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frameworks nanoparticles via layer-by-layer
self-assembly to efficiently discover
PSD95-nNOS uncouplers for stroke treatment
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Abstract

Background: Disruption of the postsynaptic density protein-95 (PSD95)—neuronal nitric oxide synthase (NNOS)
coupling is an effective way to treat ischemic stroke, however, it still faces some challenges, especially lack of satisfac-
tory PSD95-nNOS uncouplers and the efficient high throughput screening model to discover them.

Results: Herein, the multifunctional metal-organic framework (MMOF) nanoparticles as a new screening system
were innovatively fabricated via layer-by-layer self-assembly in which His-tagged nNOS was selectively immobilized
on the surface of magnetic MOF, and then PSD95 with green fluorescent protein (GFP-PSD95) was specifically bound
on it. It was found that MMOF nanoparticles not only exhibited the superior performances including the high loading
efficiency, reusability, and anti-interference ability, but also possessed the good fluorescent sensitivity to detect the
coupled GFP-PSD95. After MMOF nanoparticles interacted with the uncouplers, they would be rapidly separated
from uncoupled GFP-PSD95 by magnet, and the fluorescent intensities could be determined to assay the uncoupling
efficiency at high throughput level.

Conclusions: In conclusion, MMOF nanoparticles were successfully fabricated and applied to screen the natural
actives as potential PSD95-nNOS uncouplers. Taken together, our newly developed method provided a new material
as a platform for efficiently discovering PSD95-nNOS uncouplers for stoke treatment.

Keywords: multifunctional nanoparticles, Coordinative immobilization, Fluorescent sensitivity, PSD95-nNOS
uncouplers
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Introduction

Ischemic stroke, caused by the disruption of blood sup-
ply to the brain [1], is a disease with high morbidity, high
recurrence rate, severe disability and alarming mortal-
ity accompanied by multiple complications [2, 3], which
currently has become one of the main diseases that
endanger public health [4, 5]. In the process of cerebral
ischemia, the over-released glutamate excessively acti-
vates N-methyl-D-aspartate receptors (NMDARs) and
thereby induces neuronal death [1, 6], which is caused
by NMDAR-dependent neuronal nitric oxide synthase
(nNOS) translocation from cytosol to membrane via
the interaction of nNOS and postsynaptic density pro-
tein-95 (PSD95) [7]. In order to prevent cerebral ischemic
injury and avoid the undesirable effects of directly block-
ing NMDAR and inhibiting nNOS, it is necessary to
block nNOS translocation by dissociating the ischemia-
induced PSD95—nNOS interaction [8—10]. Based on the
mechanism above, ZL006 and I1C87201 were designed
and developed as PSD95-nNOS uncouplers [10-12].
However, fast metabolism and low permeability across
the blood brain barrier limited their further clinical
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application [13], so novel PSD95-nNOS uncouplers need
be exploited urgently.

It is a top priority to establish an efficient high through-
put screening model to find out better PSD95-nNOS
uncouplers. We had designed the molecularly imprinted
polymers instead of nNOS and PSD95 as receptors to
capture several uncouplers from complex samples like
the extracts of natural medicines and Sanhuang Xiexin
Decoction, whose potential dissociation of PSD95 and
nNOS to treat stroke was demonstrated by the experi-
ments on glutamate-injured PC12 cells and MCAO/R
(middle cerebral artery occlusion and reperfusion) rats
in vivo [14-16]. However, some problems such as high
costs, complicated operations, poor reusability and sta-
bility of proteins still exist. Therefore, it is highly desir-
able to develop a convenient, highly sensitive and stable
screening method in the discovery of uncouplers.

At present, metal-organic frameworks (MOFs), the
well-known coordination polymers with three-dimen-
sional pore structure, remarkable surface areas and
porosity, adjustable pore size and diverse topological
structures [17-21], have been a burgeoning research area
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Scheme 1 Schematic illustration of the synthesis procedure for PSD95-nNOS/Fe-MOF

of employing MOFs for the immobilization of proteins,
which shows promise for meeting real-world challenges
[22-26]. Thus, it is very attractive to immobilize PSD95-
nNOS on MOFs to construct the in vitro screening sys-
tem. For MOFs, various kinds of immobilizing proteins
on/into MOFs have been reported, such as adsorption,
covalence, entrapment, cross-linking and affinity. The
strategy of affinity is to connect a functional group on
a support with the affinity tag on a protein sequence,
which can achieve oriented and site-specific immobili-
zation of proteins [27]. For example, His tag could spe-
cifically bind to the coordination unsaturated metal sites
on MOFs (Ni**, Cu®*, Fe*", etc.) to separate the target
protein with His tag from the general proteins without
His tag [28]. According to the principle, bovine hemo-
globin rich in His tag is successfully isolated from bovine
blood samples [29], and the His-tagged-enzyme-MOFs
biocomposites are prepared for ATP regeneration from
AMP [30]. In view of the biological feasibility of this
method, His tagged nNOS would selectively bind nNOS
to MOFs and then specifically couple with PSD95 to
establish a model for screening PSD95-nNOS uncouplers
in vitro, meanwhile, the combination of PSD95-nNOS-
MOF also provides an approach of purifying nNOS and
PSD95 from the crude protein solution. In addition, mag-
netic separation can simplify the operation and speed up
the separation of samples for repeated use [31]. There-
fore, magnetic-MOF is first designed to bind His-tagged
nNOS and then with PSD95 to construct the multifunc-
tional nanoparticles.

