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A B S T R A C T

In this study, by innovative combining the unique characteristics of Cu-based metal-organic framework (MOF) 
with the versatile attributes of saccharides (i.e., heparin, Hep), a promising approach is established for active and 
passive targeting DDS, Cu-MOF/Hep, with a pH-controlled release profile and enhanced drug efficacy. The 
characterization of the synthesized materials (i.e., FT-IR, XRD, SEM, EDX, TEM, DLS, and TGA) confirms the 
successful synthesis of Cu-MOF/Hep. In vitro studies concerning the loading and release of DOX observed that a 
higher amount of DOX was released at pH 5 (>90 % on 96 h, 41 ◦C) compared to pH 7.4 (<10 % on 96 h, 37 ◦C). 
The sensitive feature of the used MOF to the pH conditions increased the drug release in environmental con
ditions similar to cancer tissues. Furthermore, cytotoxicity assessments indicated notable cytotoxicity effects of 
DOX-loaded Cu-MOF/Hep on MCF-7 cells (IC50: ~10 μg/mL in 48 h) with a significant apoptosis rate. The ex
istence of CD44 receptors on the surfaces of cells underscores the significance of Hep-modified systems in 
facilitating the apoptosis of cancerous cells. The results suggest that the combined Cu-MOF and Hep have the 
potential to be a viable option for creating platforms that deliver anticancer treatments.

1. Introduction

Annually, a significant number of individuals die of cancer across the 
world [1]. Hence, cancer is an intricate disease that has been a promi
nent subject of medical investigation for a considerable period [2,3]. 
The primary conventional approaches to treating cancer include surgical 
procedures [4], chemotherapy [5], and radiation therapy, aimed at 
eliminating, reducing, or eradicating cancerous cells [6]. Nonetheless, 
these treatments are accompanied by drawbacks and side effects, such as 
the development of drug resistance in chemotherapy and harm to 
healthy cells in radiation therapy [7]. Targeted drug delivery is one of 
the ways to overcome the side effects of this method [8]. The purpose of 
using these systems is the targeted delivery of drugs to cancer tissues and 

the slow release of drugs in these tissues [9].
Recent research has presented a range of techniques and substances, 

especially in the nanoscale range, with distinct properties that can be 
utilized in drug delivery systems [10,11]. Recently, MOF structures due 
to their unique properties have become prominent materials in drug 
delivery applications [12]. MOFs are porous substances consisting of 
metal ions or clusters connected by organic ligands [13]. Their consid
erable surface area, pH-responsive, adjustable pore dimensions, and 
varied chemistry render them auspicious contenders for drug convey
ance purposes [14]. MOFs can be engineered to encapsulate, drug store, 
and deliver therapeutic agents with controlled release profiles, targeted 
transportation to specific tissues, and enhanced drug endurance [15,16]. 
Their biocompatibility, versatility, and ability to overcome the 
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limitations of conventional drug delivery systems make MOFs a prom
ising platform for enhancing the efficacy and safety of drug delivery in 
various medical treatments [17,18].

Hep, a commonly used anticoagulant, plays an essential role in 
enhancing the effectiveness and safety of various drug delivery systems 
[19]. Its distinct characteristics render it a versatile material in the 
stabilization of nanoparticles [20], controlling drug release [21], tar
geting specific cells or tissues, and enhancement of drug solubility [22]. 
This precise drug delivery strategy not only increases the efficiency of 
therapeutic medications but also reduces unintended impacts, thus 
improving the overall safety and efficacy of the treatment. The capa
bility of Hep to facilitate targeted drug delivery establishes it as a 
valuable component in optimizing the accuracy and efficiency of drug 
therapies [23].

