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Abstract 

Background: Designing and preparing a co‑delivery system based on polymeric 
micelles have attracted in recent years. Co‑delivery of anti‑cancer agents within pH‑
sensitive polymeric micelles could provide superior advantages over the co‑administra‑
tion of free drugs, since it enables simultaneous delivery of drugs to reach an optimum 
synergistic dose right to the tumor.

Methods: DOX was conjugated to the polymer through a hydrazine linker by Schiff’s 
base reaction. Then, DTX was encapsulated into the core of the polymer to the result‑
ing DOX‑Hyd‑PM/DTX micelle with optimum molar ratios of 1:1 and 1:5 (DOX/DTX).

Results: The final formulations showed the desired particle size and increased release 
of DOX and DTX in acidic media (pH 5.5). The cytotoxicity assay of DOX‑Hyd‑PM/DTX 
indicated the highest synergistic effect on both 4T1 and TUBO cell lines over other for‑
mulations. Interestingly, in accordance with in vitro results, DOX‑Hyd‑PM/DTX revealed 
a promising anti‑tumor activity in mice‑bearing 4T1 breast cancer tumor with higher 
tumor accumulation of DOX and DTX after 24 h compared to free drugs combination.

Conclusions: These findings point to the potential use of such smart nanodrug deliv‑
ery systems in cancer treatment, where the synergistic effect of both drugs may be 
used to enhance therapeutic response.
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Graphical Abstract

Introduction
Chemotherapy is associated with a number of challenges, including normal tissue 
toxicity (Brianna and Lee 2023; Bo et  al. 2023; Rose et  al. 2023). Furthermore, can-
cer cells could become less responsive to treatment over time due to the occurrence 
of resistance, which limits the efficacy of therapy (Schirrmacher 2019). Despite these 
challenges, chemotherapy is still an important part of cancer treatment, and ongoing 
research is focusing on improving its efficacy and reducing its side effects. The supe-
rior advantages of nanoparticulate drug delivery systems (NDDSs), including desira-
ble size and surface area, allow for enhancing the physico-chemical properties of drug 
molecules including low aqueous solubility. Furthermore, the functionalization of the 
carrier could facilitate targeting distinct tumor areas, increase the effectiveness of 
therapy, and decrease undesirable side effects. Indeed, by prolonging the blood circu-
lation time of the drug moieties, NDDSs could accumulate in the target area by pas-
sive targeting known as EPR (enhanced permeability and retention effect) (Alghamdi 
et  al. 2022; Nisha et  al. 2022). NDDSs have demonstrated impressive anti-tumor 
potential, as evidenced by the FDA’s approval of Doxil in 1995, which was among 
the initial successful clinical trials. By reducing toxicity and increasing efficacy, this 
approach allowed for higher doses of the drug to be administered to patients while 
minimizing the risk of dose-dependent cardiotoxic effects (Shafei et al. 2017).

Polymers have evolved into smart materials that can adapt to changes in their envi-
ronment through stimuli-responsive behavior. This behavior is determined by func-
tional groups within the polymer chain. Smart polymers have enabled on-demand 
drug delivery with customized release profiles and precise dosage control in tar-
geted areas. By designing systems that can recognize and respond dynamically to 
their microenvironment, similar to biological organisms, drugs can be distributed on 
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demand. (Rao et al. 2018). As there is complexity in tumor tissue and microenviron-
ment, single drug delivery is not enough to reach effective treatment. Hence, dual 
drug delivery seems to be a promising alternative approach to treating cancer.

Combination therapy has long been used for chemotherapy to assist with tackling 
dose-dependent side effects, due to the minimum dosage of agents typically used (Ros-
tamizadeh and Torchilin 2020; Vakili-Ghartavol et  al. 2022). Furthermore, synergistic 
therapeutic effect is an added value (Yu et al. 2019b), since multiple drugs could target 
varying aspects of the cancer cell’s biology or signaling pathways, thus enhancing can-
cer cell killing (Din et al. 2017). Co-delivery of anti-cancer agents within nanocarriers 
could provide superior advantages over co-administration of free drugs, since it enables 
simultaneous delivery of drugs right to the target site (Yu et al. 2019a). A combination of 
chemotherapeutic agents with precise drug ratio is required for increasing drug payload 
within the carrier to reach an optimum synergistic dose at the target site (Li et al. 2023; 
Ghosh et al. 2019). The combination therapy takes advantage of the synergistic effects 
of various drugs to maximize treatment efficacy. Through precise drug ratio calibration, 
researchers attempt to target cancer cells via multiple pathways at once, potentially low-
ering the emergence of drug resistance (Qi et al. 2017). In addition, it is possible to fur-
ther improve therapeutic efficacy using stimuli-responsive drug delivery system that can 
minimize nonspecific delivery (Rostamizadeh and Torchilin 2020).