When PSD95-nNOS are immobilized on MOFs, it is
significant to detect the proteins content, especially the
uncoupled PSD95. Currently, western blot, mass spec-
trometry and enzyme-linked immunosorbent assay

(ELISA) are common techniques for protein detection
[32]. Considering their complicated operations and the
expensive cost [15, 33, 34], another rapid and sensitive
method need be constructed. In recent years, fluores-
cent tags such as green fluorescent protein (GFP), red
fluorescent protein (RFP) and yellow fluorescent protein
(YFP) are commonly used in protein optical detection to
enhance the detection sensitivity [35, 36], furthermore,
fluorescence-based technologies have shown great char-
acteristics of high sensitivity, rapid response and easy
operation for high-throughput screening [37], there-
fore, it is a good choice to apply fluorescent tags to label
PSD95 for more efficient detection.

As shown in Scheme 1, we first established a method
for rapidly and sensitively screening the potential PSD95-
nNOS uncouplers based on magnetic PSD95-nNOS/
Fe-MOF as MMOF nanoparticles, which were layer-by-
layer self-assembled through selectively immobilizing
His-nNOS and GFP-PSD95 on the surface of magnetic
Fe-MOE. The biocomposites were successfully prepared
and systematically characterized, and its reusability, sta-
bility and anti-interference ability were all evaluated. The
MMOF nanoparticles could be easily separated from
uncoupling PSD95 by magnet after interacting with the
uncouplers, and the fluorescent intensities were deter-
mined to assay the uncoupling efficiency at high through-
put level. To be excited, the results demonstrated that
this screening model could pick out the natural actives
as the potential PSD95-nNOS uncouplers. In conclusion,
PSD95-nNOS/Fe-MOF nanoparticles as a new material
have been successfully developed and this new method-
ology will contribute to the discovery of PSD95-nNOS
uncouplers by screening the candidates at high through-
put level.
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Results and discussion

Optimum conditions for His-nNOS immobilization

In order to investigate which MOF had the highest load-
ing efficiency, we synthesized the other MOFs as shown
in Table 1. We chose Fe*", Cu>" and Zr*" as the metal
center because of their high His-tag affinity and poten-
tial for biomedical applications [28]. Meanwhile, SBA-
15 was inspected together since it’s a material with good
adsorption performance proved by our previous report
[38]. The detailed information about the synthesis of the
materials and the procedure of immobilizing nNOS by
different materials was shown in the “Additional file 1” It
can be concluded that magnetic Fe-MOF had the highest
loading efficiency (about 92%), which showed superior
adsorption performance compared with other materi-
als (Table 1). In addition, SBA-15 mesoporous material
exhibited high loading efficiency due to its large pore
volume to hold more proteins. However, His-nNOS was
so weakly combined with SBA-15 by physical adsorp-
tion that it could be easily eluted, furthermore, magnetic
Fe-MOF could be separated by magnetism and was easy
to operate and reuse. Therefore, magnetic Fe-MOF was
chosen as the best immobilization material.
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In order to acquire higher loading efficiency of multi-
functional nanoparticles, the immobilization time, mass
ratio of magnetic Fe-MOF to nNOS were optimized. The
detailed operation for optimization was shown in the
“Additional file 1"

The effect of immobilization time on the loading effi-
ciency was explored. The loading efficiency gradually
increased with the extension of immobilization time, as
described in Fig. 1A. When magnetic Fe-MOF and His-
nNOS were incubated for 75 min, the loading efficiency
tended to be stable. Therefore, 75 min was selected as the
best immobilization time.

The influence of the mass ratio of magnetic Fe-MOF
to nNOS with different tags on loading efficiency was
investigated in Fig. 1B. No matter what the mass ratio of
magnetic Fe-MOF to nNOS was, the loading efficiency
of His-nNOS was higher than that of Flag-nNOS, which
again proved the specific binding of His-nNOS to mag-
netic Fe-MOF. Meanwhile, when the mass ratio of mag-
netic Fe-MOF to His-nNOS was 12:1, the higher loading
efficiency could be maintained without the waste of mag-
netic Fe-MOF. Therefore, we chose 12:1 as the optimal
mass ratio of magnetic Fe-MOF to His-nNOS.