Cellular receptors, are proteins situated on the exterior of cells, 
engage with particular molecules in the extracellular milieu, prompting 
cellular reactions [24]. These receptors are integral in a range of phys
iological functions such as cellular growth, metabolism, signaling, and 
immune defense. The functionality of cellular receptors relies on their 
capacity to identify and attach to particular ligands, including hor
mones, neurotransmitters, growth factors, or other molecules [25]. 
Upon binding of a ligand to a receptor, biochemical signals are triggered 
within the cell, resulting in alterations in gene expression, protein ac
tivity, and cellular behavior [25]. The CD44 is a receptor that is located 
on the surface of cells and functions as attachment points for different 
ligands (i.e., Hep and hyaluronic acid) [25,26]. These receptors partic
ipate in a range of cellular activities such as cell adhesion, migration, 
proliferation, and signaling. Various kinds of Hep segments including 
syndecans, glypicans, and integrins are present on the surface of cells 
[27]. The CD44 receptor has distinct binding regions that interact with 
Hep and facilitate the entry of substances containing Hep into the cells 
[28]. In general, the presence of CD44 receptors on the cell surface plays 
an important role in the entry of substances containing Hep into the cell 
and its effect on various cellular processes and emphasizes the impor
tance of Hep as an important polysaccharide in therapeutic strategies 
[29]. Hep-modified DDSs have demonstrated a strong ability to target 
cancer cells that overexpress the CD44 receptor, while also reducing the 
capture of drugs by the liver [30,31]. Importantly, heparin’s mecha
nisms of action, including anti-inflammatory properties and cell adhe
sion modulation, operate independently of its anticoagulant effects. This 
distinction is crucial as it allows for the therapeutic use of heparin in 
DDSs without compromising the pharmacological efficacy of the deliv
ered drugs. Past research has suggested that active targeting is more 
effective than passive targeting, indicating a shift towards this approach 
in the design of drug delivery systems [32,33].

Recently, our research team has explored and combined diverse MOF 
structures with saccharides, leading to the synthesis of various com
posites [34–36]. As far as we know, MOF structures based on Cu metal 
and modified with Hep have not been employed in such systems. 
Consequently, this study investigates a novel nanocomposite for use as 
active and passive targeting drug delivery systems. According to the 
literature [37–39], Cu (BDC) MOFs because of their pH-sensitive nature 
and positive charge value were chosen in the current study and modified 
with Hep to take advantage of their favorable characteristics including 
responsiveness to pH, porous structure, capacity for drug loading, ability 
to degrade in acidic environments, as well as their affinity for binding to 
cellular receptors. These modified MOFs were then examined for their 
potential application in active and passive targeting delivery of doxo
rubicin (DOX).

2. Experimental

2.1. Materials

Heparin sodium 5000 I.U./mL solution (Hep, Purity ≥97.0 %, Mw,0 
≈ 20,000 g/mol, Mw/Mn = 1.1, the average degree of sulphation: ~2.7 

per disaccharide unit) was achieved from Sigma-Aldrich Co. Copper (II) 
nitrate trihydrate (Cu (NO3)2.3H2O) (≥99 % purity), terephthalic acid 
(98 % purity), dimethylformamide (DMF) (99.8 % purity) were ach
ieved from Merck KGaA Co. Doxorubicin hydrochloride (DOX) was 
obtained from Sobhan Pharmaceuticals (Iran). Acetone (≥99.5 % pu
rity) was purchased from CARLO ERBA Reagents (S.A.S) and ethanol 
(EtOH) (96 % purity) was obtained from Pars Alcohol Co.

2.2. Synthesis of Cu-MOF/Hep

Initially, Hep (0.20 g) was dissolved in 40 mL of DMF for about 20 
min to achieve a homogeneous solution. Subsequently, 0.48 g of copper 
(II) nitrate trihydrate (Cu (NO3)2.3H2O, 2 mmol) was added, and the 
solution was stirred for 15 min. Following this, 0.32 g of terephthalic 
acid (2 mmol) was added, and stirring was kept for 15 min. The resulting 
mixture was then subjected to reflux for a duration of 24 h at a tem
perature of 120 ◦C. Finally, the reaction mixture was allowed to cool, 
and the resulting solid was separated by filtration, washed multiple 
times with DMF, and dried at room temperature (product: 0.75 ± 0.05 
g) [40].

