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Laryngeal carcinoma is the most common head and neck malignancy globally, and
chemotherapy is still the most common treatment for this type of carcinoma.
Monotherapy has become powerless because of the lack of drugs in the anticancer
agent library, the difficult process of new drug discovery, and the widespread drug
resistance. Combination therapy with two agents, in particular Chinese herbal
medicines with chemotherapy drugs, is a potential alternative to chemotherapy alone.
However, combination therapy faces difficulties in delivering multiple drugs to tumor tissue
in a precise ratio. Here, a cocktail polymeric prodrug micelle (PHPPM) was developed
using an oxidation and reduction dual-responsive polymeric paclitaxel (PTX) and polymeric
honokiol (HK) prodrugs. Both of them were obtained by covalently conjugating the drug to
dextran via diselenium bonds. Following optimization and characterization, the PHPPM
with the precisemass ratio of PTX and HKwas obtained, enabling ratiometric drug loading,
synchronized drug release in response to tumor high-level reactive oxygen species and
glutathione environment, long blood circulation, and high tumor accumulation. This co-
delivery system can effectively inhibit laryngeal carcinoma growth in vitro and in vivo.
Codelivery of chemotherapy agents and Chinese herbal medicine with a precise ratio and
controlled release of the two drugs at the tumor site provides an effective approach to
clinical therapy for other laryngeal carcinomas.

Keywords: honokiol, paclitaxel, polymeric prodrug, dextran, diselenium bond, stimuli-responsive, glutathione,
reactive oxygen species

INTRODUCTION

Laryngeal carcinoma is the most common head and neck malignancy globally (Kumar et al., 2018).
In 2020, over 180,000 new cases of laryngeal carcinoma were diagnosed, with approximately
100,000 new deaths (Sung et al., 2021). Surgery, chemotherapy, and radiotherapy are commonly
used to treat laryngeal carcinoma in clinical practice today (Wu et al., 2020). Among them,
chemotherapy remains one of the most common strategies for laryngeal treatment because of its
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superior efficacy (Bonomi et al., 2018). However, the efficacy of
monotherapy with a single drug was greatly hindered by toxic
side effects and drug resistance (Meng et al., 2021). Through the
synergistic effect of two drugs, combination chemotherapy has
been shown to significantly improve anticancer efficacy and
reduce side effects when two or more therapeutic drugs with
different acting sites and mechanisms of anticancer activity are
used simultaneously.

In recent years, attention has been increasingly paid to
combining Chinese herbal medicines with chemotherapy drugs
that can result in a synergistic response that may eliminate the
tumor while reducing side effects (Fu et al., 2018; Dasari et al.,
2022). Honokiol (HK), a traditional Chinese medicine isolated
from Magnolia Officinalis, showed anticancer, antidepressant,
antioxidant, and anti-inflammatory effects (Lin et al., 2007;
Dikalov et al., 2008; Xu et al., 2008). Studies have shown that
HK can inhibit the growth of laryngeal, liver, colon, lung, breast,
and brain cancer (Banik et al., 2019). Moreover, HK has been
shown to significantly improve the treatment effects of traditional
chemotherapy drugs, such as paclitaxel (PTX) and doxorubicin
(Wang et al., 2017; Zou et al., 2018). Moreover, combining HK
with traditional chemotherapy agents may be an effective strategy
for treating laryngeal carcinoma. However, the poor water
solubility of both PTX and HK made it difficult to use these
two drugs together in clinical practice. Moreover, because of the
different pharmacokinetics and biodistribution of the individual
drugs, co-delivery of different drugs to tumor sites at the precise
drug dosages is difficult to accomplish, resulting in unmatched
dosage combinations that make it difficult to achieve efficient
synergistic therapy or even cause antagonism (Li et al., 2020). In
addition, the overlapping toxicity of different agents with co-
administration also poses a challenge to combination
chemotherapy.

Nanotechnology-based drug delivery systems have helped
solve some of the problems mentioned above. Nano
formulations can effectively increase solubility, tumor
targeting, pharmacokinetics, and biodistribution, as well as
reduce the side effects of chemotherapeutic agents (Cai et al.,
2020; Zeinali et al., 2020; Wang D et al., 2021). Nano-drug
delivery systems, in particular, can simultaneously deliver
multiple drugs to the same focal point at a predetermined
drug ratio (Zhang et al., 2020). Various nano-drug delivery
systems for cancer combination therapy have been developed
to date. Many have been applied in clinical trials, such as
Trilimus, a nano-drug delivery system prepared by
encapsulating paclitaxel, 17-N-allylamino-17-
demethoxygeldanamycin (17-AAG), and rapamycin in poly
(ethylene glycol)-block-poly (D,L-lactic acid) (PEG-b-PLA)
formed micelles (Zhang et al., 2016).

