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Herein, we designed a BODIPY-based probe (BZA-BOD@ZIF-90) with good stability through the encapsulation of
metal-organic frameworks (MOFs). BZA-BOD@ZIF-90 can selectively detect protamine based on an aggregationinduced emission (AIE) effect. In the present strategy, the designed BZA-BOD@ZIF-90 showed excellent fluo
rescence response to protamine with a low detection limit of 0.07 μg/mL and the detection was not disturbed by
other possible competing substances. Compared with previous methods, BZA-BOD designed by this method is
simpler to obtain, and also can achieve sensitive and accurate determination of protamine. Subsequently, the
nanocomposite BZA-BOD@ZIF-90 was successfully applied to detect protamine spiked in human serum. In
addition, due to the strong binding effect of heparin on protamine, when heparin was added to the complex, the
fluorescence intensity of the BZA-BOD@ZIF-90 weakened, thus, it can also be utilized for heparin detection. The
medical application of protamine and heparin suggests that this fluorescent molecular device has prospects for
certain clinical applications.

1. Introduction
Protamine as an alkaline protein can interact with heparin and is
clinically used as heparin neutralizer [1–3] to treat hemorrhage caused
by excessive heparin injection [4–6]. Additionally, protamine shows
strong bacteriostatic ability and high thermal stability in neutral and
alkaline media, so it can also be used as a preservative. Heparin, a
natural anticoagulant [7], is a class of highly acidic and negatively
charged polysaccharides and mainly used for the treatment of throm
boembolic diseases [7–11], myocardial infarction, cardiovascular sur
gery, cardiac catheterization, cardiopulmonary bypass, hemodialysis in
clinic. However, heparin overdose can result in hemorrhage and
thrombocytopenia, which are life-threatening. Considering the impor
tant physiological and medical functions of protamine and heparin
[12–16], developing an effective method to detect these two molecules
is of great significance.
In the current clinical trials, the detection of heparin and protamine
is based on different strategies, including plasma coagulation, chemical
colorimetry [17–19], fluorescence [20,21] and electrophoresis [22].
However, these detection methods are time-consuming, are subject to
interference, and require expensive instruments. In addition, many

reported methods are based on complex nanomaterials [23–25]. Among
these, fluorescence detection is more and more widely used due to its
advantages of high sensitivity, good selectivity, low detection limit and
real-time detection [4,20,26–28]. However, there still remain the chal
lenging in organic small molecule probes including their high detection
limit, poor biocompatibility and solubility.
Metal-organic frameworks (MOFs) have been extensively applied to
various fields such as chemical catalysis, biosensor and drug delivery
due to their excellent properties including large specific surface area,
adjustable topology, excellent photoelectric properties, and high sta
bility [29–34]. An important subclass of MOFs, zeolitic imidazolate
frameworks (ZIFs), are widely used for their good biocompatibility,
chemical and the high aqueous stability [35–37]. We have observed that
some probes are less sensitive when encapsulated within hydrophobic
ZIFs like ZIF-8. Additionally, ZIF-8 tends to decompose under particular
environment [38]. However, ZIF-90 has a unique aldehyde group
structure and is more hydrophilic than other ZIFs. In this case, we
encapsulate a probe in the MOFs for the purpose of improving tolera
bility, stability and biocompatibility of probe, contributing to the
improvement of detection performance [39,40].
Herein, we reported a BODIPY-based fluorescent probe encapsulated
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by zeolitic imidazolate framework-90 (ZIF-90). We used BZA-BOD@ZIF90 for the selective detection of protamine, as shown in Scheme 1.
Because traditional probe fluorescence quenching characteristics have
certain limitations, our study is based on the AIE mechanism. The
mechanism by which they function is that when molecules are in the
state of aggregation, intramolecular rotation will be limited, which
blocks the non-radiation channel, opens the radiation channel, and in
creases the molecular fluorescence intensity [8,10,41,42]. In this study,
we show that the MOFs probe BZA-BOD@ZIF-90 exhibited good fluo
rescence response to protamine. Moreover, when heparin was added to
the BZA-BOD@ZIF-90/protamine mixture, due to the strong binding
effect of heparin and protamine [7,9,43,44], BZA-BOD@ZIF-90 and
protamine are separated, so that weaker fluorescence results. Based on
this process, BZA-BOD@ZIF-90 can also be used to detect heparin.
Additionally, the detection limit of BZA-BOD@ZIF-90 for protamine is as
low as 0.07 μg/mL and was successfully applied to detect spiked prot
amine in human serum. The designing strategy used in this work pro
vides a new approach to develop low-cost tool for detecting protamine.

