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a b s t r a c t
Natural active polysaccharides are attracting increased attention from pharmaceutical industries for their valuable biological activities. However, the application of polysaccharides has been restricted due to their relatively
large molecular weight, complex structure, and instability. Metal-organic frameworks (MOFs) have emerged
to help deliver cargo to speciﬁc locations, achieving the objectives of eliminating the potential damage to the
body, protecting the drugs, and improving therapeutic effectiveness. Here, a pH-responsive zeolitic imidazolate
framework (ZIF-8) was synthesized to encapsulated three sulfated polysaccharides (heparin, fucan sulfate,
fucosylated chondroitin sulfate) and a non-sulfated polysaccharide, hyaluronic acid. The resulting polysaccharides@ZIF-8 biocomposites showed differences in terms of morphology, particle size, encapsulation, and release
efﬁciency. These biocomposites retained antithrombotic activity and the framework ZIF-8 effectively protected
these polysaccharides from degradation and prolonged shelf-life of the anticoagulants from the unfavorable
environment.
© 2021 Published by Elsevier B.V.

1. Introduction
Sulfated polysaccharides, extracted from natural resources or obtained by modifying the sugar chain with sulfates [1], possess multiple
functions, such as immunoregulation [2], anti-tumor [3], antioxidative [4], antithrombotic [5], and anti-virus activities [6], and are
widely used as anticoagulant drugs. For example, heparin (HP),
consisting of the alternating uronic acid residues (L-iduronic (IdoA) or
D-glucuronic acid (GlcA)) and N-acetyl-D-glucosamine, is a drug approved by the U.S. Food and Drug Administration (FDA) and has been
applied in the prevention and treatment of deep venous thrombosis
and other coagulation abnormalities [7]. However, the anionic nature
of heparin can result in strong interactions with critical proteins, leading
to substantial side effects. In addition to a lack of speciﬁcity, heparin suffers from low tissue permeability, short serum half-life and poor oral absorption, and low stability [8–11]. Due to the drawbacks of heparin, a
series of new sulfated polysaccharides have been investigated that
show great potential as a new generation anticoagulants. For example,
fucan sulfate (FuS), sulfated polysaccharide composed mainly of fucose,
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and fucosylated chondroitin sulfate (FCS), bearing three parts of uronic
acid, amino sugar and fucose side chain, display promising anticoagulant activity and oral efﬁcacy and exhibit a different anticoagulant
mechanism from that of heparin derivatives, and show decreased
risks of adverse effects [12–15]. The poor dosage control of sulfated
polysaccharides can still lead to either fast clearance from the body
(under-dosage) or spontaneous hemorrhage (over-dosage). Besides,
in FCS, the sulfated fucose branch is the most important pharmacophore
and it can be readily cleaved resulting in loss of potency [16]. Therefore,
developing a delivery system that not only protects sulfated polysaccharides but also acts as a molecular transport to release the encapsulated biomolecules in a controlled way is highly desirable.
Carriers for polysaccharides was shown to protect them from environments that typically lead to their degradation, to act as a gate for molecular transport, and to release the encapsulated biomolecules under
controlled conditions, such as graphene [17], Fe3O4 [18], silica [19],
hydrogels [20] and polymer ﬁlm materials [21]. However, some conventional supports are not ﬁnely tunable and crystalline which leads to low
loading efﬁciency, low stability, and/or biomacromolecules leaching.
Metal-organic frameworks (MOFs), constructed by the coordination between metal ions and organic ligands, are a series of porous crystals that
have emerged as excellent carriers for biomacromolecules (e.g. protein,
DNA, antibiotics, and polysaccharides) because of tunable pore size,
high surface area, and versatile framework composition [22–24]. MOFs
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Fig. 1. The general structures of heparin, hyaluronan, fucosylated chondroitin sulfate, and fucan sulfate.