2.3. Characterization

To confirm the preparation of the catalyst, various analyses were 
performed. Fourier-transform Infrared spectroscopy (FT-IR) was per
formed using Bruker Instruments, model Aquinox 55, Germany spec
trophotometer with KBr pellets. X-ray diffraction (XRD) was carried out 
using a Siemens, D500 with Cu-Ka radiation at 35 Kv, Japan. UV–Vis 
spectra were recorded using ultraviolet-visible spectroscopy (UV–Vis, 
Shimadzu, Model 1700, Japan). Thermo gravimetric analysis (TGA) was 
performed at a heating rate of 10 ◦C min–1 under an O2 atmosphere 
(LINSEIS STA PT-1000 Germany). Scanning electron microscopy (SEM) 
coupled with energy-dispersive X-ray spectroscopy (EDS) was conduct
ed using an SEM-TESCAN MIRA3-FEG, Czech Republic. Transmission 
Electron Microscopy (TEM Philips EM 208S instrument, Netherland) 
was employed for the analysis of the surface morphology of the speci
mens. The evaluation of Zeta potential (ZP) and dynamic light scattering 
(DLS) was carried out utilizing a DLS-ZP/particle sizer (Malvern model 
MAL1032660, England).

2.4. DOX loading

In this experiment, 50 mg of Cu-MOF/Hep was mixed with 50 mL of a 
solution containing 100 ppm of DOX and shaken for 48 h at room 
temperature in a dark tube. The resulting precipitate was centrifuged 
and the sample was washed with deionized water to remove any un
bound drugs. The UV–vis spectroscopy method was employed to mea
sure the quantity of DOX that was loaded onto the sample, using a 
calibration curve for DOX. The loading efficiency (LE) was calculated 
using an equation (Eq. (1)). 

%LE =
Mass of drug in nanomedicine

Mass of drug fed initially
×100 (1) 

2.5. In vitro release of DOX

The release of DOX from the nanomedicine was investigated in vitro 
under two different pH conditions (pH 5 and 7.4). Each nanomedicine, 
typically weighing 10 mg, was placed in 10 mL of PBS buffer solution in 
environments simulating tumor tissue (pH 5, 41 ◦C) and physiological 
conditions (pH 7.4, 37 ◦C). At specific time points, samples were 
collected from the release media and replaced with fresh medium. The 
UV–Vis spectrophotometer was utilized to quantify the amount of DOX 
released from the nanomedicine. Eq. (2) was applied to determine the 
percentage of DOX released. 
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Drug release =
the amount of released drug
the amount of loaded drug

×100 (2) 

2.6. Kinetics of drug release

Utilizing mathematical models including zero-order (Eq. (3)), first- 
order (Eq. (4)), Higuchi (Eq. (5)), Weibull (Eq. (6)), and Korsmeyer- 
Peppas models (Eq. (7)) for data analysis, the mechanism of DOX 
release from the nanomedicine was evaluated using Mathcad version 15 
software [41,42]. The outcomes are documented in Table 2. In these 
equations, K0, Kf, Kh, β, td, and F represent the drug release constant for 
the zero-order model, the constant for first-order drug release, Higuchi’s 
dissolution constant, the shape parameter, the time scale of the process, 
and the drug release rate at a specific time t, respectively. 

F = K0t (3) 

Ln (1 − F) = − Kf t (4) 

F = Kh t1/2 (5) 

Ln [ − ln (1 − F) ] = − βln td + βln t (6) 

F
F∞

= Kk p.tn (7) 

2.7. Cytotoxicity study

MTT assays were utilized to evaluate the cytotoxicity of the syn
thesized materials in vitro [43]. MCF-7 cells were plated in 96-well 
plates at a density of 6000 cells per well in 200 μL of cell medium and 
incubated for 24 h. Subsequently, the cells were exposed to DOX, DOX- 
loaded Hep, and DOX-loaded Cu-MOF/Hep at equivalent drug concen
trations. Blank Cu-MOF and Cu-MOF/Hep were also applied to test the 
cytocompatibility of the samples. After a 48-hour incubation period, cell 
viability was assessed by replacing the culture medium in each well with 
50 μL of 3 mg/mL MTT solution mixed with 100 μL of fresh culture 