Polymeric micelles are among promising drug delivery carriers that effectively address 
the bioavailability issues associated with hydrophobic drugs while also enabling simul-
taneous delivery of hydrophilic drugs (Fathi and Barar 2017). These nanocarriers are 
made of amphiphilic block copolymer, which self-assemble in an aqueous solution to 
form a hydrophilic shell that prolongs bloodstream circulation and improves solubil-
ity and a hydrophobic core that can encapsulate insoluble drugs (Farhoudi et al. 2022). 
These micelles possess several key advantages, including small size, and stability due 
to featured thermodynamic and kinetic properties (Rostamizadeh and Torchilin 2020; 
Ngoune et al. 2016). This unique structure allows for efficient delivery of a wide variety 
of therapeutic agents, which lower systemic toxicity while increasing therapeutic effi-
cacy at the target location (Cai et al. 2023). However, the major limiting point is the ten-
dency for burst drug release (Pacheco et  al. 2023). Stimuli-responsive systems are the 
preferred choice for targeted drug delivery due to numerous advantages, including the 
ability to achieve responsive drug release, thus improving drug availability in the tar-
geted area (Zhou et al. 2022; Long et al. 2022). This innovative approach involves using 
NDDSs that respond to specific stimuli, such as changes in the pH, temperature, or light, 
to release their cargo in a controlled manner. Prodrug-based nanoassemblies have also 
been designed which can release the drug upon exposure to specific stimuli within the 
cancerous tissue, resulting in an enhanced drug efficacy (Long et al. 2022). Some stim-
ulus-responsive nanomaterials have been developed to ensure that these nanosystems 
have a longer circulation, increased accumulation in tumor tissues, and stay stable in 
the circulatory system (Cheng et al. 2019; Chen et al. 2020). Polymeric micelles with pH-
responsiveness have been intensively studied as "smart vehicles," and represent a prom-
ising strategy in cancer therapy owing to the pH gradient of the tumor and normal tissue 
(Qin et al. 2021; Xing and Zhao 2018).
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Doxorubicin is a type of anthracycline antibiotic that involves by intercalating into 
DNA and inhibiting  DNA synthesis while also generating  free radicals  that damage 
cancer cells (Li et al. 2022). DTX belongs to the taxane family and works by inhibit-
ing  microtubule disassembly, ultimately leading to cell death (Shokooh et  al. 2022). 
Both drugs are widely used as chemotherapeutic drugs in the treatment of various 
types of cancer, including breast, lung, and ovarian cancers due to their high efficacy 
in treating the cancer disease (Mahani et al. 2023; Rarokar et al. 2023). Despite their 
effectiveness, these drugs can cause significant  side effects, including nausea,  hair 
loss, and an increased risk of infections, among others (Shafei et  al. 2017). To date, 
numerous researchers have reported a synergistic effect of DOX and DTX with an 
optimum ratio in carriers (Li et al. 2019; Sheu et al. 2016) to assess anti-tumor effect 
in different cancers. What is more, an ideal co-delivery system should have a high 
drug loading efficiency with an optimum drug ratio into the tumor site. Conjugation 
of the anti-cancer agent is a promising strategy that avoids the disassembly of the 
nanocarrier itself or in response to protein plasma upon i.v. administration (Kumb-
ham et al. 2022). This approach guarantees more regulatory and focused drug deliv-
ery to tumor cells while also considerably lowering the early release of drugs, thereby 
minimizing side effects and improving patient outcomes. In this regard, Yakun et al. 
developed polymeric micelles for the co-delivery of doxorubicin (DOX) and paclitaxel 
(PTX) with conjugation of DOX to a Pluronic F127-chitosan polymer via an acidic 
linker to form a pH-sensitive polymeric micelle. At the acidic pH, the cleavage of acid 
linker was facilitated and released the drug (Ma et al. 2016b). Hence, to address these 
challenges, it is imperative to develop a novel drug delivery system. We hypothesized 
that the co-delivery of DOX and DTX within a pH-sensitive carrier could improve 
drug delivery and release in a sustained and pH-dependent manner, and incorporated 
DTX could enhance the anti-cancer efficacy of DOX to a considerable level for the 
treatment of breast cancer.

Thus, for the sake of synergistic efficacy of DOX and DTX, a smart pH-sensitive 
polymeric micelle that could simultaneously entrap and release DOX and DTX was 
designed with a precise drug ratio. For this, hydrophilic DOX was first conjugated 
to poly(N,N-dimethyl acrylamide-co-pentafluorphenyl acrylate) P(DMA-co-PFPA) 
using a hydrazine linker between drug and polymer backbone to form DOX-Hyd-PM, 
upon formation of a polymeric micelle, DTX was then incorporated into the core of 
the micelles through self-assembly to form DOX-Hyd-PM/DTX.

Experiment
Materials

All the materials are listed in supplementary file. (S1–1). The polymer poly(N,N-
dimethyl acrylamide-co-pentafluorphenyl acrylate) p(DMA-co-PFPA) was kindly 
provided by professor Theato’s team (Lin et al. 2017; Gaballa et al. 2018).

Cell line

All cells and their equipment requirements are listed in supplementary file (S1–2).
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Docetaxel‑loaded polymeric micelles (DTX‑PM)

The p(DMA-co-PFPA) polymer was kindly synthesized by prof. Patrick Theato’ 
team (Li et  al. 2021; Lin et  al. 2017; Das and Theato 2016). DTX-loaded polymeric 
micelles (DTX-PM) and blank polymeric micelle (without drug) were prepared using 
film method. Briefly, equal amounts of DTX and polymer solution at 20 mg/ml were 
mixed together in a round-bottom flask and the solvent was evaporated under rotary 
evaporation (Heidolph, Germany). The resulting DTX-PM dry film was hydrated in 
HEPES-Sucrose buffer (10  mM, pH 7.4) at the 25 ℃ using bath sonicator (Bande-
lin electronic GmbH & Co. KG, Berlin, Germany) (5 min) to obtain a micelles solu-
tion. In the next step, unloaded DTX was removed by centrifugation (11,000  rpm/
min, 5 min) and the supernatant was collected. The blank polymeric micelles (without 
drug) were prepared with the same method without loading DTX. In addition, fluo-
rescence-labeled polymeric micelles were prepared by the same method, except that 
instead of DTX, DiI dye with a molar ratio of 0.2% of total polymer was incorporated 
into the polymeric micelles.

Determination of DTX in polymeric micelles (DTX‑PM)

Encapsulation efficiency (EE%) was measured using reverse-phase HPLC (Berline, 
Germany) through by C18 column (3.5µm, 150 × 4.6  mm). In this regard, the 1 mL 
of each prepared formulation was dissolved in acetonitrile and methanol solution 
(55:45, v/v) and used for injection in HPLC with UV/Vis detector (Knauer S2600) at 
232 nm with a flow rate of 1 mL/min. The drug loaded efficacy was calculated using 
the following equation:

Determination of critical blank micelles concentration (CMC)

Critical blank micelles concentration (CMC) was determined by the iodine method 
(Thotakura et al. 2017). Briefly, a standard solution of iodine (16 mg/ml) was prepared 
and various concentrations (0.125–10 mg/ml)  of polymer dissolved in water and 
10 µL from iodine solution were added to each dilution. The solution was incubated 
overnight, and absorbance was measured using UV–Vis spectra (UV-160A Shimadzu) 
at λmax = 369 nm and CMC was verified.