hyaluronic acid (HA) (Fig. 1) [28]. The encapsulation efﬁciencies and
therapeutic release proﬁles of each polysaccharides@ZIF-8 biocomposite
were assessed. In addition, the anticoagulant activity and the tolerance
for unfavorable environmental conditions were investigated for these
biocomposites (Scheme 1).

with the larger surface area and tunable porosity properties enable the
loading of more biomacromolecules than conventional carrier materials,
and the shielding effect and biocompatibility of the MOFs allow the
stabilization of the conformational structure of the biomacromolecules,
thus maintaining their stability and activity [25,26]. Besides, studies
have demonstrated that negatively charged molecules trigger the
growth of MOFs since the electrostatic interactions between biomolecules and metal ions and increased local concentrations of metal ions
on the surface of the biomolecule trigger the self-assembly of the
framework. Zeolitic imidazolate frameworks (ZIF-8), one typical material in the MOFs family being successfully employed to encapsulate
biomacromolecules is feasible, affording good biocompatibility, mild
preparation conditions, and pH responsiveness [27]. Therefore, as part
of our ongoing work on biological studies of sulfated polysaccharides,
in this study, we have focused on sulfated polysaccharides (HP, FuS,
FCS) with anticoagulant activity and a non-sulfated polysaccharide,

2. Materials and methods
2.1. Materials
Hyaluronic acid (HA) was purchased from MACKLIN (Shanghai,
China). Heparin sodium salt (HP) from porcine intestinal mucosa was
purchased from Sangon Biotech (Shanghai, China). Fucose sulfate
(FuS) and fucosylated chondroitin sulfate (FCS) polysaccharides were
prepared in our lab [29]. Zn(OAc)2·2H2O and Zn(NO3)2·6H2O were
purchased from HUSHI (Shanghai, China). Fluorescein isothiocyanate

Scheme 1. Schematic representation of the synthesis of polysaccharides@ZIF-8 biocomposites.
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2.6. In vitro anticoagulant activity assay

(FITC) and 2-methylimidazole (2-MIM) were purchased from Aladdin
(Shanghai, China). An activated partial thromboplastin time (APTT) kit
was purchased from Leagene Biotechnology (Beijing, China). Rabbit
plasma was purchased from Hopebio (Qingdao, China). All other
chemicals were of reagent grade and obtained commercially.

The clot formation was determined spectrophotometrically at a
wavelength of 500 nm. Based on the data, a time course of thrombus formation was made. The activated partial thromboplastin time (APTT) kit
and standard rabbit plasma were used as previously described [30].

2.2. Synthesis of polysaccharides@ZIF-8 biocomposites
2.7. Carbazole and phenol‑sulfuric acid assay
The synthesis of polysaccharides@ZIF-8 biocomposites were carried
out using a metal (M) to ligand (L) ratio M:L = 1:4 and 1:20 (M = Zn
(OAc)2·2H2O and Zn(NO3)2·6H2O, L = 2-MIM; respectively). The
ﬁnal concentration of the corresponding polysaccharide was 0.36
mg·mL−1. The stock solution of the corresponding precursors Zn
(OAc)2·2H2O (80 mM), Zn(NO3)2·6H2O (80 mM), 2-methylimidazole
(2-MIM; 457.1 mM, 2285.7 mM), and polysaccharides (2.4 mg·mL−1)
were prepared in DI water at room temperature. Then, 700 μL of the
2-MIM solution was premixed with 300 μL of polysaccharides solution,
followed by the addition of 1 mL of Zn2+ solution. The resulting solutions were left standing at room temperature for 24 h. Afterward, the
solids were collected by centrifugation and washed with deionized
water. The solids were then air-dried at room temperature.

