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Fluorescence Turn-on Synthetic Lipid Rafts on Supramolecular
Sheets and Hierarchical Concanavalin A Assembly
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Abstract: Here we report fluorescence turn-on synthetic
lipid rafts by self-assembly of a cationic distyrylanthracene
derivative on a negatively-charged sheet in an aqueous
solution. First, the negatively-charged 2D membrane struc-
ture is formed by lateral associations of aromatic rods
with carboxylate groups. Then, the synthetic rafts are
floated on the surface of the negatively-charged sheets
through electrostatic interactions. The fluorescence of the
synthetic rafts is turned on due to the aggregation of the
positively-charged AIE dye on the sheets, facilitating moni-
toring of the formation of rafts. Concanavalin A (Con A)
protein can load hierarchically onto the synthetic rafts at
neutral pH to provide discrete Con A aggregates with a
uniform size of ~ 12 nm. The uniform aggregates of Con A
on the synthetic rafts can stimulate Jurkat cells with en-
hanced efficiency, as compared with random-sized aggre-
gates of Con A.
/

Various biological systems are based on supramolecular assem-
blies in an aqueous solution to perform many sophisticated
functions.™? One example of biological supramolecular assem-
blies is a protein assembly with well-defined nanostructures
which can provide a powerful tool to understand specific func-
tions such as multivalent effects in biology and biomaterial sci-
ence.” Another well-known example of a natural assembly is
cell membranes, which are two-dimensional assembly of a
lipid bilayer and proteins by cooperative noncovalent interac-
tions."” In cell membranes, lipid rafts are self-assembled nano-
domains which have highly ordered and rigid structures
through a high concentration of cholesterols and saturated
fatty acids.*®'% Particularly, protein assemblies can be ach-
ieved cooperatively on the relatively rigid lipid rafts in two-di-
mensional lipid bilayers to provide functions in membrane sig-
naling, apoptosis, cell adhesion and migration, protein sorting,
and trafficking.*® Inspired by the features and importance of
the protein assembly on lipid rafts, several kinds of research
have been reported for artificial lipid rafts."'? Although the
reported systems based on mostly natural components such
as cholesterols, phospholipids, and fatty acids have provided a
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successful strategy to in the artificial lipid rafts, it remains limi-
tations in regard of the difficulty of direct visualization without
additional dye molecules and complexity of the natural com-
ponents from biological membranes."®' Therefore, construc-
tion of protein assembly on synthetic rafts with inherent fluo-
rescence can provide a new approach for mimicking and regu-
lating biological activities.

Synthetic supramolecules can provide a fascinating tool to
form sophisticated nanostructures depending on their consti-
tuting molecular units."*'? Among the building subunits for
supramolecular assemblies, aromatic systems have proved to
form functional supramolecular nano-architectures with dy-
namic fluorescence in response to external stimuli in aqueous
solutions.”®?" For example of synthetic membranes, the lateral
association of the aromatic rods in amphiphilic molecules
leads into supramolecular 2D membrane structures.”? Aromat-
ic macrocycles with oligoether dendron at the center of the ar-
omatic plane self-assemble into the porous 2D structures.?2¥
The synthetic membranes based on aromatic amphiphiles
showed significant fluorescence changes in response to guests
or salts through the different supramolecular interactions in
aqueous solutions. Therefore, the controlled self-assembly of
synthetic aromatic amphiphiles is becoming more and more a
laboratory tool for sophisticated constructions of functional
nanostructures.”*?®) Here we report fluorescence turn-on syn-
thetic rafts by the self-assembly of aggregation-induced emis-
sion (AIE) dye on negatively-charged supramolecular sheets in
aqueous solution (Figure 1). The fluorescence of the synthetic
rafts is turned on due to the aggregation of AIE dye on the
sheets, facilitating monitoring for the formation of synthetic
lipid rafts, which was limited in natural lipid rafts. The hierarch-
ical synthetic rafts provide a stable organizing platform for dis-
crete Con A aggregates with a uniform size which show an en-
hanced ability of Jurkat cell stimulation.