Polymeric prodrug micelles (PPM) are prepared by covalently
linking drugs to biocompatible polymers with smart bonds to
form amphiphilic polymers that can then form core-shell micelles
in an aqueous solution. They have gathered a lot of attention in
the current nanomedicine world (Su et al., 2018; Zhang et al.,
2019; Hu et al., 2020). Thus, PPM possesses the advantages of
polymer micelles and prodrug strategies, such as high drug-
loading capability, significantly reduced premature agent

release in the blood circulation, and good bionic characteristics
(Huang et al., 2018; Ibrahim et al., 2019; Wang Y et al., 2021). The
PPM can control drug release in response to tumor
microenvironment, such as high glutathione (GSH), high
reactive oxygen species (ROS), and low pH, when the drugs
are linked by a diselenide bond, disulfide bond, or ester bond
(Tabatabaei Rezaei et al., 2016; Taresco et al., 2018; Zhuang et al.,
2018; Sui et al., 2019; Zuo et al., 2020; Fu et al., 2021). Among
these stimuli, GSH has been demonstrated to be abundant in the
cytoplasm of cancer cells (~10 mM) but absent in the extracellular
environment (2–20 µM) (Tu et al., 2021). In addition, it has been
reported that the ROS level in cancer cells was 1,000-fold higher
than in normal tissue (Mollazadeh et al., 2021). Thus, GSH and
ROS constitute two appropriate triggers for drug release.

Dextran (DEX), a natural polysaccharide, has the advantages
of facile functionalization, excellent water solubility, low toxicity,
biodegradability, and good biocompatibility (Chen et al., 2020).
Moreover, the use of DEX as a drug carrier is more stable and
adsorb fewer nonspecific proteins than PEG (Li et al., 2017).
These advantages indicate that DEX is an ideal candidate for
designing and preparing DEX-based drug delivery systems,
especially PPM. Hence, we designed and prepared a GSH/ROS
dual-responsive cocktail PPM (PHPPM) co-delivery paclitaxel
and honokiol for the laryngeal carcinoma combination therapy
(Figure 1). The PHPPM comprises of a precise ratio of GSH/
ROS-responsive PTX (PTX-SeSe-DEX) and HK (HK-SeSe-DEX)
polymeric prodrugs. The PTX-SeSe-DEX and HK-SeSe-DEX
were fabricated by conjugating PTX or HK to DEX through
diselenide bonding. The diselenide bond can be cleavable by
intracellular over-produced ROS and GSH to release PTX and
HK, which may kill cancer with a synergistic effect after being
internalized by cancer cells.

MATERIALS AND METHODS

The details of chemicals and reagents, instruments, cell culture,
and animals are provided in supporting information.

Synthesis of SeSe-PTX and SeSe-HK
According to a previous report, diacid anhydride of 3,3′-
diselenodipropionicacid (DSPA) was prepared before
synthesizing of SeSe-PTX and SeSe-HK (Sun et al., 2019). In
brief, 10 mmol of DSPAwasmixed with 10 ml of acetic anhydride
and stirred at 30°C under the protection of nitrogen gas (N2). The
mixture was mixed with 15 ml of methylbenzene after a 2 h
reaction, and then the solvent was removed under reduced
pressure. After three repetitions, a crude anhydride product
was obtained, which was immediately dissolved in 50 ml of
anhydrous dichloromethane. Afterwards, PTX (10 mmol) and
4-dimethylaminopyridine (DMAP, 1 mmol) were added to the
mixture. The reaction was maintained at 30°C in an N2

atmosphere for 2 h. The mixture was dried under reduced
pressure, and the product obtained was purified by silica gel
column chromatography with methyl alcohol: dichloromethane
(1:20) to obtain SeSe-PTX (yield: 76.7%). The same preparation
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method was used to obtain SeSe-HK (yield: 68.2%). The products
were measured by 1H NMR.