DOX/DTX optimal ratio

The optimal DOX/DTX ratio in terms of cancer cell killing was determined by incu-
bating the two drugs at different molar ratios with 4T1 and TUBO tumor cells. The 
cells were placed overnight in 96-well plate at a density of (4000 cells/well). The next 
day, the cells were treated with different molar ratios of DTX and DOX (1:1, 1:5, 1:10, 
5:1, and 10:1, respectively) for three replicates per concentration. The culture medium 
was replaced with fresh RPMI or DMEM medium (for 4T1 and TUBO tumor cells, 
respectively) and incubated continued for 48 h at 37 ℃. Following that, MTT solution 
(5 mg/ml) was added to each well and incubated for 4 h. Finally, the absorption was 

(1)EE % =
Amount of drug loaded in polymeric micelles

Total amount of drug loaded in polymeric micelles
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read at 570  nm with 630  nm references wavelength using microplate reader (Tecan 
Group Ltd., Mannedorf, Switzerland). The  IC50 value was calculated using CalcuSyn 
Version 2.0 software (BIOSOFT, UK) (Mashreghi et  al. 2021). The synergistic effect 
of both drugs was evaluated using Cho and Talalay’s combination index (CI) (Chou 
2010) at different molar ratios of DOX/DTX.

Synthesis and characterization of DOX‑Hyd‑polymer conjugate

DOX-Hyd-polymer conjugation was prepared according to Van Driessche et al. protocol 
with modifications (Van Driessche et al. 2018). Briefly, a round-bottom flask was filled 
with 40  mg of dry pDMA-b-pPFPA and anhydrous DMSO under  N2 atmosphere. In 
addition, 1mL hydrazine (Hyd) and triethylamine (2%, v/v) (TEA) were added to remove 
the reactive pentafluoro phenyl (PFP) groups in the polymer. The reaction was stirred 
overnight under  N2 atmosphere at 50 ℃. Afterwards, the reaction mixture was dialyzed 
(MW: 3.5 kDa) against water/methanol mixture (1:1 v/v) for 3 days. The hydrazine-mod-
ified polymer) was freeze-dried (taitech, Koshigaya, Japan) and kept at − 20 ℃. In the 
next step, 10 mg/mL DOX and 25 mg of freeze-dried hydrazine-bearing polymer were 
dissolved in 2 mL anhydrous methanol and 50 µl acetic acid was added to promote the 
reaction stirred overnight in the defined condition (out of light and room temperature). 
At the end of reaction, dialysis was done using dialysis bag (MW: 3.5kDa) against % 0.05 
ammonia buffer (pH 9.1). The solution was freeze-dried overnight until a dark red color 
freeze-dried powder appeared (Fig. 2).

The product was dispersed in HEPES/sucrose buffer (10 mM, pH 7.4) and analyzed 
by fluorescent spectrophotometer (Perkin-Elmer LS-45) with an emission wavelength of 
590  nm and excitation wavelength of 485  nm. The final product (DOX-Hyd-PM) was 
characterized by 1H and 19F NMR (proton nuclear magnetic resonance) spectroscopy in 
deuterated  (CDCl3) was recorded at 400 MHz (Varian Medical System Inc., Palo Alto, 
CA, USA). In addition, final reaction was monitored by TLC followed Iodine staining.

Preparation of DTX loaded DOX‑Hyd‑polymeric micelles

The DTX loaded fabricated polymeric micelles (DOX-Hyd-PM) through film hydration 
method. DTX solution (20 mg/ml) at optimum ratio of DOX/DTX (1:1 and 1:5) was dis-
solved in anhydrous methanol and the solvent was removed using rotary evaporation. 
After that, DOX-Hyd-PM solution was added to DTX and sonicated in a bath sonica-
tor (Bandelin electronics, Germany) at 25 ℃ for 30 min. The obtained mixture was cen-
trifuged (11,000  rpm/min, 10 min) and the contents of DTX in (DOX-Hyd-PM/DTX) 
was measured using HPLC as mentioned earlier in "Determination of DTX in polymeric 
micelles (DTX-PM)" section.

Characterization of nano‑micelles

Particle diameter, PDI (Polydispersity index), and ζ potential (mV) of different formula-
tions were determined using DLS (dynamic light scattering) method by Zeta Sizer Nano-
ZS; Malvern Instruments Ltd., United Kingdom (Nikpoor et al. 2017).

The morphologic examination of polymeric micelles was imaged at a voltage of 120 
kV by Leo 912 AB Transmission electron microscope (TEM) (Zeiss, Jena, Germany) 
with negative stain method as described elsewhere (Zamani et al. 2023). Briefly, 20 µl of 
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diluted polymeric micelles sample (1:50 sample to HEPES/Sucrose buffer) was placed on 
the copper grid and prior to imagining it was air-dried.

Drug release profile

The release profile of DOX and DTX from all polymeric micelles formulation was evalu-
ated in 50 mL PBS buffer. For this, polymeric micelles were placed in dialysis bags (cut-
off: 3.5 kD) and incubated with PBS (pH 7.4 and 5.5). The samples were placed on an 
incubator, shaken at 100 rpm in a horizontal shake at 37 ℃ for 72 h. Samples from each 
formulation were collected by withdrawing 2 mL of dialysis solution and then replacing 
with 2 mL fresh solution buffer. Samples were taken at 0.5. 1, 2, 4, 6, 8, 24, 48 and 72 h 
(Mashreghi et al. 2022).

Cytotoxicity assay

The cytotoxicity of formulations was studied using MTT assay. For this purpose, 4T1 
and TUBO cells were cultured at a density of 4000 cells/well in a 96-well plate for 24 h. 
After the incubation time, 100  µL of DTX-PM, DOX-Hyd-PM, DOX-Hyd-PM/DTX 
(1:1molar ratio), Taxotere, free DOX and free DOX/DTX (1:1 molar ratio) at various 
concentration from (250–0.06  µg/mL) were added to each well in triplicate. The cells 
incubated for another 48 h at 37 ℃ and the medium was removed and MTT solution 
was added to each well and incubated for 4 h. The absorbance of solution was measured 
on a microplate reader at 570 nm as described in "DOX/DTX optimal ratio" section.