The carbazole assay was reported previously [31]. Ammonium
sulfamate (20 μL, 4 M) and 200 μL samples were mixed for 1 min.
Then, sodium tetraborate (1 mL, 25 mM) in sulfuric acid was added
and mixed carefully. The mixture was heated at 100 °C for 5 min and
cooled to room temperature. Afterward, carbazole solution (40 μL,
0.1%) was added and the resulting mixture was heated again at 100 °C
for 15 min and then cooled down to room temperature. Finally, UV–
vis spectroscopy was used to analyze the resultant solution at 520 nm.
The phenol‑sulfuric acid method was based on the Dubis' et al.
method [32]. Phenol solution (80 μL of 5% (w/v)) was mixed with 200
μL of samples. Then, concentrated sulfuric acid (1 mL) was added and
the mixture was heated in a boiling water bath for 20 min and then
cooled in an ice bath. The light absorption at 490 nm was measured
on the spectrophotometer.

2.3. Characterization
The chemical structure of the samples was assessed using a VECTOR22 Fourier transform infrared (FTIR) spectroscope (Bruker Corp.,
Germany) in the wavenumber range of 400–4000 cm−1. The crystalline
structure of the samples was determined using 3 kW X-ray diffractometer (XRD) with a Cu Kα radiation source (Rigaku Smartlab, Japan). The
sample was scanned with diffraction angles of 5–50° (2θ) at a scanning
rate of 10°/min. The morphology of samples was analyzed utilizing
HITACHI SU8100 high-resolution ﬁeld emission scanning electron microscope (SEM). The confocal laser scanning microscopy (CLSM) data
were recorded by Olympus FV3000 microscope, with excitation at
640 nm and emission at 650–675 nm.

3. Results and discussion
3.1. Optimization of reaction conditions
We ﬁrst investigated the different zinc precursors and varying metal
to ligand ratio to the loading capacity and release properties of the
biocomposites derived from the ZIF-8 systems. The synthesis of HP@
ZIF-8 was performed by different zinc precursors (Zn(OAc)2·2H2O
and Zn(NO3)2·6H2O) and varying metal to ligand ratio (M:L = 1:4
and 1:20). Fig. 2 showed the SEM images and XRD patterns of the ZIF8 synthesized using different zinc precursors at variable Zn/2-MIM
ratios. When using Zn(OAc)2 as zinc precursor, it was found that all
resulting products exhibited a 2D layered structure at the molar ratios
of 1:4 (Fig. 2a). The XRD pattern of ZIF-8 agreed with typical monoclinic
(dia) structure and that of HP@ZIF-8 was similar kat structure (Fig. 2d)
[33]. Previous study has reported that layered structure could be an intermediate form of ZIF-8 crystals [2,34]. The consequence could result
from decreasing the amount of deprotonated linkers at a low 2-MIM
concentration, which limits the rate of phase transformation [35]. The
typical ZIF-8 particles with rhombic dodecahedron shape were obtained
from Zn(OAc)2 at the molar ratios of 1:20 (Fig. 2b). The prominent reﬂections at 2θ = 7.205°, 12.643°, and 17.943° were observed clearly,
which are in good agreement with simulated patterns of ZIF-8 single
crystal with typical sod structure (Fig. 2e). When Zn(NO3)2 was used,
the particles prepared at the molar ratio of 1:20 showed bumpy surfaces, which proved the different zinc precursors could also affect the
morphology and crystalline phase of the product (Fig. 2c). The X-ray diffraction patterns collected for composites indicated that four polysaccharides@ZIF-8 at the molar ratios of 1:20 had strong diffraction peaks
being in good agreement with simulated patterns of ZIF-8 single crystal
with typical sod structure, conﬁrming that the encapsulation of polysaccharides caused no signiﬁcant inﬂuence on the crystal structure of ZIF-8.
The data showed that for HP@ZIF-8 biocomposite, the encapsulation
efﬁciencies were less than 80% using Zn(OAc)2·2H2O and metal to
ligand ratios of 1:4 and 1:20 (Fig. 3a). With respect to release behavior
from as-prepared HP@ZIF-8, we carried out the controlled drugrelease test, as recorded in Fig. 3b and c. In neutral (pH 7.4) and acidic
(pH 5.6) buffer solution, the encapsulated heparin released quickly in
20 min, showing that as-prepared HP@ZIF-8 had undesirable stability
in the neutral and acidic environment. The higher EE% values (>95%)
were observed for samples obtained from the Zn(NO3)2·6H2O, for
1:20 M:L ratios (Fig. 3a). In buffer (pH 7.4), there was less than 20% of