Synthesis of Dextran-SeSe-PTX and
Dextran-SeSe-HK
N,N′-carbonyldiimidazole (CDI) catalysis synthesized DEX-
SeSe-PTX and DEX-SeSe-HK. To prepare DEX-SeSe-PTX,
SeSe-PTX (3 mmol) was reacted with CDI (4 mmol) in 30 ml
of anhydrous dichloromethane under N2 protection at 30°C for
4 h. The solvent was then removed under reduced pressure to
yield CDI-SeSe-PTX. Thereafter, CDI-SeSe-PTX was mixed with
DEX (0.3 mmol) in formamide. The mixture was vigorously
stirred at room temperature for 48 h under N2 protection.
After the reaction was completed, the mixture was extensively
dialyzed (molecular weight cut-off (MWCO): 3.5 kDa) in 70% (v/
v) methyl alcohol for 48 h and distilled water for 48 h. To obtain
DEX-SeSe-PTX, the solution was lyophilized and stored at −20°C
in an N2 atmosphere for further use. Moreover, DEX-SeSe-HK
was also obtained using the same protocol. 1H NMR was used to
confirm the structure of drug conjugations.

The drug conjugation rate (DCR) was measured using the
high-performance liquid chromatography (HPLC) method and
calculated using the following equation:

DCR(%) � Mass of drug/Mass of polymeric prodrug × 100%.

Polymeric Prodrug Micelle Preparation
The dialysis method was used to prepare PPM. In brief, 20 mg of
DEX-SeSe-PTX and 10 mg of DEX-SeSe-HK were dissolved in
5 ml of dimethyl sulfoxide (DMSO) using sonication, followed by
dialysis (MWCO 3.5 kDa) against deionized water at 4°C for 16 h
in the dark. The solution was then filtered through a 0.45 μm

membrane and lyophilized to get redox-sensitive PTX and HK
co-loaded PPM, denoted as PHPPM. The same method was used
to prepare PPM formed by DEX-SeSe-PTX (named PPPM) and
PPM formed by DEX-SeSe-HK (HPPM).

In summary, the HPLC method measured the drug loading
capability (DLC) of PTX and HK. To calculate the DLC, the
following formula was used:

DLC(wt.%) � Mass of Drug in PPM/Mass of PPM × 100%.

Moreover, coumarin-6 loaded PPMs were prepared. In brief,
20 mg of DEX-SeSe-PTX, 10 mg of DEX-SeSe-HK, and 0.5 mg of
coumarin-6 were dissolved in 5 ml of DMSO, and the solution
was dialyzed (MWCO 3.5 kDa) against deionized water at 4°C for
16 h in the dark. The solution was then filtered through a 0.45 μm
membrane and lyophilized to obtain PHPPM loaded with
coumarin-6. Likewise, the same method was used to make
coumarin-6 loaded PPPM and HPPM.

Stability Evaluation
Fresh prepared PPMs were dispersed in either phosphate-
buffered saline (PBS, pH 7.4) with or without 10% of fetal
bovine serum (FBS). Furthermore, the cocktail PPM solution
was cultured at 37°C with some shaking. Dynamic light scattering
(DLS) measured the size of PPMs at predetermined time points
(0, 4, 8, 12, 24, 36, or 48 h).

In vitro Drug Release
The PHPPM drug release was evaluated by the classical dialysis
method. The release medium was PBS (pH 7.4) buffer with 1%
(m/v) of Tween80 and various concentrations of GSH (0, 1, and
10 mM) or hydrogen peroxide (H2O2) (0, 1, and 10 mM).

The PHPPM (including 2.0 mg of PTX and 1.0 mg of HK) was
dissolved in 1 ml of PBS before being placed in a dialysis bag

FIGURE 1 | Schematic illustration of the fabrication of paclitaxel and honokiol co-loaded cocktail polymeric prodrug micelles (PPM), and intracellular glutathione/
reactive oxygen species (ROS) dual-responsive drug release for precise combination therapy.
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(MWCO 3.5 kDa). The dialysis bag was immediately immersed in
99 ml of release media andmaintained at 37°C with some shaking.
At pre-set time intervals, 2 ml of release medium outside the bag
was withdrawn, and 2 ml of fresh release media was added. The
released amount of PTX and HK was detected using the HPLC
method presented in the supporting information.