Cellular uptake

The cellular uptake was performed using flow cytometry. So, 4T1 and TUBO cells were 
seeded in 6-well plates (1 ×  106  cell/well). After an overnight incubation, cells were 
treated with different DiI-labeled formulations (DiI-PM, DOX-Hyd-PM, and DOX-Hyd-
PM/DTX) for 3 h at 37 ℃. Untreated cells were used as control. Afterwards, the cells 
were washed, detached by trypsinization, and centrifugation (at 1200  rpm for 5  min). 
Eventually, the cells were suspended in 300 µL PBS before analyzing by flow cytometry. 
The FlowJo Software version 10 was used for data analysis) (Mirhadi et al. 2022; Vakili-
Ghartavol et al. 2022).

Monitoring of cellular uptake using a fluorescence microscope

The uptake capacity of formulations was examined using fluorescence microscopic 
(Olympus BX-51, Japan) imaging as reported previously (Chacko et al. 2015; Askariza-
deh et al. 2023). 4T1 cells were seeded at density of 10 ×  105 cells/well on sterile cover-
slips which were placed into each well of 6-well plates, and incubated overnight at 37 ℃. 
The next day, cells were treated with FCS free RPMI1640 medium containing DOX-Hyd-
PM/DTX (1:1) and free DOX for 3 h, then cells were washed (3 times) with cold PBS 
and fixed with 4% paraformaldehyde for 10 min. Then, cells were stained with DAPI and 
mounted on the microscopic slide. The Intrinsic fluorescent of Dox was utilized to esti-
mate drug cell uptake.
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Apoptosis assay

For cell apoptosis analysis in  vitro, fluorescein isothiocyanate (FITC)-conjugated 
Annexin-V/Propidium Iodide (PI) was used according to manufacturers’ proto-
col (BioLegend, CA, USA). Briefly, after seeding 4T1 cells (1 ×  105  cells/well) in 
a 6-well plate and an overnight incubation at 37 ℃ cells were treated with various 
formulations, and incubated for another 48 h. After that, both control (not treated) 
and treated cells were collected and washed twice with cold phosphate buffer saline 
(PBS, pH 7.4),  resuspend in 90  μL of diluted Annexin-V binding buffer. Later, 5  μL 
of the mixture of Annexin-V conjugate and PI solutions was applied and incubated 
for 15 min in the dark places. In the end, each sample was resuspended with 400 µL 
Annexin-V binding buffer and analyzed by fluorescence cell sorting (FACS) cytometer 
(BD Biosciences, San Jose, CA, USA) to evaluate the apoptotic cells.

In vivo study

4–6-week-old female BALB/c mice were purchased from Royan Institute (Tehran, 
Iran). All animal experiments were approved by Mashhad University of Medical 
Sciences’ Institutional Ethical Committee and Research Advisory Committee (Ethi-
cal number: 960881), and all methods and animal experiments were carried out in 
accordance with the relevant guidelines and regulations approved by the ethical com-
mittee and ARRIVE guidelines.

For tumor induction, regarding animal care guidelines, all mice were first anesthe-
tized with 100 mg/kg ketamine/10 mg/kg xylazine via intraperitoneal (i.p.) injection. 
Then, 3 ×  105  viable 4T1 cells suspended in 60  μL PBS buffer were subcutaneously 
injected into the right hind flank of each mouse (Mirhadi et al. 2022, 2024).

Biodistribution study

Two weeks after the tumor inoculation, when tumor size reached 5  mm3, mice were ran-
domly divided into 7 groups (n = 3). Mice were treated through the tail vein with 5mg/
ml of DTX-PM, DOX-Hyd-PM and combination of DOX-Hyd-PM/DTX, DOX/DTX 
(1:1 ratio). After 24 h, mice were sacrificed and different organs including a portion of 
the liver, the whole tumor, lung, heart, spleen, and kidney were dissected. The equal 
amount of tissues was transferred into propylene micro vials containing zirconia beads 
and 1 mL acidified isopropanol alcohol was added and then homogenized by Mini-Bead-
beater-1 (Biospec, UK). To extract all drugs, the homogenized tissues were stored at 4 ℃ 
overnight (Amin et  al. 2013). The next day, samples were centrifuged (14,000  rpm for 
10 min) and the supernatant was collected and the amount of DTX was evaluated using 
HPLC(Berlin, Germany), and DOX concentration was assessed by spectrofluorometer 
(Perkin-Elmer LS-45) (Ex: 470 nm, Em: 590 nm).

Anti‑tumor efficacy

To evaluation the anti-tumor effects of different therapeutics, 8 days after tumor inocula-
tion, the mice with palpable tumors, were randomly divided into 7 groups (n = 5). Mice 
were treated through the tail vein with PBS (150 µL), free drugs combination DOX/DTX 
(1:1) (5  mg/ml) mg/kg, free Dox (10  mg/kg), polymeric micelles containing single drug 



Page 9 of 23Farhoudi et al. Cancer Nanotechnology           (2024) 15:37  

(DTX-PM and DOX-Hyd-PM, 5 mg/kg), polymeric micelles containing both drugs (DOX-
Hyd-PM/DTX,) and Taxotere (5 mg/kg). The tumor size and weight of mice were followed 
for 60 days 3 times a week. These monitoring continued until their tumor volume exceeded 
1000  mm3, or during treatment their body weight lost 20% of their initial mass or they were 
found dead (Amin et al. 2013). The tumor volume was measured according to the Eq. 2:

For each mouse, the time to reach the end-point (TTE) was calculated using the equa-
tion of the line derived from the tumor growth curve’s exponential regression.

Histochemical staining of tissues

To assess tissue-related toxicity, all mice were sacrificed on day 21 after treatment and 
the main organs (heart, liver, spleen, lung, and kidney) as well as tumor tissues were iso-
lated. The samples were rinsed with 0.9% NaCl solution before fixing with a 10% (v/v) 
formalin solution. The samples were then embedded in paraffin. All tissue blocks were 
sectioned in standard sizes (4–5 m) and imaged microscope after staining with hema-
toxylin and eosin (H &E) (Askarizadeh et al. 2023).

