectively, while AST and ALT were inhibited by 60.5 and 59% in comparison
to the corresponding values of the free SML treated group: 35.6, 47.2, 49.9, and 41.2%,
respectively. As a result, sesamol-loaded albumin nanoparticles may be considered a viable
and potentially clinically applicable nano-based platform for the treatment of cancer and
inflammatory illnesses in the future. However, more research into their medicinal potential
is necessary before use in clinical application.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ph15060733/s1, Figure S1: DSC thermograms of lyophilized
SML, HAS, SML/HSA physical mixture, SML/HSA mixture after incubation, and SML-ANPs; Figure
S2: FTIR spectra of HSA (A) SML (B) SML/HSA physical mixture (C) SML/HSA mixture after
incubation (D), and SML-ANPS (E) together with the successful docking of sesamol on HSA (F);
Table S1: Physicochemical characteristics of SML-ANPs; Table S2: The effect of the factors controlling
SML-ANPs preparation and their levels in the D-optimal design, where pH is the most significant
factor; Table S3: Release kinetics of SML-ANPs (F14); Table S4: Hepatoprotective effect of free SML
and SML-ANPs on rat hepatocytes measured by the MTS assay; Table S5: The histopathological
scores of the liver, kidney, heart, and testis in each groups a; Figure S3: Dose-response curve for
sesamol effects on cell viability of rat hepatocytes to calculate the CC 50. The values are presented as
mean± SD (n in each group = 3); Table S6: Evaluation of sesamol cytotoxicity against Rat hepatocytes
cell line after 48 h [50,63–65].
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Abstract: To achieve the best treatment of skin cancer, drug penetration inside the deepest layers
of the skin is an important scientific interest. We designed an ethosome formulation that serves as
a carrier for metformin and measured the in vitro skin permeation. We also aimed to measure the
antitumor activity of the optimal ethosomal preparation when applied topically to chemically induced
skin cancer in mice. We utilized a statistical Box–Behnken experimental design and applied three
variables at three levels: lecithin concentration, cholesterol concentration and a mixture of ethanol
and isopropyl alcohol concentrations. All formulations were prepared to calculate the entrapment
efficiency %, zeta potential, size of the vesicles and drug release % after 1, 2, 4, 8 and 24 h. The size of
the vesicles for the formulations was between 124 ± 14.2 nm and 560 ± 127 nm, while the entrapment
efficiency was between 97.8 ± 0.23% and 99.4 ± 0.24%, and the drug release % after 8 h was between
38 ± 0.82% and 66 ± 0.52%. All formulations were introduced into the Box–Behnken software, which
selected three formulations; then, one was assigned as an optimal formula. The in vivo antitumor
activity of metformin-loaded ethosomal gel on skin cancer was greater than the antitumor activity of
the gel preparation containing free metformin. Lower lecithin, high ethanol and isopropyl alcohol
and moderate cholesterol contents improved the permeation rate. Overall, we can conclude that
metformin-loaded ethosomes are a promising remedy for treating skin cancers, and more studies are
warranted to approve this activity in other animal models of skin cancers.

Keywords: experimental skin cancer; entrapment efficacy; ethosomes; metformin; in vitro permeation;
zeta potential

1. Introduction

Skin cancer is a rapidly increasing malignancy affecting humans worldwide [1]. Ther-
apeutic options for skin cancer that include vemurafenib, vismodegib and cemiplimab-rwlc
have been marketed [2,3]. These drugs are promising for treating skin cancer, as they
enhance the overall survival and shrinkage of the primary tumors. These therapies appear
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promising but cannot treat 60% of patients. Further, patients develop a high tolerance to
these therapies after a few weeks of treatment, enabling metastatic growth and relapse [4].
Hence, it is very important to discover new anti-skin cancer drugs and formulations [5].

Metformin is an important antidiabetic medication [6] that reduces the glucose level,
leading to a reduction in the blood insulin level; thus minimizing its impact as a tumor
growth factor [7]. Adenosine monophosphate-activated protein kinase (AMPK) is an energy
central regulator that plays a crucial role in the restoration of energy balance within the cell
in many metabolic pathways [8]. The direct effect of metformin is an activation of AMPK
leading to the mammalian target of rapamycin (mTOR) signaling inhibition [9], which, in
turn, plays a role in the proliferation of cancer stem cells [7,8,10].

Metformin was reported to suppress the growth of skin cancers in vitro [10]. Some
in vivo studies declared that metformin either given in drinking water [11] or administered
systemically [12] can mitigate skin cancer growth in animals. A recent study co-delivered a
combination of metformin and the chemotherapeutic agent doxorubicin into melanoma
tumors to trigger apoptosis and necrosis of the melanoma cells, leading to mitigation of
the progression of melanoma growth [13]. One recent clinical trial showed that metformin
provided a chemoprotective effect for patients at a high risk of basal cell carcinoma [14].
Additionally, metformin can inhibit skin cancer progression by other mechanisms, such
as immune system activation, [15] increasing in autophagy and cell apoptosis by p53 and
p21 activation, [16] inhibiting protein synthesis [17] and the destruction of cancer stem
cells [14].

The oral administration of metformin produces adverse effects such as nausea, di-
arrhea and gastric upset, and some types of hepatotoxicity and pancreatitis have been
reported. In addition, metformin is known to produce vitamin B12 deficiency, and lactic
acidosis is also observed in patients with renal insufficiency [18]. Hence, the topical route
should be preferred whenever appropriate.

There are many advantages in using transdermal drug delivery systems. For example,
medications can avoid hepatic first-pass metabolism and factors that modify pharmacoki-
netics in the gastrointestinal tract; this can improve the systemic bioavailability while
also lowering the risk of drug concentration-related side effects. Since the topically ap-
plied drugs are released in a predetermined range over a long time, this often increases
patient compliance, because it is simple and convenient to apply them with a low-dose fre-
quency [19]. Moreover, the topical route provides a large and varied surface of application,
as well as ease of self-administration, and is an available alternative to both oral delivery
and hypodermic drug injection.

Ethosomes are lipid-based nanovesicles with improved deformability, softness and
elasticity and are the most investigated vesicular system. Ethosomes are multilamellar
nanovesicles that are made up of phospholipid and ethanol [20,21]. Ethanol amends the
phospholipid bilayer fluidity, breaks down the membrane barrier of the stratum corneum
and, hence, improves the power of penetration [21]. Ethanol is a powerful penetration en-
hancer that gives vesicles special characteristics such as entrapment efficacy, size, negative
electric potential, stability and better skin permeability [22]. The hair follicles and stratum
corneum route allow ethosomes to permeate the epidermis, and the ethosomes are released
into the upper skin layer, which results in the drug substances gradually penetrating while
the phospholipids stay in the upper layer of the epidermis [23].

Selecting the type and concentration of phospholipid are important to prepare etho-
somes, as they will affect the size of the vesicle, stability, percent of entrapment efficacy
(EE%), electric potential, drug release % (DR%) and penetration of the vesicles into the
skin [21]. Cholesterol is a rigid steroid molecule that enhances the drug stability and
entrapment efficiency when used in ethosomal systems [24]. Isopropyl alcohol has a sig-
nificant impact on the entrapment efficiency but a minor impact on DR% according to the
transdermal drug–flux measurements through mice skin [25].

The current study aimed to formulate and characterize metformin-loaded ethosomal
preparations and to select the best optimal formula to test its topical antitumor activity
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against experimentally induced skin cancer in mice. This study also aimed to deliver
metformin to the skin layers for the treatment of skin cancer.

2. Results

The effects of different variables such as phospholipid, cholesterol and ethanol were
evaluated through the evaluation of EE%, particle size, Zeta potential (ZP), vesicle size (VS)
and DR%. Table 1 demonstrates the results of the 17 experiments.

Table 1. Effect of the independent variables on the EE%, VS, ZP and DR%.

Formula
Number

Lecithin
w/w%
(X1)

Cholesterol
w/w% (X2)

Ethanol and
Isopropyl
Alcohol

w/w% (X3)

EE% (Y1) VS (nm) (Y2) ZP (mV) (Y3) DR% (Y4)

1 2 0 30 98.26 ± 0.52 203.00 ± 15.07 −54.05 ± 2.35 42.07 ± 0.34

2 * 3 0.5 30 98.08 ± 0.82 200.04 ± 11.21 −60.02 ± 2.21 66.31 ± 0.52

3 2 0.5 20 98.26 ± 0.41 245.11 ± 20.52 −47.31 ± 1.33 43.45 ± 0.45

4 * 3 0.5 30 98.08 ± 0.82 200.04 ± 11.21 −60.02 ± 2.21 66.31 ± 0.52

5 4 0.5 40 98.14 ± 0.92 223.02 ± 9.01 −50.23 ± 1.44 38.06 ± 0.41

6 4 1 30 98.01 ± 1.20 203.34 ± 11.30 −49.24 ± 0.87 53.14 ± 0.23

7 3 0 20 98.44 ± 0.35 414.01 ± 55.04 −51.01 ± 0.93 38.03 ± 0.82

8 3 0 40 98.26 ± 0.40 560.01 ± 127.14 −58.03 ± 1.20 45.47 ± 0.24

9 3 1 40 99.40 ± 0.24 161.03 ± 13.23 −57.04 ± 2.37 37.28 ± 0.64

10 * 3 0.5 30 98.08 ± 0.82 200.04 ± 11.21 −60.02 ± 2.21 66.31 ± 0.52

11 4 0 30 98.08 ± 0.52 173.13 ± 18.61 −53.17 ± 2.01 45.04 ± 0.62

12 * 3 0.5 30 98.08 ± 0.82 200.04 ± 11.21 −60.02 ± 2.21 66.31 ± 0.52

13 2 0.5 40 98.40 ± 0.35 124.01 ± 14.27 −60.08 ± 1.44 55.04 ± 0.98

14 * 3 0.5 30 98.08 ± 0.82 200.04 ± 11.21 −60.02 ± 2.21 66.31 ± 0.52

15 2 1 30 98.30 ± 0.44 192.41 ± 17.30 −54.31 ± 4.28 52.41 ± 0.45

16 3 1 20 98.11 ± 0.73 234.13 ± 20.63 −52.24 ± 1.81 70.02 ± 0.45

17 4 0.5 20 97.80 ± 0.23 380.06 ± 45.09 −50.06 ± 1.22 62.16 ± 0.45

EE%: entrapment efficacy %, VS: vesicle size, ZP: zeta potential and DR%: drug release % after 8 h. * Centred
points. Data presented as the mean ± SD.

2.1. Influence of the Independent Variables on Entrapment Efficiency %

Table 1 shows the data of EE% for all the prepared formulations. The model obtained
a suitable fitting with a linear model, the calculated correlation coefficient (R2) was 0.8388
and the predicted R2 was 0.6639, while the adjusted R2, which was 0.7948. The difference
was less than 0.2. The ANOVA obtained a significant difference (p < 0.0001) between the
preparations. Equation (1) describes the influence of the independent variables on the EE%,
as follows:

EE% = +98.13 − 0.15 A + 0.0037 B + 0.1062 C (1)

where A= lecithin, B = cholesterol and C = ethanol.
As shown in Figure 1, when the concentration of lecithin increased, the EE% of

metformin decreased with a significant difference (p < 0.0001), where the EE% of formulas
#6 and #11 were 98.14 ± 0.92 and 98.08 ± 0.5, respectively. Further, an increment in the
concentration of cholesterol led to an increased EE% of metformin (p < 0.05), where the
EE% of formulas #6 and #9 were 98 ± 1.2% and 99.4 ± 0.24, respectively. When the ethanol
concentration increased, the EE% of metformin increased (p < 0.033), where the EE% of
formulas #9 and #13 were 99.4 ± 0.24 and 98.4 ± 0.35, respectively (Figures 1A and 2A).
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2.2. Influence of the Independent Variables on the Vesicle Sizes

Data of the vesicle sizes for all the formulations are demonstrated in Table 1. The model
obtained a suitable fitting with a linear interaction among the variables, and the correlation
factor (R2) was 0.8560. The ANOVA testing obtained a significant difference (p < 0.0001)
between 0.0689 ± 0.0042 nm and the suggested equation (Inverse Sqrt transform), as
follows:

1/Sqrt (particle size − 1.00) = +0.0528 − 0.0686 A − 0.0045 B + 0.0101 C (2)

As shown herein, by increasing the concentration of lecithin, the ethosomes vesicle
size increased (p < 0.0025) where the vesicle sizes of formulas #17 and #5 were 380 ± 45 nm
and 223 ± 9 nm, respectively. Further, by increasing the concentration of cholesterol, the
ethosomes vesicle sizes increased (p < 0.0306); the vesicle sizes of formulas #16 and #6 were
234 ± 20.6 nm and 203 ± 11.3 nm, respectively. By increasing the concentration of ethanol,
the ethosomes vesicle size decreased (p < 0.0001); the vesicle sizes of formulas #13 and #9
were 124 ± 14.2 nm and 161 ± 13.2 nm, respectively (Figures 1B and 2B).

2.3. Influence of the Independent Variables on ZP

Table 1 shows the ZP values for all the prepared formulations. The model obtained a
quadratic equation, and the correlation factor (R2) was 0.9935. The ANOVA test highlighted
a significant difference in the ZP at p < 0.05, and the suggested equation was follows:

ZP = −60 +1.62 A + 0.5 B − 3.13 C + 1 AB + 3.25 AC + 0.5 BC + 5.13 A2 + 2.38 B2 + 3.12 C2 (3)

The ZP decreased with the increasing lecithin concentration, until a specific point, then
increased the lecithin percentage from 2% to around 2.82%, which led to a decrease in ZP.
When the lecithin percentage increased more than 2.82%, the ZP increased again (significant
difference, p < 0.0001), where the ZP of formulas #13 and #17 were −60 ± 1.4 mv and
−60 ± 1.4 mv, respectively. The ZP decreased as the cholesterol concentration increased
until a specific point. Then, an increased cholesterol percentage from 0 to around 0.5
led to a decline in the ZP, and when the cholesterol percentage increased more than 0.5,
this led to an increase in the ZP (p < 0.0413), where the ZP of formulas #13 and #6 were
−60 ± 1.4 mv and −49 ± 0.8 mv, respectively. The ZP decreased with the increasing
ethanol until a specific point, then increased the ethanol percentage from 20% to around
36%, which led to a decrease in the ZP, and when the ethanol percentage increased more
than 36%, the ZP increased again. These results obtained a significant difference (p < 0.0001),

113



Pharmaceuticals 2022, 15, 657

where the ZP of formulas #13 and #3 were −60 ± 1.4 mv and −47 ± 1.3 mv, respectively
(Figures 1C and 2C).

2.4. Influence of the Independent Variables at a Percent of Drug Release

The DR % data of the formulations are presented in Table 1. The model revealed a
suitable fitting with a quadratic model, and the correlation factor (R2) was 0.9870. The
ANOVA highlighted a significant difference (p < 0.0001) at 53.53 ± 2.05%. Equation (4)
describes the influence of the independent variables at the DR%:

DR% = +66 − 0.75 A − 5.25 B + 4.75 C − 0.5 AB − 9 AC − 10 BC − 8 A2 − 10 B2 − 8.5 C2 (4)

The model highlighted that the DR% significantly increased with decreasing lecithin
(p < 0.05), while the DR% after 8 h of formulas #5 and #9 were 38 ± 0.41% and 37 ± 0.64%,
respectively. In addition, the DR% increased upon decreasing the cholesterol amount
significantly (p < 0.05), where the DR% after 8 h for formulas #5 and #9 were 38 ± 0.41%
and 37 ± 0.64%, respectively. On the other hand, the DR% increased upon increasing the
ethanol in a significant manner (p < 0.05), where the DR% after 8 h of formula numbers
#13 and #11 were 55 ± 0.98% and 45 ± 0.62%, respectively (Figures 1D and 2D). A free
drug solution was released completely throughout the dialysis bag within 10 min. The
observed rapid drug release may be explained by the sink conditions provided through the
experiment. Formula #13 showed the best cumulative release of the metformin percentage
from the ethosomal formulations (Figure 3).
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Figure 3. Cumulative release of metformin % from the ethosomal formulations #9, #13 and #16.

2.5. Selection of the Optimized Formula

We prepared ethosomes with a high percent of entrapment efficiency, small vesicle
size, high ZP and high percent of DR% by using a three-level three-factor Box–Behnken
design. The ANOVA test analyzed and evaluated all the data collected from each response;
then, an optimized formula was obtained using the desirability method. The formula
that contained 2.083% w/w lecithin, 0.524% w/w cholesterol and 37.495% v/v ethanol was
selected as the optimized formula, as it showed the best desirability index value (0.811).

The chosen optimal formula, #13, displayed an EE% of 98.40 ± 0.35%, a vesicle size
equal to 124.01 ± 14.27 nm and a release % equal to 55.04 ± 0.98 %. The ZP of the optimized
formula #13 was 60.08 ± 1.44 mV, which provided good stability.

2.6. In Vitro Studies to Evaluate Skin Permeation

In formula #9, the amount of permeated metformin was 1224.27 ± 18.1 µg/cm2, and
the steady-state flux was 2.93 µg/cm2/h, while the percent of cumulative permeation was
72%. In the optimal formula, #13 showed an amount of permeated metformin equal to

114



Pharmaceuticals 2022, 15, 657

1660 ± 32.4 µg/cm2, while the steady-state flux was 3.61 µg/cm2/h; however, the percent
of cumulative permeation was 97.6%. In addition, formula #16 showed an amount of perme-
ated metformin equal to 1547 ± 21.7 µg/cm2, the steady-state flux was 3.26 µg/cm2/h and
the percent of cumulative permeation was 91%. Finally, the optimal formula #13 showed
the best permeability at interval times with significance (p < 0.05), as this formulation
had the highest ethanol and isopropyl alcohol concentration, lower lecithin concentration
and moderate concentration of cholesterol (Table 2) (Figure 4). The TEER results of the
measured electrostatic repulsion were above 30 ± 1.5 kΩ. That indicated a good state for
the skin integrity [26].

Table 2. Skin permeation parameters after 24 h.

The Amount of
Permeated
Metformin

(µg/cm2)

The Steady-State
Flux

(µg/cm2/h)

The Percent of
Cumulative

Permeation (%)

Formula #9 1224.27 ± 18.1 2.93 72
The optimum formula #13 1660 ± 32.4 3.61 97.6

Formula #16 1547 ± 21.7 3.26 91
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2.7. Morphological Characterization of the Ethosomes

The morphology of the ethosomes was characterized by using a transmission electron
microscope. The optimal formula was freshly prepared, then used for the transmission
electron microscopy (TEM) images. The ethosomes showed in the TEM images as black
dots (Figure 5). The TEM images showed ethosomes in well-identified spherical shapes
and homogenous and non-aggregated vesicles, which confirmed their nanovesicular char-
acteristics for the ethosomes.
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Figure 5. Photomicrograph of the optimal metformin-loaded ethosome formula as seen by the TEM.

2.8. Thermal Analysis of Optimal Metformin-Loaded Ethosomes Formula

The pure metformin curve revealed a sharp endothermic peak at 242 ◦C, while the
optimal metformin-loaded ethosome formula (#13) showed a peak appearing at 135 ◦C,
but the thermogram of the empty formula (excipient) revealed two endothermic peaks at
103 ◦C and 148 ◦C. Metformin in the optimal metformin-loaded ethosome formula (formula
#13) did not show a characteristic peak. These findings highlight that metformin was
dissolved within the ethosomes during the formulation process (Figure 6) [27].

Pharmaceuticals 2022, 15, x FOR PEER REVIEW 8 of 29 
 

 

  
Figure 5. Photomicrograph of the optimal metformin-loaded ethosome formula as seen by the 
TEM. 

2.8. Thermal Analysis of Optimal Metformin-Loaded Ethosomes Formula  
The pure metformin curve revealed a sharp endothermic peak at 242 °C, while the 

optimal metformin-loaded ethosome formula (#13) showed a peak appearing at 135 °C, 
but the thermogram of the empty formula (excipient) revealed two endothermic peaks at 
103 °C and 148 °C. Metformin in the optimal metformin-loaded ethosome formula (for-
mula #13) did not show a characteristic peak. These findings highlight that metformin was 
dissolved within the ethosomes during the formulation process (Figure 6) [27]. 

 
Figure 6. DSC thermograms of (A) pure metformin, (B) the optimal metformin-loaded ethosome 
formula and (C) an empty formula (excipient). 

2.9. In Vivo Antitumoral Activity of the Optimized Metformin-Loaded Ethosomal Gel  
The developed 7,12-dimethylbenz[α]-anthracene (DMBA)- induced lesions appeared 

at the back of each mouse and were monitored weekly, as shown in Figure 7. A specialized 
caliber was utilized to measure the width and length of each lesion (Figure 7A,B). 

 
 
 
 
 
 

Figure 6. DSC thermograms of (A) pure metformin, (B) the optimal metformin-loaded ethosome
formula and (C) an empty formula (excipient).

2.9. In Vivo Antitumoral Activity of the Optimized Metformin-Loaded Ethosomal Gel

The developed 7,12-dimethylbenz[α]-anthracene (DMBA)- induced lesions appeared
at the back of each mouse and were monitored weekly, as shown in Figure 7. A specialized
caliber was utilized to measure the width and length of each lesion (Figure 7A,B).
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Figure 7. The skin lesions induced by DMBA in male mice. (A) A sample of the lesions in the vehicle 
group. (B & C) Measuring the dimensions of the lesions in a mouse from the DMBA+vehicle group. 
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Figure 7. The skin lesions induced by DMBA in male mice. (A) A sample of the lesions in the vehicle
group. (B,C) Measuring the dimensions of the lesions in a mouse from the DMBA + vehicle group.
Dimensions were measured by a caliber adjusted at the edges of the lesion.

2.9.1. The Body Weight and Lesion Length and Width

The weight of the mice and diameters of the lesions were measured to evaluate the skin
cancer progression [28]. The antitumor efficacy of the metformin-loaded ethosomes was
evaluated in mice group #5. This metformin-loaded ethosome-containing gel produced a
significant decrease in the lesion diameters compared with the other four gels over 28 days
(Figure 8).

Figure 8A demonstrates the body weights of the mice during the course of the exper-
iment. The ANOVA indicated no significant variations among the experimental groups
at the four time points. Figure 8B illustrates the gross length of the skin lesions, and we
found a significant increase in the length in the DMBA + empty gel group versus the vehi-
cle + empty gel group at the four studied time points. Mice treated with free metformin gel
or metformin ethosome gel showed significantly lower lesion lengths compared to the mice
treated with the empty gel (Figure 8B). In Figure 8C, the lesion width in the DMBA + empty
gel group was greater than that measured in the vehicle + empty gel group. The mice group
treated with DMBA + metformin ethosome gel showed a smaller lesion width at all the
study time points compared to the DMBA + empty gel group. Although the mice treated
with DMBA + free metformin gel showed significantly smaller lesion widths compared to
the DMBA + empty gel group at day 14, day 21 and day 28, the curative effect shown in the
DMBA + metformin ethosome gel group was significantly enhanced (Figure 8C).
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Figure 8. Body weights and dimensions of the skin lesions in the experimental groups. (A) Mice body
weights, (B) lesion lengths (mm) and (C) lesion widths (mm). Data were the mean ± SD and analyzed
using one-way ANOVA, followed by Bonferroni’s pairwise comparison test (p < 0.05). ˆ: versus
the vehicle + empty gel group, *: versus the DMBA + empty gel group, &: versus DMBA + free
metformin gel. $: versus DMBA + empty ethosome gel.

2.9.2. The Thickness of the Hematoxylin and Eosin-Stained Skin Layers

We found that the vehicle + empty gel group displayed the normal morphological
features of the mouse skin layers, with an apparent intact thin epidermal layer with intact
keratinocytes and an intact dermal layer with well-organized collagen fibres and hair
follicles without abnormal inflammatory cells infiltrates, as well as intact subcutaneous
tissue (Figure 10A,A*). The DMBA + empty gel group showed a circumscribed raised,
folded mass with non-keratinized epidermal layers hyperplasia with the adjacent ulcerated
area covered with the scab of necrotic tissue depress; the underlying dermal layer showed
severe diffuse inflammatory cell infiltrates from different populations accompanied with
fibroblastic activation and a few records of keratin cysts, as well as abundant records of
congested blood vessels (BVs) (Figure 10B,B*). Images from the DMBA + free metformin gel
showed focal areas of moderate hyperplasia of non-keratinized epidermal layers without ul-
cerated lesion records associated with focal subepidermal fibroblastic activation with higher
collagen fibres contents. The persistence of moderate-to-severe inflammatory cell infiltrates
was shown, however, to have a less intense density compared with the model samples,
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accompanied with abundant records of subepidermal and subcutaneous congested BVs.
The third group obtained healing in the damage of the epidermis and dermis layers and a
decrease in the infiltrations of inflammatory cells (Figure 10C,C*). Images of the skin speci-
mens from the DMBA + ethosome gel group showed circumscribed, raised non-ulcerated
masses of skin with moderate epidermal thickening and folding covered with a mass of
necrotic tissue to depress with focal subepidermal hemorrhagic patches and mild records
of infiltrate of inflammatory cells, as well as fibroblastic activity with minimal records of
congested subcutaneous BVs (Figure 10D,D*). Images of DMBA + metformin ethosome gel
showing obvious improvements of histological organization epidermal/dermal layers with
an almost apparent intact, mildly folded epidermal layer with apparent intact keratinocytes
and abundant mature collagen formation in a mildly thick dermal layer with minimal
inflammatory cells infiltrates. However, focal records of subcutaneous hemorrhagic patches
with moderate inflammatory cell infiltrates, as well as congested and dilated BVs, were
shown (Figure 10E,E*). In Figure 10, the DMBA + metformin-loaded ethosomes group
showed an approximately normal structure in the epidermis and dermis layers and the
nonexistence of inflammatory cells. The measured epidermal thickness was significantly
decreased compared with the DMBA + empty gel group (Figure 10F).Pharmaceuticals 2022, 15, x FOR PEER REVIEW 12 of 29 

 

 

 

  

  

  

  

 

Figure 9. Cont.

119



Pharmaceuticals 2022, 15, 657

Pharmaceuticals 2022, 15, x FOR PEER REVIEW 12 of 29 
 

 

 

  

  

  

  

 

Pharmaceuticals 2022, 15, x FOR PEER REVIEW 13 of 29 
 

 

 
 

Figure 9. Histopathological picture of skin tissues stained with hematoxylin and eosin. (A,A*) Im-
ages revealed normal morphological features of mouse skin layers with an apparent intact thin ep-
idermal layer with intact keratinocytes and an intact dermal layer with well-organized collagen fi-
bres and hair follicles without abnormal inflammatory cells infiltrates, as well as an intact subcuta-
neous tissue. (B,B*) Images for DMBA+empty gel, showing a circumscribed raised, folded mass 
with non-keratinized epidermal layers of hyperplasia with the adjacent ulcerated area covered with 
the scab of necrotic tissue depress. The underlying dermal layer showed severe diffuse inflamma-
tory cell infiltrates from different populations accompanied with fibroblastic activation and few rec-
ords of keratin cysts, as well as abundant records of congested blood vessels (BVs). (C,C*) Images 
from the DMBA+free metformin group showing focal areas of moderate hyperplasia of non-kerat-
inized epidermal layers without ulcerated lesion records associated with focal subepidermal fibro-
blastic activation with higher collagen fibres contents. The persistence of moderate-to-severe inflam-
matory cell infiltrates was shown; however, a less intense density compared with the model samples 
was accompanied by abundant records of subepidermal and subcutaneous-congested BVs. (D,D*) 
Images for skin specimens from the DMBA+empty ethosome group showing a circumscribed, raised 
non-ulcerated mass of skin with moderate epidermal thickening and folding covered with a mass 
of necrotic tissue to depress with focal subepidermal hemorrhagic patches and mild records of in-
filtrate of inflammatory cells, as well as fibroblastic activity with minimal records of congested sub-
cutaneous BVs. (E,E*) Images for the DMBA+metformin-loaded ethosome group (optimal gel for-
mula) showing obvious improvement of the histological organization epidermal/dermal layers with 
an almost apparent intact, mildly folded epidermal layer with apparent intact keratinocytes and an 
abundant mature collagen formation in a mildly thick dermal layer with minimal inflammatory 
cells infiltrates. However, there were also focal records of subcutaneous hemorrhagic patches with 
moderate inflammatory cell infiltrates, as well as congested and dilated BVs. (F) Epidermal thick-
ness of the skin layers in all groups. Thicknesses of six regularly spaced skin parts were measured 
using ImageJ software (NIH, Maryland, MD, USA). The average of the measured parts was calcu-
lated for every tissue specimen, and the mean of each group was then estimated. Data were the 
mean ± SD and analyzed using one-way ANOVA, while the pairwise comparison was estimated by 
Bonferroni’s test at p < 0.05. ^: versus the vehicle+empty gel group, *: versus the DMBA+empty gel 
group, &: versus DMBA+free metformin gel. $: versus DMBA+empty ethosome gel, scale bar = 200 
µm (left column) and scale bar = 50 µm (right column). 
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Figure 10. Histopathological picture of skin tissues stained with hematoxylin and eosin. (A,A*)
Images revealed normal morphological features of mouse skin layers with an apparent intact thin
epidermal layer with intact keratinocytes and an intact dermal layer with well-organized collagen
fibres and hair follicles without abnormal inflammatory cells infiltrates, as well as an intact subcuta-
neous tissue. (B,B*) Images for DMBA + empty gel, showing a circumscribed raised, folded mass
with non-keratinized epidermal layers of hyperplasia with the adjacent ulcerated area covered with
the scab of necrotic tissue depress. The underlying dermal layer showed severe diffuse inflammatory
cell infiltrates from different populations accompanied with fibroblastic activation and few records of
keratin cysts, as well as abundant records of congested blood vessels (BVs). (C,C*) Images from the
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DMBA + free metformin group showing focal areas of moderate hyperplasia of non-keratinized
epidermal layers without ulcerated lesion records associated with focal subepidermal fibroblastic
activation with higher collagen fibres contents. The persistence of moderate-to-severe inflammatory
cell infiltrates was shown; however, a less intense density compared with the model samples was
accompanied by abundant records of subepidermal and subcutaneous-congested BVs. (D,D*) Images
for skin specimens from the DMBA + empty ethosome group showing a circumscribed, raised
non-ulcerated mass of skin with moderate epidermal thickening and folding covered with a mass
of necrotic tissue to depress with focal subepidermal hemorrhagic patches and mild records of
infiltrate of inflammatory cells, as well as fibroblastic activity with minimal records of congested
subcutaneous BVs. (E,E*) Images for the DMBA + metformin-loaded ethosome group (optimal gel
formula) showing obvious improvement of the histological organization epidermal/dermal layers
with an almost apparent intact, mildly folded epidermal layer with apparent intact keratinocytes and
an abundant mature collagen formation in a mildly thick dermal layer with minimal inflammatory
cells infiltrates. However, there were also focal records of subcutaneous hemorrhagic patches with
moderate inflammatory cell infiltrates, as well as congested and dilated BVs. (F) Epidermal thickness
of the skin layers in all groups. Thicknesses of six regularly spaced skin parts were measured using
ImageJ software (NIH, Bethesda, MD, USA). The average of the measured parts was calculated for
every tissue specimen, and the mean of each group was then estimated. Data were the mean ± SD
and analyzed using one-way ANOVA, while the pairwise comparison was estimated by Bonferroni’s
test at p < 0.05. ˆ: versus the vehicle + empty gel group, *: versus the DMBA + empty gel group, &:
versus DMBA + free metformin gel. $: versus DMBA + empty ethosome gel, scale bar = 200 µm (left
column) and scale bar = 50 µm (right column).