2.4. The encapsulation efﬁciency of polysaccharides@ZIF-8
The encapsulation efﬁciency (EE%) of each polysaccharides@ZIF-8
was assessed using UV–vis spectroscopy by the carbazole and
phenol‑sulfuric acid assay, which is a direct method to quantify polysaccharides by colorimetry (vide infra).
EE%ðHPÞ ¼

A þ 0:0411
2:6157∗0:36

EE%ðHAÞ ¼

A−0:1038
2:95∗0:36

EE%ðFuSÞ ¼

A þ 0:1108
0:3713∗0:36

EE%ðFCSÞ ¼

A þ 0:0268
0:5191∗0:36

A: the absorbance of polysaccharides.
2.5. Release test of polysaccharides@ZIF-8
The polysaccharides@ZIF-8 were added to 2 mL of phosphate buffer
(NaH2PO4 and Na2HPO4), and the sample was kept under stirring.
Aliquots of 200 μL of the supernatant were collected by centrifugation
(4427g, 3 min) and replaced with the same volume of fresh buffer.
The amount of polysaccharides released in the incubation media was
determined by carbazole and phenol‑sulfuric acid assay.
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Fig. 2. SEM images of HP@ZIF-8 (a) M(OAc−): L = 1:4; (b) M(OAc−): L = 1:20; (c) M(NO−
3 ): L = 1:20. XRD patterns of HP@ZIF-8 (d) M(OAc ): L = 1:4; (e) M(OAc ): L = 1:20; (f) M
(NO−
):
L
=
1:20.
(g)
XRD
patterns
of
ZIF-8,
HA@ZIF-8,
HP@ZIF-8,
FuS@ZIF-8
and
FCS@ZIF-8.
3

vibrational bands at 1220–1240 cm−1 (S=O) which indicated the
successful synthesis of polysaccharides@ZIF-8 biocomposites (Fig. 4).
The morphology of the control samples of ZIF-8 and the corresponding polysaccharides@ZIF-8 were assessed by scanning electron microscopy (SEM) (Fig. 5a–e). The micrographs obtained from all samples
show the formation of the characteristic rhombic dodecahedron morphology. The dried solids were analyzed by X-ray diffraction. All crystals
had strong diffraction peaks at 2- Theta of 7.205°, 10.285°, 12.643°,
14.602°, 16.354°, and 17.943°, and the prominent peaks corresponding
to planes (0 1 1), (0 0 2), (1 1 2), (0 2 2), (0 1 3) and (2 2 2) were identical with previous reports, conﬁrming the typical sodalite structure of
four types polysaccharides@ZIF-8 [40,41]. The X-ray diffraction patterns
collected for composites was in good agreement with simulated patterns of ZIF-8 single crystal indicated that the crystal structure of ZIF-8
was not signiﬁcantly affected after the encapsulation of polysaccharides.
According to the data of DLS (Fig. S2), polysaccharides@ZIF-8 exhibited
a wide hydrodynamic diameter distribution with an average size of
1315 nm (HA@ZIF-8), 2227 nm (HP@ZIF-8), 1610 nm (FuS@ZIF-8),
and 3348 nm (FCS@ZIF-8), which were slightly increased compared to
naked ZIF-8 (1015 nm). The reason could be the differences in the molecular weight and electronegativity of polysaccharides, and the
agglomeration of polysaccharides@ZIF-8. To further conﬁrm that the
polysaccharides were encapsulated in the ZIF-8 particles, ﬂuorescein
isothiocyanate (FITC) labeled hyaluronic acid was used in the synthesis
of the ZIF-8 particles, and the resultant biocomposite was characterized
by confocal laser scanning microscopy (CLSM) (Fig. 5f). CLSM images
revealed a homogeneous distribution of ﬂuorescent emission across
ZIF-8 particles, and the polysaccharides predominantly localized towards the internal region of crystalline particles, suggesting that