Cellular Uptake
Approximately 1 × 104 of Hep-2 cells were seeded into a well of a
six-well plate and incubated overnight when cell growth was
approximately 70–80%. Thereafter, cells were incubated with
coumarin-6 loaded PHPPM, PPPM, or HPPM with 500 ng/ml
of coumarin-6. After being incubated for 1 or 4 h, the cells were
washed three times with cold PBS, fixed with 4% formaldehyde,
stained with 4′,6-diamidino-2-phenylindole, and observed under
a fluorescence microscope (Leica DMI6000B, Germany).

Cytotoxicity
Hep-2 cells were seeded at a density of 5 × 103 cells per well in 96-
well plates. After a 24 h culture period, the medium was replaced
with 150 μl of free drug or PPMs dispersed medium and
incubated for another 48 h. Thereafter, 20 μl of MTT solution
was added to each well and cultured for another 4 h. Moreover,
the medium was replaced with 100 μl of DMSO to dissolve the
formazan. In conclusion, the absorbance of each well was
measured using a BioTek microplate reader.

Pharmacokinetics and Biodistribution
SD rats were used as an animal model to test the
pharmacokinetics. In general, SD rats were given a single
intravenous injection of free PTX, free HK, and PHPPM at
the drug concentration of 10 mg/kg. At pre-set time points,
200 µl of blood was collected from the orbit of each mouse.
The plasma was then obtained by centrifuging the blood samples
at 3,000 rpm at 4°C for 10 min. After that, 200 µl of acetonitrile
and 200 µl of dichloromethane were added to an equal plasma
volume to extract the PTX or HK. After centrifugation, the
supernatant was collected, concentrated, re-dissolved in
methanol, and subjected to HPLC to measure the free drug or
conjugation drug.

Male BALB/c mice were used as animal models in the
biodistribution study, with subcutaneous human laryngeal
carcinoma Hep-2 cells tumor xenografts injected at 1 × 106

cells. The mice were randomly divided into three groups (n =
3) when the tumor volume reached approximately 500 mm3 and
treated with free PTX, HK, or 2/1PHPPM at a 10 mg/kg drug
concentration. Mice were sacrificed after being treated for 12 h.
Themajor organs, including the heart, liver, spleen, lung, kidneys,
and tumor, were collected, washed in PBS, and weighed. In
summary, the tissues were homogenized in PBS, and the free
drug or drug conjugation was extracted with acetonitrile and
dichloromethane, and analyzed using HPLC.

Hemolysis Analysis
Fresh blood obtained from healthy SD rats was stored in
heparinized tubes. Furthermore, 1 ml of fresh blood was
centrifugated at 1,200 rpm for 3 min to separate the red blood

cells, then re-dispersed in PBS. Then, 50 µl of re-dispersed red
blood cells were added to PPMs solutions at different drug
concentrations (0.5, 1, 2.5, 5, 10, 15, or 20 μg/ml). Under the
same conditions, red blood cells were mixed with distilled water
and PBS (pH 7.4) as positive and negative controls, respectively.
Each sample was incubated at 37°C for 4 h after gently shaking,
and the absorbance of the supernatant was measured using a
BioTek microplate reader at a wavelength of 540 nm. The
hemolysis rate was calculated using the following formula:

Hemolysis rate � (ODS−ODn)/(ODp−ODn) × 100%.

ODs, ODn, and ODp are the absorbance (optical density, OD)
of the sample, PBS, and water groups, respectively.

In vivo Antitumor Evaluation
The Hep-2 tumor-bearing mice model was created by injecting
150 μl of Hep-2 cell suspension (2 × 106 cells per mice) into the
right armpit of the mice. When the tumor volume reached
50–80 mm3, mice were randomly divided into eight groups,
five mice each. Moreover, the mice were treated with PBS,
PTX, HK, PTX + HK, PHPPM, PPPM, or HPPM at a dose of
6 mg/kg of PTX or 3 mg/kg of HK. These drug formulations were
injected into the tail vein on days 0, 3, and 6. The width and length
of the tumor and the mouse weight were recorded every 3 days.
The following formula was used to calculate tumor volume:

Volume (mm3) � 1/2(Length ×Width2).

On day 15, the tumor tissues were harvested, washed, and
weighed. The tumor suppression rate (TSR) based on the weight
of the extracted tumor was calculated using the following
equation:

TSR(%) � (1 − Tumor weight of the test group/Tumor weight of the PBS group) × 100%.