2.9.3. Histopathological Examination of Kidney Specimens Stained with H&E

The kidney samples from the vehicle + empty gel group demonstrated intact mor-
phological features of renal parenchyma, including renal corpuscles and different nephron
tubular segments, including tubular epithelium, with intact interstitial tissue, as well as
vasculatures (Figure 11A). DMBA + empty gel or DMBA + ethosome gel showed a mild
cystic dilatation of the renal tubular segments, accompanied by little interstitial mononu-
clear inflammatory cell infiltrates (Figure 11B,D). The DMBA + free metformin gel group
showed mild focal records of tubular degenerative changes with intact renal corpuscles, as
well as interstitial tissues with few sporadic inflammatory cell infiltrates (Figure 11C). The
DMBA + metformin ethosome gel samples showed sporadic records of tubular degenera-
tive changes with intact renal corpuscles, interstitial tissue and vasculatures (Figure 11E).

2.9.4. Histopathological Examination of Liver Specimens Stained with H&E

Liver samples from the vehicle + empty gel group showed the normal morpholog-
ical structure of hepatic parenchyma (Figure 12A,A*). The DMBA + empty gel samples
showed mild hepatocellular degenerative changes in the pericentral, as well as periportal,
regions with diffuse mononuclear inflammatory cells infiltrating in the hepatic parenchyma
(Figure 12B,B*). Samples from the DMBA + free metformin gel group showed mild hepa-
tocellular vacuolar degenerative changes with the dilatation of hepatic BVs and minimal
inflammatory cell infiltrates (Figure 12C,C*). Samples from the DMBA + ethosome gel
group showed mild hepatocellular degenerative changes with intact hepatocytes and mild
focal pericentral and periportal mononuclear inflammatory cells infiltrates (Figure 12D,D*).
Samples from the DMBA + metformin ethosome gel group showed almost apparent intact
hepatocytes all over the hepatic parenchyma and moderate dilation of the portal BVs with
minor focal perivascular inflammatory cell infiltrates (Figure 12E,E*).
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Figure 11. Kidney samples stained with H&E. (A) An image for a kidney specimen from the
vehicle + empty gel group showing apparent intact morphological features of renal parenchyma,
including renal corpuscles and different nephron tubular segments, including tubular epithelium,
with intact interstitial tissue, as well as vasculatures. (B,D) Images for a kidney specimen from
the DMBA + empty gel or DMBA + ethosome gel showing a mild cystic dilatation of renal tubular
segments, with some flattening of the tubular epithelial lining. (C) An image for a kidney specimen
from the DMBA + free metformin gel group showing mild focal records of tubular degenerative
changes with intact renal corpuscles, as well as interstitial tissue with very few sporadic inflammatory
cell infiltrates. (E) An image from DMBA + metformin ethosome gel samples showing little focal
tubular degenerative changes with intact renal corpuscles, interstitial tissue and vasculatures, scale
bar = 50 µm.
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Figure 11. Liver samples stained with H&E. (A, A*) Liver samples from the vehicle+empty gel group 
show the normal morphological structure of hepatic parenchyma. (B, B*) DMBA+empty gel samples 
show mild hepatocellular degenerative changes in the pericentral, as well as periportal, regions, 

  

  

  

  

  

Figure 12. Liver samples stained with H&E. (A,A*) Liver samples from the vehicle + empty gel group
show the normal morphological structure of hepatic parenchyma. (B,B*) DMBA + empty gel samples
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show mild hepatocellular degenerative changes in the pericentral, as well as periportal, regions, with
some mononuclear inflammatory cells infiltrating in the hepatic parenchyma. (C,C*) Samples from
the DMBA + free metformin gel group showing little hepatocellular vacuolar degenerative changes
with minimal inflammatory cell infiltrate records. (D,D*) Samples from the DMBA + ethosome
gel group showing mild records of the hepatocellular degenerative changes with higher records of
apparent intact hepatocytes, and mild focal mononuclear inflammatory cell infiltrates accompanied
with the mild dilatation of hepatic BVs. (E,E*) Samples from the DMBA + metformin ethosome gel
group showing almost apparent intact hepatocytes all over hepatic parenchyma, and the moderate
dilation of portal BVs with minor focal perivascular inflammatory cell infiltrates, scale bar = 200 µm
(left column) and scale bar = 50 µm (right column).

2.9.5. Liver and Kidney Function Tests

We applied an ANOVA test on the data of the serum ALT, AST, albumin, urea
and creatinine, but the data indicated nonsignificant differences among the study group
(Figure 13A–E).
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Figure 13. Liver and kidney function tests for mice from the experimental groups: (A) ALT, (B) AST,
(C) albumin, (D) urea and (E) creatinine. Data were the mean ± SD, and the analysis was done by
one-way ANOVA at p < 0.05.

3. Discussion

This study aimed to obtain the ability of ethosomes to raise the retained amount of
metformin on the skin to improve skin cancer treatment. Ethosomes can penetrate the
stratum corneum to the deep layers, as ethosomes contain a high alcohol content [29].

3.1. Influence of the Independent Variables on EE%

The concentrations of lecithin, ethanol and cholesterol are critical parameters to pre-
pare ethosomes [20,30]. Lecithin builds lipid bilayer membranes in multilamellar vesicles
of ethosomes [31]. Cholesterol is responsible for the stability and EE% of metformin [32].

Ethanol gives the vesicles more freedom and stability by providing softness and a
negative charge [32]. Depending on the data collected from all formulations, a ethanol
concentration of 40% was suitable to prepare the ethosomes that produced a high EE% and
permeation [21,28,32]. However, increasing the concentration of ethanol above 40% will
dissolve the ethosome membranes, causing a decrease in the EE% and increase in the vesicle
sizes [32]. On the other hand, isopropyl alcohol is used with ethanol to prepare ethosomes
as a skin penetration enhancer and to increase the EE% [25]. The high entrapment efficiency
of the formulations is due to adding isopropyl alcohol with ethanol; isopropyl alcohol
decreases the vesicle size and increases the ZP and EE%. Isopropyl alcohol can release
metformin in the long term, which achieves the goal of our study [25,28,33].

Lecithin builds a phospholipid structure and is responsible for a multilamellar mem-
brane of ethosomes [32]. Cholesterol has an important role in preventing leakage and
reducing the permeability of drugs from vesicles [34]. Additionally, when the concentration
of lecithin increases, this will lead to reducing the EE% because of the hydrophilic nature of
metformin [35].

3.2. Influence of the Independent Variables on Vesicle Size and ZP

A concentration of 2–4% lecithin was used to prepare formulations of the ethosomes.
Increasing the lecithin ratio will increase the vesicle sizes [36,37]. When the concentration
of lecithin increases, this will lead to increasing the ethosome vesicle sizes, as lecithin
molecules tend to coalesce and aggregate [38].

The negative charge of the vesicles was linked to high concentrations of ethanol, and
this led to solubilizing some of the amount of lecithin inside the vesicles, which caused
small multilamellar vesicles (SMLV), as ethanol has a high fluidizing effect [39]. Cholesterol
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had a positive effect on the vesicle size, which meant increasing the cholesterol range from
0.5% to 1%, leading to an increase in the vesicle sizes of the ethosomes [40].

A previous report indicated that a rise in ethanol concentration led to a decline in
the ethosome vesicle sizes [41]. Ethanol plays a crucial role in skin penetration [42]. The
concentration of ethosomes in most ethosomal formulations was 20–40% [37]. On the other
hand, when the ethanol concentration increased, this resulted in a decline in the ethosome
sizes [37]. Similarly, an incremental increase in the isopropyl alcohol concentration resulted
in a decline in the ethosome vesicle sizes [25]. Due to the high value of the negative charge
for the ZP, an electrostatic repulsion was formed and prohibited any aggregation between
vesicles, which led to an increased stability of ethosomes [43,44].

Adding isopropyl alcohol and a high concentration of ethanol caused a high negative
charge to the ethosomal formula, which led to a high penetration profile, and a high
negative charge also caused a high EE%, as metformin is a cationic drug [28].

3.3. Influence of the Independent Variables on DR%

In our study, isopropyl alcohol and ethanol improved the metformin release from
ethosomes, as they can increase the liquefaction and permeability that leads to an increased
DR% [45]. Cholesterol and lecithin decrease the metformin release from ethosomes, as
increasing concentrations of cholesterol and lecithin are incompatible with metformin
solubility. Lecithin has a negative effect on DR%, as increasing the lecithin level will cause
an increase in the vesicle rigidity and will cause a decrease in the DR% [46].

The optimal formula #13 showed the best DR% at the interval times, as this formulation
has the highest ethanol and isopropyl concentration, lower lecithin concentration and
moderate concentration from cholesterol. Using formulations with good penetrating and
releasing properties produced an acceptable impression for the induction of a sustained
releasing state.

3.4. In Vitro Skin Permeation Study

In our formulations, when the concentration of lecithin decreased, the permeation
rate of metformin increased. Furthermore, decreasing the concentration of cholesterol
caused an increase in the permeation rate of metformin. Similarly, one previous study
found that, when the concentrations of lecithin and cholesterol increased, the rigidity of the
ethosomal vesicle bilayer increased [32]. Ethanol enhanced the permeation rate of the drug
as it interacted with the polar head group of the SC lipid molecules, lowering the melting
point of the SC lipids and thereby increasing the lipid bilayer fluidity and cell membrane
permeability [22,47]. The maximum permeability of the drug from the vesicles was due to
a synergistic mechanism involving ethanol, vesicles and SC lipid molecules [29,48].

Carbopol has an anionic polymer and the best buffering capacity characters that keep
the required pH and prevent skin irritation. When carbopol is mixed with ethosomes, it
leads to reaching the required viscosity and the best bio-adhesion characteristics [49,50].

3.5. Thermal Analysis of Optimal Metformin-Loaded Ethosomes Formula

DSC has been used to show the physical state of metformin within the ethosomes, as
well as the intermolecular interactions between metformin and ethosomes [27]. There was
a lack for the characteristic metformin peaks, showing that metformin was fully solubilized
in the ethosome system. On other hand, metformin was present in an amorphous state in
the ethosomes; this can improve the release of the drug from the vesicles. The excipients
and metformin showed no incompatibility state because of the absence of the characteristic
melting point peak of the drug in the optimal formula [51].

3.6. In Vivo Antitumor Activity and Toxicology

The application of metformin-loaded ethosomes showed significant antitumor activity
against the skin cancer compared to the application of free metformin. At the 14-days
treatment point, the effect of the free metformin gel was better than the empty ethosome gel;
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this may be linked to the anticancer effect of the free metformin. However, at the following
time points (day 21 and day 28), there was no significant differences among the two groups.

In agreement with our study, a recent study highlighted that the application of met-
formin inhibits the promotion of experimental skin tumors in mice [52]. Several previous
studies indicated that ethosomal preparations enhance topical anticancer drugs; for exam-
ple, one research group documented that a gel preparation containing sonidegib-loaded
ethosomes produced desirable therapeutic profits for treating skin cancer [28]. Another
study indicated that ethosomes coloaded with evodiamine and berberine chloride showed a
greater efficacy in the treatment of melanoma compared to the free forms [53]. Consistently,
one more study confirmed that topically applied positively charged ethosomes of vismod-
egib was promising for the effective treatment of basal cell carcinoma, with a low incidence
of adverse effects [28]. Regarding the toxicology study, we found that the liver and kidney
histopathological changes were mild and did not indicate significant damages that would
be reflected in a significant rise in the serum hepatic enzymes or kidney markers.

4. Material and Methods
4.1. Materials

Metformin hydrochloride (99.45% powder, BP 2012), 99.9% ethanol (v/v), isopropyl
alcohol and carbopol 974p were obtained from Medical Union Pharmaceuticals (Ismailia,
Egypt). Some 10× phosphate buffered saline was bought from Lonza Company (Verviers,
Belgium). The 97% L-α-lecithin was granular, from soybean oil, CAS 8002-43-5, molecular
weight = 750 g/mol and the method detection limit (MDL) number was MFCD00082428.
The 97% cholesterol was bought from Acros Organics (Geel, Belgium).

4.2. Box–Behnken Experimental Design

By using the Box–Behnken (BB) three-level three-factor design shown in Table 3,
we optimized and selected the formulation variables statistically for the preparation of
ethosomes that carry metformin to achieve the maximum EE%, small vesicle size, high ZP
and the greatest DR% [28]. The experimental design was generated and evaluated by the
aid of the Design-Expert software (Version 11, Stat-Ease Inc., Minneapolis, MN, USA).

Table 3. Evaluation of the independent variables in the Box–Behnken design.

Factor Levels of Independent Variables

Independent Variables Minimum (−1) Moderate (0) Maximum (+1)

X1 = L-α-Lecithin concentration (w/w%) 2% 3% 4%

X2 = Cholesterol concentration (w/w%) 0% 0.5% 1%

X3 = Ethanol and isopropyl alcohol
concentration (w/w%) 20% 30% 40%

Y1 = Entrapment efficiency (%) Maximum

Y2 = Vesicle size (nm) Minimum

Y3 = Zeta Potential (mV) Maximum

Y4 = DR % (% of drug released after 8 h) Maximum

Seventeen experiments were prepared, and the 3 independent variables were studied:
L-α-lecithin concentration (2–4 w/w%) (X1), cholesterol concentration (0 to 1 w/w%) (X2)
and ethanol and isopropyl alcohol concentrations (20–40 w/w%) (X3). On other hand, the
EE% (Y1: EE%), vesicle size (Y2: VS), ZP (Y3) and DR% (Y4) were chosen as the dependent
variables.

A concentration of 2–4 w/w% lecithin was used to prepare formulations of etho-
somes. [36,37]. The concentration of ethosomes in most ethosomal formulations was
20–40 w/w% [37]. A concentration of 0 to 1 w/w% cholesterol was used to prepare etho-
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somes in the most recent researches [32,54]. The optimal formula was chosen based on its
desirability, which was then subjected to further examination [39].

4.3. Formulation of Metformin-Loaded Ethosomes

Formulation of the metformin-carrying ethosomes was designed depending on the
method reported previously [21,33,34]. The aqueous and organic phases were prepared
separately. Lecithin and cholesterol were dissolved in a mixture of ethanol and isopropyl
alcohol to produce the organic phase, which was kept in a closed container. Metformin was
insoluble in ethanol and isopropyl alcohol, so it was dissolved in distilled water to produce
the aqueous phase. The aqueous phase was added to the organic phase drop by drop by a
syringe pump. The mixture is stirred using a magnetic stirrer (Intilab, Cairo, Egypt) at a
speed of 700 rpm for 5–30 min to obtain the required ethosomal formula at 30 ◦C. Finally,
the ethosomal formulations were passed through a polytetrafluoroethylene (PTFE) filter
with a pore size of 0.22 µm [39]. Then, the filtrates were stored in closed containers at 4 ◦C.

4.4. Characterization of the Metformin-Loaded Ethosomes
4.4.1. Determination of entrapment efficiency %

EE% is the percent of the total amount of metformin encapsulated in vesicles in
the formulations. The unentrapped metformin was separated using a cooling centrifuge
rotating at 16,000 rpm at 4 ◦C (Sigma cooling centrifuge, Sigma Laborzentrifugen GmbH,
Germany) [39]. The supernatants were diluted in distilled water (10 mL, 3 min) [28].
The amount of entrapped metformin was estimated spectrophotometrically (Jasco UV–
Vis spectrophotometer, Jasco, Japan), and the ňmax of metformin was 234 nm; it was
calculated using a standard calibration curve. By subtracting the amount of metformin in
the supernatant from the initial amount and then dividing the result by the initial amount,
the EE% can be calculated [55]:

EE% =
Total (50 mg)− Free

Total (50 mg)
× 100

4.4.2. Vesicle Size Analysis

Vesicle size is evaluated by using the dynamic light scattering method that is per-
formed in the Malvern Zetasizer (Nano ZS, Malvern, UK) (DLS). Distilled water was
utilized to dilute all formulations and mixed by shaking before the measurements to im-
prove the scattering intensity and remove the multiple scattering phenomena. The particle
size was measured after placing the samples in glass cuvettes [56]. Three replicates were
done for each formulation and presented as the mean ± SD.

4.4.3. Zeta Potential Analysis

We measured the ZP using a computerized Malvern Zetasizer (Instrument at Manipal
University, Manipal, India) based on the electrophoretic mobility. The particle charge is an
important parameter to ensure the ethosomal suspension stability [42].

4.4.4. In Vitro Release Study

Some 1-mL samples from each formula (1.7 w/w% of metformin) were added to
a dialysis bag (Mw cut-off = 14,000 Da). Forty millilitres of Sorensen phosphate buffer
(pH = 6.5) was used as a release medium [39]. Then, the dialysis bag was immersed in
the prepared release medium at 32 ± 0.5 ◦C in a dissolution apparatus (SR8, Hanson
Research, Chatsworth, CA, USA) at 100 rpm. New 1-mL samples were withdrawn from
the medium and replaced with the same volume from the fresh medium at 1, 2, 4, 8, 12
and 24 h. Estimation of the sample concentrations was done spectrophotometrically at a
234 nm [31,55].

DR% =
The amount of metformin released at time t
The initial amount of entrapped metformin

× 100
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4.4.5. Optimization and Experimental Model Validation

Design-Expert® software chooses the model that gives statistically accepted polyno-
mial equations [57,58]. These equations are utilized for demonstrating conclusions about
each response after taking both the degree and sign of the calculated coefficients. “A
positive sign indicates synergism, whereas a negative sign indicates antagonism” [31].

Design-Expert® software presents 3D response surface plots demonstrating the rela-
tion between each factor and the resultant response. The optimization process uses the
desirability index (Di) to determine the suitable level of each response with an independent
variable. When Di equal 0, this means an undesirable formula, while Di equal 1 means a
desirable formula [31].

This study aimed to select the optimal formula that achieves the maximum EE% (Y1),
ZP (Y3) and DR% (Y4) and minimum vesicle size (Y2). The model is accepted in case the
range of the observations from the optimal formula occurs within the prediction interval
of the confirmation node. The three optimized formulations were prepared 3 times for
checking the optimal formula validity. Formulas with different release patterns (highest–
lowest and middle values) were tested for the permeation study (Formulas 9, 13 and 16).

4.5. In Vitro Skin Permeation

The diffusible membranes were collected from abdominal rat skin in the Faculty of
Pharmacy, Suez Canal University, Ismailia, Egypt. The skin of rats was used fresh, as
reported previously [51]. Each diffusion membrane was mounted in a vertical diffusion cell
(5 cm2) as a donor compartment. Sorensen phosphate buffer (40 mL, pH = 6.5) was used as
a receptor compartment [28]. The diffusion membrane containing 1 mL of each formula
(1.7 w/w% of metformin) was immersed in the receptor compartment, which was stirred in
a water bath at 600 rpm, and the temperature equaled 37 ± 0.5 ◦C. After that, 1-mL samples
were taken from the medium and substituted by equal volumes from the fresh medium
at 1, 2, 4, 8, 12 and 24 h. Finally, the samples were measured by a spectrophotometer at
a wavelength of 234 nm [39,59]. The limit of quantitation (LOQ) was 0.84 µg, while the
detection range was 1–20 µg/mL.

The animal skin model could provide higher permeation results than its human coun-
terpart [60]. For checking the skin integrity, the trans-epidermal electrical resistance (TEER)
test was applied. An aqueous NaCl solution (0.9%) was used for filling the diffusion
cell’s receptor, as well as the donor compartments. Each compartment was immersed in
electrodes, and the resistance was determined utilizing an LCR bridge (LCR400, Thurbly
Thandar Instruments, Cambridgeshire, England) at a frequency equal to 1 kHz. Various fac-
tors, including the instrument, applied frequency, resultant current, solution ionic strength
and the surface area of the skin sample, are able to control the estimated resistance [26].
The standard limit value was set at 1 kΩ in the experiment.

4.6. Analysis of Permeation Study Data

jss is the steady-state flux that is calculated by the slope of the straight line of the
cumulative amount of the permeated drug per unit area at a time (µg/cm2/h) [39]. Kp is
the permeability coefficient of metformin from each preparation (1/cm.h) that is calculated
by dividing jss by the primary metformin concentration in the donor compartment (Co).

Kp = jss/Co

4.7. Gel Formulation

The optimum formula gel was prepared by adding 0.7 g from carbopol 974p to the
optimal formula under vigorous stirring; then, trimethylamine solution (5%) was used to
neutralize the mixture, which was added drop by drop until the gel was formed [28,32].
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4.8. Morphological Examination of the Optimal Metformin-Loaded Ethosomes Formula

The morphology of the optimal metformin-loaded ethosome formula (#13) in the
gel preparation ensured that the vesicles were still formed. The gel was characterized by
using TEM (TEM-1010, Tokyo, Japan) [61]. After sample preparation, it was dropped onto
the surface of a copper grid coated with carbon. Each sample was left to dry in order to
permit ethosomes to adhere to the carbon substrates. For staining, we applied a drop of 1%
aqueous phosphotungestic acid dye to the grid, which was then air-dried for 2 min after
removing excess dye with a piece of filter paper. The TEM was then used to examine and
visualize the stained sample.

4.9. Thermal Analysis of Optimal Metformin-Loaded Ethosomes Formula

The thermal analysis of the optimal metformin-loaded ethosomes formula was studied
by utilizing differential Scanning Calorimetry (Shimadzu, DSC 60, Kyoto, Japan). Five
milligrams of each sample were added to an aluminum pan. Each sample was heated from
room temperature to 300 ◦C at a heating rate equal to 10 ◦C/min under nitrogen flowing
at a rate of 20 mL/min to prevent oxidation of the sample [62]. Pure metformin, optimal
metformin-loaded ethosome formula and empty formula (excipient) thermograms have
been compared.

4.10. In Vivo Mouse Study for Screening of Antitumor Activity and Toxicity
4.10.1. Mice Preparation and Ethical Approval

Thirty male Swiss albino mice (weight range equaled 25–30 g, 6–8 weeks of age) were
purchased from VACSERA (Helwan, Egypt) and placed in groups of six in plastic cages.
The experiment was done in the institutional animal house at the Faculty of Pharmacy,
Suez Canal University, at a temperature range equal to 23 ± 5 ◦C, and the animals had
free access to their normal diet and drinking water. The protocol of this study obtained
approval from the institutional research ethics committee (#202004MA1).

4.10.2. Induction of Skin Lesions

A 2 × 2 cm2 dorsal skin area was shaved on all animals using a hair clipper 48 h prior
to the experiment. To induce skin lesions in mice, one dose of DMBA, which acts as an
initiator for skin tumors (100 µg in 200 µL acetone) [63], was injected subcutaneously into
each mice [28]. After one week, there was an increase in the number of epidermal lesions
(the lesions > 1 mm in diameter for each mouse [63]. The skin lesions were assessed first
by skin morphology (lesion width and lesion length) and, also, by histological methods
(thickness of the epidermis).

4.10.3. Regimen of Applying Metformin-Loaded Ethosomes

Each group contained 6 animals, and the selected optimal formula was applied topi-
cally on the dorsal region of the skin (10 mg/cm2 of the affected area) per week for a total
of 4 weeks [27,48]. The experimental groups are shown in Table 4.

Table 4. Experimental groups for the in vivo mouse study.

Group 1 Received vehicle (acetone) and topical empty gel.

Group 2 Received DMBA and topical empty gel.

Group 3 Received DMBA and topical free metformin gel.

Group 4 Received DMBA and topical empty ethosomes gel.

Group 5 Received DMBA and metformin ethosomes gel.

The topical empty gel contained distilled water and carbopol 974 p only. On the other
hand, the topical empty ethosome gel contained all the ethosome components (distilled
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water, ethanol, isopropyl alcohol, lecithin and cholesterol) and carbopol 974 p without
metformin.

The measurements of the diameters of the skin cancer lesions were standardized for
evaluating the efficacy of the selected optimal gel formula. Each mouse lesion more than
1 mm in diameter was measured weekly until the end of the study. At the end of the study
protocol, the final lesion diameters were determined, and then, the mice were anaesthetized
and slaughtered [64]. Blood samples were taken by cardiac puncture and settled for 30 min
before centrifugation and separation of the serum samples.

4.10.4. Histopathological Methodology and Examination

Extracted skin specimens were fixed in 10% neutral-buffered formalin, then embedded
in paraffin wax and sectioned by a microtome (at 4 µm) and processed for hematoxylin and
eosin (H&E) staining (the sections were deparaffinized, rehydrated in alcohol, stained in
Harris hematoxylin, rinsed in 95% ethanol, counterstained with eosin solution, dehydrated
through 95% alcohol and cleared in xylene, followed by mounting). Light microscopy was
used to examine the skin sections by an experienced pathologist (the nuclei, nucleolus and
nuclear membrane were stained blue, and the cytoplasm and connective tissue were stained
pink) [30]. Histopathological investigation for skin tumor specimens was performed to
assess the efficacy of the different drug/vehicle formulations [63]. Thicknesses of six
regularly spaced skin parts were measured using ImageJ software (NIH, Bethesda, MD,
USA). The average of the measured parts was calculated for every tissue specimen.

4.10.5. Toxicological Screening

For testing any possibility of hepatic or renal toxicity due to the systemic absorption
of the gel formula, a histopathological investigation was done for the liver and kidney
specimens. The tissue samples were fixed in neutral-buffered formalin and processed
for H&E staining and examination under light microscopy by an experienced blinded
pathologist. In addition to the histopathological examination, the serum samples were
directed for estimation of the liver enzymes (ALT and AST) and serum creatinine, urea and
albumin.

4.11. Statistical Analysis

GraphPad prism was used to apply the statistical tests to the current data. Data were
quantitative in nature and demonstrated in the form of the mean ± SD and analyzed using
one-way ANOVA, as one factor (treatment regimen) was influencing the study groups.
Bonferroni’s test for multiple comparison analysis was at p < 0.05.

5. Conclusions

The topical application of ethosomal gel of metformin has a significant effect on
treating chemically induced skin cancer in mice. This was shown by using the Box–Behnken
design of “a three-level three-factor” to present a high percent of the EE%, minimum vesicle
size, maximum ZP and high DR%.

Adding isopropyl alcohol with ethanol to form ethosomes increased the ability of
ethanol to solubilize lecithin, which led to an increased stability and effectiveness of the
ethosomes vesicles. Isopropyl alcohol also decreased the particle size of the vesicles, which
increased the EE% and allowed the metformin to be released for an extended period. This
is the goal of our research. Finally, a lower lecithin, high ethanol and isopropyl alcohol and
moderate cholesterol obtained an enhancement of the permeation rate. Hence, the current
findings may open up an avenue for future formulations for metformin as a therapeutic
tool in fighting skin cancer.
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Abstract: Notch signaling is a key parameter in regulating cell fate during tissue homeostasis, and an
aberrant Notch pathway can result in mammary gland carcinoma and has been associated with poor
breast cancer diagnosis. Although inhibiting Notch signaling would be advantageous in the treatment
of breast cancer, the currently available Notch inhibitors have a variety of side effects and their clinical
trials have been discontinued. Thus, in search of a more effective and safer Notch inhibitor, inhibiting
recombinant signal binding protein for immunoglobin kappaJ region (RBPJ) specifically makes
sense, as RBPJ forms a transcriptional complex that activates Notch signaling. From our established
database of more than 10,527 compounds, a drug repurposing strategy-combined docking study and
molecular dynamic simulation were used to identify novel RBPJ-specific inhibitors. The compounds
with the best performance were examined using an in vitro cellular assay and an in vivo anticancer
investigation. Finally, an FDA-approved antibiotic, fidaxomicin, was identified as a potential RBPJ
inhibitor, and its ability to block RBPJ-dependent transcription and thereby inhibit breast cancer
growth was experimentally verified. Our study demonstrated that fidaxomicin suppressed Notch
signaling and may be repurposed for the treatment of breast cancer.

Keywords: Notch signaling; RBPJ protein; drug repurposing; fidaxomicin; acarbose; schaftoside;
breast cancer

1. Introduction

The Notch signaling pathway is highly studied and is responsible for cellular commu-
nication and cell fate decision throughout a wide variety of developmental processes [1–3].
Notch signaling is initiated by ligand binding, followed by a series of cleavage events and
the induced release of an intracellular domain (NICD). NICD then directly translocates into
the cell nucleus and interacts with a transcription factor RBPJ (recombinant signal binding
protein for immunoglobin kappaJ region) [4–6]. The resultant NICD/RBPJ complex further
recruits transcriptional coactivators to activate the expression of Notch downstream target
genes such as Hes1, Hes5, and Hey1 [7,8]. Aberrant activation of Notch signaling, which
plays a critical role in cellular development, is linked to a number of diseases, including
Alzheimer’s disease, ischemic stroke, heart disease, and cancer [9–12]. Given its tumor-
promoting role, selective inhibition of the Notch signaling pathway represents a valuable
therapeutic target in cancer therapy.