Table 1 Comparison of different immobilization materials on loading efficiency

Materials Main reactant Main reactant Loading efficiency (%)
Magnetic Fe-MOF Fe;0, 2-Aminoterephthalic acid 92.26+0.55
Fe-COOH-MOF Fe;0,-COOH 2-Aminoterephthalic acid 48064183
UiO-66-NH, ZrCl, 2-Aminoterephthalic acid 41.90+1.03
Cu-BDC Cu(NO;),-2.5H,0 2-Aminoterephthalic acid 33.72+£1.02
HKUST-1 Cu(NO3),-2.5H,0 Trimesic acid 63.70£3.38
Zr-fum ZrCl, Fumaric acid 50664132
SBA-15 Pluronic P123 Tetraethyl orthosilicate 80.67 +0.68
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Fig. 1 Effects of immobilization time (A) and mass ratio of magnetic Fe-MOF to nNOS (B) on loading efficiency
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Characterization

The morphological structure of magnetic Fe-MOF and
His-nNOS/Fe-MOF were characterized by SEM and
TEM. Magnetic Fe-MOF was spherical and monodis-
perse with a particle size of 10-20 nm, as shown in
Fig. 2A, B. In comparison to the other materials, the
particle size of PSD95-nNOS/Fe-MOF was the small-
est (Additional file 1: Table S1), which may provide a
larger specific surface area and allow more proteins to be
immobilized. This may also be the reason why the load-
ing efficiency of this MOF was better than that of other
MOFs.

The FT-IR spectra of free His-nNOS, Fe;O,, magnetic
Fe-MOF, His-nNOS/Fe-MOF, Flag-nNOS/Fe-MOF were
displayed in Fig. 2C. The typical bond at 562 cm™! cor-
responded to the vibration of Fe-O in Fe;O,. Accord-
ing to the comparison with Fe;O,, the peaks at 1428 and
1375 cm™! attributed to the symmetric stretching vibra-
tion of carboxylate group of NH,-BDC, which indicated
the successful synthesis of magnetic Fe-MOF [30], as
shown in Fig. 2C (c). The absorption peak at 1638 cm™*
attributed to the C=O in the amide, which was consistent
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with the spectra of His-nNOS in Fig. 2C (d) and (e).
Meanwhile, the peak at 580 cm ™! of His-nNOS/Fe-MOF
was likely to be associated with the Fe—N bond, while the
peak at 580 cm ™! of Flag-nNOS/Fe-MOF was unappar-
ent, demonstrating the coordinative binding of imidazole
function in His-tags to the unsaturated metal sites on the
external surface of magnetic Fe-MOF.

The His-nNOS was labelled by Rhodamine B (RhB)
and then used to prepare PSD95-RhB-nNOS/Fe-MOF.
The detailed information of the synthesis of PSD95-RhB-
nNOS/Fe-MOF was presented in the “Additional file 1"
The prepared PSD95-RhB-nNOS/Fe-MOF was observed
under a confocal laser scanning microscopy. The red
and green fluorescence could be observed, which inde-
pendently represented the RhB-labelled His-nNOS and
GFP-PSD95, as demonstrated in Fig. 2D. The results well
verified that both His-nNOS and GFP-PSD95 had been
successfully immobilized on magnetic Fe-MOF.

To further demonstrate the immobilization of His-
nNOS, N, sorption isotherms of magnetic Fe-MOF
and His-nNOS/Fe-MOF were analyzed in Fig. 3A. His-
nNOS/Fe-MOF had a BET surface area of 72.83 m?%/g,
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Fig. 2 SEM images of (A) magnetic Fe-MOF (the inset is the TEM image of magnetic Fe-MOF) and (B) His-nNOS/Fe-MOF (the inset is the TEM image
of His-nNOS/Fe-MOF), (C) FT-IR spectra of (a) Free His-nNOS, (b) Fe;O,, (c) magnetic Fe-MOF, (d) His-nNOS/Fe-MOF and (e) Flag-nNOS/Fe-MOF (the
inset is the details of curve (d) and (e) from 500 to 800 cm™"), (D) the images of PSD95-nNOS/Fe-MOF by confocal laser scanning microscopy
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which was smaller than that of magnetic Fe-MOF (115.43
m?/g). The decrease may be attributed to the attachment
of His-nNOS on the outer surface of magnetic Fe-MOF,
thus leading to the occupation and blocking of the pores
of magnetic Fe-MOF [39]. Besides, compared to pure
Fe,O, (with a BET surface of 19.2 m?/g) [29], magnetic
Fe-MOF enabled more active sites to be exposed and
obtained larger BET surface to immobilize His-nNOS.
XRD patterns of magnetic Fe-MOF and His-nNOS/
Fe-MOF were shown in Fig. 3B. Magnetic Fe-MOF and
His-nNOS/Fe-MOF had the identical diffraction peaks,
which indicated that the immobilization of His-nNOS
couldn’t influence the crystal structure of magnetic Fe-
MOF and confirmed the stability of magnetic Fe-MOF.
The magnetic properties were evaluated, as shown in
Fig. 3C. The saturation magnetizations of Fe;O,, mag-
netic Fe-MOF, His-nNOS/Fe-MOF and PSD95-nNOS/
Fe-MOF were detected as follows: 71.51, 70.40, 66.09,
64.70 emu/g, and the gradual decrease in magnetism
could be put down to the combination of the organic
linker 2-aminoterephthalic acid, as well as the immobi-
lization of His-nNOS and the interaction of GFP-PSD95.