heparin been released within 3 h, while in the presence of an acidic
environment, the release amount of heparin was up to 45% within 3 h
(Fig. 3d). These results suggested that the ZIF-8 obtained by this synthetic condition could be a good choice for loading heparin and could
enable pH-triggered drug release. Therefore, in subsequent experiments, We adopted Zn(NO3)2·6H2O precursors at M: L ratios 1:20.
3.2. Characterization of polysaccharides@ZIF-8 biocomposites
The samples were washed with water and ethanol to ensure the
complete removal of polysaccharides loosely attached to the particle
surface to ascertain the synthesis of polysaccharides@ZIF-8. The collected solids were analyzed by Fourier transform infrared spectroscopy
(FTIR) (Fig. S1). The vibrational mode at 421 cm−1, found in all samples,
is assigned to the Zn\\N stretching mode and thus conﬁrms the networks are composed of 2-MIM connected via Zn nodes. The strong
peak at 1584 cm−1 and 3135 cm−1 could be attributed to the stretching
of C_N, and imidazole C\\H stretching, respectively [36]. For each polysaccharide used, additional bands originating from the speciﬁc pendant
groups were observed. 1615 and 1407 cm−1 are the antisymmetric and
symmetrical stretching vibration peaks of the carboxyl group, and 1373
cm−1 was the characteristic absorption peak of sugar (amide) in HA
[37]. In addition, the β-glycosidic bond at 891 cm−1 and N\\H bonds
at 1662 cm−1was detected in HP. The C-O-C stretching vibration of
pyran ring was at 1025 cm−1for FuS [38], and the characteristic absorption peak of C\\N in acetamide at 1560 cm−1 and O-C=O at 1378 cm−1
disappeared in FCS@ZIF-8, which may be caused by the combination of
FCS and ZIF-8 [39]. Finally, those biocomposites obtained from sulfated
biomacromolecules (HP, FCS, and FuS) present additional weak
1177
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Fig. 3. (a) The encapsulation efﬁciency of the HP@ZIF-8 synthesized by different zinc precursors and varying metal to ligand ratio. Release proﬁles of HP@ZIF-8 (b) M(OAc−): L = 1:4;
(d) M(OAc−): L = 1:20; (f) M(NO−
3 ): L = 1:20.

Fig. 4. The FTIR spectra of (a) ZIF-8, HA and HA@ZIF-8, (b) ZIF-8, HP and HP@ZIF-8, (c) ZIF-8, FuS and FuS@ZIF-8 (d) ZIF-8, FCS and FCS@ZIF-8.
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Fig. 5. SEM images and XRD patterns of (a) ZIF-8, (b) HA@ZIF-8, (c) HP@ZIF-8, (d) FuS@ZIF-8, (e) FCS@ZIF-8; (f) CLSM images showing the ﬂuorescence and bright-ﬁeld images of
HA@ZIF-8.

crystals caused by different sugar structure as well, that impact gas
diffusion/adsorption properties of the composite material.

polysaccharides were encapsulated during the growth process. A similar phenomenon has been reported in the previous reports [31,42].
N2 adsorption-desorption isotherms and pore size distribution of
ZIF-8 and polysaccharides@ZIF-8 biocomposites were shown in Fig. 6,
and the textural parameters were summarized in Table S1. The isotherm
of all exhibited type-1 isotherm (Fig. 6a). The steep increase in the
adsorbed amount at low relative pressure revealed the presence of microporosity in the sample, and there was slight lag phenomenon in isotherm implying the existence of mesopores in the crystalline material.
As shown in Fig. 6b, ZIF-8 and polysaccharides@ZIF-8 had a pore distribution ranging from micropores to mesopores, which further veriﬁed
the coexisting of micro- and mesopores. In the morphology transformation of ZIF-8 growth, the nucleation rate plays a key role in crystal formation, which inﬂuenced by precursor concentration. The electrostatic
interactions between polysaccharides and Zn2+ ions would cause a
change of local concentrations of Zn2+ on the around of the polysaccharide that affected the morphologies of the ﬁnal products. Obviously, the
adsorption capacity of ZIF-8 was inferior to that of polysaccharides@ZIF8 in the low-pressure region of P/P0 < 0.01 because of the lower BET
surface area. The likely reason of diversity in adsorption capacity in
four polysaccharides@ZIF-8 composite was structural difference in the