A large number of Notch inhibitor candidates have been designed to inhibit γ-
secretase, which mediates the cleavage of Notch receptors to liberate NICD. For exam-
ple, a well-known small peptide inhibitor called DAPT {N-[N-(3,5-difluor-ophenacetyl)-
l-alanyl]-S-phenylglycine tert-butyl ester} effectively inhibits the activity of γ-secretase
(Supplementary Material Figure S1) [13]. These γ-secretase inhibitors developed in recent
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years have been found to cause a variety of toxic effects, including gastrointestinal bleeding,
immunosuppression, cancerous skin lesions, and cognitive worsening in Alzheimer’s Dis-
ease patients [14,15]. Therefore, more than half of the clinical trials of γ-secretase inhibitors
have been halted [16,17]. Notch inhibitors should be further developed to avoid adverse
effects, with an emphasis on increasing Notch selectivity. Another intriguing target in
Notch signaling is the RBPJ protein, which is involved in both transcriptional activation
and repression of Notch signaling [6,18]. Following its interaction with NICD and other
coactivators, the activity of RBPJ shifts from repressing transcription to activating the tran-
scription of Notch downstream genes. The rationale for developing an RBPJ inhibitor lies
in the promise that disrupting the formation of the NICD–RBPJ–DNA complex provides a
more specific means of modulating Notch function than γ-secretase inhibition.

The application of structure-based drug design in the search for novel RBPJ inhibitors
benefits the translation of new drugs to the market. However, in spite of previous reports
of novel RBPJ inhibitors [19,20], none has yet made significant progress clinically. RBPJ’s
structure indicates that it has various binding sites that are open for other molecules,
including NICD, coactivators, and DNA [21–23]. As a result, small molecules are likely to
occupy one of the RBPJ’s binding sites to inhibit the formation of a transcriptional complex.
It is theoretically possible to repurpose existing approved and investigational drugs as RBPJ
inhibitors. Compared to de novo drug design, drug repurposing has numerous advantages:
lower risk, reduced cost, and a shorter time to market [24–26].

In this study, we established a structure-based virtual screening strategy for identi-
fying potential RBPJ-specific inhibitors from a database that collected compounds from
a variety of sources. Following a molecular docking-based first-round screening, we per-
formed molecular dynamic simulations to verify the hits and determine their binding free
energies. Moreover, we experimentally demonstrated the inhibitory abilities of the selected
compounds in vitro, as well as the anti-tumor efficacy in a tumor-bearing mice model.

2. Results
2.1. Strategic Overview of Drug Repurposing

For the first stage of drug repurposing, we used the crystal structure of NICD–MAML–
RBPJ–DNA complex (PDB ID: 6PY8) to perform the RBPJ-based virtual screening. Crystal
structure has revealed that RBPJ protein contains three domains: BTD (β-trefoil domain),
NTD (the N-terminal domain), and CTD (the C-terminal domain) (Supplementary Mate-
rial Figure S2). In this complex, the RBPJκ–associated module (RAM) domain of Notch
intracellular domain (NICD) binds the BTD of RBPJ, showing that five residues (Val223,
Phe221, Met243, Pro246, and Gln293) in BTD are important for the binding (Supplementary
Material Table S1). Also, the Ankyrin repeat (ANK) domain of NICD binds the CTD of
RBPJ, which identifies seven key residues of BTD (Gly350, Gln347, Leu348, Glu358, Glu385,
Cys383, and Gly384). One transcriptional coactivator, MAML, interacts with the CTD-ANK
interface and the NTD of RBPJ, revealing the key residues of RBPJ (Arg382, Arg378, Tyr381,
Asn367, Arg369, Asn417, Lys130, Asp138, Phe88, Gly134, Ser136, Met98, and Cys86) (Sup-
plementary Material Table S2). In light of the interaction between DNA and RBPJ, the
crucial residues of RBPJ to maintain the interaction includes Lys44, Tyr46, Lys50, Arg51,
Phe52, Ser151, Ser154, Gln158, Arg178, Arg180, Ser181, Gln182, and Lys271.

The virtual screening for RBPJ inhibitor was conducted using the docking module of
MOE software(2020.09). We collected 10,527 compounds from various sources, including
TCMSP, PubChem, DrugBank, and TOPSCIENCE Bioactive compound. Each compound in
this collection was first subjected to blind docking, in which each one globally docked onto
the entire surface of the RBPJ protein without any prior knowledge (PDB ID: 6PY8). 21 hits
were selected from blind docking, and they exhibited docking scores less than −8 kcal/mol.
These 21 molecules were further site-specifically docked into RBPJ based on the identified
key amino acid residues of RBPJ. Three compounds, including fidaxomicin, schaftoside
and acarbose, were identified to be the strongest RBPJ binder as they not only occupied
the binding site strictly but also formed hydrogen bonds with multiple key RBPJ residues
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within the binding site (Figure 1). A positive control, RIN1 [19], was employed to further
confirm the putative binding site of the RBPJ protein by molecule docking. The chem-
ical structures of three hits and RIN1 were shown in Supplementary Material Figure S1.
RIN1 has previously been shown to be capable of interrupting the formation of RBPJ-
dependent transcriptional complex. The DNA-binding site of the RBPJ protein, as shown
in Figure 1g,h, was also favored by RIN1, although only one molecule of RIN1 could not
repel the DNA molecule from its binding site (Figure 1h). On the basis of the result of RIN1
docking investigation, it suggested that the selected three hits could potentially inhibit
RBPJ-dependent transcription.
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Figure 1. Molecular docking revealed binding modes of three hits and positive control with RBPJ
protein by using MOE. Two-dimensional and three-dimensional docking poses of fidaxomicin (a,d),
schaftoside (b,e), acarbose (c,f), and positive control RIN1 (g,h) at active sites of RBPJ were repre-
sented, respectively, showing the shape complementarity and the H-bonding with key contributing
amino acids of RBPJ.

2.2. Evaluation of the Inhibitory Abilities of Three Selected Compounds

Following the screening results, we further investigated the potency of three hits
to inhibit the formation of the NICD–MAML–RBPJ–DNA transcriptional complex. For
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each hit, docking was used to determine the maximum number of compound molecules
that could simultaneously bind to the active site of RBPJ. The docking procedure began
with the docking of a single molecule onto the RBPJ, resulting in the top scored pose in
which the molecule bound to the active site. Then, using this resultant pose as the starting
structure for the secondary round of docking, another molecule was docked onto this
complex, yielding the top scored pose containing two molecules docked to the active site.
This docking step was repeated several times until the nth input molecule was unable to
bind to the RBPJ active site that was previously occupied by n-1 molecules. It is suggested
that the more molecules bound to the active site, the more effective the compound would
be at inhibiting the function of RBPJ. As shown in Figure 2a, three fidaxomicin molecules
were positioned in such a way that all of them could simultaneously fit into the active site;
this active site could hold up to four schaftoside (Figure 2b) or three acarbose molecules
(Figure 2c).
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In addition, we investigated the DNA-competitive ability of each hit, which could
further validate the potential of selected compounds as an RBPJ-specific inhibitor. To be
specific, the obtained pose consisting of RBPJ and compounds was inputted as the docking
receptor for the docking with the DNA molecule. As shown in Figure 3, the DNA molecule
was pushed to dock onto other sites of RBPJ when various molecules of each hit occupied
the active site, which confirmed the three hits to be DNA competitors and their ability to
inhibit the formation of the NICD–MAML–RBPJ–DNA complex.
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Figure 3. The verification on the abilities of small inhibitors to inhibit the formation of the NICD–
MAML–RBPJ–DNA complex. The original DNA bound complex is shown (a). The occupancy of
three fidaxomicin (b), four schaftoside (c) or three acarbose (d) molecules in the active site would
inhibit the binding of DNA, indicating the DNA-competitive ability of the three hits.

2.3. Molecular Dynamic Simulations

At the second stage of drug repurposing, we further performed an all-atom molecular
dynamic (MD) simulation to investigate the dynamic behavior of both selected hits and
RBPJ and to assess their binding stability. The obtained poses consisting of each hit and
RBPJ were subjected to 50 ns all-atom MD simulation. The stability profile of three hits in
complex with RBPJ was examined by using their respective root mean square deviation
(RMSD) values throughout all the simulation runs. As RMSD provides the degree of
conformational variability of a protein, a ligand, or a ligand–protein complex, a high RMSD
value for one ligand would indicate its incompatibility with the active site of the protein,
as well as insufficient stability of the ligand–receptor complex across MD simulation time-
frames. RMSD values for the Cα backbone of RBPJ and each compound were calculated
and are shown in Figure 4. For the schaftoside–RBPJ complex, both RMSD curves of
schaftoside and RBPJ exhibited relatively stable fluctuations with the fluctuation amplitude
being less than 0.1 nm, suggesting that the MD simulations reached equilibrium after 10 ns
and schaftoside bound tightly to the active site of RBPJ. Similarly, fidaxomicin and acarbose
formed stable complexes with RBPJ because both systems were well equilibrated after 30 ns
and yielded relatively steady RMSD values.
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complex with RBPJ were illustrated, respectively. Each compound was shown in black and RBPJ
protein shown in red. RMSD, root-mean-square deviation.

The MM-PBSA method was used to calculate the binding free energies of ligand-
protein complex and to rank the binding affinity of three compounds [27–29]. The binding
free energy in this method is decomposed into different components, including intermolec-
ular van der Waals (∆EvdW), electrostatic interactions (∆Eelec), non-polar solvation energy
(∆Gnp), polar solvation free energy (∆Gpol) and the configurational entropy (-T∆S). The
components of the binding free energies of three complexes were listed in Table 1. The
van der Waals (∆EvdW), electrostatic interactions (∆Eelec) and non-polar solvation energy
(∆Gnp) drove the complexation of each hit to RBPJ, while polar solvation free energy
(∆Gpol) and the configurational entropy (-T∆S) worked against the binding. As shown, the
calculated binding free energy of fidaxomicin was the lowest among the three, indicating
that fidaxomicin could form the most stable complex with RBPJ. Schaftoside showed the
second-ranked favorable binding energy. However, acarbose exhibited a positive binding
free energy, which indicated an energetically unfavorable interaction between acarbose and
the active site of RBPJ. Taken together, this finding further suggested fidaxomicin to be the
strongest binder among the three.

Table 1. Energetic components of the binding energy for three hits in complex with RBPJ using
MM-PBSA (kJ/mol).

Components Fidaxomicin Schaftoside Acarbose

van der Waal energy (∆EvdW) −204.184 −182.001 −187.466
Electrostatic energy (∆Eelec) −84.315 −106.519 −173.363

a ∆EMM −288.498 −288.52 −360.829
Polar solvation energy (∆Gpol) 141.176 210.695 307.811

Non-polar solvation energy (∆Gnp) −30.519 −24.261 −27.046
Configurational entropy (-T∆S) 101.286 58.367 126.046

Binding energy (b ∆GBind) −76.555 −43.72 45.982

Note: a ∆EMM = ∆EvdW + ∆Eelec, b ∆GBind = ∆EMM + ∆Gpol + ∆Gnp − T∆S.

2.4. In Vitro Cytotoxicity Analysis and Intracellular Trafficking

Encouraged by the results of docking and molecular dynamic simulations, the in-
hibitory properties of three compounds were determined in different cell lines. As shown
in Figure 5, fidaxomicin was active at micromolar concentrations to inhibit human breast
cancer cell MCF-7 and mouse breast cancer cell 4T1, with IC50 values of 53.4 and 32.3 µM,
respectively. In comparison, schaftoside and acarbose did not exhibit significant anti-
tumor effects against MCF-7 and 4T1 across the concentration range that was investigated
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(Figure 5). Collectively, the anti-tumor efficacy of fidaxomicin was evidently superior to
that of other two screened compounds in vitro.
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Figure 5. In vitro cytotoxicity analysis. (a) Cytotoxicity test in human breast cancer MCF-7 cells.
(b) Cytotoxicity test in mouse breast cancer 4T1 cells. The cells were incubated with various concen-
trations of fidaxomicin, acarbose, or schaftoside for 48 h, and the viability of cells was examined by
CCK-8 assay (n = 5 samples per group).

Next, to ensure that the anti-tumor ability of fidaxomicin resulted from inhibiting
the formation of the transcriptional complex, effective internalization by tumor cells and
intracellular nucleus targeting were of great importance. Here, CLSM was used to investi-
gate the subcellular localization of fidaxomicin in 4T1 cells (Figure 6). The relatively weak
fluorescence signal (green) of fidaxomicin was observed in the nuclei (red) of 4T1 cells
after 0.5 h incubation, and enhanced fluorescence of fidaxomicin could be detected after
2 h and 4 h incubation, indicating that the fluorescence intensity of fidaxomicin in cell
nuclei exhibited a time-dependent increase. These results confirmed that fidaxomicin was
effectively taken up by 4T1 cells and then distributed into the cell nuclei. Furthermore, due
to the nuclear location of the RBPJ protein, the intracellular trafficking behavior of fidax-
omicin implied that this compound might inhibit the formation of the RBPJ complex, hence
blocking the Notch signal pathway and eventually exerting the potential anti-tumor ability.

2.5. In Vitro Evaluation of RBPJ-Specific Inhibition

The ability of fidaxomicin to disrupt the interaction between NOTCH, RBPJ, and
DNA was further confirmed by quantitative real-time PCR (qRT-PCR) analysis. The gene
encoding Notch receptor Notch1 and Notch downstream target genes, including Hes1,
Hes5, and Hey1 in 4T1 cells after incubation with fidaxomicin for 24 h and 48 h were
analyzed (Figure 7). As a result, the 24-h treatment of fidaxomicin significantly repressed
the amounts of Notch1, Hes1, Hes5, and Hey1 mRNAs. We observed that the expression
of Hes1 was the most significantly repressed, and the repression of Notch1 and Hes1
responded to fidaxomicin treatment in a time-dependent manner. The decreases of Hes5
and Hey1 mRNA were less prominent than those of the other two genes, and they did not
show a further decrease after 48 h incubation of fidaxomicin.

Additionally, the protein levels of Notch downstream targets Hes1 and Hes5 were
analyzed by western blotting. Despite the decrease in mRNA levels, fidaxomicin did
not appear to affect the expression of Hes1 and Hes5 proteins in 4T1 cells during the
first 24-h incubation, as shown in Figure 8. However, following 48-h incubation with
fidaxomicin, the protein levels of Hes1 and Hes5 were significantly reduced, which was
consistent with the mRNA alterations in both genes after the same treatment. Combined
with in vitro cytotoxicity and qRT-PCR results, these findings implied that fidaxomicin
might effectively block the formation of the RBPJ-dependent transcriptional complex,
leading to the inhibitory ability on Notch signaling and resulting in anti-tumor activity.
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2.6. Antitumor Efficacy

Based on the in vitro cytotoxicity and the responses of inhibiting the Notch signaling,
the antitumor efficacy of fidaxomicin in 4T1-tumor-bearing mice was then evaluated. When
the average tumor volume reached about 100 mm3, mice were treated with different groups
of drugs by intratumoral administration every other day for three weeks, including 5, 25,
and 50 mg/kg fidaxomicin, 25 mg/kg DAPT, 25 mg/kg 5-fluorouracil, and saline as a
negative control. As shown in Figure 9a,b, the tumor volume of the saline group increased
rapidly and reached 3000 mm3 on the 28th day after the implantation.
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denote the protein levels in untreated 4T1 cells after culture for 24 h and 48 h, respectively. M24 and 

M48 indicate the protein levels in cells after fidaxomicin treatment for 24 h and 48 h, respectively. 

After incubation, whole-cell extracts were subjected to immunoblot analysis and incubated with 
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2.6. Antitumor Efficacy 
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the antitumor efficacy of fidaxomicin in 4T1-tumor-bearing mice was then evaluated. 

When the average tumor volume reached about 100 mm3, mice were treated with different 

Figure 7. The mRNA levels of Notch target genes in 4T1 cells after incubation with fidaxomicin
for a variety of times. (a) The results of a 24 h incubation with fidaxomicin; (b) the results of a
48 h incubation with fidaxomicin. qRT-PCR analysis revealed that the incubation of fidaxomicin
significantly reduced the mRNA levels of Notch1, as well as Notch target genes Hes1, Hes5, and
Hey1. Data shown represent the mean ± SD of triplicate experiments (** p < 0.01, and **** p < 0.0001
vs. control group).
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Figure 8. Western blot analysis of protein levels of Notch target molecules in 4T1 cells. C24 and C48
denote the protein levels in untreated 4T1 cells after culture for 24 h and 48 h, respectively. M24 and
M48 indicate the protein levels in cells after fidaxomicin treatment for 24 h and 48 h, respectively.
After incubation, whole-cell extracts were subjected to immunoblot analysis and incubated with
antibodies to Hes1, Hes5, and GAPDH as a control. Data shown represent the mean ± SD of triplicate
experiments (*** p < 0.001, and **** p < 0.0001 vs. control group, ns: no significance).

The growth curves of tumors revealed that the order of the inhibitory ability on
tumor growth was fidaxomicin (50 mg/kg) > 5-fluorouracil (25 mg/kg) > fidaxomicin
(25 mg/kg) > DAPT (25 mg/kg) > fidaxomicin (5 mg/kg) (Figure 9b). The low dose of
fidaxomicin (5 mg/kg) exhibited a moderate tumor inhibition compared with the saline
group. When the dose of fidaxomicin was further increased, stronger inhibitions were
observed. As a result, fidaxomicin demonstrated potent anti-cancer activity, yielding 62.56%
and 83.19% inhibitory efficacies on the growth of tumors at 25 and 25 mg/kg, respectively
(Figure 9c). In comparison, DAPT, a well-known Notch inhibitor that inhibits the activity
of gamma-secretase, exhibited an inhibition rate of 56.42% at a concentration of 25 mg/kg,
whereas 5-fluorouracil, another extensively used chemotherapeutic drug, showed a better
inhibition rate of 75.66% at the same dosage. The average tumor weight of mice treated with
fidaxomicin was significantly lower than that of mice treated with DAPT or 5-fluorouracil
at a dose of 25 mg/kg, indicating the greatest anti-tumor ability among the three treatment
groups. In addition, there was no noticeable body weight change or obvious abnormalities
in the three fidaxomicin groups, indicating that fidaxomicin was tolerable up to 50 mg/kg
when administered 12 times (Figure 9d).

143



Pharmaceuticals 2022, 15, 556

Pharmaceuticals 2022, 15, x FOR PEER REVIEW 11 of 22 
 

 

groups of drugs by intratumoral administration every other day for three weeks, includ-

ing 5, 25, and 50 mg/kg fidaxomicin, 25 mg/kg DAPT, 25 mg/kg 5-fluorouracil, and saline 

as a negative control. As shown in Figure 9a,b, the tumor volume of the saline group in-

creased rapidly and reached 3000 mm3 on the 28th day after the implantation. 

The growth curves of tumors revealed that the order of the inhibitory ability on tu-

mor growth was fidaxomicin (50 mg/kg) > 5-fluorouracil (25 mg/kg) > fidaxomicin (25 

mg/kg) > DAPT (25 mg/kg) > fidaxomicin (5 mg/kg) (Figure 9b). The low dose of fidax-

omicin (5 mg/kg) exhibited a moderate tumor inhibition compared with the saline group. 

When the dose of fidaxomicin was further increased, stronger inhibitions were observed. 

As a result, fidaxomicin demonstrated potent anti-cancer activity, yielding 62.56% and 

83.19% inhibitory efficacies on the growth of tumors at 25 and 25 mg/kg, respectively (Fig-

ure 9c). In comparison, DAPT, a well-known Notch inhibitor that inhibits the activity of 

gamma-secretase, exhibited an inhibition rate of 56.42% at a concentration of 25 mg/kg, 

whereas 5-fluorouracil, another extensively used chemotherapeutic drug, showed a better 

inhibition rate of 75.66% at the same dosage. The average tumor weight of mice treated 

with fidaxomicin was significantly lower than that of mice treated with DAPT or 5-fluor-

ouracil at a dose of 25 mg/kg, indicating the greatest anti-tumor ability among the three 

treatment groups. In addition, there was no noticeable body weight change or obvious 

abnormalities in the three fidaxomicin groups, indicating that fidaxomicin was tolerable 

up to 50 mg/kg when administered 12 times (Figure 9d). 

 

Figure 9. The in vivo antitumor effects of fidaxomicin in 4T1 tumor-bearing mice. (a) The photo-

graph of tumors excised from sacrificed mice. (b) Tumor growth curve, (c) tumor inhibition rate, 

and (d) body weight profile were demonstrated after different treatments. Data shown represent 

the mean ± SD (n = 5, ** p < 0.01, *** p < 0.001, and **** p < 0.0001 vs. control group, ns: no significance). 

Figure 9. The in vivo antitumor effects of fidaxomicin in 4T1 tumor-bearing mice. (a) The photograph
of tumors excised from sacrificed mice. (b) Tumor growth curve, (c) tumor inhibition rate, and
(d) body weight profile were demonstrated after different treatments. Data shown represent the
mean ± SD (n = 5, ** p < 0.01, *** p < 0.001, and **** p < 0.0001 vs. control group, ns: no significance).

We further verified the relationship between the in vivo anti-tumor efficacy of fidax-
omicin and the inhibition of Notch signaling in 4T1 tumor-bearing mice. As shown in
Figure 10, the protein levels of Hes5 were significantly reduced in the tumor grafts of mice
treated with fidaxomicin in a dose-dependent manner in comparison with the saline control
groups. The high dose of fidaxomicin could reduce the expression of Hes5 by 65.7%, imply-
ing that the anti-tumor activity of fidaxomicin was correlated with its possible inhibitory
ability in Notch signaling. The positive control DAPT also reduced the expression of Hes5
at a dose of 25 mg/kg, showing that DAPT exerted its ability to block Notch signaling
through the γ-secretase inhibitor.
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Figure 10. Relationship between in vivo anti-tumor activity of fidaxomicin and the inhibition in
Notch signaling in 4T1 tumors. Western blot analysis of protein levels of Notch targets Hes5 in 4T1
tumors was performed after administration with saline, DAPT (25 mg/kg), fidaxomicin (50 mg/kg),
fidaxomicin (25 mg/kg), and fidaxomicin (5 mg/kg). Data shown represent the mean ± SD of
triplicate experiments (* p < 0.05, ** p < 0.01, and **** p < 0.0001 vs. control group).
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3. Discussion

In this study, we demonstrated that fidaxomicin was identified as a potential small
molecule inhibitor of RBPJ, eventually inhibiting Notch signaling in breast cancer cells.
Since the Notch signal pathway regulates the differentiation of breast epithelial cells during
normal development, aberrant Notch signaling, as seen by increased NICD release and
target gene overexpression, is positively correlated with poor patient prognosis, such as
aggressive, metastatic triple negative breast cancer (TNBC) and therapy resistance [30–32].
In light of these findings, the inhibition of overactive Notch signaling would be facilitated
in the treatment of breast cancer. Regarding the function of RBPJ, the RBPJ–NICD–DNA
complex induces transcription of Notch target genes including various Hairy/Enhancer
of Split-related genes (Hes1, Hes5, and Hey1) [18,33]. In recent years, the involvement of
these Hes/Hey canonical Notch target genes in breast cancer initiation and progression
has been recognized. For example, Hes1, a basic helix–loop–helix (bHLH) transcriptional
repressor, is an important direct RBPJ-dependent Notch target gene. The proliferation
and invasion of TNBC cells were boosted by the overexpression of Hes1, while on the
contrary, this effect was substantially abolished by silencing Hes1 gene expression [34].
Therefore, compared with GSIs, suppressing RBPJ-dependent gene transcription would
confer advantages including direct mediation on Notch signaling as well as reduced
side effects.

The drug repurposing strategy in this study was a combination of molecular docking
and dynamic simulation. Molecular docking is a well-established method for screening
potential compounds based on their complementarity with the target’s binding site. We
started by building a database of FDA-approved drugs, synthetic compounds, and natural
extracts to be used in the initial screening study. The fact that RBPJ interacts with multiple
components, including NICD, certain coactivators, and DNA, led us to first investigate the
binding mode between each component and the RBPJ, identifying the possible binding
sites and the key residues in these binding sites. After evaluating the docking scores of
all compounds, 21 compounds with high docking scores were selected to dock onto the
binding sites of RBPJ. Interestingly, we found that three hits preferred the sites where
large molecule DNA binds rather than other coactivators and NICD, which suggested
that the DNA binding site could be a possible target for the design of RBPJ inhibitors. To
further prove that the three hits could effectively compete with DNA for RBPJ binding
sites, we used docking to demonstrate how more than two molecules could fully occupy
the DNA-binding site, causing DNA to weakly interact with the remaining sites. Based on
these docking results, we were able to identify novel roles for the three hits as potential
RBPJ-specific inhibitors.

Among the three hits, fidaxomicin is a first-in-class macrocyclic antibiotic for the
treatment of Clostridium difficile infection. Regarding its mechanism of action, fidaxomicin
primarily inhibits bacterial RNA polymerase at an early step in the transcription initia-
tion stage. Specifically, fidaxomicin binds to the σ subunit of bacterial RNA polymerase,
preventing the initial separation of DNA strands [35,36]. Other than the treatment of Gram-
positive bacteria, fidaxomicin has not been found to be effective in any other application.
In this study, we identified a novel role of fidaxomicin as a potential anti-tumor candidate.
We further investigated the binding site for fidaxomicin by superimposing the complex
docked with fidaxomicin over the RBPJ-dependent transcriptional complex. Interestingly,
we discovered that the pocket of RBPJ that was occupied by fidaxomicin was open for DNA
binding, whereas fidaxomicin had no effect on the interaction between RBPJ and NICD or
other coactivators. As a result, the RBPJ transcriptional complex would not be formed, even-
tually inhibiting the expression of Notch downstream target genes. Another hit, acarbose,
is an α-glucosidase inhibitor and is used to manage glycemic control in patients with type
2 diabetes mellitus [37,38]. As an oligosaccharide, acarbose inhibits the activities of several
enzymes responsible for the hydrolysis of complex carbohydrates in the small intestines.
The third hit schaftoside was a flavonoid that has been found in Chinese medicinal herbs.
Previous studies have revealed that schaftoside has a variety of pharmacological activities,
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including anti-inflammatory [39,40], anti-melanogenic [41], anti-stress, and antioxidant ca-
pacities [39,42,43]. In light of the blind docking results, acarbose and schaftoside preferred
to dock onto the DNA-binding pocket of RBPJ, which was also observed in top-ranked
poses of a fidaxomicin–RBPJ complex. These docking poses implied that the two other
hits would inhibit the formation of the RBPJ-related transcriptional complex in a similar
manner to fidaxomicin.

Further docking experiments revealed that the highest number of molecules that could
occupy the active site of RBPJ was three for fidaxomicin, four for schaftoside, and three
for acarbose. Next, to investigate whether the compounds were DNA competitors, we
studied the behavior of the selected compounds when DNA were docked to the pose of
the RBPJ-selected compound complex. This result indicated that any of the three selected
compounds could strictly occupy the DNA-binding site of RBPJ, thus causing DNA to
interact weakly with another site of RBPJ. Taken together, our virtual screening and docking
experiments revealed that the three identified compounds were potential RBPJ-specific
inhibitors, interacting with the DNA-binding site of RBPJ and eventually exerting inhibitory
ability on the expression of Notch target genes.

At the second stage of our drug repurposing strategy, dynamic simulation was em-
ployed to further refine the docking results by analyzing the binding properties of each
identified compound, such as the binding free energy. Here we selected the molecular
mechanism/Poisson–Boltzmann surface area (MM-PBSA) approach to obtain the bind-
ing free energy of each hit-RBPJ complex. However, although the computational cost of
MM-PBSA is far lower than that of other approaches, which is a significant advantage,
this method suffers from a higher number of computational errors and lower accuracy
compared with other methods [44–46]. As a result, we used this approach to rank the
binding free energies of the three hits in order to determine which one might be the most
promising RBPJ inhibitor. The MM–PBSA results revealed that fidaxomicin performed
the best, showing the lowest binding free energy of −76.555 kJ/mol. The binding free
energy of schaftoside was −43.72 kJ/mol, which was ranked second. Surprisingly, acarbose
revealed a positive binding free energy, which was not suitable for the interaction between
acarbose and RBPJ. Because acarbose is a water-soluble oligosaccharide, its physicochem-
ical properties might make it difficult to access the DNA-binding site of RBPJ, resulting
in an unfavorable binding free energy. In addition, docking scores are assessed mainly
based on the shape complementarity between candidate and target receptor, rather than the
binding behavior of the candidate in a real situation with a given salt concentration, so the
discrepancy between the docking experiment and dynamic simulation might be explained.

To validate the results of our drug repurposing, the anti-tumor activities of three hits
were determined by cellular viability assay. Among them, fidaxomicin exhibited a potent
anti-tumor effect against two breast cancer cell lines, with IC50 values in a micromolar range.
When incubated with either the human breast cancer cell line MCF-7 or mouse breast cancer
cell line 4T1 for 48 h, schaftoside was found to have negligible toxicity for both cell lines at
concentrations up to 400 µM. Another hit, acarbose, showed poor anti-tumor effect against
two cell lines, similar to that of schaftoside. Among the three hits, only fidaxomicin had
the lowest IC50 values, i.e., 53.4 µM for MCF-7 and 32.3 µM for 4T1. Regarding the poor
anti-tumor performance of schaftoside and acarbose, both compounds might not have good
permeability that largely depends on their lipophilicity, molecular weight, and polarity [47].
For example, acarbose is a complex oligosaccharide and is soluble in aqueous solution [48],
so it might not be able to penetrate across cellular membranes and subsequent nucleus
membranes. Therefore, although the three hits could theoretically inhibit the formation of
the RBPJ-dependent transcriptional complex, schaftoside and acarbose might not passively
diffuse into the cell nucleus; on the contrary, fidaxomicin was proved to be distributed in
the cell nucleus after incubation for 2 h by using CLSM, which met the requirement for
the RBPJ-specific interaction. Further studies would be conducted to determine the cause
of the poor performance of schaftoside and acarbose, and the application of appropriate
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delivery systems could help these compounds distribute to the nucleus, where they could
then exert inhibitory effects on Notch signaling.