Fig. 1. (A) The FT-IR spectra of a) Hep, b) Cu-MOF, c) Cu-MOF/Hep, and d) Cu-MOF/Hep loaded with DOX. (B) The XRD pattern of a) Hep, b) Cu-MOF, and c) Cu- 
MOF/Hep.
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medium. Following a 4-hour incubation at 37 ◦C, 100 μL of dimethyl 
sulfoxide (DMSO) was added to dissolve the formazan crystals. The cell 
count was determined using a hemacytometer (DANA-DA3200). Each 
sample was tested in triplicate to ensure the reliability of the results.

2.8. DAPI staining

DAPI staining was employed to identify nuclear condensation and 
fragmentation in apoptotic cells triggered by the samples (DOX, DOX/ 
Cu-MOF/HEP, Cu-MOF/DOX). MCF-7 cells (5 × 105 cells/well) were 
seeded on glass coverslips and treated with samples at related IC50 for 
48 h. Following the treatment, cells were rinsed, fixed with para
formaldehyde, permeabilized with Triton X-100, stained with DAPI, and 
subsequently analyzed for apoptosis using fluorescence microscopy. All 
procedures were conducted in triplicate.

2.9. Statistical analysis

The mean ± standard deviation was employed to present the out
comes. To determine statistical significance, a one-way analysis of 
variance (ANOVA) was conducted using the Microsoft Excel software, 
while considering a P value below 0.05. Each experiment was repeated a 
minimum of three times.

3. Result and discussion

3.1. Characterization of the nanomedicine

The FT-IR analyses were used for the characteristics of functional 
groups and the structure of samples. The spectrum of Cu-MOF, Hep, and 

Cu-MOF/Hep are shown in Fig. 1a. The peaks that appeared at 754, 
1398, 1620,1506, 2922, and 3442 cm− 1 in the Cu-MOF spectrum, are 
related to the stretching vibrational of the Cu–O, symmetric and 
asymmetric stretching of carboxylic groups, C––C bonds in phenyl rings 
of cross-linker, aliphatic C–H bonds, and hydroxyl groups, respectively 
[44,45]. In the spectrum of Hep, various peaks were presented at 1039, 
1247, 1423, 1626, 2927, and 3442 cm− 1 are associated with asymmetric 
and symmetric stretching of S––O bond in sulfate groups, N–H bending, 
C––O stretching, C–H aliphatic, and hydroxyl groups, respectively 
[46,47]. The spectra of Cu-MOF/Hep and its loaded composite exhibited 
the same peaks compared to Cu-MOF with little differences in the related 
C––O stretching region observed tow shoulder peaks. The differences 
can be attributed to the grafting Hep on the Cu-MOF structure and also 
the existence of a model drug (DOX) in the structure of the composite. 
The results confirmed the successful synthesis of Cu-MOF/Hep 
composites.

The powder XRD technique was employed to investigate the crys
talline structure of synthesized materials. The XRD patterns of Cu-MOF, 
Hep, and Cu-MOF/Hep in the 2θ range of 5–55 were demonstrated in 
Fig. 1b. The peaks were observed at 2θ = 10.32◦, 12.22◦, 17.22◦, 20.47◦, 
24.98◦, 34.12◦, and 42.22◦ in the Cu-MOF pattern, related to the (111), 
(200), (220), (222), (331), (402), and (420) planes of Cu-MOF structure, 
that confirmed the FCC cubic crystal structure [40,48]. In the XRD 
pattern of Hep, the broad peak that appeared around 2θ = 22◦ indicates 
its amorphous structure [49]. The final nanocomposite spectrum (Cu- 
MOF/Hep) showed peaks related to Cu-MOF crystalline structure with a 
slight shift, possibly due to Cu-MOF functionalization with Hep. Addi
tionally, it confirmed that the crystalline structure of the composite is 
preserved after functionalizing the Cu-MOF with Hep.