added under constant pressure, and 10 mL of boron trifluoride ether
complex was added over 30 min in the same environment and stirred at
room temperature overnight. Finally, the crude product was purified by
silica gel column chromatography (petroleum ether: ethyl acetate = 1:
9) resulting in a pink solid with a green fluorescence (0.12 g, yield: 20.42
%). The characterizations of BZA-BOD were shown in supporting in
formation (Fig. S6-S8). 1H NMR (400 MHz, DMSO) δ 8.12 (dd, J = 8.7,
2.1 Hz, 2 H), 7.58− 7.53 (m, 2 H), 6.22 (s, 2 H), 3.37 (s, 13 H), 2.52 (dt,
J = 3.6, 1.7 Hz, 3 H), 2.48 (s, 6 H), 1.35 (s, 5 H), 1.25 (s, 2 H), 1.09 (s,
1 H), 1.07 (s, 2 H), 1.06 (s, 1 H). 13C NMR (101 MHz, DMSO) δ 167.33,
155.79, 143.15, 141.30, 138.94, 132.02, 130.79, 130.66, 128.93,
122.11, 56.54, 40.68, 40.47, 40.26, 40.05, 39.84, 39.63, 39.42, 19.06,
14.75, 14.56. LC–MS (m/z): calcd for C20H19BF2N2O2, 367.1; observed,
367.3.
2.3. Synthesis of ZIF-90
Imidazole-2-carboxaldehyde (0.24 g, 2.50 mmol) and zinc nitrate
(0.12 g, 0.42 mmol) were dissolved in 4 mL H2O, respectively.
Imidazole-2-carboxaldehyde solution was added to the zinc nitrate so
lution, stired at room temperature overnight, the reaction solution was
centrifuged at 8000 rpm for 6 min, and after centrifugation, it was
washed with ethanol for 3 times until the supernatant was colorless.
Finally, pure ZIF-90 was obtained by vacuum drying.

2. Experimental
2.1. Materials
All the anhydrous organic solvents used in the experiment were
purchased from Aladdin (ShangHai, China). The protamine sulfate from
salmon and heparin sodium from pig intestine were purchased from BBI
Life Sciences Corporation (ShangHai, China) and they were all kept in a
4 ◦ C environment. All inorganic salts used for selective testing of prot
amine including NH4HCO3, ZnCl2, KCl, CuSO4, FeCl3, NaCl, CaCl2,
MgCl2 were purchased from the Aladdin (ShangHai, China). Addition
ally, all organic reagent used in synthetic reactions are purchased from
Aladdin (ShangHai, China).
The ultraviolet spectrophotometer and fluorescence spectropho
tometer used in this experiment are ultraviolet spectrophotometer (UV
6100A) and fluorospectro photometer (F97Pro19059) respectively. In
addition, the fluorescence intensity in this experiment was recorded by
the microplate reader (Synergy H1).

2.4. Synthesis of BZA-BOD@ZIF-90
First, 4 mL H2O was added to imidazole-2-carboxaldehyde (0.24 g,
2.50 mmol) and zinc nitrate (0.12 g, 0.42 mmol), respectively. BZA-BOD
(0.8 mg) was added to imidazole-2-carboxaldehyde solution in a 250 mL
round bottom flask, and then the zinc nitrate solution was added, at
room temperature and stirred overnight. Finally, the reaction system
was centrifuged at 8000 rpm for 6 min and cleaned with ethanol for 3
times until the supernatant was colorless. After vacuum drying, a pow
dery white solid powder was obtained.
2.5. Characterization
The spectra of X-Ray photoelectron spectroscopy (XPS) were ac
quired on a Thermo Scientific ESCALAB™XI with Al κα radiation.
The powder X-ray diffraction (XRD) was obtained using a Rigaku
SmartLab at 9 KeV. The X-ray source was generated using Cu κα radia
tion (λ = 1.5405 Å) with a scanning speed of 10◦ min− 1 and the 2θ range
between 5◦ and 35◦ .
Thermogravimetric analyses (TGA) measurements were carried out
on a Pyris 1. TGA with a heating rate of 10 ◦ C min− 1 under air atmo
sphere and the temperature range was from 25 to 800 ◦ C.
Fourier transform infrared (FTIR) spectra of the samples were
recorded at room temperature on a Vertex 70. Each sample was scanned
25 times at 4 cm− 1 resolution over the 4000− 400 cm− 1 range.
Scanning electron microscope (SEM) images were collected using
Apreo 2S. Prior to analysis, the sample was sprayed with gold and the
minimum standard size is 500 nm.