Statistical Analysis
The student’s t-test was used to analyze the significant differences
between the two groups using origin software 2021b. p < 0.05 was
considered statistically significant.

RESULTS AND DISCUSSION

Polymeric Prodrug Synthesis and
Characterization
The redox-sensitive polymeric prodrugs DEX-SeSe-PTX and
DEX-SeSe-HK were fabricated through a two-step
esterification reaction, and the synthetic routes are presented
in Supplementary Figure S1. Diacid anhydride of 3,3′-
diselenodipropionicacid (DSPA) was prepared and used
instead of DSPA because of the high reactivity of anhydride
with hydroxyl groups (Bao et al., 2014). As a result, the formation
of the byproduct could be drastically reduced. PTX or HK was
reacted with the diacid anhydride of DSPA to obtain the SeSe-
PTX and SeSe-HK, respectively. The products were confirmed
using 1H NMR. As shown in Figure 2A, the chemical shifts of
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DSPA were assigned in the range of δ2.5–3.0 ppm in the
spectrums of SeSe-PTX and SeSe-HK, indicating that these
two prodrugs were successfully prepared. In comparison to the
PTX spectrum, the 2ʹ-CH proton peak in SeSe-PTX was 5.6 ppm,
whereas it was 4.7 ppm in the PTX spectrum, suggesting that the
esterification reaction between DSPA and PTX occurred at the 2ʹ-
hydroxyl of PTX.

Furthermore, SeSe-PTX and SeSe-HK were conjugated to
DEX to obtain DEX-SeSe-PTX and DEX-SeSe-HK. 1H NMR
and UV spectrum confirmed that the conjugation was successful.
As presented in Figure 2B, the signals of the benzene ring of PTX
and HK could be observed in the spectrums of DEX-SeSe-PTX
and DEX-SeSe-HK, respectively, demonstrating that both
prodrugs were successfully synthesized. The DCR of DEX-
SeSe-PTX, and DEX-SeSe-HK were determined to be (4.78 ±
0.38) % and (7.58 ± 0.43) %, respectively, using HPLC by a
standard curve method (Supplementary Figure S2).

The critical micelle concentration (CMC) of DEX-SeSe-PTX
and DEX-SeSe-HK was 21.2 μg/ml and 26.9 μg/ml, respectively,
using the Nile red as the fluorescence probe (Supplementary
Figure S3). The low CMC value suggests that both prodrugs that
formed PPMs might have good dilution stability in the blood
circulation.

Polymeric Prodrug Micelles Preparation
and Characterization
PPMs with similar nano-properties and precisely controlled drug
loading are critical for combination therapy because of the
customizable prescription and predictable in vivo fate. The
amphiphilicity of DEX was conferred by conjugating
hydrophobic PTX or HK to its side, allowing these two
polymeric prodrugs to self-assemble into PPMs in water
solution. The two-drug-loaded cocktail PPM and single-drug-
loaded PPM were produced by the simple dialysis method to

investigate the influence of single- or double-drug loading on the
physicochemical properties of the yielded PPMs. The single PTX-
or HK-loaded PPMs were denoted as PPPM and HPPM,
respectively, while the double-drug-loaded cocktail PPM was
denoted as PHPPM. As shown in Figures 3A,B, both PPPM
and HPPM had a similar size of approximately 100 nm, a narrow
polydispersity index (PDI, approximately 0.25), and a spherical
shape.

Moreover, different mass ratios of PTX and HK were used
to achieve drug loading, demonstrating the ability of
independently tunable drug ratios. The mass ratios of PTX
and HK, set at 2/5, 2/3, 2/1, 1/1, 1/2, and 1/3 (Supplementary
Table S1), were used to denote the cocktails PPMs.
Hydrodynamic particle size, size distribution, and zeta
potential characterize these PPMs. As presented in Figures
3C–F, all of the PHPPMs had a moderate size (100–120 nm)
with a narrow distribution (0.20–0.25) and a moderate zeta
potential (−15 to −20 mV). The presented PHPPM
transmission electron microscopy (TEM) images of 2/
1PHPPM also showed that the PHPPMs were spherical and
roughly uniform in size (Figure 3C). Moreover, the stability of
PPMs was evaluated by monitoring changes in particle size of
PPMs over time in PBS or PBS with 10% FBS at 37°C. As shown
in Supplementary Figure S4, the HPPM, PPPM, and 2/
1PHPPM were stable under normal conditions, evidenced
by no obvious changes in particle size for all PPMs during
the 48 h incubation period. Furthermore, the hemolysis rate of
PPPM, HPPM, and PHPPM was <5% at drug concentrations
ranging from 0.5 μg/ml to 20 μg/ml (Supplementary Figure
S5), suggesting that these PPMs were biocompatible (Tsai,
2019; Singh et al., 2020; Tong et al., 2020).