Furthermore, although the saturation magnetization of
PSD95-nNOS/Fe-MOF was the lowest, it was still strong
enough to be rapidly separated by magnet in 20 s accord-
ing to the inset.

Thermal gravimetric curves showed the weight loss
of Fe;O, magnetic Fe-MOF, His-nNOS/Fe-MOF and
PSD95-nNOS/Fe-MOF was 0.3%, 6.41%, 11.09%, 13.07%,
respectively (Fig. 3D). The slight loss of Fe;O, could be
attributed to the elimination of residual solvents while
the increased weight loss of magnetic Fe-MOF resulted
from the decomposition of the organic ligands. From
the curve of His-nNOS/Fe-MOF and PSD95-nNOS/Fe-
MOFE, the further weight loss may be assigned to the dis-
integration of His-nNOS and GFP-PSD95. The gradual
increase in weight loss confirmed the layer cracking of
the attached materials. The above results further demon-
strated that PSD95-nNOS/Fe-MOF particles were suc-
cessfully layer-by-layer assembled.

The circular dichroism of His-nNOS and GFP-PSD95
was analyzed to investigate the stability of the proteins.
According to the requirement and operability of the
detected samples, all of them were prepared in solution.
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The His-nNOS before immobilization and GFP-PSD95
before coupling separately meant the initial protein solu-
tions without any operations. When His-nNOS/Fe-MOF
was eluted by imidazole buffer (100 mM), the collected
His-nNOS solution was obtained as His-nNOS after
immobilization. While PSD95-nNOS/Fe-MOF interacted
with Z1L006, the dissociated GFP-PSD95 was acquired
as GFP-PSD95 after uncoupling. The circular dichroism
bands were assigned to the B-sheet (195 nm) and a-helix
(208 nm and 222 nm) of the proteins respectively, [40]
and the circular dichroism spectra revealed that the sec-
ondary structures of two proteins remained unchanged,
as described in Fig. 4. In addition, the decrease of circu-
lar dichroism signal intensity for the treated proteins was
related to the decline of their concentrations [41].

The western blot analysis of His-nNOS and GFP-
PSD95 was shown in Additional file 1: Fig. S1. It could
be seen that the recombinant plasmids were constructed
and the proteins His-nNOS (lane 3) and GFP-PSD95
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(lane 2) were well expressed. Furthermore, His-nNOS
and GFP-PSD95 eluted from PSD95-nNOS/Fe-MOF
(lane 4) could be detected at the same position as PSD95-
nNOS (lane 1), which further proved that His-nNOS and
GFP-PSD95 were successfully immobilized on the mag-
netic Fe-MOF.

Stability of PSD95-nNOS/Fe-MOF

The fluorescence intensity of PSD95-nNOS/Fe-MOF
was measured at pH 4, 6, 7.4, 8 and 10 in Fig. 5A. The
fluorescence intensity reached the maximum at pH 6
and decreased slightly at pH 7.4. At pH 8 and pH 10,
the fluorescence intensity decreased gradually. And the
disintegration of magnetic Fe-MOF could be observed
at pH 10, which may lead to the detachment of PSD95-
nNOS. Although the fluorescence intensity of PSD95-
nNOS/Fe-MOF was the highest at pH 6, there was
no significant difference between pH 6 and pH 7.4
(P>0.05). Considering that the proteins are more stable

Fe-MOF in 0.1% DMSO
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Fig. 5 A pH stability of PSD95-nNOS/Fe-MOF, B time stability of (yellow) PSD95-nNOS/Fe-MOF and (red) free PSD95-nNOS; (blue) PSD95-nNOS/
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at pH 7.4, therefore, PBS buffer solution (pH 7.4) was
chosen as the optimal solution condition to screen the
candidates when PSD95-nNOS/Fe-MOF was used as
the screening model.

The time stability and solvent stability were described
in Fig. 5B. After 24 h, the fluorescence intensity of
free PSD95-nNOS lost up to about 20%, nevertheless,
PSD95-nNOS immobilized on magnetic Fe-MOF could
keep fluorescence intensity almost unchanged. The
results indicated that magnetic Fe-MOF could protect
the immobilized protein and enhance the stability of
PSD95-nNOS.

In addition, PBS wasn’t a good solvent for all candi-
dates, so DMSO (less than 0.1%) was added as a cosol-
vent to increase some compounds solubility. Therefore,
the fluorescence stability of PSD95-nNOS/Fe-MOF in
0.1% DMSO need to be determined. It was exciting that
PSD95-nNOS/Fe-MOF in 0.1% DMSO was very sta-
ble for 24 h, that is, the addition of 0.1% DMSO would
not interfere with the fluorescence intensity of PSD95-
nNOS/Fe-MOF (Fig. 5B).
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Anti-interference ability of PSD95-nNOS/Fe-MOF

In order to quickly discover PSD95-nNOS uncouplers
from traditional Chinese medicine and other complex
systems, PSD95-nNOS/Fe-MOF is required to have
good anti-interference performance. Some impurities
such as metal ions (Fe*, Mg?*, Zn*", Cr**, Ni**, Ca’",
Cu*", Co*"), cellulose, hyaluronic acid (HA), glucose
and amino acids exist in the extract of the active ingre-
dients from traditional Chinese medicine, so we chose
these substances to measure the anti-interference per-
formance of PSD95-nNOS/Fe-MOF. The anti-interfer-
ence ability of PSD95-nNOS/Fe-MOF was examined
through adding 20 uM different impurities, as shown
in Fig. 6A, B. The results showed that the fluorescence
intensity of each sample was close to the blank sample,
which demonstrated the good anti-interference ability of
PSD95-nNOS/Fe-MOE.