Amphiphile 1 was reported to self-assembles into flat sheet
structures surrounded by negatively-charged carboxylates in
neutral pH (Figure 1).%? The sheets are free standing in bulk
solution with a thickness of 2.8 nm, demonstrating that the ar-
omatic rods of 1 are packed in a monolayer arrangement in
which the rods are aligned parallel to the sheet plane. Then,
the aggregation behaviour of a cationic distyrylanthracene
(DSA) derivative 3 with AIE property®® was investigated in
presence of the self-assembled sheets of 1 in aqueous solution
at pH 7.4. Upon addition of the dye 3 into the negatively-
charged sheets of 1, the fluorescence intensity of 3 was signifi-
cantly increased, while pure 3 in pH 7.4 did not show any no-
ticeable fluorescence emission due to an inhibition of the ag-
gregation by electrostatic repulsions between positive charges
of N,N,N-trimethylaniline groups of 3 (Figure 2a,b and S1).
These results demonstrated that the negative charges of the
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Figure 1. (a) Molecular structures of 1 and 2 for self-assembled sheets with
charges, and cationic distyrylanthracene derivative 3 for fluorescent synthet-
ic rafts. (b) Representation of aggregates of 3 for the synthetic rafts on the
negatively-charged sheet of 1 through the electrostatic interaction, and hier-
archical Con A assembly with uniform size on synthetic rafts. Green rods,
vague pink sheets, and yellow disc represent p-pentaphenylene groups,
negatively-charged oligoether chains, and synthetic rafts of 3, respectively.
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sheet surfaces of 1 could neutralize the positive charges of 3
to induce the aggregation of 3. The addition of up to
0.7 equivalents of 3 into negatively-charged sheets 1 increased
the fluorescence intensity (Figure 2b, inset). Zeta-potential
measurements revealed that the self-assembled sheets 1
(115 um) showed negative potential value (—55.5+3.2 mV), in-
dicating the formation of the negatively-charged surface due
to the carboxylate group (Figure S2). Upon the addition of
0.7 equivalent (80.5 um) of 3 into the sheets 1, the zeta-poten-
tial value became —8.79 £0.9 mV, implying the charge neutrali-
zation between the sheets 1 and 3.

To confirm the aggregates 3 on the sheets 1, we performed
atomic force microscopy (AFM) measurements with samples
prepared by drop casting of an aqueous solution (Figure 2c
and S3). In contrast to AFM image of 3 without sheets 1 (Fig-
ure S4), the image clearly revealed the micellar aggregates
with 0.8 nm in height, which is consistent with the length of
anthracene. Therefore, these results suggest that the anthra-
cene groups in the aggregates are likely to be oriented per-
pendicular to the plane of the sheet 1, and both ammonium
groups of 3 interact with the carboxylate groups on the sur-
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Figure 2. Emission spectra of different equivalents of 3 (a) with 1 (115 um) and (b) without 1 in 10 mm phosophate buffer saline (PBS) solutions at 421 nm ex-
citation wavelength. Inset is plot of fluorescence intensity at 516 nm versus the different equivalents of 3, indicating that 0.7 equivalent of 3 provides a maxi-
mum fluorescence intensity. (c) AFM phase image of the film from evaporation of 1 (115 um) with 0.7 equivalent of 3 in pH 7.4. The cross-sectional profile
(top) is along the yellow line. (d) Cryo-TEM image of 1 (115 um) with 0.7 equivalent of 3 in pH 7.4. (e) Schematic representation of packing arrangement of ag-
gregate 3 on the negatively-charged sheet of 1. (f) "H-NMR (500 MHz) spectra of 3 without and with sheets in D,0 at 25 °C.
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face of the sheets 1 to decrease the electrostatic repulsions be-
tween ammonium cations (Figure 2e). Then, we performed
cryogenic transmission electron microscopy (cryo-TEM) experi-
ments with vitrified solutions. The cryo-TEM image revealed
that the sheets 1 with flat structures was maintained without a
collapse of their structural integrity even after the addition of
3 (Figure 2d). However, we could not observe the synthetic
rafts clearly directly on sheet structures in cryo-TEM due to a
limited contrast of electron density between the sheets 1 and
the aggregates 3. To observe the micellar aggregates of 3 on
the sheets 1, we performed a positively-stained TEM experi-
ment with RuO, and the image showed the micellar aggre-
gates of 3 with an average diameter of 6.7 nm (Figure S5).