Statistical analysis
All data were statically analyzed by GraphPad Prism 8.0 (GraphPad Software, Inc., San 
Diego, USA). One-way ANOVA analysis was used to access the statistical analysis.

Result
Physicochemical characterization of polymeric nanomicelles

Polymer–Dox conjugate was prepared by Schiff’s base reaction between the amine group 
of DOX and the ester group of Penta fluorophenyl (PFP) of p(DMA-co-PFPA) through 
pH-sensitive hydrazine moieties (Fig.  1). The conjugation reaction was confirmed by 
TLC and 1H and 19FNMR (supplementary figure S2–S3).

Different types of nanomicelles comprising of blank polymeric micelles (without drug), 
single drug polymeric micelles and dual-drug polymeric micelles (DOX/DTX at ratios of 
1:1 and 1:5) were prepared. All the micelles structures were characterized by particle 
diameter, charge, distribution, morphology and drug loading contents. The results are 
summarized in Table 1.

By encapsulating DTX in the core of polymer micelles, the particle diameter of the 
blank micelles significantly increased from 15.3 ± 6.9 nm to 38.5 ± 8.2 nm. The parti-
cle diameter for a pH-sensitive form of polymeric micelles (DOX-Hyd-PM) increased 
to 45.6 ± 0.4, while for dual drug-loaded polymeric micelles (DOX-HYD-PM/DTX) 
the diameter increased from 69.9 ± 6.7 to 122.6 ± 2.5  nm after drug loading. Dif-
ferent forms of polymeric micelles showed negative charge (− 19.2 ± 3.46  mV) and 
the DOX-Hyd-PM exhibited higher zeta potential compared to DTX-PM. The sur-
face charge of DOX-Hyd-PM/DTX were − 15.67 ± 8.11 and − 16.7 ± 4.41 mV for 1:1 
and 1:5 molar ratio, respectively. TEM images confirmed that all nanomicelles were 
spherical in morphology with ideal dispersity as shown in Fig. 2.

(2)
Tumor volume mm3

=
(
height of tumor× length of tumor× width of tumor

)
× 0.5
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The DOX conjugation was determined to be 23% (w/w). The DTX encapsulation 
efficiency (EE) in DTX-PM was 81.2 ± 3.1%, however, by loading DTX in the conjuga-
tion system, the EE was decreased to 57.9%, which could be explained by the limited 
encapsulation capacity of the DOX conjugated polymer.

Fig. 1 Synthesizing of DOX conjugated p(DMA‑co‑PFPA). A Substitution of activated ester PFP with 
Hydrazine (B) conjugation of DOX through Hydrazine linker

Table 1 Physicochemical characterization of nanomicelles formulation

a Polydispersity index
b Encapsulation efficacy

Formulation Particle diameter 
(nm ± SD)

Zeta‑potential (mV) ± SD PDIa ± SD EEb% of DTX

DTX‑PM 38.5 ± 4.2 − 2.15 ± 0.13 0.48 ± 0.17 81.2 ± 3.1

DOX‑Hyd‑PM 45.6 ± 0.4 − 19.2 ± 0.46 0.3 ± 0.28 –

DOX‑Hyd‑PM/DTX (1:1) 69.9 ± 3.7 − 15.67 ± 0.41 0.3 ± 0.15 76

DOX‑Hyd‑PM/DTX (1:5) 122.6 ± 2.5 − 16.7 ± 0.41 0.38 ± 0.1 56

Blank micelles 15.3 ± 3.9 − 2.54 ± 0.66 0.3 ± 0.048 –

Fig. 2 Transmission electron microscopy (TEM) pictures of polymeric micelles prepared by negative staining 
(A) DOX‑Hyd‑PM/DTX, (B) DOX‑Hyd‑PM, (C) DTX‑PM
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Critical micelles concentration (CMC)

The Iodine method was used to determine the CMC value of nanomicelles. The CMC 
or critical micelles concentration is defined as the minimum concentration of poly-
mer required to form  stable micelles  in solution, where the hydrophobic segments of 
the polymer are sequestered in the core of the micelle and the hydrophilic segments 
are exposed to the solvent. (Perumal et al. 2022). The CMC value for blank polymeric 
micelles (without drug) was determined around 5.53 µM. The low CMC of polymeric 
micelles guaranteed better dilution stability in plasma conditions (Kumar et al. 2017).

In vitro drug release study

To evaluate the effectual of the pH-sensitive hydrazine linker, the release study of DOX 
was investigated under physiological (pH 7.4) as well as acidic condition to mimic the 
endosomal compartment of the tumor cells (pH 5.5) Fig.  3. In this regard, we have 
observed that the release of DOX was completely affected by the environmental acidity. 
After 72 h, about 60% of DOX was released at pH 5.5 while slight release of DOX was 
observed in phosphate buffer media (pH 7.4). Moreover, the release profile of DTX in 
DTX-PM and DOX-Hyd-PM/DTX (1:1) displayed approximately 53% release at pH 5.5 
while it remained stable at pH 7.4 during the release study test.

Fig. 3 In vitro release profile of DOX and DTX from polymeric micelles formulation. A, C release of DOX in 
single and combination form of polymeric micelles, (B, D) release of DTX in single and combination form of 
formulation at pHs of 7.4 and 5.5 at 37 ℃ under sterile condition. The results represented as the mean ± SD 
(n = 3)
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Synergistic cytotoxic effects of DOX and DTX for combination therapy

To reach an ideal synergistic effect, combination index (CI) was calculated. For this pur-
pose,  IC50 was used to calculate the CI. Data were evaluated to obtain synergistic addi-
tive and antagonistic effects according to Cho and Talalay (Chou 2010) Eq. (3) as follows:

where  IC50 ab1 and ab2 shows the drugs in combination, while  IC50 d1 and d2 are used 
for single agents. CI < 1 and CI = 1 demonstrated the synergistic effect and additive 
effect, respectively, While CI > 1 revealed antagonistic effect.