2.2. Synthesis of probe BZA-BOD 4-(5,5-difluoro-1,3,7,9-tetramethyl5H-4,5-dipyrrolo[1,2-c:2′ ,1′ -f][1,3,2]diazaborinin-10-yl)benzoic acid
The 4-carboxybenzaldehyde (1.00 g, 6.7 mmol) was dissolved in
100 mL of DCM in a 500 mL flask. After which 2,4-Dimethylpyrrole
(1.39 g, 14.7 mmol) and 3–5 drops trifluoroacetic acid to the mixture
were added, noticeable color changes can be observed during this pro
cess. The reaction was stirred at room temperature for 12 h. Subse
quently, added the oxidant tetra-chloro-benzoquinone (1.64 g,
6.7 mmol) to the mixture for 5 h. Then, 10 mL of triethylamine was

2.6. Fluorescence experiment
2.6.1. Titration
Prior to the titration experiments, the concentration of the materi
alized probe BZA-BOD@ZIF-90 to be added was determined by the
absorbance ratio of the materialized probe and free probe. In the titra
tion experiment, different concentrations of protamine (0 to
0.8 μg mL− 1) were incubated with BZA-BOD@ZIF-90 (168 μM) in PBS
(10 mM, pH = 7.4) and CH3CN mixture solution (VPBS : VCH3CN = 1 : 1).
Finally, fluorescence intensity of each sample was measured after in
cubation at 37 ◦ C for 35 min. The results were used to determine the
optimal protamine concentration for other response tests.

Scheme 1. Schematic diagram of BZA-BOD@ZIF-90 and response to protamine
as well as heparin.
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2.6.2. Selectivity
To detect the selectivity of BZA-BOD@ZIF-90 in the presence of
protamine, BOD@ZIF-90 (168 μM) was incubated with various inter
fering species (0.4 μg mL− 1) including NH4HCO4, ZnCl2, CaCl2, K2CO3,
CuSO4, NaCl, KCl, MgCl2 and FeCl3. The detection system was PBS
buffer/acetonitrile mixture solution (VPBS : VCH3CN = 1 : 1), and then
these mixtures were incubated at 37 ◦ C for 35 min. The selectivity of the
protamine was obtained by comparing the fluorescence intensity with
that of other interference species.

obtained in solution synthesis. The reason for this may be the interac
tion of the carboxyl group on the benzene ring and zinc lead to the XRD
phase was not pure (Fig. 1d).
The thermogravimetric analysis profile was showed in Fig. 1e, three
plateaus appeared, which implied two evident mass loss behaviors. The
original weight loss in temperature range 140 ◦ C–200 ◦ C that might be
attributed to the removal of unreacted species (imidazole-2-carbox
aldehyde) and water molecules inside the pores or elsewhere within the
framework. The second weight loss from 200 ◦ C to 660 ◦ C could cause
from the framework deformation. However, compared with ZIF-90,
BZA-BOD@ZIF-90 showed a more obvious weight loss in temperature
range 140 ◦ C–660 ◦ C, which could be due to the loss of probe. We can see
that after heated to 660 ◦ C, 5 % weight of BZA-BOD@ZIF-90 and 15 %
weight of ZIF-90 remained. Generally speaking, the loss of weight sug
gested that the BZA-BOD was verified to encapsulate in ZIF-90 suc
cessfully. As for FTIR results that shown in Fig. 1f, the peaks at
1450 cm− 1, 1360 cm− 1, 1170 cm− 1, 951 cm− 1, and 789 cm− 1 were
reasonably attributed to characteristic absorption of imidazole moieties
of ZIF-90. Moreover, the peaks at 2858 cm− 1 and 1670 cm− 1 could be
– O stretching vibration of aldehyde groups.
formed by the C–H and C–
In addition, due to the C–O stretching vibration on carboxyl group and
the substituent groups bending vibration on benzene ring of the BZABOD@ZIF-90 is respectively near the peak of 1300 cm− 1 and
840 cm− 1, the peaks are denser in low wavenumber [46]. Besides above
characterization analysis, we also explored the morphology of
BZA-BOD@ZIF-90 through SEM in Fig. S5. These results indicate that
BZA-BOD@ZIF-90 was successfully synthesized.