Redox-Triggered Drug Release
Selenium, an essential trace element for humans, exhibit remarkable
protective or inhibitory effects against various cancers, including

FIGURE 2 | Characterization of polymeric prodrugs. (A–B) 1H nuclear magnetic resonance spectrums of parent drugs and polymeric prodrugs in dimethyl
sulfoxide-d6: (A) paclitaxel (PTX), SeSe-PTX, and DEX-SeSe-PTX spectrums; (B) honokiol (HK), SeSe-HK, and DEX-SeSe-HK spectrums.
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head and neck neoplasm, breast cancer, and colon cancer (Li andXu,
2020; Liu et al., 2020). Selenium-containing compounds have unique
bond energy, which gives C–Se or Se–Se covalent bonds a dynamic
character and makes them responsive to mild stimuli, like GSH and
H2O2, because of the specific electronegativity and atomic radius of
selenium (Wei et al., 2020).

The in vitro drug release behavior of 2/1PHPPM was
investigated using the dialysis method to prove this process.
As illustrated in Figure 3G, in the presence of GSH, an
improved and sustained drug release behavior of 2/1PHPPM
was observed. When 2/1PHPPM was incubated with 1 mM GSH
for 36 h, approximately 20 and 25% of PTX and HK were

FIGURE 3 | Preparation and characterization of PPMs. (A–C) the hydrodynamic particle size and transmission electron microscopy (TEM) images of PPPM (A),
HPPM (B), and 2/1PHPPM (C). (D–F) Size (D), polydispersity index (E), and zeta potential (F) of PHPPMs with different polymeric paclitaxel (PTX) and honokiol (HK)
ratios. (G–H) the cumulative release of PTX and HK from 2/1PHPPM in the presence of different concentrations of glutathione (GSH) (G) or hydrogen peroxide (H2O2) (H).
(I–J) the changes in size (I) and zeta potential (J) of 2/1HPPPM following incubation with 10 mM GSH or H2O2 for 0, 4, 8, and 12 h. (K) transmission electron
microscope images of 2/1HPPPM following incubation with 10 mM GSH or H2O2 for 12 h. Data are represented as the mean ± standard deviation, n = 3.
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released. Increasing the GSH concentration to 10 mM with the
same time scale elicits approximately 46% of PTX and 43% of HK
release.

Moreover, the diselenium bond-based polymeric prodrug
cocktail was also shown in H2O2-sensitive drug release
(Figure 3H). Selenium bonds may oxidize to form selenone or
hydrophilic selenoxide groups after incubation with H2O2,
accelerating the hydrolysis of adjacent ester bonds and
releasing the drug from the polymer prodrugs (Wei et al.,
2020). When HKPPM was exposed to 10 mM H2O2, it
displayed a rapid drug release behavior. At 36 h, the
cumulative release of PTX and HK was approximately 95 and
94%, respectively.

In particular, the release of PTX and HK was almost non-
existent in blank media, demonstrating a good stability of the
cocktail PPM. The excellent stability of the cocktail PPM reveals
that it will not prematurely release its payloads during blood
circulation. At the same time, its responsiveness to GSH and
H2O2 bestows the ability rapidly and selectively releases a large
amount of PTX and HK inside cancer cells, ultimately
killing them.

Using GSH and ROS to remove the hydrophobic drug could
transform the hydrophobic core of PPMs into hydrophilic one,
resulting in the disassembly of PPMs. DLS and TEM measured
the changes in size, zeta potential, and morphology of 2/
1HPPPM to confirm this phenomenon. The hydrodynamic
particle size of 2/1HPPPM rapidly increased from 100 nm to
over 400 nm following incubation with 10 mM GSH or 10 mM
H2O2, as shown in Figure 3I, indicating the disassembly of 2/
1HPPPM. Moreover, after being treated with GSH or H2O2,
the zeta potential of 2/1HPPPM was reduced (Figure 3J).
Furthermore, TEM results showed that when GSH and
H2O2 were added to 2/1HPPPM, they disintegrated quickly
(Figure 3K).