To establish whether fidaxomicin inhibits RBPJ in cells, the expressions of Notch
target genes at the level of transcription and translation were assessed after compound
treatment by using qRT-PCR and western blotting, respectively. Figure 7 summarized
the results of qRT-PCR when 4T1 cells were incubated with fidaxomicin for either 24 h or
48 h. The reduced levels of Notch target genes, including Hes1, Hes5, and Hey1, were
detected after fidaxomicin treatment, indicating that the RBPJ-mediated transcription was
inhibited in cells. The protein levels of Notch targets Hes1 and Hes5 were significantly
reduced after 48 h incubation of fidaxomicin, further confirming the fidaxomicin-induced
inhibition of Notch signaling. Notably, the expressions of the two proteins were not
significantly altered during the first 24 h incubation of fidaxomicin, which might be due
to their functions. The Hes1 protein contains both DNA-binding and protein–protein
interaction domains responsible for its role as a transcriptional regulator, which negatively
regulates its own transcription [49,50]. Therefore, the already-existing Hes1 protein would
still exert its activity and regulate the expression during the first 24-h incubation, resulting
in a marginally declined protein level; when fidaxomicin exposure was extended to 24 h
to 48 h, a significantly lower level of the Hes1 protein was observed. Hes5 is another
transcriptional regulator, and the treatment with fidaxomicin caused a similar change in the
level of the Hes5 protein to that observed with Hes1 level. This result could be explained by
the fact that Hes5 has been reported to negatively control its transcription in neurogenesis
and hepatocarcinogenesis [51–54]. Collectively, these results demonstrated that fidaxomicin
might act as a potential RBPJ-specific inhibitor and effectively block Notch signaling.

Fidaxomicin’s potential to inhibit the growth of 4T1 tumors was further demonstrated
in a 22-day in vivo anticancer experiment. At the highest dose of 50 mg/kg, this compound
was able to reduce tumor volume by 83.19%, and it also had a modest anti-tumor impact at
a dose of 5 mg/kg, resulting in a decrease in tumor volume of 31.77%. To assess the anti-
tumor potential, we used positive controls including a commonly used GSI (DAPT) and
an established chemotherapeutic agent (5-fluorouracil). As a result, at a dose of 25 mg/kg,
fidaxomicin had a better anti-tumor effect (62.56%) than DAPT (56.42%). On the other
hand, fidaxomicin was not as effective against 4T1 tumor as 5-fluorouracil, which showed
a reduction in tumor volume of 75.66% when given at the same dose.

The mechanism of action of fidaxomicin against tumors was elucidated by measuring
Hes5 protein levels in tumor tissues. Since the levels of the Hes5 protein decreased more
slowly than that of Hes1 in in vitro cellular studies, the changes in the Hes5 levels may better
reflect the inhibitory effect of fidaxomicin on RBPJ-mediated transcription. In accordance with
in vitro results, the levels of Hes5 proteins in tumor tissues were considerably decreased after
mice received various doses of fidaxomicin, suggesting a possible RBPJ-dependent inhibitory
mechanism of action. These findings matched the in vitro cellular assay results, indicating
that the in vitro cytotoxicity was well translated into in vivo activity.

One limitation of our study is that we did not have the appropriate cell- or animal-
based models to regulate the activity of the RBPJ protein at the time of our study, which
would have allowed us to directly examine the inhibitory ability of selected hits on RBPJ
function. Based on our findings, fidaxomicin has been proposed as a potential RBPJ-
dependent inhibitor. However, further work is required to verify the binding mode of
fidaxomicin with RBPJ as well as the precise mechanism of action. Another limitation of
our study is that we did not investigate the phenotypes that were responsible for Notch
signaling, such as the development of splenic marginal zone B (MZB) cells, thymic T
cell development, generation of Esam+ dendritic cells, sprouting of endothelial cells, and
induction of goblet cell differentiation in the small intestine. CB-103 [20], a small molecule
Notch inhibitor, was previously shown to reduce these phenotypes when administered
orally. Although fidaxomicin in this study was injected intratumorally in this study, which
might not have resulted in these phenotypes, we plan to leverage the potential systemic
delivery of fidaxomicin and address this limitation in the future research.
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In contrast to the widely used GSIs, our results suggested a promising future for the
application of fidaxomicin. In spite of the fact that fidaxomicin is not as potent as currently
available drugs, it represents a promising starting point for the development of a potential
RBPJ-specific inhibitor, which might be further improved by using in silico design cycles.

4. Materials and Methods
4.1. Structure Preparation of the Screening Library

We built a virtual chemical library, a collection of 10,527 pharmacologically active
compounds, by integrating four publicly available databases: (1) the DrugBank database
(https://go.drugbank.com/, accessed on 1 June 2020); (2) the PubMed database (https:
//pubchem.ncbi.nlm.nih.go, accessed on 1 June 2020); (3) Traditional Chinese Medicine
Systems Pharmacology (TCMSP) database (https://tcmspw.com/tcmsp.php, accessed
on 1 June 2020) [55]; and (4) TOPSCIENCE Bioactive compound library (https://www.
tsbiochem.com/ accessed on 1 June 2020). This library covered the major classes of com-
pound candidates, including FDA-approved drugs, investigational new drugs, preclinical
compounds, drug-like chemicals, and natural products with immunomodulating effects.
The 3D structures of all these compounds were prepared, and in turn minimized using
default parameters through Molecular Operating Environment (MOE 2019) software in
terms of geometry and energy.

The three-dimensional crystal structure of the RBPJ–NOTCH1–NRARP ternary com-
plex was downloaded from the Protein Data Bank (PDB) (PDB ID: 6PY8) and used as
the target for the screening within this study. Next, we analyzed potential sites for the
binding of ligand and DNA molecules to the RBPJ protein and restriction sets for rendering
partial molecular surfaces, showing possible docking sites on the RBPJ protein. In turn,
we removed all solvent molecules, ligands (NOTCH1 and NRARP) and DNA from the
complex and refined the RBPJ protein by adding hydrogen atoms, filling in missing side
chains and loops, and assigning hydrogen bonds through the Protein-Structure Preparation
module of MOE 2019. The structure of RBPJ was then subjected to energy minimization
using MOE with default parameters as mentioned above.

4.2. Docking Procedure
4.2.1. Blind Docking Studies to Screen Candidates

Molecular docking between RBPJ protein and each compound in the virtual screening
library was performed using the docking module of MOE. A three-stage docking procedure
was conducted to identify a potential Notch inhibitor. During the first stage, blind docking
was employed to quickly dock the entire target surface with multiple binding sites.

The docking procedure at the first stage was applied for screening the significant
candidates from the library. Briefly, selections of “Receptor” and “Ligand” in the MOE
Dock module were assigned to corresponding structures, where “Site” was assigned to
“All atom”, which meant that each candidate was globally docked onto the RBPJ struc-
ture without any specified binding site, namely, blind docking. For each test compound,
100 different poses were generated and scored according to the default London dG scoring
function, and in turn the best 10 poses were selected. During the screening, values of
additional parameters remained unchanged. To select the potential candidate, the retention
value was set as the binding energy less than −8 kcal/mol, and the location of the binding
site was nearby the active binding sites.

Clustering of the generated poses was conducted to achieve the largest cluster, and in
turn, each compound in the best possible cluster was evaluated on the basis of docking
scores less than −8 kcal/mol, binding mode within the RBPJ active site, and molecular
interactions with the key residues of the RBPJ. After completion of this stage of the docking
process, 21 hits were selected.
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4.2.2. Restricted Active Site Docking

The docking study at the second stage was a more directed screening which was carried
out with the 21 obtained hits. Unlike the previous “blind docking”, the docking search
at this stage focused on the key residues of RBPJ that were involved in the interactions
between the RBPJ protein and NICD or DNA. In addition to the docking score that should
be less than −8 kcal/mol, the tested compound that could interact with more than three
key residues of RBPJ and occupy a large binding space was retained for the next stage of the
investigation. According to these screening criteria, three compounds were finally selected.

4.2.3. DNA-Competitive Docking Studies

To further verify the potent Notch-inhibiting ability of the obtained hits, a third-stage
advanced docking study was performed. In this docking search, we examined the highest
possible number of each tested compound that could simultaneously bind to the same
active site of RBPJ. The docking parameters were as same as in blind docking that used
in the first stage, but the receptor structure was different. In detail, one molecule, in the
first blind docking cycle, bound to the target binding site and formed a complex, the best
conformation of which was chosen as the receptor structure for the next blind docking
cycle; as a result, a new complex containing an increasing number of tested compounds
was generated in each blind docking cycle. Until an input compound could not stably bind
to the active site of the complex from the previous cycle, the docking study finally came
to an end. This docking study resulted in a top-ranked pose of the complex consisting of
one RBPJ and several compound molecules. Clearly, the higher the number of compound
molecules that occupied the active site of RBPJ, the stronger the ability of this compound to
inhibit the Notch activity.

Next, to investigate the capacity of the selected compound to inhibit the formation of
the RBPJ-dependent transcriptional complex, we carried out the DNA-competitive docking
experiment. Briefly, the obtained pose of the complex, which contained one RBPJ and the
maximum number of selected compound molecules, was used as receptor structure, and
the DNA molecule was inputted in this round to dock onto the complex. Then, we studied
the position of the DNA in the obtained pose, showing whether the selected compound
could effectively occupy the DNA-binding site of RBPJ.

After completion of the three-stage docking study, the identified compounds were
further evaluated by molecular dynamic simulations.

4.3. Molecular Dynamics (MD) Simulations
4.3.1. MD Simulation Procedure

The most promising compounds, fidaxomicin, schaftoside, and acarbose, in complex
with the RBPJ protein were further evaluated using all-atom MD simulations, which
were performed with the GROMACS software package (Version 2021.1, Royal Institute
of Technology and Uppsala University, Sweden) using the AMBER99SB-ILDN forcefield
parameter set. The topologies of three compounds in the GROMACS format were generated
by the ACPYPE tool [56], where General Amber Force Field (GAFF) was used. For the MD
simulation, the amber99SB-ILDN force field was used to parameterize the RBPJ protein.
The complex consisting of the ligand and RBPJ protein was placed in a dodecahedron box,
which was solvated with the TIP3P water model with a 10 angstrom padding region. Na+

ions were added to neutralize the system. Energy minimization of the solvated system
was performed by using the steepest descent method. After minimization, a series of
equilibrium MD simulations were performed: 200 ps of NVT and 1 ns of NPT. The time
step of the MD simulation was set to 2 fs with the LINCS algorithm to constraint hydrogen-
connected covalent bonds [57]. The long-range electrostatic interaction was calculated by
the fast smooth particle-mesh Ewald (PME) electrostatics method [58,59]. At each step,
v-rescale temperature coupling and Parrinello–Rahman pressure coupling were applied to
maintain the system at 300 K. Lastly, MD simulations were conducted for 50 ns with a time
step of 2 fs.
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4.3.2. Molecular Mechanics–Poisson Boltzmann Surface Area (MM-PBSA) Analysis

The binding free energies of the three hits were calculated with MM–PBSA analysis.
We utilized the gmx_mmpbsa tool (https://github.com/Jerkwin/gmxtool/tree/master/
gmx_mmpbsa, accessed on 10 August 2020) to analyze the binding free energy between
each ligand and the RBPJ protein based on the trajectories obtained with GROMACS. For
the dynamic trajectory of 50 ns, 50 frames were extracted at a time interval of 1000 ps
and subsequently selected as input for MM–PBSA calculations. During the calculations,
the binding free energy between ligand and RBPJ protein was decomposed into several
terms: the gas-phase interaction energy (∆EMM), non-polar solvation energy (∆Gnp), polar
solvation free energy (∆Gpol), and the conformational entropy (-T∆S). ∆EMM generally
contains coulomb electrostatic energy (∆Eelec) and van der Waals energy (∆EvdW).

4.4. Cell Culture

The mouse breast cancer 4T1 cell line and human breast cancer MCF-7 cell line were
purchased from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai,
China). The 4T1 cells were cultured in RPMI-1640 medium supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin/streptomycin, and the MCF-7 cells were cultured in
DMEM supplemented with 10% FBS and 1% penicillin/streptomycin.

4.5. In Vitro Anticancer Activity

The 4T1 and MCf-7 cells were seeded in 96-well plates (5000 cells/well) in 5% CO2 at
37 ◦C and cultured for 24 h. Then, the cells were incubated with fresh media containing
either fidaxomicin, schaftoside, or acarbose at various concentrations for 48 h. After further
incubation with fresh media containing Cell Counting Kit-8 (CCK-8) solution for 2 h, the
absorbance of each well was determined at 450 nm by a microplate reader.

4.6. Studies on the Mechanism of Anti-Tumor Action of Fidaxomicin
4.6.1. Cellular Uptake and Intracellular Localization

The 4T1 cells were seeded in 15 mm confocal microscope dishes (2 × 104 cells/dish)
and incubated for one day. The stock fidaxomicin solution (53 mM) was diluted with com-
plete RPMI-1640 medium to prepare working solutions (53 µM). The cells were incubated
with working solutions for 0.5, 2, 4, 12, and 24 h. After incubation, cells were washed
with PBS buffer and further fixed by using paraformaldehyde. Then, nuclei of all cells
were stained with propidium iodide (PI) for about 10 min at 37 ◦C. Eventually, the dye
solution was descanted, followed by washing three times with PBS and mounted with an
anti-fluorescence quenching sealant.

The cells were then observed using a confocal laser scanning microscope (TCS SP5 II,
Leica, Wetzlar, Germany). For fidaxomicin, the excitation wavelength was 351 nm, and the
emission wavelength was 450 nm. For PI, the excitation wavelength was 488 nm, and the
emission wavelength was 620 nm.

4.6.2. Quantitative Real-Time PCR (qRT-PCR)

Cultured 4T1 cells were treated with fidaxomicin at a concentration of 32.3 µM for
24 h and 48 h. After washing with PBS buffer, total RNA was extracted from cells by
using an RNA-Quick Purification Kit (ES-RN001, YiShan Biotech, Shanghai, China) and
reverse-transcribed using a Fast All-in-One RT Kit (ES-RT001, YiShan Biotech, Shanghai,
China). Quantitative PCR for mRNA was performed using qPCR Master Mix (ES-QP002,
YiShan, Shanghai, China) according to the manufacturer’s protocol. The expression of
mRNA was normalized to GAPDH. The primer sequences used in qRT-PCR are listed in
Supplementary Material Table S3.

4.6.3. Western Blot Assay

Cultured 4T1 cells were treated with fidaxomicin as mentioned above. After washing
with PBS buffer, total cell extracts were prepared by using a Cell Total Protein Extraction
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Kit (Sangon Biotech, Shanghai, China) according to the manufacturer’s protocol. Protein
concentration was measured by using a BCA kit. Each sample containing 2 mg/mL protein
was separated by using sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–
PAGE) and transferred onto a PVDF membrane, which was incubated overnight at 4 ◦C
with primary antibodies. The primary antibodies used were rabbit anti mouse Hes1 (11988;
Cell Signalling Technology, Danvers, MA, USA), rabbit anti mouse Hes5 (EPR15578; Abcam,
Cambridge, UK), and rabbit anti mouse GAPDH (AF7021; Affinity Biosciences, Cincinnati,
OH, USA). The membranes were next incubated with secondary antibodies (Goat Anti-
Rabbit IgG (H + L) HRP, S0001; Affinity Biosciences) at room temperature for 2 h. According
to the western blot chemiluminescence detection method, protein bands on the membrane
were observed by using a chemiluminescent imaging system.

4.7. In Vivo Anti-Tumor Activity

Eight-week-old female BALB/c mice were purchased from the laboratory animal
center of Jiangsu University. Animal studies were conducted under the guidelines of
an approved protocol from the Institutional Animal Care and Use Committee at Jiangsu
University (Protocol ID: 2021031202). To establish the tumor-bearing mouse model, 0.2 mL
of 4T1 cell suspensions (2 × 107 cells/mL) was inoculated to the mammary fat pad of
BALB/c mice. When the tumor volume reached approximately 50–100 mm3, tumor-bearing
mice were randomly assigned to six groups of five mice each. Fidaxomicin, DAPT, and
5-fluorouracil were first dissolved in DMSO as stock solutions and then administered after
dilution with saline to achieve a final concentration of DMSO of less than 0.5%. Mice were
treated with fidaxomicin-1 (50 mg/kg), fidaxomicin-2 (25 mg/kg), fidaxomicin-3 (5 mg/kg),
DAPT (25 mg/kg), 5-Fluorouracil (25 mg/kg), and saline. Each formulation was injected
intratumorally every other day. The anti-tumor efficiency was evaluated by monitoring the
tumor volume. The tumor sizes were measured on two vertical axes using a caliper every
other day and calculated as (width2 × length)/2. After 24 days, mice were sacrificed, and
tumor tissues were excised and weighted.

The expressions of the Hes5 protein in tumor grafts were examined using Western
blot assay. Total cell extracts were also prepared using a Cell Total Protein Extraction Kit
(Sangon Biotech, Shanghai, China), as mentioned in the above Western blot method. The
primary and secondary antibodies involved were the same as those used in the previous
Western blot assay.

5. Conclusions

In summary, we identified fidaxomicin as a potential RBPJ-specific inhibitor through
the use of a drug repurposing strategy. The antitumor activity of fidaxomicin was evaluated
both in vitro and in vivo. It was shown that fidaxomicin could effectively inhibit the growth
of two different breast cancer cell lines at micromolar concentrations. Furthermore, the
administration of fidaxomicin resulted in a practical tumor inhibition in 4T1 tumor-bearing
mice. Regarding the possible mechanism of action, the treatment of fidaxomicin lowered
the expression of Notch downstream target genes at both transcriptional and translational
levels, showing that fidaxomicin might potentially inhibit the formation of the RBPJ-
dependent transcriptional complex. These results suggest that fidaxomicin might have
potential for the treatment of RBPJ-dependent cancers. Additionally, this study represented
an important step towards the repurposing of this FDA-approved drug for the treatment of
breast cancer.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ph15050556/s1, Figure S1: The chemical structures of com-
pounds used in this study; Figure S2: Schematic diagram of the interaction between Notch, MAML,
DNA, and RBPJ; Table S1: Interactions between human transcription factor RBPJ and NICD; Ta-
ble S2: Interactions between human transcription factor RBPJ and coactivator MAML; Table S3:
Primer sequence.
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Abstract: Non-small cell lung cancer, a molecularly diverse disease, is the most prevalent cause
of cancer mortality globally. Increasing understanding of the clinicopathology of the disease and
mechanisms of tumor progression has facilitated early detection and multimodal care. Despite the
advancements, survival rates are extremely low due to non-targeted therapeutics and correspond-
ingly increased risk of metastasis. At some phases of cancer, patients need to face the ghost of
chemotherapy. It is a difficult decision near the end of life. Such treatments have the capability to
prolong survival or reduce symptoms, but can cause serious adverse effects, affecting quality of life
of the patient. It is evident that many patients do not die from burden of the disease alone, but they
die due to the toxic effect of treatment. Thus, increasing the efficacy is one aspect and decreasing
the toxicity is another critical aspect of cancer formulation design. Through our current research,
we tried to uncover both mentioned potentials of the formulation. Therefore, we designed actively
targeted nanoparticles for improved therapeutics considering the overexpression of adenosine (ADN)
receptors on non-small cell lung cancer (NSCLC) cells. Docetaxel (DTX), an essential therapeutic as
part of combination therapy or as monotherapy for the treatment of NSCLC, was encapsulated in
biodegradable poly(lactic-co-glycolic acid) nanoparticles. ADN was conjugated on the surface of
nanoparticles using EDC-NHS chemistry. The particles were characterized in vitro for physicochemi-
cal properties, cellular uptake, and biocompatibility. The size and zeta potential of DTX nanoparticles
(DPLGA) were found to be 138.4 ± 5.45 nm and −16.7 ± 2.3 mV which were found to change after
ADN conjugation. The size was increased to 158.2 ± 6.3 nm, whereas zeta potential was decreased
to −11.7 ± 1.4 mV for ADN-conjugated DTX nanoparticles (ADN-DPLGA) indicative of surface
conjugation. As observed from transmission electron microscopy (TEM), the nanoparticles were
spherical and showed no significant change in encapsulation efficiency even after surface conjugation.
Careful and systematic optimization leads to ADN-conjugated PLGA nanoparticles having distinctive
characteristic features such as particle size, surface potential, encapsulation efficacy, etc., that may
play crucial roles in the fate of nanoparticles (NPs). Consequently, higher cellular uptake in the A549
lung cancer cell line was exhibited by ADN-DPLGA compared to DPLGA, illustrating the role of
ADN receptors (ARs) in facilitating the uptake of NPs. Further in vivo pharmacokinetics and tissue
distribution experiments revealed prolonged circulation in plasma and significantly higher lung
tissue distribution than in other organs, dictating the targeting potential of the developed formulation
over naïve drug and unconjugated formulations. Further, in vivo acute toxicity was examined using
multiple parameters for non-toxic attributes of the developed formulation compared to other non-
targeted organs. Further, it also supports the selection of biocompatible polymers in the formulation.
The current study presents a proof-of-concept for a multipronged formulation technology strategy
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that might be used to maximize anticancer therapeutic responses in the lungs in the treatment of
NSCLC. An improved therapeutic and safety profile would help achieve maximum efficacy at a
reduced dose that would eventually help reduce the toxicity.

Keywords: docetaxel; adenosine receptors; PLGA; nanoparticles; lung cancer

1. Introduction

Lung cancer is the greatest cause of death and illness in the world (1.59 million
deaths per year), followed by colon and liver cancer. NSCLC (non-small cell lung cancer)
constitutes roughly 85% of all bronchogenic carcinomas [1] that pose a relentless threat
to human health [2]. It is marked by a high proliferative rate, a strong predilection for
metastasis, and a poor prognosis. More than 70% of NSCLC patients are elderly, current, or
past heavy smokers, and the risk rises with increasing duration and intensity of smoking [3].
Although the disease is highly sensitive to chemotherapy and radiation, a higher dose of
radiation causes severe damage to normal tissues around the tumor, causing poor patient
compliance and therapeutic outcome [4]. On the other side, conventional chemotherapy
has its shortcomings, such as nonspecific biodistribution, toxicity, etc. [5,6].

Cancer nanotherapeutics are rapidly evolving to solve several limitations of conven-
tional drug delivery systems [7]. The ideal physicochemical characteristics that jointly
confer molecular targeting, immune evasion, and controlled drug release have been a
fundamental barrier to effective clinical translation of anticancer nanomedicines. Increasing
understanding of the clinicopathology of the disease and mechanisms of tumor progression
has proved that adenosine (ADN) receptors (ARs) are over-expressed on tumor cells of
NSCLC [8]. There are multiple subtypes of ARs that are being explored, i.e., A1, A2A, A2B,
and A3, for cancer research [9], though primarily A3ARs were found to be upregulated in
multiple cancers including NSCLS [10]. This is the reason why the A3AR was considered
to be the tumor marker. Extracellular ADN induces apoptosis in cancer cells via diverse
signaling pathways linked to ARs. ADN and other AR agonists might be effective in
preventing or slowing the progression of NSCLC and other cancers [11]. Although there
are many studies on the role of ARs in cancer, the ligand potential of ADN in NSCLC is
still superficially studied. Chung et al. illustrated the role of ADN, as a component of a
polymer chain, in increasing the cellular uptake of the polymeric carrier in cancer cells and
elucidated the reduction in cellular uptake of nucleic cargo when cells were pre-treated with
free ADN [12]. However, they did not gain a deep understanding of the role of ARs in drug
delivery. Later, Swami et al. profoundly reported improved efficacy of and-conjugated solid
lipid nanoparticles in prostate and breast cancers vis-à-vis their native counterparts [7]. The
results appear consistent with prior research but they need to be validated with NSCLC.
Hence, it is mandatory to prove whether ADN ligand conjugated nanoparticles can assist
in targeting NSCLC or not.

Poor prognosis in the early stages of cancer makes treatment of NSCLC difficult in
later stages with monotherapy with platinum-based drugs. Therefore, Docetaxel (DTX)
monotherapy is generally considered a standard line treatment when patients show progres-
sion after being treated with platinum-based chemotherapy [13]. DTX is a semisynthetic
BCS Class IV, highly potent, water-insoluble taxol-derived broad-spectrum antineoplastic
agent, with enhanced activity in malignant and cisplatin-resistant NSCLC. Clinically used
DTX contains very high amounts of surfactants and alcohol that may preclude or limit their
potential clinical application due to associated toxicities.

To elucidate the ligand potential of ADN in NSCLC, we designed ADN surface
decorated PLGA nanoparticles encapsulating DTX. The Food and Drug Administration
(FDA) and the European Medicines Agency (EMA) have authorized poly (lactic-co-glycolic
acid) (PLGA) as a biodegradable and biocompatible polymer, raising the possibility of
PLGA for sustained delivery systems. The polymer provides better control over release and
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degradation of the drug delivery system. There are many commercially available products
based on PLGA such as Lupron Depot, Zoladex, etc. Their success rate proved the potential
of using PLGA for the present research. Moreover, free carboxylic groups at flanking ends
serve another advantage for conjugation of ADN without the need for any other excipient
or linker. The literature supports many instances in which DTX was used in conjunction
with PLGA nanoparticles, which dictate higher efficacy and less toxicity [14]. However, this
study is the first-ever report on exploring the ADN-conjugated nanoparticles for effective
management of NSCLC. We provided a proof-of-concept for systematically exploring DTX-
loaded PLGA nanoparticles as a safe, improved, actively targeted therapeutic intervention
for NSCLC using in vitro characterizations and in vivo evaluations.

2. Results and Discussion
2.1. Formulation and Characterization of DPLGA and ADN-DPLGA Nanoparticles

DTX encapsulation is responsible for increasing the mean particle size of the PLGA
nanoparticles from 102.2 ± 3.23 nm to 138.43 ± 5.45 nm (Table 1).

Table 1. Mean particle size, surface potential, and entrapment efficiency among different formulations *.

Nanoparticle
Formulation Particle Size (nm) Zeta Potential (mV) Entrapment

Efficiency (EE, %)

PLGA 102.2 ± 3.2 −17.0 ± 3.5 NA
DPLGA 138.4 ± 5.4 −16.7 ± 2.3 80.12 ± 1.98

ADN-DPLGA 158.2 ± 6.3 −11.7 ± 1.4 79.84 ± 2.66
* Data represent the mean of six determinations ± SD.

Upon conjugation, an additional increase in the mean particle size was evident ow-
ing to the attachment of multiple ADN molecules over the DPLGA nanoparticles surface
(158.2 ± 6.3 nm). This is evident by the significant difference in the mean particle size of the
two nanoparticles (Table 1). However, practiced peptide chemistry for the conjugation of
free carboxylic groups on the surface of the DPLGA nanoparticles with the amine group of
the ADN molecules resulted in decreased overall negative charge of ADN-DPLGA nanopar-
ticles. Thus, the zeta potential of conjugated nanoparticles (ADN-DPLGA) was significantly
lower (−11.7 ± 1.4) than that of non-conjugated particles (DPLGA, −16.7 ± 2.3 mV). En-
capsulation efficiency expressed as % was observed as 80.12 ± 1.98 and 84.4 ± 2.61%,
respectively, for DPLGA and ADN-DPLGA nanoparticles. An earlier report on multicom-
ponent PLGA nanoparticles of docetaxel has shown entrapment efficiency of 69–75% [15].
There was no significant change in the DTX encapsulation after ADN decoration over the
DPLGA nanoparticles, as illustrated in Table 1. TEM images of DPLGA Nanoparticles and
ADN-DPLGA nanoparticles (Figure 1A,B) indicate that nanoparticles are spherical and
have uniform size distribution. The conjugation did not affect the size and morphology of
the particles.
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2.2. Conjugation Efficiency

The extent of conjugation of amine groups of ADN with free carboxylic groups of
PLGA was assessed using the colorimetry method [7]. The results were very encouraging,
presenting around 75% conjugation efficiency. Higher conjugation efficiency is also the
cause of the larger size of ADN-DPLGA nanoparticles observed in size measurements and
TEM images shown in earlier sections.

2.3. In Vitro Release Studies

In vitro release of DTX from pristine DTX suspension in two different pH media,
namely pH 7.4 phosphate buffer saline and pH 5.0 sodium acetate buffer, was almost
complete within 12 h (>95%) (Figure 1C,D). The developed PLGA nanoparticles showed
a biphasic release pattern, indicated by initial burst release followed by sustained and
slow release over a prolonged period. Approximately 20 ± 2% and 21.2 ± 1.8% of DTX
were released from DPLGA and ADN-DPLGA nanoparticles, respectively. At the end
of day 1, only 22.5 ± 1.3 and 23.5 ± 1.2% DTX was released in phosphate buffer saline.
However, in the next 4 days, only an additional 13–16% of DTX was released. The initial
rapid release of DTX can be attributed to the dissolution of DTX present on the surface
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of the nanoparticles. Similar phenomena were seen in sodium acetate buffer as well, for
both nanoparticle formulations. However, the release in sodium acetate buffer was slightly
faster than the release in phosphate buffer. This may facilitate the faster release of DTX
from the nanoparticles once they are taken up by the cancer cells. However, the single-
point measurement on 8th day denotes around 70% release, illustrating the degradation
mechanism becoming the prominent mechanism of drug release. The findings were in
accordance with the previously published reports [16,17]. An earlier report on lipid-based
DTX particles showed around 80% release in 10 days [18]. When the release profile of
DTX from pristine DTX suspension was compared with that of nanoparticles using the
f 2 similarity factor, the release patterns were dissimilar as the value of f 2 was less than
50 (f 2 = 15 for DTX vs. DPLGA and f 2 = 13.9 for DTX vs. ADN-DPLGA in phosphate
buffer saline pH 7.4 and f 2 = 13.6 for DTX vs. DPLGA and f 2 = 14.2 for DTX vs. ADN-
DPLGA). The release profiles of DTX from DPLGA and ADN-DPLGA were similar as the
f 2 similarity value was 87.8 and 82.9 for phosphate buffer saline pH 7.4 and sodium acetate
buffer pH 5.0, respectively.