The SEM and TEM images of materials are shown in Fig. 2. The Hep 

Fig. 2. The SEM and TEM image of A) Hep, B) Cu-MOF, C) Cu-MOF/Hep, and D) Cu-MOF/Hep.
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SEM image demonstrated aggregate and amorphous structures with 
rough surfaces [50]. In the Cu-MOF images, the plans of the cubic 
structure with a smooth surface were observed which confirmed its 
crystalline structure [51]. The SEM image showed a cubic shape of Cu- 
MOF surrounded by amorphous Hep particles, indicating successful 
modification. Additionally, following XRD results, the TEM image of the 
composite presented a cubic crystal structure, which can be attributed to 
the Cu-MOF [52].

Moreover, the presence of C, O, N, S, and Cu within the Cu-MOF/Hep 
composite structure was validated through EDX analyses (Fig. 3a). 
Furthermore, the elemental mapping assessments revealed a uniform 
dispersion of these elements across the composite surface. The particle 
size distribution and zeta potential were utilized for measuring the 
particle size and surface charge in deionized water. The average particle 
size of the Cu-MOF/Hep concerning the diagram (Fig. 3b) was calcu
lated to be about 100 nm. Also, Cu-MOF/Hep showed a positive charge 
(+29.3 mV) with PDI = 2.9 which can be related to the existence of 
uncoordinated metal sites (Cu2+) in the structure of the MOF. This 
higher positive charged value can also trigger long-term colloidal dis
persity for Cu-MOF/Hep even after 3 days in distilled water (inside 
Fig. 3b). Because of the negative charge of some cell types, such as 
cancer cells, there is a greater potential for interaction between posi
tively charged Cu-MOF/Hep and these cells that can be considered as a 
significant feature [53].

The TGA analysis was employed to assess the thermal stability of the 
synthesized materials. As shown in Fig. 4, Hep demonstrated reductions 

in weight attributed to the loss of water as well as the hydrolysis and 
breakdown of Hep occurring at temperatures approximately reaching 
100, 230, and 500 ◦C [54]. In addition, three distinct stages of weight 
loss were identified in Cu-MOF/Hep. The first step involves removing 
adsorbed water at 25–120 ◦C, the next stage is hydrolysis of Hep, 
elimination of dimethylformamide, and dehydroxylation of Cu clusters 
at 130–500 ◦C [55]. The final phase (commencing at 500 ◦C) is ascribed 
to the decomposition of Cu-MOF and Hep, resulting from the combus
tion of organic-linker molecules and oligomers within the Cu-MOF/Hep 
composite structure, demonstrating thermal resistance below 500 ◦C 
[35]. According to the third stage, the weight percentage of Hep to Cu- 
MOF can be calculated to be about 40 %.

3.2. In-vitro DOX loading and release studies

The quantity of DOX loaded in the Cu-MOF and Cu-MOF/Hep com
posite was estimated to be 60.2 ± 0.5 %, and 65.5 ± 0.5 %, respectively, 
as determined using the UV–visible spectroscopy method. This increase 
in the loading capacity of Cu-MOF/Hep can be related to the possible H- 
bonding interaction DOX molecules with Hep in addition to electrostatic 
π-π stacking and host-gest interactions with Cu-MOF (Scheme 1). Fig. 5
demonstrated the release profile of DOX in different pH values (i.e., 7.4 
and 5) from the Cu-MOF and Cu-(MOF)/Hep. As can be seen in the 
release profiles, during the initial stages (24 h), the drug release from 
Cu-MOF demonstrates higher and faster rates in comparison to Cu-MOF/ 
Hep. While, over time, the amount of drug released from Cu-MOF/Hep is 

Fig. 3. The EDX and MAP analysis of Cu-MOF/Hep (A) and the particle size distribution of Cu-MOF/Hep (B) with colloidal dispersity in distilled water after 3 days.
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Fig. 4. The TGA (A) and DTG (B) analysis of Hep and Cu-MOF/Hep.