This aggregation behaviour of 3 in bulk solutions was fur-
ther confirmed by proton nuclear magnetic resonance ('H-
NMR) measurements (500 MHz, 25°C). In contrast with NMR
spectrum of 3 in D,O without the sheets 1, proton peaks asso-
ciated with the aromatic units of 3 disappear in a mixture solu-
tion with the sheets 1, indicative of the aggregation of 3
driven by the negative charges of the sheet 1 in the bulk solu-
tion (Figure 2).2" To further corroborate the electrostatic in-
teractions between carboxylates of 1 and the ammonium
groups of 3 rather than intercalations of the aromatic seg-
ments of 3 into the self-assembled rods of 1, amphiphile 2
with two amino groups at the end of flexible chains was syn-
thesized for comparison (Figure 1a). The resulting amphiphile
2 was characterized by MALDI-TOF mass spectrometry and
NMR spectroscopy to give a full agreement with the structure
presented herein (Figure S6 and S7). As shown in Figure S8,
amphiphile 2 also self-assembled into a flat 2D structure in an
aqueous solution, demonstrating sheets surrounded by posi-
tively-charged ammonium groups at pH 7.4. The emission
spectrum of 3 was not increased even after the addition of the
sheet of 2 (Figure S9), and NMR spectrum of 3 with the posi-
tively-charged sheet of 2 showed the identical spectrum with
3 (Figure 2f). These results demonstrated that the aromatic
segments of 3 were not intercalated into the rod segments of
the sheets, but floated on the surface of the self-assembled
sheets 1 through the apparent electrostatic interactions. Taken
all data together, it can be considered that the fluorescence
turn-on nanodomains of the positively-charged DSA dye 3 are
formed by self-assembly on the negatively-charged sheet sur-
faces of 1 in bulk solution (Figure 1).

Inspired by the natural lipid rafts which serve as stable or-
ganizing platforms in membranes for the assembly of many
functional proteins, we performed protein aggregations on the
synthetic rafts in the self-assembled sheets 1. Con A as a
member of the lectin family is known for the ability to stimu-
late T cell subsets.* The isoelectric point (pl) of Con A is in the
range of 4.5-5.5, indicative of adopting negative charges in
neutral pH. Because the synthetic rafts from 3 were floated on
the surface of the negatively-charged sheets of 1, one side of
the rafts was considered to be exposed to the aqueous envi-
ronment to provide partially positively-charged raft surfaces.
Indeed, upon the addition of Con A to the synthetic rafts, the
negatively-charged Con A in neutral pH showed discrete ag-
gregates on the rafts in the sheets 1 with a quite uniform size
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of about ~ 12 nm by negatively-stained TEM image (Figure 3a).
The size increase of nanodomains from 6.7 nm to 12 nm was
believed to be due to an additional decrease of the electrostat-
ic repulsions between ammonium cations of 3 by the nega-
tively-charged Con A in pH 7.4. As shown in Figure 3b, the
positively-charged sheets of 2 without the synthetic rafts dem-
onstrated the Con A aggregates with random sizes in the
range of 10 to 50 nm, indicating that synthetic rafts could play
an important role in the formation of discrete Con A aggre-
gates with a uniform size (Figure S10).

To further corroborate the interactions between the synthet-
ic rafts and Con A, we performed fluorescence resonance
energy transfer (FRET) experiments using CF555-labeled Con A.
The loading of CF555-labeled Con A to the synthetic rafts on
sheets 1 was expected to bring the synthetic rafts and Con A
in close proximity, enabling that the energy transfer from the
DSA donor of synthetic rafts to the acceptor CF555 occurs.
Indeed, the addition of CF555-labeled Con A into synthetic
rafts resulted in a notable appearance of an acceptor emission
peak at near 580 nm, indicating that Con A effectively load on
fluorescent synthetic rafts in bulk solution (Figure 3¢, S11 and
$12). Two-dimensional structure of the aggregated Con A on
the synthetic rafts was also obtained by fluorescence optical
microscopy (FOM) measurement, demonstrating that the
CF555-labeled Con A was localized on the 2D sheet structures
without the collapse of their 2D integrity in bulk solution (Fig-
ure 3d).