Cellular Uptake Investigation
PPMs internalized by human laryngeal carcinoma Hep-2 cells
were observed using a fluorescence microscope. Coumarin-6
was used as the fluorescence probe. Figure 4 shows the green
fluorescence of coumarin-6 that can be observed in the
cytoplasm after 1 h of incubation with PPMs. In contrast,
whereas a 4 h assay showed a higher fluorescence intensity
in the cells, the time-dependent fluorescence intensity
increases in cells demonstrated that the three PPMs could
be effectively internalized by cells. Because of their similar
surface properties and particle sizes, the fluorescence intensity
in 2/1PHPPM, HPPM, and PPPM treated cells is not
significantly different, suggesting that these PPMs exhibit a
similar cellular uptake.

Screening for the Optimal Drug
Combinations and Application in Polymeric
Prodrug Micelle
The current study aimed to co-deliver PTX and HK to tumor
cells to effectively kill cancer cells. The most important factor
in achieving this goal is determining the best drug-to-drug
ratio for combination therapy. The synergistic cytotoxicity of
PTX and HK was tested against Hep-2 cells to find the best
drug-to-drug ratio for anticancer efficacy. The combination
index (CI) was used to measure the combined effect of drugs,
including their antagonistic (CI > 1), synergistic (n < 1), and
additive effect (CI = 1) (Chou, 2018). Chou and Talalay’s
formula was used to calculate the CI: CI50 = A1/A150 + B1/
B150 (Chou, 2010; Banerjee et al., 2021). where A1 and B1 are
the 50% inhibitory concentration (IC50) values of drug A and
drug B, respectively; and A1x and B1x are drug A and drug B
in the combination group at the IC50 value. The MTT method
was used to determine the IC50 value of PTX and HK against
Hep-2 cells after 48 h. As shown in Figures 5A,B, the IC50

values of PTX and HK against Hep cells were 4.2 and 17.4 μg/
ml, respectively. The efficacy level dose contour of PTX and
HK was plotted to measure the synergistic region of drugs
based on their IC50 values (Figure 5C). The cytotoxicity of
eight fixed-dose combinations of PTX and HK against Hep-2
cells was measured using the MTT method to screen for the
optimal molar ratio of PTX and HK. The combinatory molar
ratio of PTX and HK was 2:1, and the combination of PTX

FIGURE 4 | Fluorescence images of Hep-2 cells after 1 or 4 h of
treatment with coumarin-6 labeled PHPPM, HPPM, and PPPM.

Frontiers in Pharmacology | www.frontiersin.org July 2022 | Volume 13 | Article 9346327

Zhou et al. Co-Delivery Precisely Prescribed Multi-Drugs

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


FIGURE 5 | Combination dose screening. (A–B) inhibition of different concentrations of polymeric paclitaxel (PTX) (A) and honokiol (HK) (B) on Hep-2 cells after
48 h. IC50 (50% of maximal inhibition) of PTX and HK were 4.2 μg/ml and 17.4 μg/ml, respectively. (C) pharmacodynamical synergy and antagonistic PTX and honokiol
HK regions. (D–E) the IC50 (D) and combination index50 (CI50) (E) of different ratios of PTX and HK in the synergy area against Hep-2 cells. (F–G) the IC50 (F) and CI50 (G)
cocktails of PPM against Hep-2 cells with different drug loading ratios of PTX and HK.

FIGURE 6 | Blood circulation (A) and in vivo biodistribution (B) of paclitaxel, honokiol, and 2/1PHPPM. Data are represented as mean ± standard deviation, n = 3.
***p < 0.001.
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and HK exhibited a remarkable inhibition effect against Hep-
2 cells, with the lowest IC50 and CI50 values (Figures 5D,E).

Hep-2 cells were treated with a series of cocktail PPMs
prepared as described above, and the surviving cells were
measured using the MTT method to check whether the 2:
1 mass ratios of PTX and HK in the free drug could be applied
to PPMs. Similar to free drug combinations, 2/1PHPPMs with
a loaded drug mass ratio (PTX/HK) of 2:1 showed the highest
cytotoxicity (lowest IC50 value) and the best synergistic effect
(lowest CI50 value) (Figures 5F,G), suggesting that the optimal
drug combinations dose for cocktail PPMs can be easily
screened using free drugs. Thus, the 2/1PHPPM was used in
the following experiments. While the synergistic effect was
conserved in both the free drug combination group and the
prepared PHPPM group, only the latter can ensure
simultaneous delivery of the two drugs to cancer cells in a
precise ratio in vitro and in vivo.