Scheme 1. Illustration of the synthesis of Cu-MOF/Hep nanomedicine.
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more than that of Cu-MOF. On the other hand, the release rate of the 
DOX from the Cu-MOF/Hep exhibited a sustained and long-term profile. 
On the other hand, most release of DOX from the samples occurred in 
acidic media (pH 5); however, the rate of released DOX from Cu-MOF/ 
Hep was higher than Cu-MOF. This higher release percentage at pH 5 
than 7.4 can be due to the sensitivity of Cu-MOF/Hep to acidic condi
tions, leading to the destruction of the MOF structure and releasing the 
loaded DOX. This can be shown by the gravimetric analysis that indi
cated low residual mass after treatment at pH 5 (<~35 %) than that of 
pH 7.4 (<~87 %) for 48 h (supporting information). Moreover, at pH 
7.4, the H-bonding between the functional groups of the Heparin 
structure and the NH and OH groups of the DOX are stable. While, at pH 
5, protonation of the DOX amino groups causes the loss of H-bonding 
and increases the drug’s solubility and hydrophilicity [56]; therefore, 
DOX is rapidly released in an acidic medium. Table 1 summarizes the 
modified MOFs and their respective features. The drug loading and pH- 
sensitive release of the present Cu-MOF/Hep nanocomposite show 
comparable and, in some cases, improved results than that of reported 
previous works. Besides, the release kinetics of the DOX profile indicate 
that the Weibull model is the best fit for both the Cu-MOF and Cu-MOF/ 

Hep nanocarriers (Table 2, Figs. S1 and S2). All pH conditions exhibit a 
single kinetic model despite the pH-sensitive nature of the release. This 
observation may be attributed to the dominant influence of the nano
carrier structure and the release environment, which can overshadow 
the effects of pH variations. Regarding the Korsmeyer-Peppas model, the 
release exponent (n) was calculated to better understand the release 
mechanisms. For this model, an exponent value of n ≤ 0.45 suggests 
Fickian diffusion, while values between 0.45 and 0.89 indicate non- 
Fickian (anomalous) release [57]. The n value below 0.45 for all 
tested samples confirms that the release mechanism of the prepared 
nanocarriers predominantly follows Fickian diffusion (Table 2). The 
obtained results indicated that the Cu-MOF/Hep composite can be a 
suitable candidate for passive anti-cancer drug delivery [33,58].

3.3. In-vitro cytotoxicity

The cytotoxicity of the prepared nanomedicine was assessed utilizing 
the MTT test. The results depicted in Fig. 6 indicate that the cytotoxicity 
towards MCF-7 cells exhibited a dependency on both the drug dosage 
and incubation time. Wherein, prolonged incubation periods and high 
dosage of treatment resulted in higher cytotoxic effects. At the equal 
concentration of DOX, the cytotoxicity of the DOX-loaded Cu-MOF/Hep 
nanocomposite was higher than both free DOX and DOX-loaded Cu- 
MOF. The IC50 value for the DOX-loaded Cu-MOF and Cu-MOF/Hep was 
determined to be ~20 and 10 μg/mL after 48 h of incubation, 

Fig. 5. The cumulative release profile of DOX from Cu-MOF and Cu-MOF/Hep 
at different pH (7.4, 5).

Table 1 
A summary of most applicable pH-responsive MOFs.

MOF Modification Drug & loading capacity (wt%) Drug release 
pH = 5 
pH = 7.4

Year Ref.

CMC/TC@UiO-66 CMC hydrogel Tetracycline (TC) 
99 %

>75 % (pH 7.4) 2021 [59]

Fe3O4@MOF-DOX-CDs-Apt Fluorescent carbon dots and Aptamer Doxorubicin 
60 %

>46 % 
<30 %

2020 [60]

CMC/MIL-88(Fe) Carboxymethyl cellulose (CMC) fiber Tetracycline – 
>65 % over 384 h

2021 [34]

ZIF-8 – Fluorouracil 
45.4

45 % 
17 %

2012 [61]

St/Fe3O4/MIL-88(Fe) Magnetic starch (core) Tetracycline 
90 %

– 
73 %

2023 [62]

CaZol Dioleoylphosphatydic acid (shell) Zoledronate 
76

100 
<5

2016 [63]

Fe3O4/MIL-88(Fe) Functionalized with mannose and coated with pectin hydrogel Methotrexate 
99 %