2.4. In Vitro Cell-Based Assays
2.4.1. In Vitro MTT Assay for Calculation of IC50 (Half Maximal Inhibitory Concentration)

A concentration-dependent toxicity profile of the formulation was evident in the MTT
assay on the A549 cell line. However, intraformational differences revealed higher activity,
in terms of lower IC50 values, in the case of PLGA nanoparticles compared to pristine DTX
treatment (Figure 2).
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Figure 2. In vitro cell line studies. (A) Cell viability (%) of A549 cell lines treated with pristine DTX,
DPLGA, and ADN-DPLGA nanoparticles. (B) Receptor competition assay outcomes showed an
increase in the IC50 of ADN-DPLGA nanoparticles after A549 cells were treated with free ADN
(pre-saturation), causing blockage of ADN receptors on the cells. Thus, causing a reduction in the
uptake of nanoparticles by the cells results in decreased efficacy. Values represent the mean of six
determinations, and error bars indicate standard deviation.

IC50 values were found to be 130.83, 80.72, and 49.50 ng/mL for pristine DTX, DPLGA,
and ADN-DPLGA nanoparticles, respectively, after 48 h. The efficacy of DTX was signifi-
cantly increased after being encapsulated in nanoparticles. We speculate that this might be
due to the small particle size of nanoparticles resulting in higher internalization. Previous
literature reported having 16-fold overexpression of ADN receptors in A549 [19]. This
overexpression of the ADN receptor might be the reason for the higher retention of ADN-
DPLGA nanoparticles in A549 cells due to ligand-mediated internalization. The higher
efficacy in ADN-DPLGA was substantiated by the higher/rapid release of DTX in acidic
pH, i.e., cancer cells (as presented in the release profile investigation in previous sections).

2.4.2. Receptor Competition Assay

The role of ADN receptors in the uptake of ADN-DPLGA nanoparticles was assessed
using a receptor competition assay. Results were found to be in favor of the proposed
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hypothesis. It is observed that IC50 values were notably amplified (p < 0.001) after saturation
of ADN receptors with free ADN, as shown in Figure 2B. Free ADN exposure to A549
cells caused blockage of ARs, causing a reduction in the receptor-mediated endocytosis
of the ADN-DPLGA nanoparticles. These findings support the notion that uptake of the
ADN-DPLGA nanoparticles is influenced by the overexpression of ADN receptors over
A549 cells that represent an example of non-small cells causing lung cancer. Previously
chen et al. also documented the effect of folic acid–folic acid receptor interaction

2.4.3. Cellular Uptake of Nanoparticles

A549, an epithelial carcinoma cell line, is commonly used as a model to study non-
small-cell lung cancer [20]. Moreover, as already discussed in the previous results there is
around 16-fold overexpression of ARs over A549 cell lines [19]. Following the literature
evidence, we too observed higher uptake in the case of ADN-RhoPLGA nanoparticles
due to selective uptake of ADN conjugated nanoparticles through highly specific and
effective receptor-mediated endocytosis (Figure 3). These findings also corroborated our
previous results obtained in the MTT assay. Similar inferences were drawn in several
previous publications, where the authors illustrated the receptor–ligand interaction as the
crucial factor for internalization of the nanoparticles to cancer cells [21,22]. Other than
ARs, there are many receptors that were highlighted in previous research, assisting in
cellular uptake of nanoparticles, i.e., transferrin, lactoferrin, sigma receptors, folic acid
receptors, etc. [23–25].
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Figure 3. Cellular uptake and distribution of rhodamine 6G labeled DPLGA and ADN-DPLGA
nanoparticles in A59 cells. (A,B) Representative CLSM images of A549 cells treated with rhodamine
6G labeled PLGA (Rho-PLGA) and ADN-RhoPLGA nanoparticles for 2 h. The cell nucleus was
stained with Hoechst 33342. (C) Comparison of average fluorescence intensities for quantitative
evaluation. The average fluorescence intensity of rhodamine was calculated using Image J software
showing significantly higher uptake of ADN-PLGA nanoparticles by A549 cells. (D) represents the
hemocompatibility analysis of DPLGA and ADN-PLGA nanoparticles when treated with red blood
cells of rats. Positive control represents the treatment with Triton resulting in complete rupture of
red blood cells causing maximum hemolysis. Negative control cells were treated with DMSO in
phosphate buffer saline. The data represents the mean of 6 determinations, and error bars represent
the standard deviation.
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2.4.4. Hemocompatibility Analysis to Estimate Biocompatibility of Nanoparticles

Outlining the interaction of developed nanoparticles with red blood cells is an essential
step toward establishing the safety of the product and the plausibility of utilizing the
polymeric nanoparticles as delivery tools for several other therapeutic and biomedical
applications. Formulations are composed of biocompatible and biodegradable. Therefore,
we expect them to be safe for the blood cells. In the present investigation, the hemolytic
effects of DPLGA nanoparticles and ADN-DPLGA nanoparticles were compared with
Triton in PBS (1% w/v, positive control) and DMSO in PBS (0.1% v/v, negative control)
(Figure 3D). In general, hemolysis less than 10% is considered non-hemolytic and, therefore,
safe and biocompatible. In the present investigation, the DPLGA nanoparticle formulation
and ADN-DPLGA nanoparticles showed 3.1 and 3.2% hemolysis. Therefore, the developed
polymeric nanoparticles are considered safe for systemic administration for the treatment
of NSCLC [26,27].

2.5. In Vivo Pharmacokinetics, Biodistribution, and Acute Toxicity Testing
2.5.1. Pharmacokinetic Studies

The mean plasma concentration vs. time profiles after single intravenous injection of
DPLGA nanoparticles, ADN-DPLGA nanoparticles, and Docepar® (Parenteral Drugs India
Ltd., Mumbai, India) in rats are shown in Figure 4.
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Figure 4. The mean plasma docetaxel concentration vs. time profile after a single intravenous
injection of three different formulations, namely Docepar®, DPLGA, ADN-DPLGA nanoparticles
equivalent to DTX (5 mg/kg). More retention and slower excretion were seen for PLGA formulations
(DPLGA and ADN-DPLGA), thus, causing a larger area under curve (AUC).

It is presumed that hydrophobic surfaces tend to face early clearance from systemic cir-
culation. Accordingly, in the present study, we observed much earlier clearance of the DTX
compared to the ADN-DPLGA nanoparticles. Since ADN is a hydrophilic molecule con-
taining sugar, it decreases RES uptake leading to reduced clearance and higher area under
the curve (AUC). However, higher AUC in the case of unconjugated DPLGA nanoparticles
is debatable. We speculate that it might be due to the negative charge on the surface of
PLGA nanoparticles. The negative charge of the particles allows them to circumvent the
RES uptake resulting in significantly prolonged systemic circulation compared to naïve
drugs [28].

It can be seen that, compared with pure DTX, DTX nanoparticles, both DPLGA and
ADN-DPLGA exhibited altered pharmacokinetic distribution of DTX in vivo and showed
remarkably higher and prolonged plasma concentrations. The DPLGA nanoparticles exhibit
almost ~3.38 times higher AUC (µg/mL·h) as compared to the pure drug (AUC ∞

0 DTX: 8.10
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vs. AUC ∞
0 DPLGA: 27.41) while ADN-DPLGA nanoparticles show ~4.51 times higher AUC

as compared to the pure drug (AUC ∞
0 DTX: 8.10 vs. AUC ∞

0 DPLGA: 36.63). Though, the
insignificant difference in mean plasma concentration was evident among the two tested
PLGA formulations. The findings were in agreement with the previous literature [7,29].

2.5.2. Tissue Distribution Analysis

In vivo biodistribution behavior of DTX post intravenous administration of the DTX
nanoparticles (both ADN-DPLGA and DPLGA) in rats was investigated and compared
with that of DTX commercially available injection as a control. The amounts of the drug
distributed in the heart, liver, spleen, lung, and kidney were measured at different pre-
determined time points.

New and novel nanoparticulate drug delivery systems overcome nonspecific distri-
bution hurdles by targeting the drug to the related organ/cells. Biodistribution studies
help predict the fate of nanoparticulate formulations; consequently, one can determine
the exposure of different drug titers in various organs. This is an important finding in
understanding the toxicity profile of the formulation. The current study findings indi-
cate that exposure to different tissues is minimal compared to native clinical formulation,
i.e., Docepar®. There is an insignificant difference among the PLGA formulations owing
to similar basic characteristics of the formulation (Figure 5). Swami et al. explained that
through biodistribution, organs are exposed to elevated levels of drug concentrations lead-
ing to toxicity. Hence correlating the drug exposure with toxicity marker gives a holistic
view of the targeting to toxicity potential of a formulation.
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Figure 5. Tissue distribution studies. The concentration of DTX in various tissues after administration
of three different formulations, namely, Docepar®, DPLGA, ADN-DPLGA nanoparticles equivalent
to DTX (5 mg/kg) at four different time intervals, namely, 1, 2, 4, and 8 h. Data represents the mean
of 6 determinations and error bars represent standard deviation.

To have a better understanding of the targeting efficiency (Te) of the DTX from
both the nanoparticles, namely, DPLGA as well as ADN-DPLGA, parameter Te was
calculated [30,31]. The Te demonstrates the ability of the delivery system to reach the target
and non-target tissues. The Te values indicate preferential accumulation of nanoparticles in
the lung tissues compared to the pristine DTX (Table 2).

These results indicate the accumulation of DTX nanoparticles in the lungs. How-
ever, there is an insignificant difference between the accumulation of ADN-DPLGA and
DPLGA nanoparticles in the lungs. Though results of cell uptake studies clearly show
a preferential uptake of ADN-DPLGA nanoparticles by the cancerous lung cells. ADN-
DPLGA nanoparticles are the adenosine-conjugated nanoparticles that are expected to
preferentially accumulate in the cancerous lung cells that exhibit over-expressed ARs.
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However, the present study was carried out in non-cancerous, healthy animals with lung
ARs. The absence of overexpressed adenosine receptors in healthy animals seems to be
the reason for equivalent tissue accumulation of the ADN-DPLGA and DPLGA nanopar-
ticles in the lungs. However, this study revealed a key component for designing future
studies on disease/cancer models to understand adjoining effects of the ADN ligand (on
nanoparticle surfaces) and overexpressed ARs (on lung cancer cells) on the migration of
ADN-DPLGA nanoparticles.

Table 2. Comparative drug targeting efficiency of DTX form Docepar®, DPLGA, and ADN-
DPLGA nanoparticles.

Organs Te DTX Te DPLGA Te ADN-DPLGA

Lung 0.24 3.23 3.87
Liver 2.35 0.25 0.18

Spleen 1.23 0.32 0.36
Kidney 2.08 0.92 0.98
Heart 1.06 0.65 0.54

2.5.3. In Vivo Toxicity Evaluations

Docepar®, a clinically used formulation of DTX, utilizes a cocktail of surfactant and
alcohol to solubilize the hydrophobic DTX to avoid drug precipitation in vitro and the
systemic circulation after intravenous administration. However, the formulation is known
for its toxic effects, such as hypersensitivity reactions, tissue toxicity, etc., which coincide
with the native side effects of the DTX. Hence, assessing our developed formulations’
toxicities and comparing them with the clinically used formulation is of utmost necessity.
Variations in serum toxicity markers to analyze the abnormality in the blood hepatobiliary
system (ALT, AST) and kidney (BUN, creatinine) exemplified significant improvement
(p < 0.05) when compared with the developed nanoparticles, as presented in Figure 6.

Docepar® showed significantly higher toxicity (p < 0.001) as compared to PLGA formu-
lations due to already stated reasons. Though insignificant, (p > 0.05) a difference between
the DPLGA and ADN-DPLGA nanoparticles was evident. The histology evaluations also
corroborated higher toxicity. The histological evaluations of organ (kidney, liver, and
spleen) specimens revealed a normal pattern of morphology in the case of the control
group, DPLGA nanoparticles, and ADN-DPLGA nanoparticles. However, prominent char-
acteristic features were perceived in the liver (hepatocytes degeneration and infiltrations),
spleen (splenocytes damage), and kidney (necrotic tubules and debris).
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Figure 6. In vivo toxicity studies. (A–D) The serum biochemical markers levels representing ALT,
AST, BUN, and creatinine, respectively, for four different groups of animals administered with
untreated normal control (phosphate buffer saline, PBS), Docepar®, DPLGA, and ADN-DPLGA
nanoparticles. Asterisk in biochemical studies signifies statistical limits in biochemical marker
graphical representations: *** represents significant difference at p < 0.001, respectively, by Newman–
Keuls analysis following ANOVA at 95% confidence limit. (E) Histological evaluations of different
collected organs from the animals for toxicity investigations. Arrows indicate histological changes.

3. Materials and Methods
3.1. Materials

TherDose Pharma Pvt Ltd. generously provided docetaxel (DTX) and poly(d,l-lactic-
co-glycolic acid) (PLGA) with a free carboxyl end group (uncapped) and an L/G molar
ratio of 50:50, (Hyderabad, Andhra Pradesh, India) and Evonik (Mumbai, Maharashtra,
India), respectively. ADN, Tween 80, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC), N-hydroxysuccinimide (NHS), Formaldehyde, Hoechst blue 33342
Rhodamine 6G, chloroform, methanol, acetone, dichloromethane, phosphotungstic acid,
mannitol, dimethyl sulfoxide (DMSO), and acetonitrile were of HPLC grade (Merck, Mum-
bai, Maharashtra, India). The A549 cell line was obtained from the National Centre for Cell
Science (NCCS, Pune, Maharashtra, India). Dulbecco’s modified Eagle’s Medium (DMEM),
fetal bovine serum MTT (3-(4,5-dimethylthiazol- 2-yl)-2,5-diphenyl tetrazolium bromide),
trypsin, EDTA, 2-(N-morpholino) ethanesulfonic acid (MES), Triton, and 96-well flat bottom
tissue culture plates were purchased from Himedia (Mumbai, Maharashtra, India). Dialysis
tubes were purchased from Spectrum (Float-A-Lyzer (G2, Spectrum, Repligen, MA, USA).

3.2. Preparation of DTX-Loaded PLGA Nanoparticles (DPLGA)

DTX (10 mg) was dissolved in 2 mL of acetone and dichloromethane mixture (1:1).
PLGA (100 mg) was added to the DTX solution. This oil phase was emulsified for two
minutes in an ice bath with an aqueous solution containing 0.25% Tween® 20 using a probe
sonicator (VCX 130, Sonic and Materials, Newtown, CT, USA). After emulsification, the
oil-in-water emulsion was magnetically stirred for eight hours to evaporate the organic
solvent [32]. The dispersion of nanoparticles was centrifuged at 15,000 rpm for 20 min
at 4 ◦C, then washed three times with deionized water, lyophilized (5% mannitol as a
freeze-drying agent), and kept at 2–8 ◦C. The freeze-dried nanoparticles were characterized.
Similarly, blank PLGA nanoparticles were also prepared.
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3.3. Conjugation of ADN on the Surface of DPLGA Nanoparticles

Ten milligrams of DPLGA nanoparticles were distributed in five milliliters of 0.1 M
MES buffer and incubated with NHS and EDC (1:5 w/w). The dispersion was kept under
gentle stirring for 2 h at room temperature, protected from light to activate free carboxylic
acid groups on the PLGA nanoparticles’ surfaces. To this, 1 mg ADN was added, mixed
well, and kept for further stirring for 4 h. ADN-conjugated DTX-loaded PLGA (ADN-
DPLGA) nanoparticles were collected after centrifugation (Sigma Laborentrifugen GMBH,
Osterode am Harz, Germany) at 15,000 rpm for 20 min and washed thrice with distilled
water to remove unconjugated ADN in the supernatant. Prepared ADN–DPLGA pellets
were recollected and freeze-dried (Lab Conco, Mumbai, Maharashtra, India). Freeze-dried
nanoparticles were characterized further.

The conjugation efficiency of ADN to PLGA nanoparticles was quantified using
phenol-sulphuric acid calorimetry assay as reported by Swami et al. [7] and expressed as a
percentage of ADN bound to DPLGA nanoparticles. For cellular uptake, the nanoparticles
were prepared using the same method along with rhodamine 6G as the fluorescent marker.

3.4. In Vitro Characterization of DPLGA and ADN-DPLGA Nanoparticles

The prepared nanoparticles, namely DPLGA and DTX-DPLGA, were characterized
for several physicochemical parameters as stated below.

3.4.1. Analysis of Zeta Potential, Particle Size, and Transmission Electron
Microscopy (TEM)

The developed nanoparticles, namely DPLGA and ADN-PLGA, were characterized
for particle size using photon cross-correlation spectroscopy. The formulation sample
was put in a clear polystyrene cuvette (path length = 1 cm) after being diluted with
double distilled water to ensure that the light scattering intensity remained within the
instrument’s sensitivity range. Size measurements were performed using a nano-size
analyzer (Nanophox, Sympatec India Pvt. Ltd., Mumbai, Maharashtra, India) at ambient
temperature [33]. Zeta potential was measured on a zeta meter (Delsa Nano C, Beckman
Coulter, Tokyo, Japan) [34]. For surface topography, images of nanoparticles were captured
using high-resolution TEM (JEM 200, JEOL, Tokyo, Japan). The nanoparticle dispersion
was put on a carbon-coated formvar grid and stained with neutralized phosphotungstic
acid (1%) before being imaged under a microscope [35].

3.4.2. Entrapment Efficiency (EE, %)

EE corresponds to the percentage of DTX encapsulated within or/and adsorbed
onto the DPLGA and DTX-DPLGA nanoparticles. The nanoparticles suspension was
centrifuged at 5000 rpm for 5 min to settle down the precipitated drug [36]. The supernatant
was collected and centrifuged (Sorvall benchtop centrifuge, ThermoScientific, Mumbai,
Maharashtra, India) further at 21,000 rpm for 30 min at 4 ◦C to settle down the nanoparticles.
The concentration of DTX in the supernatant and precipitate was calculated using the
previously reported and validated RP-HPLC method [7].

3.4.3. In Vitro Release of DTX in Buffers

The release of DTX was studied from pristine DTX, DPLGA nanoparticles, and ADN-
DPLGA nanoparticles by suspending in a Float-A-Lyzer (G2, Spectrum, Repligen, MA,
USA) in two different release media, namely phosphate buffer saline pH 7.4 and sodium
acetate buffer pH 5.0 containing Tween 80 to maintain sink condition and facilitate re-
lease [37]. The tests were performed at 37 ◦C (n = 6). The dialyzers were placed in sealed
beakers with 100 mL release media and stirred on a magnetic stirrer at 100 rpm. DTX
released at different time intervals was analyzed using the validated RP-HPLC method at
pre-determined time intervals by withdrawing 0.5 mL of release media over 5 days. Imme-
diately after sampling, the volume of release media was maintained at 100 mL by replacing
equal amounts of release media. Release media samples were filtered through 0.22 µm
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PVDF filters (Millex-VV, 13 mm, Merck, Mumbai, Maharashtra, India) and analyzed after
appropriate dilution with a mobile phase of the RP-HPLC method. The dissolution profiles
were compared using the f 2 similarity factor.

3.5. In Vitro Cell-Based Assays of DPLGA and ADN-DPLGA Nanoparticles
3.5.1. In Vitro Cell Toxicity (MTT Assay)

A549 (adenocarcinoma human alveolar basal epithelial cells) were selected due to
the availability of overexpressed ARs. Cells were obtained from National Centre for Cell
Sciences (NCCS, Pune, Maharashtra, India). Cell lines were maintained as prescribed by
the ATCC guidelines. For cytotoxicity evaluation, different working dilutions of DTX in
sterile phosphate buffer saline were created using a 10 mg/mL stock solution in DMSO.
Cytotoxicity of all the formulations and naïve drugs was determined by MTT assay based
on reduction of MTT dye (yellow) by the vital mitochondrial enzymes to blue-colored
formazan product. A549 cells (1 × 104 cells/well) were seeded in 96-well plates and were
allowed to attach overnight by incubating at 37 ◦C. For assessing the cytotoxicity, cells were
exposed to different dilutions of DTX formulation and standard DTX and were incubated
for 48 h at 37 ◦C in DMEM supplemented with a 10% FBS medium. After incubation,
the media were aspirated, and the cells were washed twice with phosphate buffer saline
(pH 7.4). The cells were processed for MTT assay [7]. The mean % of cell viability relative
to untreated cells was estimated from data from multiple experiments (n = 6). The IC50
value was calculated using the curve fitting method.

3.5.2. Receptor Competition Assay

For competitive receptor assay, A549 cells were treated with free ligand before exposing
cells with optimized formulations followed by the MTT assay as described earlier in the
previous section [38]. Briefly, 1 × 104 cells were co-incubated with an excess of ADN.
After 30 min of incubation, cells were washed twice with phosphate buffer saline (pH 7.4),
followed by treatment of the cells with nanoparticle formulations and the pristine drug
DTX. After incubation (48 h at 37 ◦C), cells were processed for MTT assay as reported
earlier [21]. A comparison was completed between the IC50 values from the receptor
competition assay and previously obtained IC50 values.

3.5.3. Investigations from Cellular Uptake Using Fluorescent Nanoparticles

The human non-small-cell lung cancer cell line A549 was obtained from the National
Centre for Cell Sciences (NCCS, Pune, Maharashtra, India). The cells were grown in DMEM
medium supplemented with 10% FBS at 37 ◦C with 5% CO2 and 95% humidity. The media
was replaced every 2–3 days, and the cells were detached from the culture flask using
a 0.25% trypsin–0.02% EDTA solution after reaching a confluence level of 80–90%. For
visualization of the cellular internalization by confocal laser scanning microscopy (CLSM,
LSM 780, Carl Zeiss MicroImaging GmbH, Jena, Germany), A549 cells were seeded in a
24-well plate at a density of 1 × 105 cells per well along with a coverslip, allowed to adhere
and grow for 24 h. Before the experiment, the cells were washed thrice with Dulbecco’s
buffer solution. Then, the cells were incubated with rhodamine 6G (Rho) loaded Rho-PLGA
nanoparticles and ADN-RhoPLGA nanoparticles dispersed in the cell culture medium
at 37 ◦C. After 2 h treatments, the cells were washed three times with cold phosphate
buffer saline and treated with Hoechst blue 33342 (100 ng/mL) for 30 min. The media was
removed, and cells were washed with phosphate buffer saline, fixed with 4% formaldehyde,
and mounted on a coverslip. To preserve the samples, coverslips were placed on microscope
slides. The CLSM apparatus was used to capture microscopy pictures. While recording the
images, the microscopy gain and offset settings were kept constant throughout the study.
Fluorescence in the cells was observed in CLSM with excitation wavelengths at 525 and
548 nm and emission wavelengths at 504 and 461 nm for rhodamine 6G and Hoechst blue
33342, respectively [27]. The mean fluorescence intensities were calculated from CLSM
images using Image J software and plotted graphically.
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3.5.4. In Vitro Hemocompatibility Assay

Biocompatibility was assessed using hemolysis testing. Biocompatibility of DPLGA
and ADN-DPLGA was confirmed by incubating the formulations with red blood cells.
Fresh blood was obtained from rats and centrifuged at 2500 rpm for 10 min at 4 ◦C
in heparinized tubes. The pellet obtained after centrifugation was washed thrice with
phosphate buffer saline, and cells were finally resuspended in phosphate buffer saline. In a
96-well plate, an equal volume of 100 µL of erythrocyte suspension and the nanoparticles’
dispersion were combined. The plate was incubated at 37 ◦C for 1 h. After 1 h, the plate was
centrifuged, and the supernatant was transferred to another 96-well plate. The absorbance
was measured at 540 nm using a microplate reader (Erba LisaScan EM, Transasia, Mumbai,
India). The supernatant generated from the centrifuged blood sample was used as a blank,
and the supernatant derived from the blood sample treated with 1% Triton w/v was utilized
as a positive control. Cells treated with 0.1% v/v DMSO in phosphate buffer saline were
considered a negative control. All measurements were repeated (n = 6), and the percent
hemolysis was calculated [26,27].

3.6. In Vivo Pharmacokinetics, Biodistribution, and Acute Toxicity Studies

The experimental protocol was approved by the Institutional Animals Ethics Com-
mittee (Vidya Siri College of Pharmacy, Bangalore, Karnataka, India). The experiment
was carried out in accordance with the rules for experimental animal care established
by the Committee for the Purpose of Control and Supervision on Experiments on Ani-
mals (CPCSEA). The protocol approval number is VSCP/EC/1405/2021/2, with a date of
approval 14 May 2021. Female Sprague Dawley rats (150–200 g) were used for pharmacoki-
netic and biodistribution evaluations. Female Swiss albino mice (20–25 g) were utilized for
toxicity evaluation. The animals were housed in normal wire mesh plastic cages in a room
kept at 22 ± 0.5 ◦C with a 12 h light and 12 h dark cycle, and they were fed a standard
pellet diet and provided water ad libitum. Experiments were carried out between 09:00
and 17:00 h.

3.6.1. Pharmacokinetic Studies

The rats were assigned to one of three treatment groups: Docepar® (commercially
available product), DPLGA, or ADN-DPLGA nanoparticles. Each group had six animals
(n = 6). The dose equivalent to 6 mg/kg of DTX was administered intravenously (IV) [22].
At different time intervals, blood samples were withdrawn and centrifuged at a fixed
speed of 10,000 rpm for 5 min at 4 ◦C. The plasma samples were kept at −80 ◦C until
they were processed. DTX concentrations were measured using the previously indicated
verified and calibrated HPLC technique. Mean plasma concentration vs. time profile
was represented graphically, and the area under the curve (AUC) was calculated [39] for
comparison purposes.

3.6.2. Tissue Distribution Analysis

Animals were randomly divided into three treatment groups, namely, Docepar® (A
commercially available product), DPLGA, and ADN-DPLGA nanoparticles. Individual
groups had an equal number of animals. Each group received a single fixed dose of
respective formulations equivalent to 5 mg/kg of DTX by IV route of administration. Mice
(n = 6) were sacrificed at 1, 2, 4, and 8 h of post-dose and were dissected to isolate the
heart, liver, spleen, kidney, and lungs. Tissues were weighed, homogenized in phosphate
buffer saline, and were stored at −80 ◦C until further processing [40]. DTX concentration
in each tissue was assessed after extracting in the organic phase and analyzing by validated
RP-HPLC as described earlier. The lung targeting ability of the DTX nanoparticles was
calculated using plasma concentration data. The tissue targeting ability of the delivery
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system was measured based on the drug targeting efficiency (Te) calculated using the
equation below.

Te =
(AUC ∞

0 )Target tissue(
AUC ∞

0
)

Non target tissue
(1)

3.6.3. In Vivo Toxicity—Biochemical Analysis and Histopathology

To estimate drug-induced toxicities, mice were randomly divided into four different
formulation groups, namely, untreated normal control (phosphate buffer saline, PBS),
Docepar®, DPLGA, and ADN-DPLGA nanoparticles containing nanoparticles in an equal
number of animals (n = 6). Formulations with a dose equivalent to 5 mg/kg of DTX were
administered intravenously. The untreated normal group similarly received only normal
saline [41]. Animals were humanly sacrificed after 7 days, followed by the collection of
blood samples using cardiac puncture. Serum was separated, and several biochemical
markers such as blood urea nitrogen (BUN), aspartate aminotransferase (AST), alanine
aminotransferase (ALT), and creatinine levels were analyzed according to the instructions
of the commercial kits (Sigma Aldrich, Bangalore, Karnataka, India). The vital organs,
namely the liver, spleen, and kidney, were preserved in 10% formaldehyde in phosphate
buffer saline, embedded in paraffin wax, and sliced into layers using a microtome (Leica,
Wetzlar, Germany). The sections were observed in a light microscope (Olympus, Tokyo,
Japan) after staining with Hematoxylin and Eosin (H&E).

3.7. Statistical Analysis

The statistical significance of the data was determined using a one-way analysis of
variance (ANOVA) at a 95% confidence level. The Newman–Keul’s test for statistical
significance at the 95% confidence level was used to examine any significant differences
between groups.

4. Conclusions

Lung cancer continues to be the most lethal form of cancer today. The present inves-
tigation is a proof-of-concept for developing targeted nanoparticulate interventions for
non-small lung cancer (NSCLC) overexpressing adenosine (ADN) receptors (ARs). In the
current investigation, an ADN ligand having a high affinity for ARs was postulated to
develop ADN-conjugated PLGA nanoparticulate formulations containing docetaxel (DTX)
as a chemotherapeutic agent. A series of investigations were conducted, and inferences
were drawn in favor of the developed formulation. Planned comparisons between conven-
tional clinically used formulations, i.e., Docepar® and tested formulations established the
supremacy of the developed formulation over Docepar®.

Ligand-conjugated nanoparticulate systems offer a flexible and versatile technology
that can be adapted to various drugs by modulating the process parameters to achieve
the desired therapeutic response. When administered systemically, such ADN-conjugated
nanoparticles can also serve as a platform technology for the active targeting of drugs to
the cells with overexpressed ADN receptors with minimal non-target side effects.
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Abstract: Although polymeric platinum(IV) (Pt(IV)) prodrugs can reduce the side effects of cisplatin,
the efficacy of the prodrug is still limited by its non-targeted distribution, poor penetration in deep
tumor tissue, and low cytotoxicity in tumor cells. To improve the clinical potential of polymeric
prodrug micelle, we synthesized amphiphilic polymeric Pt(IV) with high Pt content (22.5%), then
developed a theranostic nanocomplex by integrating polymeric Pt(IV) with superparamagnetic
Mn0.6Zn0.4Fe2O4 via simple self-assembly. Due to the high content of Mn0.6Zn0.4Fe2O4 (41.7% w/w),
the theranostic nanocomplex showed high saturation magnetization (103.1 emu g−1) and excellent
magnetocaloric effect (404 W g−1), both of them indicating its advantages in efficient magnetic
targeting (MT), magnetic hyperthermia (MH), and magnetic resonance imaging (MRI). In vitro, in
combination with MH, the theranostic nanocomplex showed as high cytotoxicity as cisplatin because
of a significant increase in platinum of cellular uptake. In vivo, the accumulation of theranostic
nanocomplex in tumors was increased by MT and confirmed by MRI. Furthermore, MH improved
penetration of theranostic nanocomplex in tumors as expanding blackened area in tumors was
observed by MRI. Based on these properties, the theranostic nanocomplex, under the assistance of
MT and MH, showed the highest tumor growth inhibition rate (88.38%) after different treatments,
while the body weight of mice increased slightly, indicating low side effects compared to those of
cisplatin. The study provided an advanced theranostic nanocomplex with low toxicity and high
efficacy, indicating a great clinical potential of polymeric Pt(IV).