Pharmacokinetics and Biodistribution
The blood circulation and tissue distribution of 2/1PHPPM
were measured. First, the pharmacokinetic profiles of a free
PTX, HK, and 2/1PHPPMwere performed in SD rats following
intravenous administration to investigate the blood circulation

of different drug formulations. As shown in Figure 6A, both
free drugs are rapidly cleared from the blood, with the
concentrations of PTX and HK in blood being only 0.64 μg/
ml and 0.36 μg/ml, respectively, 4 h post-injection. By contrast,
DEX-modification significantly enhances the blood circulation
time of PHPPMs. The drug concentration in plasma was
approximately 6.5 μg/ml 12 h post-injection. These results
suggested that 2/1PHPPM was safe and could be applied to
treat cancer (Ma et al., 2021).

The long blood circulation of cocktail PPM contributes to its
accumulation in tumor tissue through the enhanced permeability
and retention (EPR) effect (Borresen et al., 2018). The
biodistribution of 2/1PHPPM and free drug combination in
Hep-2 tumor-bearing mice was investigated to confirm this
process. Twelve hours after the injection, the tumor tissue and
other major organs were excised and homogenized for drug
detection. As shown in Figure 6B, free PTX and free HK
accumulated highly in the kidneys, heart, and liver but not in
the tumor tissue. 2/1PHPPM showed more drug accumulation at
the tumor site than free drug groups. The concentration of 2/
1PHPPM in tumor tissue was 3.82- and 4.31-fold higher than that
of free PTX and HK, respectively. These results showed that the
cocktail PPMs could enrich tumors via the EPR effect.

FIGURE 7 | In vivo tumor suppression efficiency of different drug formulations. (A–C) time-dependent tumor volume changes (A), tumor weight (B), tumor
suppression rate at day 15 (C), and time-dependent mice body weight changes (D) in mice from different groups over 15 days (n = 5). Data are represented as mean ±
standard deviation.
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Synergistic Antitumor Effects of Cocktail
Polymeric Prodrug Micelle in Vivo
Considering the excellent synergistic cancer cell inhibitory effects,
high bioavailability, and optimal tumor tissue accumulation of
the cocktail PPM, the antitumor efficiency of 2/1PHPPM was
further evaluated in vivo in Hep-2 tumor-bearing mice. When the
tumor volume reached approximately 100 mm3, the mice were
divided into seven groups (n = 5): PBS, PTX, HK, PTX + HK, 2/
1PHPPM, PPPM, and HPPM. Tumor volume change curves,
tumor weights at day 15, and TSR are presented in Figures 7A–C.
On day 15, the tumor volume and weight in the PBS group were
approximately 685 mm3 and 1.2 g, respectively. When compared
to the PBS group, free PTX and HK showed a weak tumor
inhibition effect with a TSR of 37.2% and 25.8%, respectively.
Although the in vitro anticancer efficacy of the PTX + HK group
was higher than that of PTX and HK alone, the in vivo tumor
suppression efficacy of the PTX + HK group was not significantly
different than that of monotherapy. This is because the
pharmacokinetics of the two drugs are incompatible,
preventing them from reaching tumor tissue in the prescribed
proportions. As expected, 2/1PHPPM groups showed the best
tumor inhibitory effect, with a TSR of 81.3%, compared to the
other groups. This was because of tumor accumulation in a
precise combination ratio and synergistic antitumor effects of
PTX and HK. Moreover, there was no remarkable change in the
body weight of mice, indicating that the developed 2/PHPPM had
little systematic toxicity (Figure 7D).

CONCLUSION

A GSH/ROS dual responsive cocktail PPM co-assembled by PTX
and HK polymeric prodrug for suppressing the growth of
laryngeal carcinoma was successfully prepared in this study.
Both drugs can be loaded ratiometrically in the cocktail PPM,
delivered to tumor tissue for quantitative combination, and
synchronized drug release intracellular in vivo. These
advantages endowing the cocktail PPM effectively inhibited
tumor growth in vitro and in vivo. The redox-responsive

cocktail PPM with precise drug loading may have a high
clinical potential for treating laryngeal carcinoma.
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