Storage stability of PSD95-nNOS/Fe-MOF
The storage stability of PSD95-nNOS/Fe-MOF was also
evaluated. After being stored for one day at 4 °C, the
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relative fluorescence intensity of PSD95-nNOS/Fe-MOF
and free PSD95-nNOS were 98.9% and 80.6%, respec-
tively. Thus it can be seen that the loss of fluorescence
intensity of PSD95-nNOS/Fe-MOF was very low after
one day. In our study, PSD95-nNOS/Fe-MOF nano-
particles weren't stored for more than 1 day, we always
prepared them with an appropriate amount and used up
them in time.

After a 3 days incubation, PSD95 in PSD95-nNOS/
Fe-MOF suspension or free PSD95-nNOS could remain
91.9% and 79.8%, respectively. After being stored for
a month, PSD95-nNOS/Fe-MOF could still maintain
74.71% of the original fluorescence intensity, while free
PSD95-nNOS could only keep 37.84% (Fig. 6C). As
expected, PSD95-nNOS/Fe-MOF could maintain better
storage stability than free PSD95-nNOS.

Reusability of nNNOS/Fe-MOF

To make PSD95-nNOS/Fe-MOF be used as an effective
screening system, it is important to investigate the reus-
ability of the immobilized core, that is, nNOS/Fe-MOF,
after all, more usage means more convenient opera-
tions and less cost. Reusability of nNOS/Fe-MOF was
inspected by coupling with GFP-PSD95 and then uncou-
pling with ZL006. Figure 6D shows that the fluorescence
intensity of PSD95-nNOS/Fe-MOF could still maintain
80% after 7 cycles, which further verified the protective

Table 2 Comparison of the methods to detect PSD95
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effect of magnetic Fe-MOF on PSD95-nNOS. Compared
with the other methods in Table 2, PSD95 could be rap-
idly and quantitatively detected in this work, which was
very significant for discovering PSD95-nNOS uncouplers
by high-throughput screening.

Validation of the effectiveness of the screening model

in vitro using ZL006

It was proved that the fluorescence intensity and the con-
centration of GFP-PSD95 solution had a good linear cor-
relation in the range of 0.075-1.2 mg/mL (Fig. 7A). Based
on the experiment of testifying the feasibility of PSD95-
nNOS/Fe-MOF screening system using ZL006, the sus-
pension was magnetically separated and the fluorescence
intensity of the precipitate was measured to analyze the
uncoupling efficiency after ZL006 was incubated with
PSD95-nNOS/Fe-MOEFE. The uncoupling efficiency and
logarithm of the concentration of ZL006 showed a good
linear relationship in the range of 250-4000 uM, as
demonstrated in Fig. 7B. The fitted linear equation was
y=>52.74x — 121.18 (R*=0.9896). The limit of detection
(30/K, where o represents the standard deviation of blank
signal (n=10), and K is the slope of the calibration curve)
was estimated to be 1.25 uM. From the above results, we
concluded that PSD95-nNOS/Fe-MOF could be used
as a screening model to seek PSD95-nNOS uncouplers
in vitro.

Detection system PSD95-nNOS

PSD95/Discs large/ZO-1

b1AR-PSD95 PSD95-nNOS/Fe-MOF

Method Western blotting NMR spectroscopy

Main advantages  High sensitivity, high selectivity ~ Detection of conformational
changes

Limitation Only qualitative analysis

Reference [42] (43]

Difficulty in high-throughput screening

Fluorescence imaging Fluorescence detection

Enhancement of detection signal  Low cost, high sensitiv-
ity, high-throughput
screening

Limited recycle number

[44] This work
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Discovery of the potential PSD95-nNOS uncouplers
Although PSD95-nNOS/Fe-MOF as the in vitro screen-
ing model is effective for ZL006, it need be testified
whether it could screen out some potential PSD95-nNOS
uncouplers from the candidates, for example, the active
ingredients in natural medicine. Nineteen compounds
were pre-screened and chosen as the candidates (Addi-
tional file 1: Fig. S2), and their uncoupling efficiency
was calculated according to the Eq. (2), as described in
Fig. 8. After PSD95-nNOS/Fe-MOF particles were incu-
bated with these candidates under certain conditions, we
separated the suspensions by magnet and measured the
fluorescence intensity of the precipitates. The stronger
fluorescence intensity implies the more PSD95 coupled
and thereby the weaker of uncoupling efficiency, which
was demonstrated by the inverse relationship between
fluorescence intensity and uncoupling efficiency in Fig. 8.