Keywords: polymeric prodrug; theranostic nanocomplex; pH-triggering releasing; magnetic target-
ing; magnetic hyperthermia; magnetic resonance imaging

1. Introduction

Cisplatin, a classical platinum (Pt) drug with +2 valence (Pt(II)), is one of the most
successful antitumor drugs against tumor cells by crosslinking DNA via coordination
bond; however, its severe side effects are an inevitable problem in clinics [1]. To overcome
the shortcoming of cisplatin, several kinds of polymer-based drug delivery systems have
been developed to improve cisplatin pharmacokinetics and enhance its accumulation in
tumor sites by enhanced permeability and retention (EPR) effect [2]. As cisplatin is a micro-
molecule lacking sufficient hydrophobicity and hydrophilicity, physical encapsulation is not
suitable for preparing cisplatin-loaded nanocarrier direct. Consequently, a kind of Pt drug
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with +4 valence (Pt(IV)) has been developed by modifying cisplatin on its axial directions
to improve its application potential [3]. The current prevailing view considers the Pt(IV) as
a prodrug of cisplatin because its cytotoxicity should be suppressed in blood circulation,
then activated by reducing to cisplatin under the effect of intracellular reductants, such
as ascorbic acid and glutathione (GSH) [3]. Although Pt(IV) with high hydrophobicity
could be encapsulated into micelles by hydrophobic effect easily [4], the physical trapping
was unstable, as many studies displayed obvious drug releasing from the nanocarriers
under physiological conditions in 24 h, implying the risk of drug leak from corresponding
delivery in blood circulation [5,6].

To raise the stability of the Pt(IV)-loaded nanocarrier, an attractive approach is to
prepare polymeric prodrug micelle, which immobilizes Pt(IV) on polymers by stimuli-
responsive covalent bond and forms prodrug micelle [2]. Because covalent bonding pos-
sesses high stability in physical conditions and rapid cleavage in a tumor’s extracellular
or intracellular environment, polymeric Pt(IV) micelle shows double advantages on long-
circulation in blood and targeted accumulation in the tumor. Moreover, high drug content
(≥10 wt.%) in prodrug micelle has been achieved by the optimization of the composition
and architecture of polymeric prodrug [7,8]. Therefore, the polymeric prodrug micelle
should be a competitive option in the clinical application of cisplatin.

However, the high stability of polymeric prodrug micelle is a double-edged sword.
In blood circulation, the high binding energy between polymer and Pt(IV) reduced drug
leaking, resulting in low side effects. Although the EPR effect has been involved in many
studies to improve the accumulation of drug-loaded nanocarriers in tumors, its effect has
been limited in small animal models [9]. So far, drug-loaded nanocarriers have almost uni-
formly failed to improve efficacy in clinics [10]. Much basic research on tumors has found
that diffusion of nanoparticles in tumors has been hindered by some barriers, including
tortuous tumor blood vessels, high-density extracellular matrix, and consequent elevated
interstitial pressure [11]. Meanwhile, differences between tumor and normal tissue on
pH [12] and GSH concentration [13] were insufficient for the breakage of covalent bonding
efficiently. Therefore, after polymeric Pt(IV) prodrug accumulated in the tumor site by
EPR effect, its penetration into deep tumor was more difficult than that of micro-molecular
drugs, such as Pt(IV) and cisplatin, which reduced its efficacy in clinics.

In order to overcome the obstacle, hyperthermia should be a promising strategy to
promote the permeation of polymeric prodrug micelle. Previous studies have confirmed
that regional mild hyperthermia (40–43 ◦C) can increase tumor blood supply and accelerate
the diffusion of macromolecules in solid tumors [14,15]. In addition, hyperthermia can
enhance cellular uptake and cytotoxicity of chemotherapeutic drugs significantly, especially
for cisplatin and its derivatives. As hyperthermia can interfere reparation of DNA damages
caused by platinum-based antitumor drugs [16], the integration of hyperthermia and
polymeric Pt(IV) micelles should be an ideal strategy for improving the efficacy of cisplatin
in clinics.

According to progress in noninvasive hyperthermia, photothermal treatment and
magnetic hyperthermia (MH) have attracted great attention. However, MH possesses a
greater clinic potential because an alternating magnetic field (AMF) for MH can penetrate
the human body without any loss, in contrast with depth-limited near-infrared ray (NIR)
for photothermal treatment [17]. In our previous study, we developed an MH composed
of superparamagnetic Mn0.6Zn0.4Fe2O4 nanoparticles with a high specific adsorption rate
(SAR) under AMF and confirmed its efficiency on tumor suppression alone [18] and multi-
treatment in combination with chemotherapy [19]. Moreover, magnetic fluid consisting of
superparamagnetic nanoparticles (SPIO) has also been used widely in fields of magnetic
resonance imaging (MRI) [20] and magnetic targeting (MT) [21]. Therefore, SPIO should
be an ideal nanomaterial to combine with polymeric Pt(IV) prodrug, obtaining a versatile
nanocomplex for diagnosis and treatment of tumors.
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In the study, a theranostic nanocomplex was constructed to promote the clinical
potential of polymeric Pt(IV) prodrug by self-assembly of monodispersed Mn0.6Zn0.4Fe2O4
and amphiphilic polymeric Pt(IV), as shown in Figure 1.
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Figure 1. Schematic illustration of the theranostic nanocomplex formation and its cascading effects
on diagnosis and therapy of tumors, including efficient magnetic targeting firstly, following magnetic
resonance imaging, subsequent magnetic hyperthermia to promote penetration of nanocomplex, and
enhanced antitumor efficiency of polymeric Pt(IV) finally.

To prepare the theranostic nanocomplex, we synthesized polymeric prodrugs with high
platinum content firstly. A hydrophilic diblock copolymer monomethoxyl poly(ethylene
glycol)-block-poly(2-hydroxyethyl methacrylate) (mPEG-b-pHEMA) (shown in Figure 1) with
suitable hydroxide radical content was synthesized by reversible addition–fragmentation
chain-transfer polymerization (RAFT), then a considerable amount of modified Pt(IV) with sin-
gle carboxyl (Pt(IV)-COOH) combined with hydroxyls of PEG-b-pHEMA by esterification reac-
tion, resulting in amphiphilic polymeric Pt(IV). By self-assembly, amphiphilic polymeric Pt(IV)
could encapsulate hydrophobic monodispersed Mn0.6Zn0.4Fe2O4 easily and form the stable
micellar theranostic nanocomplex (MTN). MTNs showed advantages in suitable diameter for
the EPR effect, high stability under physiological conditions, and obvious acid-triggering drug
release. Because of the existence of clustering monodispersed Mn0.6Zn0.4Fe2O4, the MTN
displayed multipotentials on MRI, MT, and MH, also shown in Figure 1. In accordance with
relevant properties, cytotoxicity and cellular uptake of MTN in vitro have been enhanced
significantly by efficient MH. Furthermore, in vivo studies showed that accumulation of MTN
in tumors was enhanced by MT and observed by MRI. What is more, MH of 20 min promoted
permeation of MTN in tumors, which was also confirmed by MRI. As the combination of MT
and MH benefited accumulation and penetration of the nanocomplex in tumors, as shown in
Figure 1, the nanocomplex exhibited high antitumor efficacy and low side effects because of
the slight gaining weight of mice, which increased cisplatin potential in clinics.

2. Results and Discussion
2.1. Synthesis and Characterization of Polymeric Pt(IV)

The synthetic route of polymeric Pt(IV) is shown in Figure S1, containing two parts,
preparation of Pt(IV)-COOH and synthesis of mPEG-b-pHEMA. According to previous stud-
ies on Pt(IV) [8,22], we prepared Pt(IV) with two hydroxyl groups (Pt(IV)-(OH)2) at Pt axial
positions by oxidization of excessive hydrogen peroxide on cisplatin, then modified the Pt(IV)
with a single carboxyl group (Pt(IV)-COOH) by reacting with equimolar succinic anhydride
(SA) under mild conditions, also shown in Figure S1. Furthermore, we characterized the
structure and molecular weight of Pt(IV)-COOH by Fourier transform infrared (FT-IR) spec-
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trum, H proton nuclear magnetic resonance (1H NMR), and mass spectrum, as shown in
Figures S2–S4. Compared to relative results in previous studies [22–25], Pt(IV)-COOH has
been prepared successfully.

At the same time, we synthesized diblock hydrophilic polymer, mPEG-b-pHEMA, by a
combination of esterification and RAFT reactions, which was also displayed in Figure S1. In
the reaction, S-1-Dodecyl-S′-(α,α′-dimethyl-α”-acetic acid)trithiocarbonate (DDAT) was se-
lected as chain-transfer agent (CTA) for RAFT polymerization and synthesized according to
the literature [26]. Then, we prepared macro-CTA by DCC reaction between monomethoxyl
poly(ethylene glycol) (mPEG) and DDAT, resulting in mPEG-DDAT. Its structure was
characterized by 1H NMR and is shown in Figure S5. After the successful synthesis of
macro-CTA, the successive reaction was to synthesize mPEG-b-pHEMA with repeating
units of 2-hydroxyethyl methacrylate (HEAM) by RAFT reaction because hydroxide radical
of HEMA could be used to combine with Pt(IV)-COOH. To figure out whether the RAFT
reaction was successful or not, we characterized the structure of mPEG-b-pHEMA by 1H
NMR, as shown in Figure 2 (bottom spectrum).

Pharmaceuticals 2022, 15, x FOR PEER REVIEW 4 of 19 
 

 

succinic anhydride (SA) under mild conditions, also shown in Figure S1. Furthermore, we 
characterized the structure and molecular weight of Pt(IV)-COOH by Fourier transform 
infrared (FT-IR) spectrum, H proton nuclear magnetic resonance (1H NMR), and mass 
spectrum, as shown in Figures S2–S4. Compared to relative results in previous studies 
[22–25], Pt(IV)-COOH has been prepared successfully. 

At the same time, we synthesized diblock hydrophilic polymer, mPEG-b-pHEMA, 
by a combination of esterification and RAFT reactions, which was also displayed in Figure 
S1. In the reaction, S-1-Dodecyl-S′-(α,α′-dimethyl-α″-acetic acid)trithiocarbonate (DDAT) 
was selected as chain-transfer agent (CTA) for RAFT polymerization and synthesized ac-
cording to the literature [26]. Then, we prepared macro-CTA by DCC reaction between 
monomethoxyl poly(ethylene glycol) (mPEG) and DDAT, resulting in mPEG-DDAT. Its 
structure was characterized by 1H NMR and is shown in Figure S5. After the successful 
synthesis of macro-CTA, the successive reaction was to synthesize mPEG-b-pHEMA with 
repeating units of 2-hydroxyethyl methacrylate (HEAM) by RAFT reaction because hy-
droxide radical of HEMA could be used to combine with Pt(IV)-COOH. To figure out 
whether the RAFT reaction was successful or not, we characterized the structure of mPEG-
b-pHEMA by 1H NMR, as shown in Figure 2 (bottom spectrum). 

 
Figure 2. 1H NMR spectra of mPEG-b-pHEMA and polymeric Pt(IV) in DMSO-d6. 

Compared to a previous relative study [27], all characteristic peaks of pHEMA were 
observed and marked in Figure 2, which confirmed the successful polymerization of 
pHEMA as a product of mPEG-DDAT chain propagation. Moreover, the average 
polymerization degree of HEMA was calculated to be 27, resulting from an integral area 
ratio of peaks between 3.38 ppm (labeled as 1, terminal CH3 of mPEG) and 4.7–4.9 ppm 
(labeled as 8, OH of pHEMA). 

Based on the structures of Pt(IV)-COOH and mPEG-b-pHEMA, we prepared poly-
meric Pt(IV) by esterification between carboxyl of Pt(IV) and hydroxy of mPEG-b-
pHEMA. Although most previous studies used N,N′-Dicyclohexylcarbodiimide (DCC) 
reaction to prepare polymer-Pt(IV) conjugation [8,23,25,26,28,29], we modified the reac-
tion process by a combination of 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydro-
chloride (EDC) and 1-Hydroxybenzotriazole (HOBt) to simplify post-treatment during 
product purification. The structure of polymeric Pt(IV) was also characterized by 1H 
NMR, as shown in Figure 2 (top spectrum). Compared to the counterpart of mPEG-b-
pHEMA, polymeric Pt(IV) not only retained all characteristic peaks of mPEG-b-pHEMA 

Figure 2. 1H NMR spectra of mPEG-b-pHEMA and polymeric Pt(IV) in DMSO-d6.

Compared to a previous relative study [27], all characteristic peaks of pHEMA were ob-
served and marked in Figure 2, which confirmed the successful polymerization of pHEMA
as a product of mPEG-DDAT chain propagation. Moreover, the average polymerization
degree of HEMA was calculated to be 27, resulting from an integral area ratio of peaks
between 3.38 ppm (labeled as 1, terminal CH3 of mPEG) and 4.7–4.9 ppm (labeled as 8, OH
of pHEMA).

Based on the structures of Pt(IV)-COOH and mPEG-b-pHEMA, we prepared poly-
meric Pt(IV) by esterification between carboxyl of Pt(IV) and hydroxy of mPEG-b-pHEMA.
Although most previous studies used N,N′-Dicyclohexylcarbodiimide (DCC) reaction to
prepare polymer-Pt(IV) conjugation [8,23,25,26,28,29], we modified the reaction process by
a combination of 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC)
and 1-Hydroxybenzotriazole (HOBt) to simplify post-treatment during product purifica-
tion. The structure of polymeric Pt(IV) was also characterized by 1H NMR, as shown in
Figure 2 (top spectrum). Compared to the counterpart of mPEG-b-pHEMA, polymeric
Pt(IV) not only retained all characteristic peaks of mPEG-b-pHEMA but also presented
characteristic peaks of Pt(IV) in the 1H NMR spectrum of polymeric Pt(IV), which was
marked in Figure 2. In contrast with that of the bottom spectrum, the intensity of the peak
at 4.7–4.9 ppm (labeled as 8) in the top spectrum reduced obviously, which indicated a
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decrease in the hydroxy amount of polymeric Pt(IV). Meanwhile, the conversion from
hydroxy to ester bond was confirmed by increasing peak intensity at 3.83–3.93 (labeled
as 5 + 6′) because CH2 (labeled as 6′) possessed the same chemical environment as CH2
(labeled as 5) after forming ester bonding. Furthermore, the Pt content was determined
precisely by an inductively coupled plasma mass spectrometer (ICP-MS), which was as
high as 22.5 wt%. On the basis of the above results, polymeric Pt(IV) with high Pt content
was prepared successfully.

2.2. Characterization of Polymeric Pt(IV)-Based Micelles

Using polymeric Pt(IV), we prepared polymeric Pt(IV) micelle (PPM) and MTN; both
of them were observed directly by transmission electron microscopy (TEM), as shown in
Figure 3A,B, and we further measured their size distributions by dynamic light scattering
(DLS), as shown in Figure 3C.
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MTN, and SPIO.

By self-assembly of polymeric Pt(IV), PPM showed a spherical inner core with high
contrast without phosphotungstic acid staining, which implied high content Pt of poly-
meric Pt(IV). Because of the amphipathy of polymeric Pt(IV), MTN could be prepared to
encapsulate Mn0.6Zn0.4Fe2O4 nanoparticles by the same procedure. Besides PPM and MTN,
we also provided a TEM photo of monodispersed Mn0.6Zn0.4Fe2O4 nanoparticles, which
was shown in the inset of Figure 3B and Figure S6. Apparently, MTN exhibited a larger
particle size than that of PPM, as MTN possessed a core of Mn0.6Zn0.4Fe2O4 nanocluster.
Therefore, we determined the size distributions of PPMs and MTNs in PBS by DLS. As
monodispersed Mn0.6Zn0.4Fe2O4 nanoparticles displayed high hydrophobicity, their diam-
eter was measured in THF. The size distributions of SPIO, PPM, and MTN increase were
9.8, 86, and 151 nm, respectively (Figure 3C), which were consistent with their TEM results.
In order to estimate the stability of MTN, the time-dependent hydrodynamic diameter was
studied in PBS further, which was shown in Figure S7, confirming their high stability in
physiological buffer. These results not only prove the formation of MTN directly but also
suggest the MTN with some potential in clinics, such as suitable size for passive targeting
(EPR effect, 10–200 nm) and magnetic properties on magnetic targeting and hyperthermia,
because of the existence of highly compacted SPIO cluster in the core of MTN.

After quantifying the content of SPIO in MTN by ICP-MS, the content of SPIO in MTN
was calculated as 41.7% w/w, which corresponded to a feed ratio of SPIO in a gross mass
of 50%. Because of the existence of SPIO, as expected, MTN displayed excellent magnetism,
as shown in Figure 4A.

According to our previous study [18], monodispersed Mn0.6Zn0.4Fe2O4 nanoparti-
cles exhibited high saturation magnetism (Ms = 74.6 emu g−1) and superparamagnetism,
which reappeared in this research, as shown in Figure S8 (Ms = 102.7 emu g−1

[Fe+Mn+Zn],
corresponding to 74.6 emu g−1

[mass of SPIO]). Due to high Ms and superparamagnetism
of Mn0.6Zn0.4Fe2O4 nanoparticles, MTN displayed similar hysteresis loops, as shown in
Figure 4A, indicating its high Ms (103.1 emu g−1

[Fe+Mn+Zn]) and superparamagnetism.
Besides high Ms, MTN also exhibits a magnetocaloric effect; the heating profile and cor-
responding SAR are shown in Figure 4B. It should be noted that we calculated the SAR
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value of MTN by data of the initial 4 min because a linear correlation was observed be-
tween time and temperature in the 4 min. However, the SAR in the research was lower
than that of our previous study (SAR = 1102.4 W g−1) [18]. It was caused mostly by low
Happlied (63.6 kA m−1), which was almost 55.4% of that (114.9 kA m−1) in our previous
study. As low Happlied can improve biosafety of AMF, meanwhile, SAR of magnetic fluid is
proportional to the square of Happlied [30], the low SAR value in the study is reasonable.
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Figure 4. Magnetic property and magnetocaloric effect of MTNs: (A) magnetization curve of the
MTN at 300 K; inset: photograph of MTN solution and its response to an external magnet at 1 h;
(B) time-dependent temperature curve of MTN in AMF (corresponding parameters as 114 kHz of
frequency and 63.6 kA m−1 of strength) and corresponding SAR value.

2.3. Drug Release Studies

To simulate intracellular conditions, an acidic buffer (pH = 5.0) containing acetate and
glutathione (GSH, 1 mM) [31] was employed in drug release studies. As a control, other
three types of buffers were also employed in drug release studies, including pure acidic
buffer (pH = 5.0) without GSH, pure GSH buffer (1 mM), PBS with physiological pH value,
and GSH (5 µM) [32]. The drug release profiles of MTN under different conditions were
shown in Figure 5, indicating its high stability in the physiological environment and burst
release behavior within cells.
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Figure 5. Drug release profiles of MTN under different conditions: (A) Pt release profiles of MTN
under intracellular environment (pH = 5.0 + 1 mM GSH), physiological condition (pH = 7.4 + 5 µM
GSH), pure acid environment (pH = 5.0), and pure reductive environment (1 mM GSH); (B) the
influence of MH on Pt release under intracellular environment.

As shown in Figure 5A, a small amount of Pt was detected from the outside solution
of dialysis tubing in the physiological environment (PBS (pH = 7.4) + GSH (5 µM)) after
72 h incubation, which was consistent with previous studies [33,34]. On the contrary, MTN
exhibited rapid release behavior in intracellular environment (pH = 5.0 + GSH (1 mM)).
Under the intracellular niche, cumulative Pt release from MTN was rapidly within the
initial 10 h, which was 7.27% at 1 h, then up to 63.67% at 10 h. To figure out the weighting
of pH value and GSH concentration in platinum release, the Pt release profiles under acid
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environment (pH = 5.0) were contrasted with that under reductive environment (GSH,
1 mM), also shown in Figure 5A. It was clear that GSH could induce Pt release from MTN
because of the high redox sensitivity of Pt(IV) [7]. However, in our study, the intracellular
acid environment played a critical effect on triggering Pt release from MTN, as cumulative
release in the acid condition is triple that in reductive condition at the same incubation
time. The higher pH-sensitive release profile might be attributed to the number of ester
bonding, which is triple of number of Pt(IV).

Furthermore, we studied the effect of MH on Pt release from MTN, as shown in
Figure 5B. Apparently, MH of 20 min did not influence Pt release, as two release profiles
with/without MH almost overlap at all time points. Therefore, the polymeric Pt(IV) is a
typical macromolecular prodrug with an intracellular release profile, in which the acid
environment is the most important factor involved in drug release. These results will benefit
MTN application in vivo by enhancing intracellular release and reducing undesirable
side effects.

2.4. Antitumor Efficacy In Vitro

Cytotoxicity experiments were studied by using 4T1. Before evaluation of the tu-
mor inhibition ratio in vitro, biocompatibility of the mPEG-b-pHEMA was investigated
and shown in Figure S9. As cell survival rates of mPEG-b-pHEMA at all concentra-
tions (0.2–2 mg mL−1) approximated or even exceeded 100%, mPEG-b-pHEMA was a
hydrophilic polymer with excellent biocompatibility.

Antitumor efficacy in vitro is shown in Figure 6, which displays various inhibition
rates on 4T1 by different treatments.
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Figure 6. The cytotoxicity of 4T1 treated with cisplatin, PPM, MTN, and MTN + MH (duration time
of MH: 20 min per 24 h) for 24 h (A) and 48 h (B).

Apparently, cisplatin exhibited a higher inhibition rate than that of its macromolecular
prodrugs, PPM and MTN, for all tested periods (24 and 48 h). Meanwhile, the cytotoxicities
of PPM and MTN on 4T1 were similar because they were prepared by the same macromolec-
ular prodrug. Although periodic MH (20 min per 24 h) suppressed cell viability slightly at
24 h, it could enhance the antitumor efficacy of MTNs obviously. When incubation time
reached 48 h, the cell viabilities of cisplatin and MTNs plus MH were almost overlapping
at lower Pt concentration (≤5 µg mL−1).

In our previous study, we investigated the synergistic effect between MH and chemother-
apy by the mediation of thermo-sensitive drug delivery, in which MH triggered chemotherapy
release efficiently. However, in the study, the controlled release of cisplatin from polymeric
Pt(IV) is independent beyond the effect of MH, as shown in Figure 4B. Moreover, periodic
MH in the study showed limited cytotoxicity on 4T1, as cell viabilities of pure MH were 95.7%
at 24 h and 89.1% at 48 h, both of which were lower than those of our previous study [19].
Therefore, the enhancement of polymeric Pt(IV) cytotoxicity by MH should be studied further.

By ICP-MS, we investigated intracellular Pt content after incubating with different
formulations for 1 and 4 h, as shown in Figure 7.
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First of all, formulation was a key factor in Pt internalization because cellular uptake
of cisplatin showed higher Pt content at 1 and 4 h, in contrast with formulations of PPM
and MTN. It is reasonable that cisplatin can enter cells via both passive diffusion and
active uptake [35]. On the one hand, cisplatin is small enough to diffuse through cell
membranes easily compared to PPM and MTN with larger sizes. On the other hand, copper
transporter 1 (CTR-1) can mediate the active uptake of cisplatin efficiently. Because of the
high expression of CTR-1 in the kidney proximal tubule [36], nephrotoxicity is the main
side-effect of cisplatin in clinics. Unfortunately, 4T1 displayed high CTR-1 expression level
(CTR-1/action ≥ 0.5) [37]. Consequently, cisplatin alone displayed efficient internalization
(Figure 7) and high cytotoxicity (Figure 6).

Although MTN with the largest size distribution displayed the lowest level of Pt
cellular internalization, MH enhanced cellular uptake of MTNs significantly at all time
points (1 and 4 h). By stimulation of MH at an initial 20 min, we observed the highest Pt
content among all groups at 1 h, which was higher than that of cisplatin. The phenomenon
could be explained by thermal-induced increasing lipid fluidity and permeability of cell
membranes. However, the influence of MH on MTN internalization is temporary. With
prolonging culture time (4 h), Pt internalization in the group of MTN plus MH is still
higher than that of MTN but lower than that of cisplatin significantly, as shown in Figure 7,
corresponding to its cytotoxicity in Figure 6A. Even so, it is definite that MH is an efficient
approach to increasing the cellular uptake of micellar Pt(IV). Therefore, the cytotoxicity
of MTN should be improved further by periodic MH (20 min per 24 h) within prolonged
culture time (48 h), corresponding to the result shown in Figure 6B.

2.5. Efficient Tumor Diagnosis by a Combination of MT and MRI In Vivo

It is well known that a multifunctional nanocomplex by combining noninvasive
imaging and therapy represents the main development trend in tumor treatment because
synchronous noninvasive monitoring possesses great advantages in visualizing drug biodis-
tribution, assessing therapeutic responses, and predicting efficacy [38,39]. Among all com-
mon noninvasive imaging techniques, MRI is one of the most powerful diagnostic tools
because of its high biosafety and remarkable spatial resolution. As nanocluster of SPIO was
demonstrated its efficiency in shortening spin−spin relaxation time (T2) of MRI [40], in the
study, MTN with a core of Mn0.6Zn0.4Fe2O4 nanocluster was used as a T2 contrast agent to
locate tumors in vivo, as shown in Figure 8.
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Figure 8. T2-weighted MRI results of orthotopic breast tumor before and after i.v. administration of
MTN with corresponding treatments: MTN (A1–A3) and MTN + MT (B1–B3). Before intravenous
injection of MTN, orthotopic breast tumors were scanned by MRI as control (A1,B1). After injection,
the duration time of MT was 4 h, and the tumors were scanned again at 20 h (A2,B2). After MH of
20 min, the third MRI results (A3,B3) were obtained at 22 h after intravenous injection of MTN.

Because MTN has a suitable diameter of around 151 nm, MTN could distribute in
solid tumors by EPR effect and induce slight darkening in a partial area of the tumor
(Figure 8(A2)) compared to the counterpart without MTN injection (Figure 8(A1)). Unfor-
tunately, the EPR effect is inadequate for nanocarrier accumulation in tumor sites, which
is confirmed by many previous studies. As MTN exhibited a high Ms value and obvious
magnet-induced distribution, as shown in Figure 4A, a button magnet was employed
to improve MTN accumulation in tumors specifically. By attracting an external magnet
nearby tumors, most areas of the tumor darkened visibly in Figure 8(B2), indicating the
effectiveness of MT in increasing MTN biodistribution in tumors.

However, it should be noted that the accumulation of MTN in tumor sites did not
equal its uniform distribution in tumor tissue. On the one hand, intrinsic barriers in tumors
impeded the diffusion of MTN, as we mentioned previously in the introduction. On the
other hand, a permanent magnet is inadequate for attracting MTN completely because the
magnetic field of the permanent magnet will attenuate rapidly with increasing distance
between tumor tissue and magnet. Meanwhile, the pH value of tumor tissue usually
ranged from 6.5 to 6.8 [41], which was much higher than the effective pH value (≤5.0) in
our drug release studies. It is necessary to promote penetration of MTN in tumor tissue
and its endocytosis further. Considering the potential of MH on these aspects, we assessed
the influence of MH on MTN distribution in tumors. However, the real-time temperature
of tumors could not be monitored during MH in vivo because an overheated copper coil
(≥50 ◦C) interfered with the detection of infrared radiation (IR) thermal camera seriously.
The MRI results revealed diffusion of MTN after MH, as darkened areas of tumors in
Figure 8(A3,B3) extended, by contrast with the corresponding counterpart before MH
(Figure 8(A2,B2)). Especially for the group with MT, the region with T2 enhancement
almost covered the whole tumor after MH. Considering high interstitial fluid pressure and
dense extracellular matrix within tumors, passive diffusion of nanocarrier around 100 nm
is almost impossible [42]. Therefore, we infer that local MH is the only driving force to
facilitate the diffusion of MTN with a large diameter within the tumor.

To observe the biodistribution of MTNs directly, all major organs and tumors of
mice were stained for iron detection after the MH. As ferric ion (Fe3+) can combine with
ferrocyanide, resulting in a bright blue pigment, Prussian blue, we exhibited the distribution
of MTN in different organs directly, as shown in Figure 9.
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the PBS group developed from 152 to 1008 mm3 in 15 days. After injection of different 
formulations with equivalent cisplatin content at 3 mg kg−1 body weight via intravenous 
injection, tumor growth was inhibited obviously, compared to that of the PBS group. 
Among these groups, MTN alone/MH did not display obvious tumor inhibition in the 
early stage because tumors in the early phase were too small to exhibit the EPR effect, 
inducing low accumulation of MTN in tumors and bad antitumor performance. When the 
tumor reaches a certain volume, low toxic MTN could accumulate in the tumor by the 
EPR effect and show a certain ability on suppressing tumor growth, as shown in Figure 

Figure 9. Tissue slices of main organs and tumors after treatments by MTN or MTN + MT. The
duration time of MT was 4 h, and those tissues were obtained at 22 h after intravenous injection of
MTN. These tissue slices were stained by nuclear fast red and Prussian blue simultaneously.

According to the results, MTN mainly accumulated in tumors and organs such as the
liver and spleen after MH, which was consistent with a relative study [43]. In spite of the
similar distribution in the liver between the two groups, MT improved the distribution
of MTNs in tumors and reduced them in the spleen. As shown in Figure 9, in contrast
with passive targeting (MTN alone), visible blue spots in tumors were more obvious in
the group combined with MT. Meanwhile, Fe3+ content in the spleen showed an opposite
trend. Besides the Fe3+ content, another marked significance between passive targeting and
MT was the dispersion degree of these bright blue spots in tumors after MH. Compared to
passive targeting, the group combining with MT exhibited an even distribution of MTN in
the tumor section, which corresponded to MRI results after MH.