2.6.3. pH stability
BOD@ZIF-90 (168 μM) and protamine (0.4 μg mL− 1) were incubated
in different pH environment (ranges from 3 to 10). The detection system
was PBS buffer/ acetonitrile mixture solution(VPBS : VCH3CN = 1 : 1).
Fluorescence intensity was measured after incubation at 37 ◦ C for
35 min.
3. Results and discussion
3.1. Rational design of MOFs composites BZA-BOD@ZIF-90
In this study, BODIPY was used as fluorescent scaffold due to its
excellent photophysical properties including good photochemical sta
bility, easy modification of molecular structure, good tolerance to sol
vent polarity and different pH environment. A negatively charged
carboxyl was introduced into the BODIPY benzene ring to allow it
interact with positively charged protamine. However, the small mole
cule organic fluorescent probe had the defects of poor water solubility
and biological compatibility. Recently, it has been demonstrated that
hydrophilic ZIF-90 materials have better biocompatibility [29]. On this
basis, we used the zeolitic imidazolate framework-90 (ZIF-90) as a shell
to prepare BZA-BOD@ZIF-90, in which probe BZA-BOD was encapsu
lated in ZIF-90 (Scheme 2). Analogous strategies have also been suc
cessfully employed to encapsulate and stabilize enzymes to improve
their catalytic properties [45]. The experimental results did show that
encapsulating the probe in ZIF-90 can effectively improve the detection
performance of probe BZA-BOD. Compared with other reported prot
amine probes, BZA-BOD@ZIF-90 exhibited good sensitivity, high
selectivity and excellent biocompatibility.

3.3. Photophysical properties and fluorescence response of BZABOD@ZIF-90 to protamine
We first investigated the absorption and emission wavelengths of
BZA-BOD, it is observed from Fig. 2a that the maximum absorbance
wavelength of BZA-BOD located at 498 nm, and the maximum emission
wavelength was observed at 509 nm. The fluorescence quantum yield of
BZA-BOD was calculated as 20.42 %. Table 1 is the basic photophysical
properties of BZA-BOD. As described in Fig. 2b, the intensive fluores
cence of BZA-BOD@ZIF-90/protamine can be observed by the fluores
cence spectra after the protamine was added. This enhanced
fluorescence phenomenon caused by the addition of protamine may be
caused by the aggregation of BODIPY molecule after the addition of
protamine, which opens the radiation channel and leads to the
enhancement of fluorescence. After determining that BZA-BOD@ZIF-90
does have a response to protaminę, the difference of the relative fluo
rescence intensity before and after the addition of protamine was
measured in Fig. 2c. The relationship between fluorescence intensity
and the incubation time of BZA-BOD@ZIF-90/PRTM is shown in Fig. S1.
It is easy to conclude that the fluorescence intensity reaches the
maximum at 25 min after the addition of protamine and the detection
can be completed within 35 min. The fluorescence intensity of BZABOD@ZIF-90 in the presence of protaminę, as well as other interfering
cation, was measured to verify the selectivity of the BZA-BOD@ZIF-90 to
protamine. As shown in Fig. 2d, almost no fluorescence changes of BZABOD@ZIF-90 could be observed when incubated with other species