The  IC50 values of free DOX and DTX were 2.5 and 10.76 µM for 4T1, and 3.58 and 
17.72 µM for TUBO cells, respectively. The  IC50 and CI values of free drugs combination 
are summarized in Table  2. When compared to the CI values of different DOX/DTX 
molar ratios, we conclude that DOX/DTX at both (1:1) and (1:5) molar ratios, showed 
a strong synergistic effect, so we have opted 1:1 ratio for preparation of nanomicellar 
formulations.

Cytotoxicity assay

The cytotoxicity of DOX/DTX free combination and all PM formulations were evaluated 
in vitro against both 4T1 and TUBO using MTT assay (Fig. 4). All polymeric nanomi-
celles formulations exhibited cytotoxicity over control groups. As shown in Fig.  4, all 
groups including both single and dual drug-loaded polymeric micelles exhibited signifi-
cant cytotoxicity on 4T1 and TUBO cells lines. The result showed significant cytotoxicity 
of DTX-PM compared to commercial Taxotere. As regards, DOX-Hyd-PM formulation 
showed higher cytotoxicity compared to free DOX. Interestingly, DOX-Hyd-PM/DTX 
1:1 combination showed more potent anti-cancer activity than drugs free combination 
(1:1) in both 4T1 and TUBO cells.

Cellular uptake

Cellular uptake of formulations for 4T1 and TUBO cells was measured by flow cytom-
etry analysis (Fig. 5A, B). Based on flow cytometer analysis (FACS, BD Biosciences, San 
Jose, CA, USA), cell uptake of pH-sensitive polymeric micelles was higher than con-
trol group (P < 0.0001), and there was no significant differences among both cell lines. 
The mean fluorescent intensity (MFI) of 4T1 and TUBO cells incubated with either 
DOX-PM or DiI-PM increased over time. It should be noted that DOX release after 3 h 

(3)CI =
IC50 ab1

IC50 d1
+

IC50 ab2

IC50 d2

Table 2 Combination Index (CI) of different ratios of free DOX/DTX in both 4T1 and TUBO cell lines

DOX/DTX DOX/DTX molar 
ratio

IC50, DOX (ΜM) CI 4T1 IC50, DOX (ΜM) CI TUBO

(1:5) 1.10 0.706 1.26 0.522

(5:1) 1.98 1.08 1.05 0.518

(1:10) 2.84 2.21 3.16 1.246

(10:1) 2.156 1.978 2.16 0.941

(1:1) 1.21 0.67 1.03 0.4
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incubation in uptake study played an inconsiderable effect on the detected MFI over the 
maximum release rate of polymeric micelles formulations.

Furthermore, we used fluorescence microscopy to assess the intracellular evaluation 
of DOX and DOX-Hyd-PM/DTX (Fig. 6). As expected, DOX was seen in cells 3 h after 
incubation, indicating rapid internalization of both free DOX and DOX-Hyd-PM/DTX 
formulation.

Apoptosis assay

To demonstrate how pH-sensitive polymeric micelles may impact cells through the 
apoptotic process, 4T1 cells were treated with DTX-PM, DOX-Hyd-PM and DOX-Hyd-
PM/DTX (1:1 ratio) and then stained with Annexin V and PI before being examined 
using flow cytometry. For this, DOX-Hyd-PM/DTX (1:1 ratio) formulation was com-
pared with polymeric micelles that includes single drug or untreated cells. According to 
our findings, when treated with DOX-Hyd-PM/DTX (1:1 ratio), 36% of the cells were in 
an apoptotic condition after 48 h while 98.1% of the control cells were alive (Fig. 7).

Biodistribution study

Biodistribution of all nanomicelles, as well as free DOX/DTX (1:1), was evaluated in dif-
ferent organs (liver, spleen, heart, kidney, lung, and tumor) in BALB/c mice-bearing 4T1 
tumors after 24 h of single-dose injection. As shown in Fig. 8. DOX-Hyd-PM and DTX-
PM revealed significantly higher accumulation compared to free DOX/DTX in tumor 
(P < 0.01). The concentration of both drugs in the liver was similar to free combination, 
while concentration of drugs in the heart significantly reduced compared free combi-
nation drugs (P < 0.01). Analysis of the kidney indicated a significantly lower levels of 
DOX accumulation following DOX-Hyd-PM/DTX administration compared to the free 
drugs combination, while we demonstrated a much higher accumulation of DTX in the 
lung. DiR dye was chosen to replace DTX for in vivo imaging experiments. An optimally 

Fig. 4 IC50 of DOX and DTX of nanomicelles formulation with different ratios on cell lines 4T1 (A) and 
TUBO (B). DOX‑Hyd_PM/DTX 1:1 was compared to free combination DOX/DTX. The data illustrated as the 
mean ± SD (n = 3). ****P value < 0.0001
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Fig. 5 A, B In vitro cellular uptake of different formulations of polymeric micelles after 3 h treat on 4T1 and 
TUBO cell lines. All date assessed by flowcytometry and expressed as MFI (B). Untreated cell was used as 
control group. The results represented as mean ± SD (n = 3 independent experiments)

Fig. 6 Fluorescent Microscopy of DOX on 4T1 cancer cell. Representative images of cell treated with control, 
free DOX and DOX‑Hyd‑PM/DTX (1:1) at 37 ℃ after 3 h
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synthesized DOX-Hyd-PM/DiR were injected to intravenously at a dosage of 5 mg/kg 
and DiR fluorescent was monitored 24 after injection. The strong fluorescent signals 
were detected in the tumor at 24 h. Fig. 9 shows the in vivo and ex vivo biodistribution 
pattern in mice 24 h following the DOX-Hyd-PM/DTX injection.