2.6. Antitumor Efficacy In Vivo

Based on the positive results we mentioned above, MTN not only showed low cytotox-
icity alone and enhanced cytotoxicity and cellular internalization by combining with MH
in vitro but also displayed MT enhanced tumor accumulation and MH stimulative tumor
penetration in vivo. Encouraged by the excellent performance of MTN, we investigated the
antitumor efficacy of MTN in vivo, especially under optimized strategy by integrating MT
and MH, as displayed in Figure 10.

Pharmaceuticals 2022, 15, x FOR PEER REVIEW 10 of 19 
 

 

 
Figure 9. Tissue slices of main organs and tumors after treatments by MTN or MTN + MT. The 
duration time of MT was 4 h, and those tissues were obtained at 22 h after intravenous injection of 
MTN. These tissue slices were stained by nuclear fast red and Prussian blue simultaneously. 

According to the results, MTN mainly accumulated in tumors and organs such as the 
liver and spleen after MH, which was consistent with a relative study [43]. In spite of the 
similar distribution in the liver between the two groups, MT improved the distribution of 
MTNs in tumors and reduced them in the spleen. As shown in Figure 9, in contrast with 
passive targeting (MTN alone), visible blue spots in tumors were more obvious in the 
group combined with MT. Meanwhile, Fe3+ content in the spleen showed an opposite 
trend. Besides the Fe3+ content, another marked significance between passive targeting 
and MT was the dispersion degree of these bright blue spots in tumors after MH. Com-
pared to passive targeting, the group combining with MT exhibited an even distribution 
of MTN in the tumor section, which corresponded to MRI results after MH. 

2.6. Antitumor Efficacy In Vivo 
Based on the positive results we mentioned above, MTN not only showed low cyto-

toxicity alone and enhanced cytotoxicity and cellular internalization by combining with 
MH in vitro but also displayed MT enhanced tumor accumulation and MH stimulative 
tumor penetration in vivo. Encouraged by the excellent performance of MTN, we investi-
gated the antitumor efficacy of MTN in vivo, especially under optimized strategy by inte-
grating MT and MH, as displayed in Figure 10. 

 
Figure 10. In vivo antitumor activities of different treatments: (A) the tumor volume curves after 
different treatments with the extension of curative time from 0 to 15 d; (B) the body weight curves 
after corresponding treatments with the extension of curative time from 0 to 15 d. 

Apparently, the growth of the 4T1 tumor was very rapid, as tumor volume (n = 6) of 
the PBS group developed from 152 to 1008 mm3 in 15 days. After injection of different 
formulations with equivalent cisplatin content at 3 mg kg−1 body weight via intravenous 
injection, tumor growth was inhibited obviously, compared to that of the PBS group. 
Among these groups, MTN alone/MH did not display obvious tumor inhibition in the 
early stage because tumors in the early phase were too small to exhibit the EPR effect, 
inducing low accumulation of MTN in tumors and bad antitumor performance. When the 
tumor reaches a certain volume, low toxic MTN could accumulate in the tumor by the 
EPR effect and show a certain ability on suppressing tumor growth, as shown in Figure 

Figure 10. In vivo antitumor activities of different treatments: (A) the tumor volume curves after
different treatments with the extension of curative time from 0 to 15 d; (B) the body weight curves
after corresponding treatments with the extension of curative time from 0 to 15 d.

Apparently, the growth of the 4T1 tumor was very rapid, as tumor volume (n = 6) of
the PBS group developed from 152 to 1008 mm3 in 15 days. After injection of different
formulations with equivalent cisplatin content at 3 mg kg−1 body weight via intravenous
injection, tumor growth was inhibited obviously, compared to that of the PBS group.
Among these groups, MTN alone/MH did not display obvious tumor inhibition in the
early stage because tumors in the early phase were too small to exhibit the EPR effect,
inducing low accumulation of MTN in tumors and bad antitumor performance. When the
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tumor reaches a certain volume, low toxic MTN could accumulate in the tumor by the EPR
effect and show a certain ability on suppressing tumor growth, as shown in Figure 10A.
However, due to the limitation of the EPR effect, the accumulation of MTN was not enough
to induce effective MH. The antitumor efficacies between MTN alone and MTN plus MH
were similar in the whole study.

Owing to MT, the group of MTN plus MT exhibited more efficiency in suppressing
tumor growth by enhancing the accumulation of MTN in tumors. With the repeating MT (4
h per 24 h), the performance of MTN plus MT was even better than that of cisplatin at the
later stage. Although cisplatin inhibited tumor growth efficiently at an early stage, its anti-
tumor ability declined rapidly after the third injection. Besides the treatments we discussed
above, the group of MTN plus MT plus MH showed the strongest tumor suppression. The
phenomenon should be ascribed to the effects of MT and MH on MTN efficacy, in which the
former increased MTN accumulation in tumors and the latter improved MTN penetration
in dense tumors. Moreover, because of the dual effect of chemotherapy and MH, the group
of MTN plus MT plus MH did not only exhibit the smallest tumor size but also displayed
a downtrend in shrinking tumor volume at the end of in vivo study, which indicates a
possibility of tumor vanishment by prolonged treatment of MTN plus MT plus MH.

Furthermore, we calculated tumor growth inhibition (TGI) at the end of the antitumor
study, which reflected the antitumor efficacies of different treatments directly. Correspond-
ing to final tumor volumes, the TGIs of different treatments were 65.73% (cisplatin), 59.67%
(MTN), 77.38% (MTN + MT), 62.29% (MTN + MH), and 88.38% (MTN + MT + MH), re-
spectively. Apparently, the group of MTN plus MT plus MH showed the highest TGI up
to 88.38%, which could be comparable to those of other cisplatin prodrug systems, such
as poly-ermic Pt(IV) with optimal drug/copolymer ratio (75% of TGI) [44], polyermic
Pt(IV) plus photothermal therapy (87.89% of TGI) [45], and polyermic Pt(IV) plus another
chemotherapy drug (83.4% of TGI) [46]. Therefore, a combination of MTN, MT, and MH
should be a promising strategy for polymeric Pt(IV) application in clinics.

Considering high systemic toxicity of cisplatin, a safety evaluation was carried out
by weighting the body weight of each mouse after injection, as shown in Figure 10B.
Apparently, cisplatin possessed obvious systemic toxicity, as the weight loss of mice could
be observed after cisplatin injection. Meanwhile, other mice with MTN injection alone
showed a tendency toward gaining body weight, illustrating the high biosafety of MTN.
Except for MTN, other MTN-based treatments also exhibited low toxicity, as the mice
treated by these strategies, including MTN + MT, MTN + MH, and MTN + MT + MH,
showed similar fluctuations of body weights between 20 and 23 g, and all of them fell
within the normal weight range of BALB/c mice.

3. Materials and Methods
3.1. Materials

mPEG with an average molecular weight of 5000 Da (mPEG5K), HEMA (97%), and SA
were purchased from Sigma-Aldrich. DCC (98%), HOBt (97%), 4-Dimethylaminopyridine
(DMAP, 99%), and EDC (98%) were purchased from Tokyo Chemical Industry (TCI, Japan).
2,2-Azobis(isobutyronitrile) (AIBN, 99%), anhydrous N,N-Dimethyl sulfoxide (DMSO,
99.9%), anhydrous N,N-Dimethylformamide (99.8%, DMF), cisplatin (c,c,t-[Pt(NH3)2Cl2],
99%), and GSH were purchased from Aladdin (China). 3-(4,5-dimethyl-thiazol-2-yl)-
2,5-diphenyl tetrazoliumbromide (MTT) was purchased from Beyotime Biotech. Co.,
Ltd. (Shanghai, China). Iron(III) acetylacetonate [Fe(acac)3], manganese acetylacetonate
[Mn(acac)2], and zinc(II) acetylacetonate [Zn(acac)2] were purchased from Alfa-Aesar. 1,2-
Hexadecanediol (97%), oleic acid (technical grade, 90%), oleylamine (technical grade, 70%),
and benzyl ether (98%) were purchased from Sigma-Aldrich.

Dialysis tubing, hydrogen peroxide (H2O2, 30%), dichloromethane (DCM), tetrahy-
drofuran (THF), diethyl ether, acetone, and 1,4-dioxane were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China).
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AIBN was purified by recrystallization from ethyl alcohol. HEMA was purified
by passing through basic alumina to remove monomethyl ether hydroquinone. DCM
was desiccated by reflux with calcium hydride (CaH2) and purified by reduced pressure
distillation. Other reagents were used as received. The water used in all experiments was
deionized with a Millipore Milli-Qsystem.

The monodisperse magnetic nanoparticles Mn0.6Zn0.4Fe2O4 were synthesized follow-
ing our previous study [18]. The typical synthetic procedure was described following.
A certain amount of Fe(acac)3, Mn(acac)2, Zn(acac)2, 1,2-hexadecanediol, oleic acid, and
oleylamine with molar ratios of 10/3/2/50/30/30 were dispersed successively in benzyl
ether. After deoxidizing by argon at 100 ◦C over 30 min, the mixture was heated to 200 ◦C
for 2 h under an argon atmosphere, then heated further to reflux (≈295 ◦C) for one and
a half hours. The product, monodispersed Mn0.6Zn0.4Fe2O4 magnetic nanoparticles, was
precipitated by excess ethanol, then collected by centrifugation. The purified process was
repeated three times. Finally, the magnetic nanoparticles were dispersed in THF with a
concentration of 10 mg mL−1 for storage under −20 ◦C.

3.2. Synthesis of Pt(IV) with Single Carboxyl

The preparation of Pt(IV) with a single carboxyl group (-COOH) was performed by oxi-
dization of cisplatin and following reaction with SA, according to previously described [47].
Cisplatin (0.5 g, 1.67 mmol) was suspended in water (10 mL) by magnetic stirring, then
excess H2O2 (30% w/v, 15 mL) was added to the reaction in dark conditions. The reaction
was processed for 5 h at 70 ◦C with continuous magnetic stirring and dark conditions. The
product, hydroxy-modified Pt(IV), named c,c,t-[Pt(NH3)2Cl2(OH)2] or Pt(IV)-(OH)2, was
purified by rinsing with water, ethyl alcohol, and diethyl ether, respectively.

After desiccating in vacuum, Pt(IV)-(OH)2 (0.2 g, 0.6 mmol) was dissolved in anhydrous
DMSO completely by magnetic stirring, then succinic anhydride (0.06 g, 0.6 mmol) was
added to the reaction under nitrogen condition. Under ambient conditions, the mixture was
stirred for 12 h. Then, DMSO was removed by vacuum distillation. The final product, Pt(IV)
with a single carboxyl group, also named c,c,t-[Pt(NH3)2Cl2OH(OOCCH2CH2COOH)] or
Pt(IV)-COOH, was extracted by precipitation in excess acetone. By rinsing with acetone and
diethyl ether, respectively, Pt(IV)-COOH was purified and dried under a vacuum oven.

3.3. Preparation of Hydrophilic Block Copolymer mPEG-b-pHEMA

For preparing mPEG-b-pHEMA by RAFT reaction, we prepared mPEG-DDAT as
macro-CTA firstly according to our established method [18] and showed the synthetic
procedure as follows. A certain amount of mPEG5k (1 g, 0.2 mmol), DDAT (0.22 g, 0.6 mmol),
and DMAP (0.024 g, 0.2 mmol) were dissolved in anhydrous DCM (20 mL) completely by
magnetic stirring. After that, DCC (0.123 g, 0.6 mmol) was added to the solution at 0 ◦C
and under nitrogen conditions. The reaction was stirred for 30 min at 0 ◦C and 48 h at
room temperature. After the reaction, the solution was concentrated and filtered to remove
insoluble by-products. The resulting product was precipitated in an excess amount of
diethyl ether to remove excess DDAT. In order to purify the product, the precipitate was
reprecipitated other four times by the same process. Finally, the purified mPEG-DDAT was
dried by freeze-drying and preserved in argon under low temperatures (−20 ◦C).

Using mPEG-DDAT as macro-CTA, we synthesized hydrophilic diblock copoly-
mer mPEG-b-pHEMA by RAFT polymerization. Briefly, a certain amount of mPEG-
DDAT and HEMA were dissolved in 1,4-dioxane, in which the feed molar ratio of mPEG-
DDAT/HEMA was fixed at 1/50. Then, AIBN (10% of macro-CTA molar quantity) was
added to the reaction as a catalyst. Under nitrogen conditions, the reaction was processed
at 70 ◦C for 12 h and stopped by cooling down to 0 ◦C. The final product, mPEG-b-pHEMA,
was purified by precipitation in excess diethyl ether three times and dried under vacuum.
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3.4. Preparation of Polymeric Pt(IV)

The polymeric Pt(IV) was also prepared by esterification under the assistance of
EDC and HOBt. Briefly, Pt(IV)-COOH (200 mg, 0.46 mmol), mPEG-b-pHEMA (76.7 mg,
0.23 mmol hydroxyl group), EDC (83.4 mg, 0.46 mmol), and HOBt (12.4 mg, 0.092 mmol)
were dissolved into anhydrous DMF (10 mL) completely under magnetic stirring and
nitrogen conditions. Then, the reaction was stirred under ambient conditions for the
following 48 h. Thereafter, the solution was dialyzed directly against water to remove DMF,
EDC, and HOBt. The lyophilized crude product was dispersed into DCM and centrifuged
to remove insoluble by-products and excess Pt(IV)-COOH. Finally, the purified polymeric
Pt(IV) was collected by repeated precipitation in an excess amount of diethyl ether and
dried in a vacuum oven.

3.5. Characterization of Molecular Structures

The structure of small molecular prodrug Pt(IV)-COOH was characterized by FT-
IR (Thermo Scientific, Nicolet iS50, Madison, WI, USA) and 1H NMR spectrum (Bruker,
AVANCE II, Zurich, Switzerland). The molecular weight of Pt(IV)-COOH was measured
by electrospray ionization mass spectrometer (ESI-MS), which was performed by a high-
resolution time-of-flight mass spectrometer (MS, Bruker, MaXis, Karlsruhe, Germany)
equipped with electrospray ionization (ESI). The composition and structure of the polymer
were characterized by a 1H NMR spectrum with CDCl3 or DMSO-d6 as the solvent and
analyzed by their chemical shifts relative to tetramethylsilane (TMS). The Pt content in
polymeric Pt(IV) was determined by ICP-MS (Thermo scientific, Xseries II, USA).

3.6. Preparation of Polymeric Pt(IV) Micelles (PPMs) and MTNs

All micelles were prepared by self-assembly technology. For the preparation of PPM,
polymeric Pt(IV) was dissolved in THF completely with the concentration of 5 mg mL−1. The
mixed solution was then slowly added into excess deionized water under sonication and
dialyzed against water for 48 h to remove THF and other impurities, in which a dialysis bag
(8–14 KD) was used. The dialysis solution was purified by centrifugation (2000 rmp). After
that, PPMs were collected from the supernatant by lyophilization and stored at −20 ◦C.

For the preparation of MTNs, a certain amount of magnetic nanoparticles Mn0.6Zn0.4Fe2O4
and polymeric Pt(IV) were dispersed in THF adequately with the same concentration as
3 mg mL−1. Then, the MTN was prepared by the same procedure.

3.7. General Properties of PPM and MTN

The morphologies of PPM and MTN were characterized by high-resolution transmis-
sion electron microscopy (HRTEM, JEOL, JEM-2100, Tokyo, Japan). Particle diameters of
PPM and MTN were measured by DLS (Malvern, Nano ZS90, Worcestershire, UK). The
content of Mn0.6Zn0.4Fe2O4 nanoparticles in MTNs was characterized by ICP-MS. The
magnetic property of MTN was measured by a vibrating sample magnetometer (VSM,
Lake Shore Cryotronics, Inc., LakeShore 7404, Westerville, OH, USA) at 300 K.

We also estimated particle size and colloidal stability of PPMs and MNTs by DLS
after they dispersed in phosphate buffer solution (PBS) for 7 d. The concentration of these
samples was fixed as 0.5 mg mL−1.

The magnetocaloric effect of MTNs was evaluated by calculating its SAR, according
to our previous study [18]. MTNs were dispersed into water with a concentration of
Mn0.6Zn0.4Fe2O4 as 0.1 mg mL−1, which was determined by ICP-MS. The colloidal solution
(4 mL) was placed in AMF, which was generated by an alternating magnetic field generator
(SPG-20AB, ShuangPing Tech. Ltd., Shenzhen, China). Then, the temperature change of
the sample was recorded by a computer-attached fiber optic temperature sensor (FOT-M,
FISO, Québec, Canada). Finally, the SAR was calculated by the formula described in our
previous study [18].

In this part of the study, the frequency (f ) and strength (Happlied) of the AMF was fixed
at 114 kHz and 63.6 kA m−1. The inner diameter of the heating coil was 20 mm.
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3.8. Drug Release Studies

In a typical experiment, a certain amount of MTNs (20 mg) was dispersed into 2 mL
of the acidic buffer. Then, the solution was placed into dialysis tubing (3 kDa) against
98 mL of the corresponding buffer. The process of drug release was performed at 37 ◦C in a
sharking incubator. At every predetermined time interval, 1 mL sample was withdrawn
from outside of the dialysis tubing and measured by ICP-MS to determine the content
of Pt. At the same time, an equal volume corresponding buffer was added as a release
medium. According to Pt content, the percentage of cumulative Pt release from the MTNs
was calculated and determined finally by averaging three measurements.

Furthermore, we also investigated the influence of MH on drug release. In this part,
the inner diameter of the heating coil was 40 mm, resulting in constant f (114 kHz) and
reduced strength (15.9 kA m−1). Because of the limitation of the heating coil, the study
was performed in a 50 mL centrifuge tube. Briefly, MTNs of 10 mg were dispersed into
1 mL of the acidic buffer with 1 mM GSH, followed by 49 mL of the corresponding buffer.
To simulate conditions of actual MH in the research, 20 min MH per 1 h was applied and
repeated 8 times in a typical study. During the study, the 50 mL centrifuge tube was placed
in a sharking incubator at 37 ◦C after MH until the next MH. At every time interval of 0.5 h,
a 0.5 mL sample was withdrawn from the centrifuge tube, and an equal volume of the
corresponding buffer was added as a release medium. Finally, the percentage of cumulative
Pt release from the MTNs was measured and calculated as we described above.

3.9. Cell Viability Assay In Vitro

The 4T1 was gifted by my colleague, Rui Mengjie, who purchased the cell line from
the Chinese Academy of Sciences (Shanghai). 4T1 was cultured in RPMI-1640 medium
(Gibco) containing 10% fetal bovine serum (FBS, Biological Industries, Israel), then placed
in an incubator at 37 ◦C, 5% CO2, and humidified circumstance.

The cell viability in vitro was performed by standard MTT assay in the study. Biocom-
patibility of magnetic nanoparticle Mn0.6Zn0.4Fe2O4 has been confirmed by our previous
study. In the research, cytotoxicity of hydrophilic copolymer mPEG-b-pHEMA was studied
and shown in supporting information (SI).

To evaluate the chemotherapy efficiency of PPMs and MTNs, 4T1 was seeded in
96-well plates at a density of 2 × 104 cells per well in 100 µL of corresponding medium
and incubated under standard culture conditions for 24 h. After that, the medium was
replaced by a medium containing various drug formations of cisplatin, Pt(IV), PPMs, and
MTNs, respectively, in which the final equivalent Pt concentration was varied from 0.625 to
20 µg mL−1. After incubating for 24 and 48 h, cell viabilities were investigated by MTT.

Furthermore, to assess the assistance of MH, 4T1 was seeded in a culture dish (35 mm)
at a density of 2× 105 cells per dish in 2 mL of the corresponding medium. After incubating
for 24 h, the culture medium was replaced by a medium containing MTNs (20, 10, 5, 2.5, 1.25,
0.625 µg mL−1). To make sure constant concentration of Mn0.6Zn0.4Fe2O4 (60 µg mL−1) in
the study, we prepared additional magnetic nanocluster fluid according to our previous
study [17], then complement shortage of SPIO in groups of Pt concentration as 10, 5, 2.5,
1.25, 0.625 µg mL−1. Afterward, cells were exposed to AMF (20 min per 24 h, 114 kHz, and
15.9 kA m−1) at the beginning of the 24, following culture in an incubator under standard
culture conditions. When total culture time reached 24 and 48 h, cell viabilities were also
quantified by MTT.

As the culture medium was selected as a negative control, cell survival rates of different
treatments were calculated as the percentage of negative control values.

3.10. Cellular Uptake Studies

4T1 were also seeded in culture dish (35 mm) with density of 2 × 106 cells per dish.
After incubating for 24 h, cells were treated with cisplatin, PPM, MTN, and MTN plus
MH (20 min), respectively. For each formulation, the equivalent Pt content was fixed
at 2.5 µg mL−1 (2 mL); meanwhile, the SPIO concentration of MTN plus MH was fixed
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at 60 µg mL−1 (2 mL). The drug uptake of Pt was performed by incubating cells with
the above-mentioned drug formulations for 1 and 4 h. The cellular uptake of MTN plus
MH was treated by exposure to AMF (20 min, 114 kHz, and 15.9 kA m−1) firstly, then
incubated under standard culture conditions for prolonged 40 and 220 min, respectively.
After removing the supernatant and washing three times, the cells in each culture dish
were digested and counted to collect 1 × 106 cells. After repeated freezing and thawing,
the intracellular Pt content was determined by ICP-MS.

3.11. Animal Protocol

BALB/c mice (female, 5–7 weeks old, 18–20 g weight) were purchased from the
laboratory animal center of Jiangsu University and maintained in the laboratory animal
center of Jiangsu University under specific pathogen-free conditions. The orthotopic breast
tumor was established by injection of 4T1 cells (1 × 107 cells per mL, 100 µL per mice) into
the fourth mammary fat pads of mice. After eight days, the tumor can grow to 100 mm3.
Animals were treated according to the ethical guidelines of Jiangsu University. The animal
experiments (approval code: UJS-IACUC-2021092703) were carried out according to the
regulations for animal experimentation issued by the State Committee of Science and
Technology of the People’s Republic of China.

3.12. Biodistribution of MTNs and MRI of Tumor In Vivo

When tumors grew to 200–300 mm3, these mice were divided into two groups (n = 5):
MTN alone and MTN plus MT. MRI studies were performed with a 3.0-T clinic MRI imaging
system (Siemens Trio 3T MRI Scanner) by using a micro coil for transmission and reception
of the signal. The T2-weighted images were acquired by these conditions, which was listed
as following: TR = 5000 ms, TE = 10–90 ms, slice thickness = 3 mm, flip angle = 150◦, matrix
size = 256 × 256, FOV = 100 mm, echo length = 8. Before injection of MTN, tumor-bearing
mice were scanned by MRI. Then, the MTN solution prepared by dissolving into PBS at a
dose of 4.2 mg kg−1 (mFe + mMn + mZn) was injected with 0.1 mL MTN solution from
tail-vein for each tumor-bearing mouse. For the group of MT, the button magnet with a
surface magnetic intensity of 0.18 T (diameter of 10 mm and thickness of 4 mm) was placed
on the tumor area after injection immediately and maintained for 4 h. At 20 h later, after
injecting MTNs, an MRI scan was performed to observe the T2 signal of the tumor site.

After that, the influence of MH on the penetration of MTNs within the tumor was
also observed by MRI. After the second scanning, mice were treated with MH (20 min of
each mouse, 114 kHz, and 15.9 kA m−1), then scanned by MRI following. In reality, the last
scanning was performed at 22 h after MTNs injection.

To ensure the distribution of MTNs in vivo, a histological examination was performed
after the last MRI scanning. The main organs (heart, liver, spleen, lung, and kidney) and
tumors were extracted and fixed in 10% formalin, following treatment with nuclear fast red
and Prussian blue stain.

3.13. In Vivo Tumor Inhibition Studies

When tumors grew to 150 mm3, these mice were divided into 6 groups (n = 6), injected
with PBS, cisplatin, MTN, MTN plus MT (MTN + MT), MTN plus MH (MTN + MH),
and MTN plus MT plus MH (MTN + MT + MH), respectively, in which, the dosage of
Pt was calculated as 3 mg kg−1 cisplatin. In these groups, the injection was performed
every three days, and MH was operated under AMF (114 kHz and 15.9 kA m−1) for 20 min
at 20 h after each injection. The MT was carried out as we described in the MRI study.
During the treatment, we injected 5 times in each group. Tumor volume and body weight
of tumor-bearing mice were measured and recorded every three days, in which tumor
volume was calculated by a formula described in a relative study [43]. The TGI rates
of different treatments were calculated to assess corresponding antitumor efficacies by a
formula described in a relative study [48].
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3.14. Statistical Analysis

First of all, all data were presented with mean ± standard deviation (SD). Secondly, a
one-way analysis of variance (ANOVA) was used in the research to determine significant
differences between pairs of two groups. p < 0.05 was considered statistically significant,
and p < 0.01 was considered as significant extremely.

4. Conclusions

In the study, we developed a versatile MTN successfully with high stability, MH-
facilitated accumulation, high-sensitivity MRI, MH-enhanced penetration, and efficacy of
Pt(IV) by self-assembly of monodispersed Mn0.6Zn0.4Fe2O4 and amphiphilic polymeric
Pt(IV). First of all, we synthesized macromolecular cisplatin prodrug with Pt content as
high as 22.5% polymeric Pt(IV), then used it to prepare MTN by encapsulating superpara-
magnetic Mn0.6Zn0.4Fe2O4 nanoparticles. The MTN did not only exhibit the potential
for passive targeting by combining a suitable diameter around 151 nm and high stability
under physiological conditions but also displayed more abilities on MT, MH, and MRI
because it possessed high Ms (103.1 emu g−1) and SAR (404 W g−1). More importantly, the
drug release of MTN was sensitive to the intracellular environment, especially for low pH,
indicating its low side effects in circulation. According to these properties, polymeric Pt(IV)-
based formulations, PPM and MTN alone displayed low cytotoxicity, but the combination
of MTN and MH showed as high cytotoxicity as cisplatin. After intravenous injection,
targeted accumulation of MTN in tumors could be improved under MT, which facilitated
observation of tumor by MRI. The further MH enhanced MTN penetration in tumors, which
also could be reflected by MRI directly. By integrating MT and MH, MTN displayed the
highest TGI at 88.38% and reduced the side effects of cisplatin simultaneously. Although
we did not observe tumor extinction by cascade effects of MT, MH, and chemotherapy of
polymeric Pt(IV), the MTN was still a competitive candidate for diagnosis and therapy of
tumors in clinics because of its advantages in efficient targeting, high-sensitivity MRI, low
toxicity, and high efficacy simultaneously.
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Abstract: Glioma is among the deadliest types of brain cancer, for which there currently is no effective
treatment. Chemotherapy is mainstay in the treatment of glioma. However, drug tolerance, non-
targeting, and poor blood–brain barrier penetrance severely inhibits the efficacy of chemotherapeutics.
An improved treatment method is thus urgently needed. Herein, a multifunctional biomimetic
nanoplatform was developed by encapsulating graphene quantum dots (GQDs) and doxorubicin
(DOX) inside a homotypic cancer cell membrane (CCM) for targeted chemo-photothermal therapy
of glioma. The GQDs with stable fluorescence and a superior light-to-heat conversion property
were synthesized as photothermal therapeutic agents and co-encapsulated with DOX in CCM.
The as-prepared nanoplatform exhibited a high DOX loading efficiency. The cell membrane coating
protected drugs from leakage. Upon an external laser stimuli, the membrane could be destroyed,
resulting in rapid DOX release. By taking advantage of the homologous targeting of the cancer cell
membrane, the GQDs/DOX@CCM were found to actively target tumor cells, resulting in significantly
enhanced cellular uptake. Moreover, a superior suppression efficiency of GQDs/DOX@CCM to
cancer cells through chemo-photothermal treatment was also observed. The results suggest that
this biomimetic nanoplatform holds potential for efficient targeting of drug delivery and synergistic
chemo-photothermal therapy of glioma.

Keywords: graphene quantum dot; targeted drug delivery; photothermal therapy; chemo-therapy

1. Introduction

Glioma is a common primary tumor of the central nervous system [1], accounting
for about 45% of intracranial tumors. Glioma has a fast growth rate and a strong invasive
ability, and it could infiltrate to the healthy brain tissues by proliferation and invasion,
which makes it the most challenging intracranial tumor. Conventional therapy for glioma
usually includes surgery, radiotherapy, and chemotherapy [2]. However, the median
survival time of glioma patients has so far been only 12 months [3,4]. The current treatment
of glioma faces several main obstacles, such as relapse, radiation tolerance, drug tolerance,
and the blood–brain barrier [5]. Glioma poses a serious threat to human health and safety.
Therefore, it is pivotal to further explore new treatment methods for glioma.

With the development of precision medicine, the nano-sized drug delivery system
(NDDS) has become a research hotspot in the treatment of tumors. NDDS can accumulate
in tumors via the enhanced permeability and retention (EPR) effects to achieve precise
drug release [6–8]. However, the passive aggregation effect of nanoparticles is still limited,

189



Pharmaceuticals 2022, 15, 157

depending on the varying degrees of tumor vascularization and the permeability associated
with tumor types and development stages [9–11]. To exert pharmacological activities,
nano-therapeutics must overcome a cascade of physiological challenges, including blood
circulation, cell toxicity, immune evasion, cell internalization, tumor targeting, etc. [12–15].
In recent years, graphene quantum dots (GQDs) nanomaterials have aroused great interest
in the scientific community due to their unique physicochemical properties. As a zero micro-
nano material, GQDs share some desirable properties of graphene oxide, including water
solubility, stable fluorescence, and a variety of attributes, such as size, biocompatibility,
excellent photothermal capacity, and the ability to cross the blood–brain barrier [16,17].
These properties make GQDs an excellent drug carrier and could be used in emerging
tumor treatments, such as photothermal therapy (PTT) and biological imaging.