We then performed T cell stimulation experiments through
Con A aggregates on the synthetic rafts (3 on 1) and the
sheets 2. In the cytotoxicity test, the viability values were not
notably different between samples, demonstrating that self-as-
sembled sheets with Con A are cytocompatible without sacri-
ficing cell viability (Figure 4b). The degrees of stimulation of T
cell were evaluated using ELISA assay for the measurements of
induced interleukin 2 (IL-2) in Jurkat cells (human T lympho-
cyte). After 24 hours’ incubations of Jurkat cell with free Con A
and the Con A aggregates based on the synthetic rafts (3 on
1) and the sheets 2, cell media were harvested and IL-2 levels
in the supernatant were also measured by ELISA (Figure 4a).
The assay revealed that Con A aggregates increase the release
of IL-2 compared with non-aggregated Con A. Notably, the dis-
crete Con A aggregates with a uniform size on synthetic rafts
could release more IL-2 than the Con A aggregates on the
sheets 2 with random size; the increases of IL-2 production
were approximately 60.4% and 16.4% respectively, compared
with non-aggregated Con A monomer in 100 ugmL™" of mate-
rials. These results implied that the size uniformity in the dis-
crete Con A aggregations even under equal protein concentra-
tions could regulate T cell activation.

In conclusion, we demonstrated that the positively-charged
molecule 3 with AIE property can self-assemble into nanodo-
mains on the negatively-charged sheets 1, suggesting the for-
mation of partially positively-charged synthetic rafts with
strong fluorescence emission. The negatively-charged Con A
proteins could load onto the positively-charged synthetic rafts
at neutral pH through electrostatic interactions to provide dis-
crete Con A aggregates with a uniform size. The uniform ag-
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Figure 3. Negatively-stained TEM images of Con A on (a) synthetic rafts and (b) sheets of 2 in pH 7.4. The bottom shows size profiles of Con A aggregates in
the range of 10 to 50 nm. (c) Emission spectra (excited at 421 nm) for FRET experiments upon the addition of CF555-labeled Con A solution to the fluorescent
synthetic rafts. Equivalents of Con A is based on the synthetic rafts of 3 (80.5 um) (d) Fluorescence optical microscopy (FOM) image of CF555-labeled Con A
(12 pg) on 1 (115 pum) with 0.7 equivalent of 3 in pH 7.4 (excitation filter at 450-490 nm).

1.0+
(a) —=— ConAon3of1 (b)
08{ — ConAon2 100+ i
ConA —_
x a
06 ; 75
g = 504 == ConAon3of1
0.4 ¢>_\3 == ConAon2
=1 ConA
0.2 251
0.0+ T T T T T T T 0- T ;. T T
0 15 3 6 125 25 50 100 100 50 25 125 6 3 15 O
Materials (ug/mL) Materials (ug/mL)
©

Discrete uniform-sized Con A assembly Random-sized Con A assembly
on synthetic rafts (3 on 1) on sheet of 2

Figure 4. (a) Comparison of IL-2 production by Con A and the aggregated Con A. The error bars are based on the standard deviations from three experiments
performed in duplicate, and some are smaller than the symbols. (b) The viability test using the water-soluble tetrazolium salt (WST) method of Jurkat cells
grown for 48 hours with Con A samples. (c) Schematic representation of Con A aggregations on the synthetic rafts in the sheet 1 and on the sheet 2 for the
stimulation of Jurkat cells.

gregates (=12 nm) of Con A on the synthetic rafts of the (10 to 50 nm) on the sheets 2. We envisage that the incorpora-
sheet surfaces of 1 could stimulate Jurkat cells with enhanced  tion of proteins in the synthetic rafts on the self-assembled
efficiency, compared with random-sized aggregates of Con A sheets could provide a useful tool to control many sophisticat-
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ed biological functions such as signal transductions and activa-
tions.