The uncoupling efficiencies of Baicalin, Baicalein,
Emodin-8-O-B-D-glucopyranoside and Gnetol were very
outstanding, all of which were better than that of ZL006
as the positive control. The other compounds including
Corylifol A, Nitidine chloride, Chelerythrine, Isorhapon-
tigenin and Physcion, whose uncoupling efficiencies were
similar with ZL006’, also could be designed as the poten-
tial uncouplers. As expected, the above known uncou-
plers had been screened out, which further demonstrated
PSD95-nNOS/Fe-MOF was a good system to screen
PSD95-nNOS uncouplers in vitro.

ICy, values of these compounds were subsequently
determined. Herein, IC;, value was defined as the
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Fig. 8 Uncoupling efficiency of the candidates at 1 mM.

*P <0.05, compared with control. #P < 0.05, compared with
Z1.006.The compounds are: (1) Baicalin, (2) Baicalein, (3) Gnetol,

(4) Emodin-8-O-3-D-glucopyranoside, (5) Corylifol A, (6)
Isorhapontigenin, (7) Nitidine chloride, (8) Chelerythrine, (9) Physcion,
(10) Wogonoside, (11) Resveratrol, (12) Dehydrocorydaline, (13)
Hesperidin, (14) Rhaponiticin, (15) Polydatin, (16) Sanguinarine, (17)
Neobavaisoflavone, (18) Allodryptopine, (19) Biochanin A
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half-maximal inhibition concentration against PSD95-
nNOS coupling, consequently, the lower ICy, signi-
fies the better uncoupling ability of the compound.
All ICy, of Baicalin, Baicalein, Emodin-8-O-B-D-
glucopyranoside, Gnetol and Corylifol A were less than
71006, which was consistent with the results in Fig. 8
and reflected the satisfactory sensitivity and accuracy
of this screening method (Table 3).

Conclusion

In summary, we first proposed a novel method based on
magnetic Fe-MOF for rapidly and sensitively screening
of PSD95-nNOS uncouplers. The new PSD95-nNOS/
Fe-MOF nanoparticles were fabricated via layer-by-
layer self-assembly and systematically characterized,
which were constructed by firstly immobilizing His-
nNOS on magnetic Fe-MOF, and then interacting with
GFP-PSD95. The MMOF nanoparticles were evaluated
by fluorescence intensity and showed great stability,
anti-interference ability and recyclability, which greatly
enhanced the practicality of the system. Furthermore,
the system was applied to screen the candidates, Bai-
calin, Baicalein, Emodin-8-O-B-p-glucopyranoside,
Gnetol and Corylifol A were finally screened as poten-
tial PSD95-nNOS uncouplers and are being used for
further study. Therefore, we put forward a new strat-
egy through fabricating multifunctional PSD95-nNOS/
Fe-MOF nanoparticles as an effective screening model
in vitro for efficiently discovering the potential PSD95-
nNOS uncouplers.

Methods

Materials

Ferric chloride hexahydrate (FeCl;-6H,0), ammonium
hydroxide (NH;-H,O), acetic acid and Polyethylene gly-
col 200 (PEG 200) were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). 2-Amino-
terephthalic acid and Rhodamine B were purchased from
Aladdin (Shanghai, China). Ferrous chloride tetrahydrate
(FeCl,-4H,0) was obtained from Shanghai Richjoint
Chemical Reagents Co., Ltd. (Shanghai, China). All the
standards were purchased from Nanjing Yuanbaofeng
Pharm-Tech Co., Ltd. (Nanjing, China). 4-(3,5-Dichloro-
2-hydroxy-benzylamino)-2-hydroxybenzoic acid (ZL006)
was kindly offered by the Department of medicinal chem-
istry, Nanjing Medical University (Nanjing, China). The
Bradford Protein Assay Kit was purchased from Cwbio-
tech Co., Ltd. (Taizhou, China). The recombinant plas-
mids pcDNA3.1-myc-His-nNOS, pcDNA3.1-Flag-nNOS
and pcDNA3.1-GFP-PSD95-Flag were all constructed by
Geneppl technology Co., Ltd. (Nanjing, China).
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Table 3 Inhibition effects of candidates evaluated by ICq,

Compounds Structure 1C5o (MM)
71006 oH COOH 1.80540.151
. X
N OH
H
cl
Baicalin OH 0.10440.001
HO
o]
HO H
COOH OH O
Baicalein 0.14440.022
HO. l 0
HO
OH O
Emodin-8-O-B-p-glucopyranoside oH 0.50540.082
HOUOH
HO_ .
ST o o

Gnetol

Corylifol A

Nitidine chloride

Chelerythrine

Isorhapontigenin

O OH 0.49240.063
OH

1.801+£0.034

<0 OO >1.805
O

<0 OO >1.805
]

e
/
—0

OH >1.805

HO I 7




Ding et al. Journal of Nanobiotechnology ~ (2022) 20:379 Page 12 of 15
Table 3 (continued)