3.3. The encapsulation efﬁciency and release test of polysaccharides@ZIF-8
The encapsulation efﬁciency (EE%) of each polysaccharides@ZIF-8
biocomposite was assessed using UV–vis spectroscopy (Fig. 7a). The
HP@ZIF-8 presents the highest EE% reaching values above 95% and
HA@ZIF-8 also shows excellent encapsulation effect (ca. 90%). The
FCS@ZIF-8 displayed the lowest EE% (ca. 48%). In the case of ZIF-8, the
biocomposites obtained from FuS present unsatisfactory EE% (ca. 70%).
The difference in encapsulation efﬁciency can be attributed to electronegativity since negatively charged functional groups trigger the
growth of biocomposites and can be employed for the encapsulation
of polysaccharides in MOFs [43,44]. The amount of the polysaccharides
encapsulated in ZIF-8 was conﬁrmed by thermogravimetric analysis
(TGA) (Fig. S3 and Table S2) and encapsulation efﬁciency were calculated as well.
Owing to the pH-sensitive property of ZIF-8, the drug-release proﬁle
studies were determined by quantifying the amount of polysaccharides
delivered in a buffer of pH 5.6 and 7.4. The buffer was employed to

Fig. 6. (a) N2 adsorption isotherms of ZIF-8, FCS@ZIF-8, FuS@ZIF-8, HP@ZIF-8, HA@ZIF-8; (b) the inset shows the BJH pore size distribution curve.
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Fig. 7. (a) The encapsulation efﬁciency of the polysaccharides@ZIF-8. Comparative release proﬁles of the biocomposites: (b) HP@ZIF-8 (c) HA@ZIF-8, (d) FCS@ZIF-8, and (e) FuS@ZIF-8.

therapeutics. Astria et al. investigated the role of mono-, di-, oligo-, and
polysaccharides for the formation of carbohydrates@ZIF-8 effective
encapsulation and release [44]. Velásquez-Hernández and coworkers
successfully encapsulated glycosaminoglycan-based clinical drugs
(heparin, hyaluronic acid, chondroitin sulfate, dermatan sulfate) in three
different pH-responsive metal-azolate frameworks (ZIF-8, ZIF-90, and
MAF-7) [31]. These MOFs not only have excellent encapsulation effect,
but also show the protection of polysaccharides. Our work also proved
that ZIF-8 had the ability to load and protect sugar. In addition, it exhibited
a long-acting and sustainable release within 6 h, which is useful for
solving the poor dose control of anticoagulant drugs and reducing side
effects.

emulate the pH found in cancer cells and blood. All the release proﬁles
presented an initial rapid release of the polysaccharides, followed by a
slower sustained delivery. Nevertheless, each polysaccharides@ZIF-8
shows unique release behavior. The cumulative release rate of HP improved from 13% to 64%, when the pH value changed from 7.4 to 5.6 in
6 h (Fig. 7b). In the acidic environment, the coordination bond between
2-MIM and Zn2+ was destroyed, which resulted in a greater release of
polysaccharides at pH 5.6 than at pH 7.4. HA in HA@ZIF-8 was released
slowly in buffer at pH 7.4, showing less than 20% was released within
1.5 h, whereas a rapid release of approximately 45% during the 1.5 h
was monitored in buffer at pH 5.6 (Fig. 7c). FCS loaded ZIF-8 exhibited a
slow release at pH 7.4 with approximately 20% of the drug was released
during 2 h (Fig. 7d). In contrast, the FCS release rate was markedly increased in an acidic buffer, consistent with the dissolution of ZIF-8 in
the acidic environment. The accumulated FuS released was 48% and 39%
in 6 h at pH 5.6 and pH 7.4 respectively. FuS@ZIF-8 exhibited fast release
in the buffer of pH 5.6 and 7.4 at 1.5 h, then a relatively slow release of the
dose was observed during the next 6 h. (Fig. 7e). These results suggest the
disintegration of ZIF-8 NPs driven by the low pH can be exploited for polysaccharides release in acidic environments. As shown in Table 1, different
MOFs have been employed to encapsulate various glycosaminoglycan