Experimental Section

Materials. All reactions were performed either in oven-dried glass-
ware under dry argon atmosphere. Dichloromethane (DCM) and
acetonitrile was dried by distillation from CaH,. Distilled water was
polished by ion exchange and filtration. Other solvent and organic
reagent were purchased from commercial vendors and used with-
out further purification unless otherwise mentioned. The products
were purified by flash column chromatography on silica gel (230-
400 mesh). Thin-layer chromatography (TLC) was performed on
pre-coated glass-backed plates (silica gel 60 F,;, 0.25 mm), and
components were visualized by observation under UV light (254
and 365 nm) or by treating the plates with iodine, anisaldehyde,
KMnO,, phosphomolybdic acid, and vanillin followed by heating.
For biological experiments, ConA, CF" 555 succinimidyl ester, WST-
1, BSA and Monoclonal ANTI-FLAG M2-Peroxidase (HRP) clone M2
were purchased from Sigma-Aldrich. RPMI medium 1640, fetal
bovine serum and Penicillin-streptomycin were purchased from
Gibco (USA). TMB solution, rabbit anti-IL-2 polyclonal antibody
(ab9618), and mouse anti-IL-2 monoclonal antibody (ab38151)
were purchased from abcam (UK). Cryo-preserved Jurkat cell, Clone
E6—1 (human T lymphocyte) and media were purchased from
Shanghai Institute of Biochemistry and Cell Biology, CAS.

Instrumentation and measurements. 'H and '*C NMR spectra
were obtained on 500 or 300 MHz FT-NMR spectrometer. Chemical
shifts were reported in ppm relative to the residual solvent peak
(CDCl,:'H, 7.26) or tetramethylsilane (TMS) peak. Multiplicity was in-
dicated as follows: s (singlet), d (doublet), t (triplet). Coupling con-
stants are reported in Hz. Matrix-Assisted Laser Desorption/ loniza-
tion Time of Flight Mass Spectrometry (MALDI-TOF-MS) was per-
formed on a Bruker Microflex LRF20 using a-cyano-4-hydroxy cin-
namic acid (CHCA) or trans-2-[3-(4-tertButylphenyl)-2-methyl-2-pro-
penylidene]malononitrile (DCTB) as a matrix. The UV/Vis spectra
were obtained from a Hitachi U-2900 Spectrophotometer. The fluo-
rescence spectra were obtained from a Hitachi F-7000 fluorescence
spectrophotometer. The absorbance of ELISA assay was observed
from a BioTeK ELx-808 plate reader. Cell were cultured at a Sanyo
MCO-18AIC(UV) CO, incubator. Zeta-potential measurements were
performed on a Zetasizer NanoZS instrument (Malvern Instru-
ments). Fluorescence decay spectra were obtained from EDIN-
BURGH instrument FLS920.

TEM Experiments. To investigate the self-assembled structures, a
drop of each sample solution was placed on a carbon-coated
copper grid (Carbon Type B (15-25 nm) on 200 mesh, with For-
mvar; Ted Pella, Inc.) and the solution was allowed to evaporate
under ambient conditions. These samples were stained negatively
by depositing a drop of uranyl acetate aqueous solution (0.2-
0.4 wt%) onto the surface of the sample-loaded grid. For the pos-
itve staining, the sample-loaded grids were exposed to the RuO,
vapor from mixture of RuCl;-:3H,0 (0.2 g) and 5% NaClO (10 mL)
for 5 minutes. The dried specimen was observed by a JEOL-JEM
HR2100 operated at 120 kV. The cryogenic transmission electron
microscopy (cryo-TEM) experiments were performed with a thin
film of aqueous solution (5 uL) transferred to a lacey supported
grid. The thin aqueous films were prepared under controlled tem-
perature and humidity conditions (97-99%) within a custom-built
environmental chamber in order to prevent evaporation of water
from sample solution. The excess liquid was blotted with filter
paper for 2-3 seconds, and the thin aqueous films were rapidly vit-
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rified by plunging them into liquid ethane (cooled by liquid nitro-
gen) at its freezing point. The grid was transferred, on a Gatan 626
cryo holder, using a cryo-transfer device and transferred to the
JEOL-JEM HR2100 TEM. Direct imaging was carried out at a tem-
perature of approximately —175°C and with a 120 kV accelerating
voltage, using the images acquired with a Dual vision 300 W and
SC 1000 CCD camera (Gatan, Inc.; Warrendale, PA). The data were
analyzed using Digital Micrograph software.