Compounds Structure 1C5o (MM)
Physcion >1.805

(0]
O‘O O\
OH (6} OH

The data reported represent the means £SD (n=3)

Acquisition of nNOS and GFP-PSD95 proteins

Neuronal nitric oxide synthase from Ratius norvegi-
cus (nNOS, gene ID: 24598) and postsynaptic density
protein-95 from Homo sapiens (PSD95, gene ID: 1742)
were total synthesized. The recombinant plasmids
pcDNA3.1-myc-His-nNOS, pcDNA3.1-Flag-nNOS
and pcDNA3.1-GFP-PSD95-Flag were transfected into
human embryonal kidney (HEK) 293 T cells using the
transfection reagent Lipo293", respectively. Trans-
fected cells were cultured in DMEM medium (37 °C,
5% CO,) for another 48 h and collected by centrifuga-
tion and washed with cold phosphate buffer solution
three times, then lysed with RIPA lysis buffer. Finally,
the lysates were centrifuged at 12,000¢ for 15 min to
remove cell debris and gain the crude protein solutions.
The proteins His-nNOS, Flag-nNOS and GFP-PSD95-
Flag (Hereinafter referred to as GFP-PSD95) were veri-
fied by western blotting (Additional file 1: Fig. S1).

Synthesis of magnetic Fe;0, particles

Fe;O, particles were synthesized based on the reported
procedures [14]. In brief, 10 mmol FeCl,-4H,O and
20 mmol FeCl;-6H,0 were dissolved in 80 mL ultrapure
water. The mixture was stirred intensely for 3 min
and purged with nitrogen gas while the temperature
increased to 80 °C. Then 10 mL NH;-H,O was added
and stirred for 1 h, mixed with 2 mL PEG 200 and con-
tinuously stirred for 10 min. The products were mag-
netically separated, washed several times with water
and then dried in vacuum for further use.

The layer-by-layer self-assembly process

In the synthesis of the magnetic Fe-MOF layer [29,
45], 0.5 g 2-aminoterephthalic acid was dissolved in
60 mL N,N-dimethylformamide, followed by adding
0.6 g Fe;O, particles. The mixture was stirred at 120 °C,
175 rpm for 4 h, then mixed with 800 pL acetic acid
which was preheated for 15 min. After slowly cool-
ing down, the products were magnetically separated,

washed with 20 mL N,N-dimethylformamide and
20 mL ethanol, and dried in vacuum for further use.

Typically, magnetic Fe-MOF (3 mg) was uniformly dis-
persed in 250 pL His-nNOS phosphate buffer solution
(PBS) (1 mg/mL, pH 7.4), then stirred at 4 °C, 175 rpm for
75 min to obtain His-nNOS layer on Fe-MOF by coor-
dinative combination, the nanoparticles obtained in this
step were named as His-nNOS/Fe-MOF. The products
were magnetically separated and washed with PBS once,
and stored at 4 °C for later use. Similarly, Flag-nNOS/Fe-
MOF particles as control were prepared like His-nNOS/
Fe-MOF just replacing His-nNOS with Flag-nNOS.

The products were magnetically separated and the
proteins in the solution were determined via Bradford
method. The loading efficiency was calculated using the
following Eq. (1):

Co—C;

Loadingefficiency% = x 100%, (1)

0

where C, and C, are the concentrations of His-nNOS in
the initial solution before immobilization and the solu-
tion after immobilization for t minutes, respectively.

PSD95 layer on His-nNOS/Fe-MOF particles was pre-
pared according to the reported procedures with minor
modifications [34]. 3.6 mg His-nNOS/Fe-MOF were dis-
persed in 300 pL. GFP-PSD95 PBS buffer (1.25 mg/mL)
and shaken at 4 °C, 175 rpm overnight to obtain multi-
layer nanoparticles, namely PSD95-nNOS/Fe-MOF. The
biocomposites were magnetically separated and stored
at 4 °C until further use. In brief, PSD95-nNOS/Fe-MOF
multilayer nanoparticles were step by step prepared, as
described in Scheme 1.

Characterization

The morphologies were observed by scanning electron
microscopy (SEM) using a Quanta 400 FEG (USA) and
transmission electron microscopy (TEM) using a JEM
2100F (Japan). The Fourier transform infrared spectros-
copy (FT-IR), X-ray diffraction (XRD) and Brunauer—
Emmett-Teller (BET) specific surface area were recorded
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by a Nicolet iS20 (USA), a smartlab9 (Japan) and a
TriStar II 3020 (USA), respectively. The confocal laser
scanning microscopy images were obtained from a LSM
800 (German). The magnetic performance was examined
by a PPMS-9T (USA). The thermal gravimetric analysis
was recorded by a 209 F3 Tarsus® (German). The circular
dichroism spectra were obtained from a Chirascan (UK).
The fluorescence intensity was detected by a dual-mode
microplate reader (Infinite M NANO™, Switzerland).

The detailed description of characterization was shown
in the “Additional file 1”.