3.4. Anticoagulant
biocomposites

activity

of

sulfated

polysaccharides@ZIF-8

The anticoagulant activities were further evaluated by monitoring
the kinetic curves of coagulation of standard rabbit plasma by measuring activated partial thromboplastin time (APTT) to test the possible
alteration in the biotherapeutic properties of sulfated polysaccharides
due to the encapsulation (Fig. 8). The optical density of the solution

Table 1
The encapsulation efﬁciency and release time of polysaccharides@MOFs biocomposites.
MOFs

Polysaccharides

ZIF-8
ZIF-90
MAF-7
MIL-101(Fe)
ZIF-8

Heparin, hyaluronan, chondroitin sulfate, dermatan sulfate
Heparin, hyaluronan, chondroitin sulfate, dermatan sulfate
Heparin, hyaluronan, chondroitin sulfate, dermatan sulfate
heparin

ZIF-8

Encapsulation
efﬁciency (%)

ca. 100%
ca. 50%
ca. 80%
ca. 90%
D-Glucose, D-xylose, Methyl-α-D-glucopyranoside, D-glucitol, Meglumine, 100%
(FITC-CM-dextran)
N-acetyl-D-glucosamine, D-glucosamine hydrochloride, D-Gluconic
acid-δ-lactone
Heparin
95%
Hyaluronic acid
Fucan sulfate

90%
70%

Fucosylated chondroitin sulfate

48%
1180

Release time

Ref.

Ranging from 40 min to 1 h
Ranging from 50 min to 1.5 h
The complete delivery being 30 min
NA
For the 10, 20, 40 mM EDTA solution, roughly 45,
30, 16 min is required to release 100% of
FITC-CM-dextran.

[31]

13% (pH 7.4) and 64% (pH 5.6) release after 1.5 h
and in 6 h, respectively
15% (pH 7.4) and 45% (pH 5.6) release after 1.5 h
39% (pH 7.4) and 48% (pH 5.6) release after 2 h and
in 6 h, respectively
20% (pH 7.4) and 55% (pH 5.6) release after 6 h

[30]
[43]

This work
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Fig. 8. The anticoagulant activity of (a) HP, HP@ZIF-8, (c) FCS, FCS@ZIF-8, (e) FuS, FuS@ZIF-8; The anticoagulant activity of (b) HP, HP@ZIF-8, (d) FCS, FCS@ZIF-8, (f) FuS, FuS@ZIF-8 after
being exposed to pH 5.6 buffer for 6 h.

increased due to the conversion of ﬁbrinogen to ﬁbrin. APTT value is 72 s
for control plasma. The data show that no detectable clot was found for
as long as 400 s after the addition of free both sulfated polysaccharides
and polysaccharides@ZIF-8 biocomposites, which shows the anticoagulant activity of the HP@ZIF-8 and FCS@ZIF-8 was almost as high as that
of the free heparin and FCS respectively (Fig. 8a and c). The anticoagulant activity of FuS@ZIF-8 was less than FuS (Fig. 8e). The nature of the
polysaccharide and polysaccharide-ZIF-8 interaction may affect the anticoagulant activity of the biocomposites. Sulfated polysaccharides@ZIF8 biocomposites and the free sulfated polysaccharides were exposed to
acidic buffer (pH 5.6) for 6 h at 37 °C to test the protective effect of ZIF-8
on those sulfated polysaccharides. Subsequently, the sulfated polysaccharides@ZIF-8 biocomposites were recovered and the anticoagulant
activity was determined using APTT assay and compared with the
activity of unprotected sulfated polysaccharides exposed to the same
conditions. The relative thrombus of HP@ZIF-8 being exposed was
close to untreated HP and HP@ZIF-8 (APTT value>400 s), but the optical
density of the treated free HP increased (Fig. 8a and b), which indicates