Anti‑tumor efficacy

Anti-tumor efficacy and survival were studied for 55 days. Figure 10A. shows the tumor 
growth curve during treatment. A single administration of polymeric micelles of either 
DOX, DTX or the combination showed substantial efficacy in reducing the tumor 
growth rate. However, treatment with combination polymeric micelles seems to signifi-
cantly affect the rate of survival compared to free drugs combination or other groups. 
Moreover, no significant changes in the body weight was observed between groups 
(Fig.  10B). In addition, the therapeutic efficacy of treatment was evaluated in  vivo by 
monitoring the change in the life prolongation indices (TTE, % TGD, % ILS and MST) 
over a 55-day period for the treatment groups, as shown in Table 3. According to the 
results, the DOX-Hyd-PM/DTX (1:1) showed the highest TTE of 49.2 days, followed by 
DTX-PM and DOX-Hyd-PM, free DOX/DTX (1:1), DOX and Taxotere 48.6, 46.6, 41.2, 
34.8, and 35.2 days, respectively. These durations were significantly higher than the TTE 
value of 33.2 days observed in PBS.

Fig. 7 Apoptosis result of DTX‑PM, DOX‑Hyd‑PM and DOX‑Hyd‑PM/DTX (1:1) in 4T1 cell line. The 
DOX‑Hyd‑PM/DTX (1:1) compared with DTX
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Histological evaluations

Further studies were carried out to evaluate the safety of formulations using H&E stain-
ing of different organs (heart, liver, lung, kidney, and spleen). As shown in Fig. 11, no 
detectable pathological changes were present in the treated groups with dual or single 
drug-loaded polymeric micelles compared to the control group. Meanwhile, free drugs 
combination demonstrated a morphological change in heart relevant to DOX cytotoxic-
ity (Ma et al. 2016a).

Discussion
This study was conducted to scrutinize the synergistic effect and anti-tumor potency of 
conjugation of doxorubicin through the acid-labile hydrazine as a pH-sensitive linker to 
form polymeric micelles in combination with docetaxel at an optimum ratio.

Polymers have evolved into smart materials that can adapt to changes in their envi-
ronment through stimuli-responsive behavior. This behavior is determined by func-
tional groups within the polymer chain. Smart polymers have enabled on-demand drug 

Fig. 8 In vivo result of biodistribution of all polymeric micelles formulations and free drugs combination after 
24 h in different tissues (tumor, kidney, spleen, liver, heart and lung,). Two weeks after tumor post inoculation, 
BALB/c mice‑bearing 4T1 tumor treated with single dose of 5 mg/kg polymeric micelles (*P < 0.05 and 
**P < 0.01, respectively)
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Fig. 9 In vivo and ex vivo biodistribution image of mice 24 h following the DOX‑Hyd‑PM/DTX injection

Fig. 10 In vivo experiments including (A percentage change of bodyweight in animal and B anti‑tumor 
efficacy and C survival curve) of formulations (PBS, free DOX, Taxotere, free drugs combination DOX:DTX 1:1 
and all PM formulation) in female BALB/c mice‑bearing 4T1 tumor after post injection of 5:5 mg/kg DOX and 
DTX (****indicates the P value < 0.0001). All formulation compared with PBS
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delivery with customized release profiles and precise dosage control in targeted areas. By 
designing systems that can recognize and respond dynamically to their microenviron-
ment, similar to biological organisms, drugs can be distributed on demand (Rao et al. 
2018). As there is complexity in tumor tissue and microenvironment, single drug deliv-
ery is not enough to reach effective treatment. Hence, dual drug delivery seems to be a 
promising alternative approach to treating cancer.

In the present study, the synthesized polymer (Li et al. 2021; Lin et al. 2017) was modi-
fied by reacting the PFP esters through a hydrazine linker for dual delivery of DOX and 
DTX (Van Driessche et al. 2018). To conjugate DOX to polymer, the active ester group 
was first converted into hydrazide. After that, DTX was physically encapsulated into the 
pH-sensitive to form DOX-Hyd-PM/DTX. Assessment of CMC was estimated for the 
minimum concentration of blank co-polymer for preparation of polymeric micelles was 
(5.53  µM). The lower CMC of co-polymer would able to maintain structural integrity 
when once diluted in body fluids (Lukyanov and Torchilin 2004). The hydrodynamic 
diameter of blank polymeric micelles, DTX-PM, DOX-Hyd-PM, and DOX-Hyd-PM/

Table 3 Anti‑tumor efficacy of micelles and free drugs in BALB/c mice‑bearing 4T1 tumor

a Median survival times
b Tumor growth delay
c Time to reach end point
d Increase life span

PM‑DTX DOX‑Hyd‑PM DOX‑Hyd‑PM/
DTX (1:1)

DOX/DTX (1:1) Taxotere DOX PBS

MSTa (days) 48 48 54 45 37 35 34

TGDb (%) 46.38 39.75 48.19 24.09 7.22 4.81 –

TTEc (days) 48.6 46.6 49.2 41.2 35.6 34.8 33.2

ILSd (%) 41.17 41.17 58.82 32.35 8.82 2.94 –
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Fig. 11 Pathological analysis of major organs of BALB/c mice using of H & E staining after being administered 
using various formulations for a period of 21 days
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DTX had small sizes ranging from 15 nm to 122.6 nm (< 200 nm), indicating that they 
were likely to spread through the vascular space and reach the tumor site through the 
EPR effect. Hydrophobic drugs can be incorporated physically into the hydrophobic core 
and stabilized by hydrophobic interaction. Here, we could successfully encapsulate DTX 
as a water-insoluble agent into the core of micelles. The DTX encapsulation efficiency 
(EE) in DTX-PM was 81.2 ± 3.1%; however, the lower EE by loading DTX in the conjuga-
tion system, which could be explained by the limited encapsulation capacity of the DOX 
conjugated polymer (Liao et al. 2019). The nanoparticles’ surface charge has a significant 
effect on protein adsorption, which in turn influences RES activities and blood circula-
tion times. The negative charge of all different polymeric micelles is essential for the sta-
bility of micelles owing to the repulsive force inhibiting nanomicelles from aggregation 
(Finbloom et al. 2020).