Stability of PSD95-nNOS/Fe-MOF

To evaluate the stability of PSD95-nNOS/Fe-MOF, 300
uL His-nNOS PBS buftfer, or 3.6 mg His-nNOS/Fe-MOF
(with the same protein amount at 0.225 mg) were mixed
with 300 uL GFP-PSD95 PBS buffer (1.25 mg/mL) and
shaken at 4 °C, 175 rpm overnight to obtain free PSD95-
nNOS and PSD95-nNOS/Fe-MOF, respectively. Then,
1.8 mg PSD95-nNOS/Fe-MOF were separately dispersed
in 300 pL PBS buffer and 300 puL PBS buffer with 0.1%
DMSO. The free PSD95-nNOS solution, PSD95-nNOS/
Fe-MOF PBS suspension, PSD95-nNOS/Fe-MOF PBS
suspension with 0.1% DMSO were left standing at 4 °C
for 0, 0.5, 2, 4, 8, 12 and 24 h, respectively. The fluores-
cence intensities of the coupled GFP-PSD95 were all
measured.

The pH stability was also evaluated. Typically, 1.8 mg
PSD95-nNOS/Fe-MOF were added in 300 pL PBS buffer
of various pH (4, 6, 7.4, 8 and 10), respectively. The evenly
dispersed mixture was shaken at 4 °C, 175 rpm for 5 h.
The supernatant was removed by magnetic separation
and the fluorescence intensities of PSD95-nNOS/Fe-
MOF were measured. All trials above were performed in
triplicate.

Anti-interference performance of PSD95-nNOS/Fe-MOF

1.8 mg PSD95-nNOS/Fe-MOF were dispersed in dif-
ferent impurities (300 pL, 20 pM) and shaken at 4 °C,
175 rpm for 5 h, respectively. The suspension was mag-
netically separated and the fluorescence intensities of the
precipitates were measured. All trials were performed in
triplicate.

Storage stability of PSD95-nNOS/Fe-MOF

300 pL free PSD95-nNOS and 300 puL PSD95-nNOS/Fe-
MOF PBS buffer were left standing at 4 °C for 1, 3, 7, 14,
and 31 days, and the fluorescence intensities of the cou-
pled GFP-PSD95 were measured.

Reusability of nNOS/Fe-MOF
3.6 mg PSD95-nNOS/Fe-MOF were uncoupled with 600
pL of 4 mM ZL006 PBS buffer at 4 °C for 5 h (125 rpm),
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then the solution was magnetically separated and the pre-
cipitate was recombined with PSD95 to obtain PSD95-
nNOS/Fe-MOF by adding 300 pL. GFP-PSD95 solution
(1.25 mg/mL) and shaking at 4 °C overnight (175 rpm).
The regained PSD95-nNOS/Fe-MOF was separated by
magnet and uncoupled by ZL006 again. This procedure
was repeated 7 times, and the fluorescence intensity of
PSD95-nNOS/Fe-MOF was measured each time.

Fluorescence intensity measurements

The GFP-PSD95 solutions were serially diluted with PBS
buffer to make test samples with final concentrations
of 1.2, 0.6, 0.3, 0.15 and 0.075 mg/ml. The fluorescence
intensities of GFP-PSD95 with different concentrations
were recorded at 506 nm with the excitation wavelength
of 475 nm. All trials were performed in triplicate.

Application of PSD95-nNOS/Fe-MOF to discover potential
PSD95-nNOS uncouplers

We chose ZL006, a known PSD95-nNOS uncoupler [10],
to further testify the feasibility of the system. 1.8 mg
PSD95-nNOS/Fe-MOF and 300 pL different concentra-
tions of ZL006 (0, 0.5, 1, 2, 3 and 4 mM) were incubated
at 4 °C, 125 rpm for 5 h. Then the suspension was mag-
netically separated and the fluorescence intensity of the
precipitate was measured, respectively. The uncoupling
efficiency was calculated as Eq. (2):

. Fe — Fpignk

> x 100%,
FO - FBlunk

(2)
where F, and F are the fluorescence intensities of the
coupled PSD95 on PSD95-nNOS/Fe-MOF interact-
ing with ZL006 at 0 mM and the other concentrations
respectively, Fy;,,« denotes the fluorescence intensity of
the solvent.

The screened compounds (1 mM) were separately dis-
solved by 300 uL PBS buffer with 0.1% DMSO, and the
following addition of 1.8 mg PSD95-nNOS/Fe-MOF was
carried out. The suspension was mixed well and added
to a 96-well plate, and shaken at 4 °C for 5 h (125 rpm).
Then PSD95-nNOS/Fe-MOF were magnetically sepa-
rated and the fluorescence intensities were measured.
The uncoupling efficiency was calculated according to
Eq. (2). After comparing the effects of the candidates on
dissociating GFP-PSD95, we chose some outstanding hits
to assay their ICy,.

Uncouplingefficiency% = <1
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benzylamino)-2-hydroxybenzoic acid; SEM: Scanning electron microscopy;
TEM: Transmission electron microscopy; FT-IR: Fourier transform infrared
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