3.2. Characterization of BZA-BOD@ZIF-90
To confirm that BZA-BOD@ZIF-90 was successfully synthesized, the
free ZIF-90 and BZA-BOD@ZIF-90 were investigated using various
analytical techniques, including X-Ray photoelectron spectroscopy
(XPS), powder X-ray diffraction (XRD), thermogravimetric analysis
(TGA) and Fourier transform infrared (FTIR) analysis. As shown in
Fig. 1a and b, two signals at 284.80 eV and 398.78 eV were observed in
the C1s and N1s regions, consistent with ligand C1s and N1s signals.
Additionally, two distinct signal peaks of Zn can be clearly observed, at
1044.70 eV (Zn 2p1/2) and 1021.63 eV (Zn 2p3/2) respectively, which
is compatible with Zn2+ of the ZIF-90 structure as seen in crystals of this
MOF (Fig. 1c). XRD patterns of BZA-BOD@ZIF-90 indicate a reduced
crystallinity of probe-MOF composites, compared to the pure ZIF-90

Scheme 2. The synthesis of MOFs probe BZA-BOD@ZIF-90.
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Fig. 1. Characterization of BZA-BOD@ZIF-90. (a) XPS spectra of the BZA-BOD@ZIF-90 in C1s region, (b) N1s region and (c) Zn 2p region; (d) XRD patterns of
simulated ZIF-90, ZIF-90 and BZA-BOD@ZIF-90; (e) TGA curve of the ZIF-90 and BZA-BOD@ZIF-90; (f) FTIR spectra of ZIF-90 and BZA-BOD@ZIF-90.
2+
2+
+
2+
+
2+
including NH+
and Fe3+. However, a
4 , Zn , Ca , K , Cu , Na , Mg
significant fluorescence intensity enhancement was observed after the
addition of protamine, which indicate that BZA-BOD@ZIF-90 was
highly selective to protamine.

fluorescence intensity of BZA-BOD@ZIF-90 gradually enhanced with the
increase of the glycerol proportion in glycerol/water mixtures (Fig. 3b
and Fig. S2). The reason for this may be that when molecules were in the
state of aggregation, the rotation of the single bond connected with a
benzene ring will be restricted, which blocks the non-radiation channel,
opens the radiation channel, and increased the molecular fluorescence
intensity.

3.4. BZA-BOD@ZIF-90 served as viscometer for monitoring
microenvironmental changes
We next investigated the viscosity sensitivity properties of BZABOD@ZIF-90. It was interesting to find out that BZA-BOD@ZIF-90
have aggregation-induced emission (AIE) properties. We observed that
the relative fluorescence intensity of BZA-BOD@ZIF-90 showed an
excellent liner relationship with an increase of viscosity (Fig. 3a). The

3.5. Quantitative determination of protamine and heparin
For the purpose of determining the sensitivity of BZA-BOD@ZIF-90
to protamine detection, we carried out protamine titration experi
ments. When the protamine concentration increased from 0.15 μg mL− 1
4
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Fig. 2. (a) Relative absorbance and emission spectra of BZA-BOD (10 μM) in PBS buffer (containing less than 1% DMSO) at 25 ◦ C; (b) Fluorescence responses of the
free BZA-BOD@ZIF-90 (168 μM) and BZA-BOD@ZIF-90/protamine mixture; (c) Relative fluorescence intensity of BZA-BOD@ZIF-90 (168 μM) in the presence of
protamine (0.4 μg mL− 1) as a function of increasing incubation time; (d) Relative fluorescence intensity of BZA-BOD@ZIF-90 (168 μM) incubated with various
cations, and the minimum fluorescence intensity at 509 nm was normalized to 1 (Cprotamine = 0.4 μg mL− 1), Ccations = 20 μM, PBS buffer 10 mM pH 7.4, VPBS:
VCH3CN = 1:1, incubated at 37 ◦ C for 35 min).

BOD@ZIF-90 to protamine. Since the addition of protamine would
enhance the fluorescence of the BZA-BOD@ZIF-90, we speculated that
the addition of heparin would compete with the protamine and caused
the complex formed by protamine and BZA-BOD@ZIF-90 to disinte
grate, thus a fluorescence decrease would be observed. As speculated,
we recorded the fluorescence intensity of BZA-BOD@ZIF-90/protamine
complex after incubating with different concentrations of heparin. The
results showed that the fluorescence intensity exhibited a downward
trend with the increase of heparin concentration and had a good linear
relationship in the range of 2.0 to 2.5 μg mL− 1 (Fig. 4b). These results
indicated that BZA-BOD@ZIF-90 can be applied to quantitative detec
tion of protamine and heparin. The titration experiments of BZA-BOD
was also explored and shown in supporting information (Fig. S3).