that ZIF-8 shell can protect polysaccharides from the unfavorable
environment while maintaining the anticoagulant activity of the polysaccharides. The protective effect of ZIF-8 on FCS is also conﬁrmed in
Fig. 8d, where the optical density of the free FCS treated with pH 5.6
buffer increased faster than FCS@ZIF-8. The reason could be the acidic
environment causes the cleaving of sulfated fucose branching leading
to FCS losing potency. The anticoagulant activity of FCS and FCS@ZIF-8
both has decreased, but due to the protective effect, FCS@ZIF-8 shows
a lower relative thrombotic value. It was found that after being exposed
to pH 5.6 buffer for 6 h, FuS@ZIF-8 exhibited better anticoagulant
activity than unprotected FuS (Fig. 8f), which was ascribed to the two
reason: 1) The difference of sulfated polysaccharides. The diversity of
sulfate substitution and sulfated fucose branches affect the anticoagulant activity of various sulfated polysaccharides, and the interaction
between polysaccharides and ZIF-8 could further cause differences
in anticoagulant behavior of polysaccharide; 2) Shielding effect of
the ZIF-8. Compared with the neutral environment, the shielding
effect of the ZIF-8 protects the sulfated polysaccharides from being
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J. Zheng, B. Li, Y. Ji et al.

International Journal of Biological Macromolecules 183 (2021) 1174–1183

References

damaged, maintaining their stability and activity in acidic conditions.
Meanwhile, the structure of ZIF-8 was loosened in the acidic conditions
because of the dual role of H+ and phosphates; thus, more FuS was
released to the solution which caused better anticoagulant activity
[45,46].
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4. Conclusion
In this study, ZIF-8 was used to design pH-responsive carriers for the
encapsulation and release of polysaccharides including heparin (HP),
fucan sulfate (FuS), fucosylated chondroitin sulfate (FCS), and
hyaluronic acid (HA). We examined the encapsulation of four polysaccharides: the loading capacity of the four polysaccharides is 95% (HP),
90% (HA), 48% (FCS), and 70% (FuS), respectively, and the release time
varied from 1 h to 6 h. A controlled and sustained release of the biomolecule is required to reduce the systemic side effects associated with high
drug concentrations, polysaccharides@ZIF-8 biocomposites is a desirable alternative. In rabbit plasma, these biocomposites retained antithrombotic activity and the ZIF-8 effectively protects the sulfated
polysaccharide from degradation and prolonged shelf-life of the anticoagulants from the unfavorable environment. It is interesting to ﬁnd that
the anticoagulant activity of the FuS@ZIF-8 was higher than the FuS. We
suggest that this phenomenon can be attributed to the different interaction of polysaccharide-ZIF-8 and the nature of the various polysaccharides, and the discovery of the underlying mechanism will be our
future focus. In summary, the structure of polysaccharides is of great
signiﬁcance to their biological functions, and this polysaccharides@
ZIF-8 design promises a potential delivery strategy for both sulfated
polysaccharides self-protecting and more long-term release. Despite
remarkable achievements made in drug delivery, several challenges
remain to be solved for MOFs. For instance, molecules incorporated by
surface adsorption and pore encapsulation tend to leak gradually
owing to weak interaction forces. However, covalent binding provides
stronger interactions that may inﬂuence the activity of functional molecules. On the other hand, the kinetics of drug loading and release, in vivo
toxicity, and degradation mechanism of MOF nanoparticles are still
under study. In conclusion, MOFs are a class of promising candidates
in drug delivery. In the future, efforts should be focused on overcoming
the noted challenges to fully realize the potential of drug delivery
systems.
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