Inspired by biological systems in nature, cell membranes are increasingly being used
to camouflage nanoparticles, which endow them with properties of natural cells, such as
high biocompatibility, low immunogenicity, long circulation, and active targeting [18–20].
The camouflage of the red blood cell membrane for nanoparticles can prolong their circu-
lation time in physical environments and help to escape the phagocytosis of the reticulo-
endothelial system so that drugs could reach tumor site at higher concentrations [21–24].
Benefiting from the homing properties of stem cells [25,26], the mesenchymal stem cell
membrane was wrapped on nanoparticles to bestow them with a targeting ability, enabling
NDDS to escape from phagocytosis by the immune system to play a role upon reaching the
tumor site [27–29]. It was reported that the tumor cell could aggregate to form metastatic
cells, which was highly dependent on multimolecular-mediated cell–surface interactions,
including tumor-specific binding proteins, such as the Thomsen–Friedenreich antigen and
E-cadherin presenting on the membrane of the cancer cells [30,31]. Given the ability of
homologous adhesion between tumor cells, it was speculated that the cancer cell mem-
brane (CCM) coating could be applied to target the source cancer cells for anti-cancer
drug delivery [32–34].

In this study, a novel cancer cell membrane camouflaged NDDS for targeted tumor
treatment was developed (Scheme 1). The glioma cell membrane was utilized to camouflage
GQDs with anti-cancer drug doxorubicin (DOX). The fabricated GQDs/DOX@CCM were
fully characterized. Afterwards, cellular uptake and tumor targeting ability to homotypic
glioma cells were investigated. Finally, the chemo-photothermal combination anti-cancer
effect of GQDs/DOX@CCM was studied.
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Scheme 1. Schematic illustrating the preparation of GQDs/DOX@CCM for tumor-targeted chemo-
photothermal combination therapy of glioma.

2. Results and Discussion
2.1. Characterization of GQDs

GQDs were synthesized according to the previous report [35]. As illustrated in
Figure 1a, 1,3,6-trinitropyrene (TNP) and BPEI were dispersed in deionized water for
ultrasonic treatment, and then they were reacted at 230 ◦C for 5 min. Finally, GQDs
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were obtained after a series of purification and dialysis. After GQDs were prepared, the
morphology and structure were characterized. As shown in Figure 1b, GQDs have a broad
peak at 23.9◦, which corresponds to a wider layer (002) spacing of the graphite structure
(3.71 Å), indicating the crystallinity of GQDs. The Raman spectrum shown in Figure 1c
suggested that the ordered G band at 1617 cm−1 was stronger than the disordered D band at
1376 cm−1, with a large G to D intensity ratio of 1.2, which was consistent with a previous
report [35]. The FTIR spectrum in Figure 1d showed a strong vibration at 1646 cm−1,
ascribed to the C=C bonds, and a strong, rather broad vibration at 3471 cm−1 ascribed to
the O-H bonds. The O-H signal was mainly ascribed to the hydroxyl functionalization
of the GQDs, which was further confirmed by the XPS. As shown in Figure 1e, GQDs
contained three obvious characteristics: C1s at 284.85 eV, N1s at 398.84 eV, and O1s at
531.06 eV, respectively. The C1s spectrum (Figure 1f) exhibited three characteristic peaks
corresponding to C=C (284.43 eV), C-N (287.08 eV), and C-OH (287.83 eV). The N 1s
spectrum (Figure 1g) showed the binding energy at 398.28 eV and 400.05 eV, corresponding
to pyrrolic N and graphitic N, respectively. This result revealed that the fabricated GQDs
were nitrogen-doped quantum dots. Besides this, the oxygen-containing species referred
to hydroxyl (-OH) (Figure 1h), as confirmed by the C1s and O1s spectra, which further
accounted for the good water solubility of GQDs.
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Figure 1. Characterization of GQDs. (a) Schematic diagram of the GQDs synthesis pathway. (b) XRD
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trum. (f) High-resolution C1s spectrum. (g) High-resolution N1s spectrum. (h) High-resolution
O1s spectrum.

As a novel fluorescent probe, the photoluminescence properties of GQDs were investi-
gated. As shown in Figure 2a, the maximum excitation and emission wavelength of GQDs
were 490 nm and 520 nm, respectively. The emission peak of GQDs hardly moved, while
the excitation wavelength changed from 390 to 490 nm (Figure 2b). The distinguished
luminous performance endowed GQDs with a potential application in tumor tracing and
diagnosis. Thereafter, the photothermal performance of GQDs was verified. The GQDs
solution with a concentration of 500 µg/mL was exposed to the near-infrared (NIR) laser
(808 nm, 1.44 W/cm2), and the photothermal curves were recorded. As shown in Figure 2c,
the temperature of the GQDs solution rose to 84 ◦C after 8 min of laser irradiation, while
the aqueous solution did not change significantly. This result was further verified and visu-
alized in Figure 2d. Results in Figure 2e,f suggested that the photothermal performance of
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GQDs exhibited concentration and laser power-dependent manner. After six cycles of laser
irradiation, the photothermal conversion capability of GQDs remained stable (Figure 2g).
After the photothermal sensitivity of GQDs was characterized, we further explored the
photothermal conversion efficiency of GQDs. It was seen from Figure S1a that GQDs have a
clear absorption peak in the near-infrared region, which was due to the doping of nitrogen
and the presence of oxygen-containing functional groups. The absorbance of GQDs at 808
nm was 0.160. Then, the GQDs solution was exposed to a NIR laser (808 nm, 1.44 W/cm2)
for 300 s and cooled naturally. The temperature change in Figure S1b showed that under the
irradiation of the 808 nm laser, the temperature of the GQDs solution rose from 25 to 66 ◦C,
and after 600 s of natural cooling, it dropped to 30 ◦C. The time constant (τs) of GQDs was
calculated to 204.66 s (Figure S1c), and the photothermal conversion efficiency of GQDs
was further calculated to be 49.97%. After cell membrane encapsulation, the photothermal
ability of GQDs@CCM and GQDs/DOX@CCM showed only slight changes compared with
GQDs (Figure 2h). These results demonstrated the excellent photothermal sensitivity of
GQDs and their promising potential for application in the photothermal therapy of tumors.
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Figure 2. Characterization of GQDs. (a) PL and excitation (PLE) spectra of GQDs. (b) PL spec-
tra of GQDs excited at different wavelengths varied from 390 to 490 nm. (c,d) The temperature
change of the GQDs solution (500 µg/mL) under NIR laser irradiation (808 nm, 1.44 W/cm2) for
8 min. (e) The temperature change of the GQDs solution under NIR laser irradiation (808 nm,
1.44 W/cm2) with different concentrations for 5 min. (f) The temperature change of the GQDs solution
of 300 µg/mL under 808 nm laser irradiation with different power for 5 min. (g) The photostability of
GQDs of 200 µg/mL under NIR laser irradiation (808 nm, 1.44 W/cm2). (h) The temperature change
of GQDs, GQDs@CCM, and GQDs/DOX@CCM solutions under NIR laser irradiation (808 nm,
1.44 W/cm2), and the GQDs concentration in all groups was 100 µg/mL.

2.2. Preparation and Characterization of GQDs/DOX@CCM

The biomimetic drug delivery nanoplatform GQDs/DOX@CCM was synthesized as
follows: GQDs were mixed with the anticancer drug hydrochloride doxorubicin (DOX) for
π-π stacking and electrostatic interaction at room temperature for 24 h. Then, the mixture
was co-extruded with CCM, which was gained from freshly harvested BV2 cells. After
ultracentrifugation, the GQDs/DOX@CCM was obtained and characterized.

The morphology and structure of GQDs and GQDs/DOX@CCM were visualized by
transmission electron microscopy (TEM). As a zero-dimensional nanomaterial, GQDs exhib-
ited a clear lattice structure with an ultra-small particle size of 5.8 ± 2 nm (Figure 3a). After
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being encapsulated in CCM with DOX, GQDs/DOX@CCM showed an increased particle
size of approximately 130 ± 10 nm, which was further confirmed by the hydrodynamic
particle size measured by DLS (Figure 3b,c). As shown in Figure 3d, the surface charge of
the CCM was determined to be −18.76 ± 1.41 mV, which was consistent with previous
reports [36,37]. The GQDs/DOX@CCM exhibited a surface potential (−19.8 ± 1.34 mV)
similar to that of CCM, suggesting a successful membrane coating. Subsequently, the
protein contents of GQDs/DOX@CCM were assessed by SDS-PAGE. Figure 3e indicated
that the compositions of membrane proteins were mostly retained on GQDs/DOX@CCM.
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Figure 3. Characterization of GQDs/DOX@CCM. (a) TEM image of GQDs. Scale bar = 5 nm.
(b) TEM image of GQDs/DOX@CCM. Scale bar = 100 nm. (c) DLS analysis of CCM, GQDs@CCM,
and GQDs/DOX@CCM. (d) Zeta potentials of GQDs, CCM, GQDs@CCM, and GQDs/DOX@CCM.
(e) SDS-PAGE protein analysis of I CCM, II GQDs@CCM, and III GQDs/DOX@CCM. (f) PL spectra
of GQDs, DOX, GQDs@CCM, and GQDs/DOX@CCM. (g) CLSM images of the GQDs@CCM illus-
trating the colocalization of the GQDs and CCM (DII channel). Scale bar = 10 µm. (h) Stability of
GQDs/DOX@CCM in PBS (pH = 7.4) by measuring the particle size.

To further verify the integrity of the core-shell particle structure, fluorescent dye DII
was used to stain the CCM of GQDs@CCM. Figure 3f showed that the emission peak
of GQDs was around 480 nm when excited at 405 nm, and the emission peak of DOX
was around 600 nm. The characteristic peaks of GQDs and DOX were both shown in
GQDs/DOX@CCM, which indicated the successful loading of GQDs and DOX. After being
co-cultured with BV2 cells for 1 h, GQDs@CCM was visualized by CLSM. As shown in
Figure 3g, the green fluorescent signals from the GQDs and red fluorescence from the
membrane exhibited a high degree of colocalization, indicating the structural integrity of
GQDs@CCM. Moreover, the long-term stability of GQDs/DOX@CCM was measured by
DLS, which revealed that the GQDs/DOX@CCM was stable at around 33–36 ◦C within
7 d (Figure 3h). These results demonstrated the successful synthesis of GQDs/DOX@CCM
with an intact natural surface membrane protein and long-term stability.

2.3. Biocompatibility In Vitro

Considering the importance of the biocompatibility of nanomaterials for clinical
applications, we investigated the biosafety of GQDs and GQDs-based membrane camou-
flaged nanoparticles through blood compatibility and cell cytotoxicity. It was reported
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that incompatible materials can break the red blood cells, activate and aggregate platelets,
and then induce the formation of thrombosis when entering the blood [38]. Therefore,
a hemolysis assay is an important index to explore the biocompatibility of materials.
The results of blood compatibility (Figure 4a,b) showed that the hemolysis rate was
less than 5% after incubating with GQDs@CCM or GQDs/DOX@CCM of different
concentrations for 4 h. To further verify the cytotoxicity of GQDs@CCM, cells from
different sources were co-cultured with GQDs or GQDs@CCM for 24 h. The CCK-8
result (Figure 4c,d) showed that cell viability in all groups remained above 95%, even
at a high concentration of 200 µg/mL. These results suggested the high biosafety and
bio-compatibility of GQDs and GQDs@CCM.
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2.4. DOX Encapsulation and Releasing

Drug loading efficiency was investigated under the presence of DOX with different
concentrations. It was shown that the DOX encapsulation efficiency was calculated to be
89% ± 6.37, 88% ± 6.19, and 74% ± 6.54 when the initial added DOX concentration was
300 µg/mL, 400 µg/mL, and 500 µg/mL, respectively (Figure 5a). Next, the drug release
behavior of GQDs/DOX@CCM was detected at about 33–36 ◦C. As shown in Figure 5b, the
drug release rate in a pH 5.0 solution was about 46% ± 0.4 at 72 h, which was significantly
higher than that in pH 7.4 (22% ± 2.1), suggesting pH-dependent drug release behavior
of GQDs/DOX@CCM. Moreover, the release rate of DOX from GQDs/DOX@CCM with
NIR laser irradiation (808 nm, 1.44 W/cm2) was significantly improved compared with
the non-irradiated group (48% ± 1.2 vs. 78% ± 2.0) (Figure 5c). The laser irradiation
induced amhigh temperature, which helped boosting DOX release. These results suggest
the favorable controlled release behavior of GQDs/DOX@CCM for reducing the side effects
of DOX to normal tissues.
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2.5. In Vitro Homologous Targeting

When cultured with BV2 cells, GQDs tended to locate at the cytoplasm and exhibit
stable green fluorescence (Figure 6a). The cellular internalization of GQDs and GQDs@CCM
in BV2 cells were investigated by CLSM and FCM. As displayed in Figure 6a, GQDs could
be internalized and located in the cytoplasm of cancer cells. However, after being wrapped
by the BV2 cell membrane, a stronger green fluorescence was observed in BV2 cells at
the same incubation time. This result was further verified by the quantitative analysis of
FCM (Figure S2a–c). After 60 min of co-culturing, the fluorescence intensity of intracellular
GQDs@CCM was 1.6 times that of GQDs at the same GQDs concentration of 200 µg/mL
(Figure 6b). The enhanced cellular uptake of GQDs@CCM could be attributed to the surface
adhesion molecules in the cell membrane, which endowed the nanocomposites with the
homotypic tumor self-recognition ability.
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Figure 6. Cellular uptake of GQDs and GQDs@CCM. (a) CLSM images of BV2 cells incubated
with GQDs or GQDs@CCM at a GQD concentration of 200 µg/mL for different time periods.
Scale bar = 10 µm. (b) Quantitative analysis of BV2 cell uptake by FCM in different time periods.
The differences among groups were determined by a one-way ANOVA analysis followed by the
Tukey’s post-test: * p <0.05, *** p < 0.001.

To further demonstrate the self-recognition ability of cancer cell membrane camou-
flaged GQDs with homotypic cancer cells, cellular internalization of BV2 cell membrane
coated GQDs@CCM by BV2 cells and MCF-7 cells was studied. It was found that the
fluorescence intensity originating from BV2 cell membrane coated NPs was far superior in
the source BV2 cells than in heterotypic cells MCF-7 after co-culturing for 1 h, which approx-
imated to 2.0–2.3-fold in terms of the mean fluorescence intensity inside cells (Figure 7a,b).
These results were also validated by FCM (Figure S2d–f). Besides this, a more rapid cell
internalization by the source cell membrane coated GQDs@CCM was found when the incu-
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bation period was further prolonged. These results proved the high specific self-recognition
affinity of GQDs@CCM to the source tumor cells.
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2.6. Antitumor Efficacy In Vitro

Encouraged by the aforementioned results, we further investigated the anticancer
effect of GQDs/DOX@CCM in vitro. Then GQDs were co-cultured with BV2 cells and
subjected to different laser treatments. The cell survival situation was studied by using
Calcein-AM and PI as probes to indicate the live (green) and dead (red) cells, respec-
tively (Figure 8a). The result showed that GQDs treatment did not cause obvious cell
death. However, after laser treatment, the red fluorescence of dead cells increased with
the increase of the GQDs concentration and irradiation time, indicating their excellent
photothermal performance in cancer treatment. Subsequently, the antitumor activity
of GQDs/DOX@CCM by the combination of chemo-phototherapy in vitro was investi-
gated. BV2 cells were treated with free DOX and GQDs/DOX@CCM for 24 h, and cell
viability was evaluated through a CCK-8 assay (Figure 8b). The reduction in BV2 cell
viability was dose-dependent in all groups. Both GQDs (under NIR) and free DOX could
effectively inhibit cell proliferation. After being co-encapsulated in CCM, there was a
slight reduction in the cytotoxicity of GQDs/DOX@CCM, which was mainly caused by
the relatively long drug release time in cancer cells. However, after being irradiated by
an external laser, less than 10% of cells survived. The significantly enhanced toxicity to
cancer cells could be attributed to the cooperation of the homologous targeted delivery,
superior photothermal effect, and controlled drug release responding to the temperature
increment. These results were further confirmed by Calcein-AM/PI staining, which
was consist with the viability assay (Figure 8c). The above results demonstrated that
GQDs/DOX@CCM possess superior therapeutic performance in homogeneous can-
cer cells. However, further in vivo experiments are still needed before making a final
statement on their antitumor effect.
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3. Materials and Methods
3.1. Materials

Pyrene (purity > 98%) was obtained from TCI (Tokyo Chemical Industry, Tokyo, Japan).
Polymers of branched polyethylenimine (BPEI) were obtained from Aladdin (Shanghai, China).
A Cell Counting Kit-8 (CCK-8) and Calcein-AM/PI Double Staining Kit were purchased from
dojindo (Dojindo Laboratories, Kumamoto, Japan). Dulbecco’s modified Eagle’s medium
(DMEM), heat-inactivated fetal bovine serum (FBS), Doxorubicin (DOX), and trypsin were
purchased from BI (Shanghai, China). Furthermore, 4,6-diamidino-2-phenylindole (DAPI)
and DII were purchased from beyotime (Shanghai, China).

3.2. Cell Culture

Mouse glioma cells (BV2), human cervical carcinoma cells (HeLa), human breast
cancer cells (MCF-7), human normal liver cells (LO2), human embryonic kidney cells
(293T), rat microglia (GMI-R1), and rat astrocytes cells were obtained from the Chinese
academy of sciences. All cells were cultured in a DMEM medium supplemented with 1%
penicillin–streptomycin and 10% fetal bovine serum at 37 ◦C in a humidified atmosphere
of 90% humidity and containing 5% CO2.

3.3. Isolation of Cancer Cell Membrane

When BV2 cells grew to 90% confluence in culture flasks, cells were collected and
suspended in a hypotonic cell lysis buffer, placed in 4 ◦C for 12 h, then disrupted by a
D-130 homogenizer (Beijing, China) for 20 passes. The cell suspensions were centrifuged at
3000 rpm for 20 min at 4 ◦C; the resulting supernatant was collected and centrifuged again
at 100,000× g for 30 min. The plasma membrane pellet was resuspended in PBS with PMSF
and stored in −80 ◦C for further experiments.

3.4. Preparation of GQDs and GQDs/DOX@CCM

According to the previous report [39], the 1,3,6-trinitropyrene (TNP) was firstly pre-
pared by the nitrification reaction of pyrene. Then, TNP and BPEI were dispersed in
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deionized water for ultrasonic treatment and placed in a dedicated reactor at 230 ◦C for
5 min. Finally, the pure GQDs were obtained after filtration and dialysis.

A total of 1 mL of DOX (800 µg/mL) was added to 1 mL of GQDs (400 µg/mL) at
room temperature in the dark for 24 h. The mixture was co-extruded with 2 mL of BV2
cancer cell membrane vesicles through a 200 nm polycarbonate membrane for 20 passes.
The unloaded DOX and GQDs were removed by centrifugation at 13,000× g for 10 min.

3.5. Characterization

Transmission electron microscopy (TEM) images were carried out by a G2F20 micro-
scope (Thermo Fisher Scientific, Wyman Street, Waltham, MA, USA). Raman spectra were
recorded on a horiba evolution laser Raman spectrometer (Horiba Scientific, Piscataway,
NJ, USA). X-ray photoelectron spectroscopy (XPS) measurements were performed using
a K-Alpha+ X-ray photoelectron spectrometer (Thermo Fisher Scientific, Wyman Street,
Waltham, MA, USA). X-ray diffraction (XRD) patterns were obtained with a D8 Advance
X-ray diffractometer (Showa, Tokyo, Japan). The fluorescence spectrum was recorded
with an LS55 fluorophotometer (PerkinElmer Inc., Waltham, MA, USA). UV-Vis-NIR spec-
troscopy was recorded on a U-4150 Ultraviolet visible near infrared spectrophotometer
(Hitachi, Tokyo, Japan). The FTIR spectrum was recorded on the VERTEX70 Fourier in-
frared spectrometer (Bruker, Karlsruhe, Germany). Particle size and surface zeta potential
were measured by dynamic light scattering (DLS) using Zetasizer equipment (Zetasizer
Nano ZN, Malvern Analytical Ltd., Malvern, UK). The protein components were analyzed
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).

3.6. Photothermal Performance Measurements

GQDs with different concentrations were exposed to a near-infrared laser (808 nm)
for 5 min with different power densities; the temperature of the solution was measured
and recorded with an E53 infrared thermal imager (FLIR Systems Inc, Portland, OR, USA).
In the photothermal stability experiment, the solution of GQDs was radiated with the
near-infrared laser (808 nm, 1.44 W/cm2) for 5 min, and then the solution was cooled to
room temperature naturally. After being repeated 6 times, the temperature was recorded,
and the temperature curve was drawn. Different concentrations of GQDs were co-cultured
with BV2 cells for 4 h and then irradiated by a near-infrared laser (808 nm, 1.44 W/cm2) for
3 or 5 min. Cell mortality was measured through the Calcein-AM/PI Double Staining Kit.

3.7. Photothermal Conversion Efficiency Measurement

The photothermal conversion efficiency of GQDs was investigated by irradiating the
centrifuge tube containing a dispersion of GQDs at 300 µg/mL (808 nm, 1.44 W/cm2).
The temperature of the GQDs solution was measured every 25 s by an infrared thermal
imager (FLIR Systems Inc, Portland, OR, USA).

QDis can be determined by the following Equation [40,41]:

QDIS =
mDcD∆T

t
(1)

where QDis represents the baseline energy input of water, mD is the mass of aqueous
solution, cD is the specific heat capacity of aqueous solution, ∆T is the temperature change
of aqueous solution during the 5 min laser irradiation (808 nm, 1.44 W/cm2), and t is the
irradiation time (5 min).

h represents heat-transfer coefficient, A represents the surface area of the container,
and hA can be determined by the following equation:

θ =
T − Tsurr

Tmax − Tsurr
(2)

t = −τs(lnθ) (3)
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τs =
mDcD

hA
(4)

Here, θ is a dimensionless parameter, and τs is the time constant of the sample system.
cD and mD represent the mass of GQDs (0.5 g) and heat capacity (4.2 J/g), Tmax represents
the maximum temperature of GQDs solution, and Tsurr represents the ambient temperature.

Photothermal conversion efficiency (η) can be determined by the following equation:

η =
hA(Tmax − Tsurr)− QDIS

I(1 − 10−Aλ)
× 100% (5)

I is the laser power, and Aλ is the absorption value at 808 nm.

3.8. Biocompatibility In Vitro

The blood of healthy Kunming mice was collected from the eyeball and then cen-
trifuged several times to obtain red blood cells and suspended in PBS. A total of 0.2 mL of
erythrocytes were mixed with I 0.2 mL PBS (negative control), II 0.2 mL of deionized water
(positive control), and III 0.2 mL of GQDs, GQDs@CCM, or GQDs/DOX@CCM solutions of
different concentrations. The mixtures were placed at room temperature (33–36 ◦C) for 4 h.
Then, the supernatants were collected and measured at 540 nm to calculate the hemolysis
rate after centrifugation at 10,000× g for 5 min.

Hemolysis rate =
Asample − ANegative control

APositive control − ANegative control
× 100% (6)

The cell viability was investigated by Cell Counting Kit (CCK)-8 assays. BV2, MCF-7,
HeLa, LO2, 293T, GMI-R1, and rat astrocyte cells were seeded into 96-well plates (n = 5) at
a density of 4000 cells per well. After adhering, the medium was taken out, and 100 µL of
fresh medium containing GQDs or GQDs@CCM with various GQDs concentrations (10, 20,
50, 100, and 200 µg/mL) were added and co-cultured for another 24 h. Then, 10 µL of the
CCK-8 solution was added to each well and incubated for 2 h. Finally, the absorbance at
450 nm was detected by a VICTOR X3 Multifunctional microplate reader (PerkinElmer Inc.,
Waltham, MA, USA).

3.9. Drug Encapsulation Efficiency and Drug Release In Vitro

To assess the drug loading capacity, GQDs/DOX@CCM was centrifuged to remove the
unloaded DOX. The unloaded DOX was determined by measuring absorption at 480 nm
using a Multifunctional microplate reader (Perkin Elmer, Waltham, MA, USA). The drug
encapsulation efficiency was calculated using the following formula:

Drug encapsulation efficiency (%) =
Initial mass of drug − Mass of unload drug

Initial mass of drug
× 100% (7)

To measure the profile of drug release, 1.5 mL of GQDs/DOX@CCM (DOX concen-
tration of 300 µg/mL) were dialyzed in 8 mL PBS with a different pH (7.4 or 5.0) at about
33–36 ◦C in the dark (MWCO = 3.5KD). At different time intervals, 500 µL of dialysis buffer
was withdrawn to detect the amount of DOX released. After the measurement, the solution
was poured back to maintain the constant total amount.

3.10. Cellular Uptake

BV2 cells were seeded into a 35 mm confocal dish (n = 3) at a density of 4000 cells per
well and cultured for 24 h. Then, cells were cultured with GQDs or GQDs@CCM for 10 min
to 60 min. Cells were washed three times and treated with paraformaldehyde for 20 min.
After that, DAPI was added to label the nuclei for 5 min. Then, cells were washed with PBS
and visualized by confocal laser scanning microscopy (CLSM) (Occult International Ltd.,
DE). For quantitative analysis, BV2 cells were seeded into 12-well plates (n = 3) at a density
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of 40,000 cells per well and cultured for 24 h; then, GQDs or GQDs@CCM were added with
a final GQDs concentration of 200 µg/mL for 10 to 60 min; after the cells were washed and
digested, the fluorescence of GQDs and GQDs@CCM were observed with a Flow cytometer
(Beckman Coulter, Inc., S. Kraemer Boulevard Brea, CA, USA) at the PB450A channel.

3.11. Homologous Recognition In Vitro

BV2 cells and MCF-7 cells were seeded into a 35 mm confocal dish (n = 3) at a density
of 4000 cells per well and cultured for 24 h. Then, cells were incubated with GQDs@CCM
at a final GQDs concentration of 200 µg/mL from 10 to 60 min. After the cells were
washed and fixed with paraformaldehyde for 20 min, the cells were stained with DAPI
for 5 min. The internalization of GQDs or GQDs@CCM by cells was observed via CLSM.
Simultaneously, flow cytometry (FCM) was also used to evaluate the specific targeting
of cells. BV2 cells and MCF-7 cells were seeded into 12-well plates (n = 3) at a density of
40,000 cells per well and cultured for 24 h. Then, cells were incubated with GQDs@CCM
from 10 to 60 min. After the cells were washed and digested, the fluorescence of BV2
and MCF-7 cells were observed with a Flow cytometer (Beckman Coulter, Inc., S.Kraemer
Boulevard Brea, CA, USA) at the PB450A channel.

3.12. Anti-Tumor Effect In Vitro

BV2 cells were seeded into 96-well plates (n = 5) at a density of 4000 cells per well
and cultured for 24 h. The cell culture medium was replaced with 100 µL of fresh medium
containing an increased concentration of DOX and GQDs/DOX@CCM complexes, respec-
tively. The treatment concentration of GQDs was 100 µg/mL in the GQDs/DOX@CCM
group. After co-cultivation for 24 h, the cells were washed twice with PBS, and then they
were incubated with 10 µL of CCK-8 solution for another 2 h. The absorbance at 450 nm
was detected using a Multifunctional plate reader ((PerkinElmer Inc., Waltham, MA, USA).
The PTT groups were exposed to an 808 nm laser with a power density of 1.44 W/cm2 for
3 min after co-cultivation for 4 h, with other conditions kept the same. The formula for
calculating the cell viability (%) was listed as follows:

Cell viability =
A
A0

× 100% (8)

Note: A is the OD450 of the treated BV2 cells; A0 is the OD450 of the untreated BV2 cells.
For the Calcein-AM/PI double-staining assay, BV2 cells were seeded in 35 mm confocal

dishes (n = 3) at a density of 40,000 cells per well and co-cultivated with free DOX, GQDs,
GQDs@CCM, and GQDs/DOX@CCM for 4 h. The concentration of GQDs was kept
consistent at 100 µg/mL. Then, cells were washed three times with PBS and subjected to
the light irradiation (808 nm, 1.44 W/cm2) for 3 min. After being washed by PBS, cells
were stained with Calcein-AM and PI for 15 min at 37 ◦C. Finally, cells were visualized
by CLSM.

3.13. Statistical Analysis

Data was reported as mean ± SD. The differences among groups were determined
by a one-way ANOVA analysis followed by the Tukey’s post-test: (*) p < 0.05, (**) p < 0.01,
(***) p < 0.001.

4. Conclusions

In summary, a cancer cell membrane biomimetic drug delivery system for chemo-
photothermal combination therapy of homogeneous cancer cells was developed.
The synthesized GQDs with favorable properties of excellent dispersibility, controllable
size, stable fluorescence, and superior photothermal performance was utilized as a ther-
apeutic agent and co-encapsulated with DOX in a BV2 cell membrane. The GQDs were
not only capable of converting near-infrared light to heat for photothermal therapy,
but they also improved the release of DOX for chemotherapy. Besides this, benefiting
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from the homologous targeting of the cancer cell membrane, the GQDs/DOX@CCM
can actively target BV2 cells in vitro, resulting in a higher cellular uptake. The anti-
tumor results demonstrated the superior killing efficiency of GQDs/DOX@CCM to
cancer cells through chemo-photothermal treatment. Based on this study, the fabri-
cated GQDs/DOX@CCM are capable of providing an effective combination strategy
for precision oncology therapy.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/ph15020157/s1: Figure S1: characterization of GQDs. (a) UV-Vis-NIR
spectrum of GQDs. (b) Photothermal effect of the GQDs solution (300 µg/mL) exposed to the NIR
laser (808 nm, 1.44 W/cm2). The lasers were shut off after 300 s irradiation. (c) Plot of cooling time
versus negative natural logarithm of the temperature driving force obtained from the cooling period
after the NIR irradiation (808 nm, 1.44 W/cm2). Figure S2: Flow cytometry analysis. (a–c) Mean
fluorescence intensity of BV2 cells after 10, 30, and 60 min incubation with GQDs or GQDs@CCM;
the final concentration of GQDs was 200 µg/mL. (d–f) Mean fluorescence intensity of MCF-7 and
BV2 cells after 10, 30, and 60 min incubation with GQDs@CCM; the final concentration of GQDs was
200 µg/mL. Figure S3. Homologous targeting of GQDs@CCM. (a) CLSM images of GMI-R1 and Rat
astrocytes cells incubated with GQDs@CCM at GQDs concentration of 200 µg/mL for different time
period. Scale bar = 10 µm. (b,c) Quantitative analysis of cell uptake by FCM in different cell lines.
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