Before adding DTX and DOX to the carrier, we thoroughly inquired into the optimal 
ratio of both drugs for the synergistic effect in different types of breast cancer (4T1 and 
TUBO). To date, numerous researchers have reported a synergistic effect of DOX and 
DTX with an optimum ratio in carriers (Li et  al. 2019; Sheu et  al. 2016) to assess the 
anti-tumor effect in different cancers. What is more, an ideal co-delivery system should 
have a high drug loading efficiency with an optimum drug ratio into the tumor site. The 
molar ratio of DOX/DTX was broadly consistent with that of feed as the polymeric 
micelles were prepared, which is an obvious synergistic effect with higher cytotoxicity 
due to effective antineoplastic properties of DTX and activity of DOX with intercalate 
into DNA in cancer cell (Yu et al. 2020). More importantly, DOX-Hyd-PM/DTX (1:1) 
exhibited the strongest synergism in compared to DOX/DTX (1:1) against 4T1 and 
TUBO cells, respectively.

The extracellular pH of tumors is typically lower than that of normal tissue, and poly-
meric micelles face even more acidic conditions once internalized into tumor cells. To 
exploit this, acid-liable bonds such as Hydrazine are utilized in polymer–drug conju-
gation to create pH-sensitive polymeric micelles. Conjugation of the anti-cancer agent 
represents a noteworthy and beneficial approach in drug delivery. This approach able to 
improve the stability and control release of an anti-cancer drug, thereby lowering side 
effects and increasing therapeutic efficacy (Kumbham et al. 2022; Farhoudi et al. 2023).

In this conjugate, DOX-Hyd-PM has been demonstrated to evaluate pH-sensitivity. 
Hydrazine linker is cleaved at pH 5–6, the pH-sensitive formulation was expected 
to stay stable in physiologic media and cleave of DOX occurs upon internalization 
of conjugation in acidic condition (endosomes or lysosome) (Zhao et al. 2015). The 
amount of DOX released from both single and dual drugs polymeric micelles at pH 
7.4 was significantly less while DOX become fast released in acidic media. However, 
DTX release pattern was not significantly different from DOX during 72 h in acidic 
media. This phenomenon could be pertinent to faster disassembly of polymeric 
micelles and result in more release of DTX. This could be relevant physical entrap-
ment of DTX which was easy to release by physical diffusion compared to DOX con-
jugation (Ma et al. 2016b). It appears that intracellular cleavage and release of both 
DOX and DTX improved the synergistic cancer cytotoxicity to both 4T1 and TUBO 
cell lines. Based on the overall cytotoxicity screening results, the DTX-PM expressed 
a stronger effect in the 4T1 cells compared to the Taxotere.
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Cellular uptake of both single and dual nanomicelles was considerably higher com-
pared to non-treated cells. This may be relevant to the acidic condition in the tumor, 
leading to more electrostatic interaction on the cell membrane which results in 
expedited cellular uptake (Yue et al. 2011). In addition, cellular uptake of free drugs 
has been reported by a passive transfer while polymeric micelles tend to uptake to an 
endocytosis pathway with higher uptake (Xu et al. 2021). Moreover, we found that a 
higher amount of cell apoptosis is relevant to DOX-Hyd-PM/DTX (1:1) than the free 
combination, which could be attributed to the high cytotoxicity of the combination 
polymeric micelles. The above-mentioned results are in agreement with that of (Fan 
et  al. 2020) which indicated that biomimetic nanoparticles comprised of DOX and 
Gamabufotalin (CS-6) effectively apoptosis in over 89% of MDA-MB-231 cells at an 
optimum ratio. They suggested that the combination of two drugs in nanoparticles 
is able to induce cell apoptosis through distinct signaling pathways, resulting in a 
synergistic effect.

In the present study, the mice receiving single or dual drugs of polymeric micelles 
showed substantial efficacy in reducing the tumor growth rate. This may be attrib-
uted to the polymeric micelles platform’s capacity for passive targeting and tumor 
accumulation brought on by the EPR effect. However, treatment with combination 
polymeric micelles DOX-Hyd-PM/DTX (1:1) seems to significantly affect the rate of 
survival and anti-tumor efficacy which is relevant to the synergistic effect of DOX 
and DTX with the highest therapeutic response compared to free drugs combination 
or other groups. There is also evidence indicating that tumors treated with combi-
nation therapy exhibited much smaller volume than those treated with free combi-
nation drugs (Zhang et  al. 2016). These features highlight the synergistic effect of 
intelligent nanomedicine in treatment of cancer. The tumor growth effect of DTX 
prodrug and cisplatin which co-loaded in nanoparticle was assessed by Wu et  al., 
and they found a higher accumulation in tumor and lower in the heart (Wu et  al. 
2020). In this study, a similar phenomenon was observed, with DOX-Hyd-PM/DTX 
showing the greatest accumulation in the tumor tissue and lower in the heart. It is 
worth noticing that both drugs showed low accumulation in the heart due to the 
EPR effect. The higher concentration of DTX in the lung showed no significance 
compared to the free drug combination, which could be explained by drug absorp-
tion by RES (Esmaeili et al. 2010). This result may be beneficial for the treatment of 
lung cancer and breast cancer metastasis of lung cancer (Jo et al. 2020). It seems that 
survival factors (TTE and MST) of codelivery improve following treatment. Moreo-
ver, monitoring of body weight loss and survival rate of all mice demonstrated body 
weight alteration in groups receiving free drug combinations. The histological analy-
ses showed that the polymeric micelles had no harmful effect on major organs (Xiao 
et al. 2023). However, some structural lesions were found in heart tissue after injec-
tion of a free combination of DOX/DTX which may be relevant to DOX cytotoxicity 
(Ma et al. 2016a; Askarizadeh et al. 2023).
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Conclusion
In this study, the incorporation of DTX into DOX-conjugated PM through an acid 
linkage was designed to improve treatment of Breast cancer through enhancing syn-
ergistic effect. The blank polymeric micelles with low CMC easily self-assemble into 
the nanosize range and desirable distribution. In particular, the combination of DOX 
and DTX in one platform could effectively improve antitumor efficacy, survival, and 
apoptosis compared to free DOX/DTX in a 1:1 ratio. Overall, this study demonstrated 
how nano-based drug delivery formulation can be beneficial; and described a poten-
tial translational pathway for DOX and DTX delivered in combination via polymeric 
micelles for the treatment of breast cancer.
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