Table 1
Basic Photophysical data of BZA-BOD.
Compound

λema
(nm)

λabsb
(nm)

φc

εd (M− 1c
m− 1)

Be
(M−

BZA-BOD

509

498

0.20

1.05 × 104

2.2 × 103

a
b
c
d
e
f

1

cm− 1)

Δλf
(nm)
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The maximum emission wavelength.
The maximum absorption wavelength.
The fluorescence quantum yield (measured in 50 % PBS-50 % CH3CN).
The molar extinction coefficient.
Brightness (B) was calculated using B = φ*ε.
Stokes shift t was calculated as Δλ = λem - λabs.

to 0.8 μg mL− 1, the fluorescence intensity of BZA-BOD@ZIF-90
increased gradually after the addition of protamine. A good linear
relationship of fluorescence intensity changes can be observed in the
range of 0.25 to 0.4 μg mL− 1 (Fig. 4a). According to the formula 3σ/k,
where σ is the standard deviation of the blank probe (the number of
independent experiment is n = 10), k is the slope of titration experiment.
The detection limit of BZA-BOD@ZIF-8 to protamine was calculated as
low as 0.07 μg/mL, which was much lower than the reported method for
the determination of protamine (Table S1).
We known that heparin is a negatively charged glycosaminoglycan
with a high binding affinity for protamine. After determining the
responsiveness and sensitivity of the probe to protamine, we further
investigated whether adding heparin would affect the response of BZA-

3.6. pH stability
The fluorescence intensity changes of BZA-BOD@ZIF-90 with prot
amine was measured in a wide range of pH values from 3 to 10 to
investigate the applicability of BZA-BOD@ZIF-90 for detecting prot
amine in different environments. The relative fluorescence intensity of
BZA-BOD@ZIF-90/protamine in different pH solutions with the fluo
rescence intensity at pH 7 normalized to 1 is shown in Fig. 5. It is clear
that under different pH conditions the fluorescence intensity of BZABOD@ZIF-90/protamine remained stable with almost no fluctuation.
This demonstrates that the BZA-BOD@ZIF-90 shows good stability in the
detection of protamine in physiological environments.
5
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Fig. 3. (a) Relative fluorescence intensity changes of BZA-BOD@ZIF-90 in various glycerol/water mixture solutions with different glycerol concentrations; (b)
Fluorescence images of BZA-BOD@ZIF-90 in various mixture solutions with different glycerol concentrations (1: 10 % glycerol, 2: 30 % glycerol, 3: 50 % glycerol, 4:
70 % glycerol, 5: 90 % glycerol).

Fig. 4. (a) Fluorescence intensity changes of BZA-BOD@ZIF-90 (168 μM) incubated with different concentrations of protamine; (b) Fluorescence intensity changes of
BZA-BOD@ZIF-90 (168 μM) incubated with different concentrations of heparin.

3.7. Real application in serum samples
Finally, to assess the practical application of BZA-BOD@ZIF-90 for
protamine detection in complex matrixes, we applied the BZABOD@ZIF-90 to detect spiked protamine in three human serum sam
ples. We used the standard additive recovery method to detect prot
amine and the results are summarized in Table 2. For targets at
concentrations located in the dynamic detection range of BZABOD@ZIF-90, the recovery of the spiked protamine in real samples
displayed an excellent performance, and the relative standard deviations
(RSD) were lower than 4%. The results indicate that BZA-BOD@ZIF-90
is a promising detection platform for monitoring protamine in real
biological samples with good reproducibility, high accuracy and sensi
tivity, as well as good biocompatibility.

Table 2
Recovery of spiked protamine in human serum samples.

Fig. 5. Relative fluorescence intensity changes of BZA-BOD@ZIF-90 (168 μM)
in PBS buffer with different pH in the presence of protamine (0.4 μg/mL).

Added (ng mL− 1)

Found (ng mL− 1)

Recovery (%)

R.S.Da (%, n = 3)

150
250
350

153.9
252.5
358.5

102.6
101
102.4

2.96
2.67
3.57

a
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R.S.D: Relative Standard Deviations.
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We have successfully constructed a sensitive probe BZA-BOD@ZIF90 for detecting protamine by taking advantage of AIE effect, the low
detection limit for protamine with BZA-BOD@ZIF-90 can reach 0.07 μg/
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