AFM experiments. The sample films on mica surface were pre-
pared from evaporation of sample solution. The measurements
were conducted on a MultiMode 8 AFM with NanoScope V control-
ler, NanoScope software and NanoScope Analysis software (Bruker
AXS Corporation, Santa Barbara, CA, USA) in air at ambient temper-
ature (ca. 25°C) in the tapping mode.

CF555-Labeled ConA. 50 uL of the 10 mm CF™ 555 succinimidyl
ester in PBS solution was added to 2 mL of ConA (2.5 mgmL™) in
PBS (1.25 mm, pH 7.4) solution in a dropwise carefully. Then the
mixture was stirred gently at room temperature for 1 hour. After
1 h, the samples were subjected to Sephadex G-50 column equili-
brated in PBS buffer (1.25 mm, pH 7.4) to separate the labeled pro-
tein from the free dye. The concentration of the CF555-labeled
ConA of the eluate from column was calculated as in PBS
(1.25 mm, pH 7.4).

Fluorescence Resonance Energy Transfer Experiments (FRET). O,
5,10, 15 and 20 pL of stock solutions (0.6 mgmL~', PBS 1.25 mwm,
pH 7.4) of CF555-labeled ConA were added to the solution (200 L)
of sheet of 1 (115 um) with synthetic rafts of 3 (80.5 um). The sam-
ples were equilibrated for 30 min and subjected to measure the
emission spectra at excitation wavelength, 421 nm.

Cell viability assay. Jurkat cells were incubated in RPMI medium
1640 with 10% fetal bovine and 100 unitsmL™" penicillin-strepto-
mycin at 37°C, 5% CO.,. The viability of Jurkat cell was investigated
using the Cell cytotoxicity assay kit (water-soluble tetrazolium salt
(WST) method). 100 pL Jurkat cell (1.5%x 10° cellsmL™") had been in-
cubated for 2 days with 50 uL materials (0, 1.5, 3, 6, 12.5, 25, 50,
100 pgmL ™' sheet + 0.7 equiv 3 + 0.14 equiv Con A) in a 96-well
microplate. Then the WST-1 reagent solutions (10 pL) were added
to each well and incubated for another 4 hours at 37°C, 5% CO,
and subjected to plate reader to monitor the absorbance at
450 nm. The background signals were determined under the same
concentration of materials without cells. The control signals were
obtained from cells without materials. Viability values were calcu-
lated from the formula: (observed signal-background signal)/con-
trol signal x 100 = viability %.

Sandwich ELISA. The amount of interleukin 2 that is released from
cell was evaluated with the sandwich ELISA method. 100 pL Jurkat
cells (1.5x10° per mL) were incubated with pre-incubated solution
at various concentrations of materials (0, 1.5, 3, 6, 12.5, 25, 50,
100 ugmL~' sheet + 0.7 equiv 3 + 0.14 equiv Con A) at 37°C, 5%
CO, condition. After 24 hours of cell culture, cell media were har-
vested and centrifuged at 2000 rpom in an Eppendorf tube for
4 min at room temperature. The supernatant was transferred to a
new tube, and the pellet was discarded. For sandwich assay,
100 pL of sample solutions were loaded on 96 wells which were
coated with 100 uL of rabbit anti-IL-2 polyclonal antibody
(5 ugmL™"). After 12 hours incubation at 4°C, 200 uL of 0.5% BSA
solution was used for blocking, 100 pL of mouse anti-IL-2 monoclo-
nal antibody (5 pugmL™") was used to form sandwich complexes.
Then, 100 uL of monoclonal anti-flag M2-peroxidase (HRP) clone
M2 (5 uigmL™") was added to react with 100 uL of TMB (2.08 mm)
solution, and 100 pL of stopping solution (2m H,SO,) was added.
The absorbance of solution was measured at 450 nm using a plate
reader.
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