10 % (pH 1.2) 
40 % (pH 6.8) 
>90 % (pH 7.4)

2024 [64]

CS/GA-MOF Chitosan (CS) hydrogel Gentamicin 
Preloading (100 %)

– 
>65 %

2024 [65]

Fe3O4@UiO-66-NH2@PEI Schiff base reaction and polyethyleneimine (PEI)pre-adsorption Imatinib 
94 %

<40 % 
>90 %

2023 [66]

ZnO-DOX@ZIF-8 ZnO (core) Doxorubicin 
11.2

80 % (pH 5.5) 
20 %

2017 [67]

ZIF-8@PAAS Poly(acrylic acid sodium salt) Doxorubicin 
173–385

>60 % 
<15 %

2017 [68]

Cu-MOF/Hep In-situ Hep functionalization Doxorubicin 
65 %

>90 % 
<5 %

– This work

Table 2 
The parameters of DOX release kinetics.

Kinetics models Parameters Cu-MOF/Hep Cu-MOF

pH 5 pH 7.4 pH 5 pH 7.4

Zero-order R2 0.424 0.392 0.566 0.536
First-order R2 0.397 0.392 0.558 0.533
Higuchi R2 0.617 0.581 0.762 0.727
Weibull R2 0.999 0.953 0.984 0.967
Korsmeyer-Peppas kkp 12.182 4.866 37.321 0.196

n 0.125 0.254 0.154 0.345
R2 0.975 0.935 0.901 0.946
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respectively. The increased cytotoxicity observed in the DOX-loaded Cu- 
MOF/Hep nanocomposite can be attributed to several factors. Firstly, 
the positively charged nature of the nanomedicine enhances its inter
action with negatively charged cellular components, such as nucleic 
acids, thereby facilitating improved cellular uptake [69–71]. Addition
ally, the presence of amide bonds within the Hep structure may further 
enhance this interaction, promoting a more effective binding to cells and 
tissues upon entry. This mechanism is particularly relevant in the 
context of cancer treatment, where the ability of nanoparticles to 

accumulate in tumor sites is crucial. The enhanced permeability and 
retention (EPR) effect plays a significant role in the therapeutic efficacy 
of heparin-modified systems [72]. The leaky and discontinuous blood 
vessels found in tumor tissues, resulting from rapid angiogenesis, allow 
for the accumulation of nanoparticles within the tumor microenviron
ment. The size of the Cu-MOF/Hep nanocomposite (about 100 nm) can 
facilitate this extravasation, while normal vessels exhibit limited 
permeability [73]. The blank nanomedicine exhibited good cyto
compatibility characteristics and cell viability remained over 90 % 

Fig. 6. The result of MTT analysis against MCF-7 cells after 48 h incubation at different concentrations of DOX, DOX-loaded Cu-MOF, and Cu-MOF/Hep (*P < 0.05, 
**P < 0.05).

Fig. 7. Apoptosis study by DAPI staining after treatment of MCF-7 with DOX, DOX/Cu-MOF/Hep, and Cu-MOF/DOX for 24 h at 37 ◦C (above images stand for blue 
channel and below images stand for red channel).
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following a 48-h incubation period even at 7 μg/mL concentration. A 
similar result was explained by Safarkhani et al. [74], describing MOF- 
based nanocomposite has good cytocompatibility against cancerous 
cells. Based on the findings, the Cu-MOF/Hep nanomedicine could 
potentially serve as a promising platform for anticancer DDSs.

3.4. Cellular apoptosis studies

For the analysis of apoptotic characteristics, DAPI staining, a reliable 
technique for identifying cell apoptosis and necrosis based on its ability 
to bind to cell nuclei, was utilized in conjunction with fluorescence 
imaging. In this study, MCF-7 cells were exposed to DOX, DOX-loaded 
Cu-MOF, and Cu-MOF/Hep, and their structural features were 
assessed (as illustrated in Fig. 7). Cells treated with DOX-loaded Cu- 
MOF/Hep exhibited a significant decrease in viability compared with 
control, accompanied by enhanced blue fluorescence indicating nuclei 
fragmentation and chromatin condensation (displayed with arose and 
sings in Fig. 7). The ratio of apoptosis cells was determined to be about 
18, 42, 63 % and for DOX, DOX/Cu-MOF and DOX/Cu-MOF/Hep, 
respectively. The use of active targeting nanomedicine for delivering 
anticancer drugs shows promise in overcoming multidrug resistance 
(MDR) [71,75]. Receptor-targeted nanocarriers offer a novel approach 
to combat MDR by facilitating targeted endocytosis in cancer cells. As 
shown in fluorescence images related to DOX excitation (Fig. 7), the 
apoptosis was notably enhanced when using DOX-loaded Cu-MOF/Hep. 
This implies that DOX can be transported into cancer cells through the 
Hep-functionalized nanomedicine, potentially evading MDR-associated 
efflux, commonly referred to as “stealth” endocytosis. Additionally, 
the presence of Hep in the Cu-MOF/Hep architecture facilitated 
apoptosis initiation and cancer cell targeting via the CD44 receptor 
while preserving the integrity of DOX [32,76]. These results align with 
those of the MTT and cellular apoptosis analyses, supporting the suc
cessful internalization of Cu-MOF/Hep by cells. In conclusion, these 
outcomes suggest that Cu-MOF/Hep shows promise as an active tar
geting drug nanocarrier for enhancing cancer therapy.

4. Conclusion

Briefly, the nanomedicine was synthesized by a one-pot synthesis 
method. Then various analytical techniques were employed to charac
terize and confirm the synthesized nanocomposite, including XRD, SEM, 
FT-IR, TEM, DLS, TGA, and ZP. The innovative combination of Cu-based 
MOFs with saccharides like Hep in the creation of a targeting drug de
livery system, Cu-MOF/Hep, showed controlled release profiles and 
improved drug efficacy. In vitro DOX release studies revealed higher 
release rates (>90 % after 96 h) under conditions simulating tumor 
tissue (pH 5, 41 ◦C) compared to standard physiological conditions (pH 
7.4, 37 ◦C, <20 % after 96 h), as well as notable cytotoxic effects of DOX- 
loaded Cu-MOF/Hep on MCF-7 cells (IC50: ~10 μg/mL). The integration 
of MOF structures modified with receptors in DDSs represents a prom
ising approach to enhancing the efficacy and safety of cancer therapy. 
Overall, the findings suggest that the Cu-MOF/Hep nanocomposite has 
the potential to be a promising platform for active and passive targeting 
delivery of anticancer agents with enhanced effectiveness and safety.

The promising in vitro results, including controlled release rates of 
DOX and significant cytotoxic effects on cancer cells, indicate a strong 
potential for clinical application. However, transitioning to clinical 
stages will require further studies, including in vivo testing to assess 
safety, efficacy, and pharmacokinetics. The use of Cu-based materials 
raises concerns regarding in vivo toxicity, which must be thoroughly 
investigated. Additionally, understanding the biodistribution of the Cu- 
MOF/Hep system in the body and its blood circulation time is crucial for 
evaluating its safety and efficacy. These factors will significantly influ
ence the clinical applicability of the nanocomposite and should be 
included in future studies to provide a comprehensive assessment of its 
potential as a therapeutic agent. However, according to the obtained 

results, the present study confirms the favorable outcomes observed in 
vitro; therefore, the Cu-MOF/Hep system could be a viable candidate for 
clinical trials in cancer therapy. Looking ahead, we propose that future 
studies could explore the structural comparisons between Hep analogs 
and other compounds (i.e., folic acid, hyaluronic acid, anisamide, etc.) 
that can enhance the efficacy of DOX. Specifically, the incorporation of 
phytochemicals or other synergistic agents (naturally found phenolic 
compounds: such as taxol analogs and vinca alkaloids) into the Cu-MOF- 
Hep configuration could potentially improve therapeutic outcomes. 
These ingredients may work in concert with the existing components to 
enhance drug delivery and efficacy, opening new avenues for research in 
targeted cancer therapy.
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