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ARTICLE INFO ABSTRACT

A metal-free polymer nanozyme has been developed for the first time simply via the one-pot covalent reaction of
hyperbranched polyethyleneimine (PEI) and redox dihydroxybenzaldehyde (DHB). The yielded PEI-DHB na-
noparticles could display the peroxidase-like catalysis activity, so as to act as the metal-free nanozyme in cat-
alyzing the chromogenic reactions of 3,3’,5,5’-tetramethylbenzidine and H,O,. More interestingly, the catalysis
activity of the polymer nanozymes could be specifically inhibited by heparin oppositely charged. A facile vi-
sualized colorimetric method was thereby developed for sensing heparin through combining the specific cata-
lysis and electrostatic attraction of PEI-DHB nanozyme. It was found that the developed colorimetric method can
enable the detection of heparin in serum over the linear concentration range of 0.050-1.0 uM, promising the
wide applications for the detection of heparin in the clinical laboratory for the disease diagnostics and phar-
macological monitoring. More importantly, such a green synthesis method may be tailored for fabricating
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various metal-free polymer nanozymes for the wide catalysis applications.

1. Introduction

Over the past few years, nanomaterial-based enzyme mimics (na-
nozymes) have received remarkable attentions in the applications for
designing different sensing platforms [1-2]. Compared with natural
enzymes, these nanozymes can exhibit some excellent advantages such
as high surface-to-volume ratios, easy preparation, and high stability
against harsh environmental conditions. Since the first discovery that
Fe304 nanoparticles (NPs), which were usually applied for magnetic
separation [3], can possess intrinsic enzymatic activity [4], various
metal-based inorganic nanomaterials such as metal oxide NPs and noble
metal NPs have been reported as artificial enzymes or electrocatalysis
materials [5-12]. Despite great advances have been obtained, these
metal-based nanozymes may suffer from some disadvantages such as
metal toxicity and spontaneous aggregations in aqueous solutions,
which may hamper their wide catalysis applications. Alternatively,
some metal-free nanozymes have been recently explored with low
toxicity and high biocompatibility, most known as carbon nano-
composites [13-15]. For example, Huang and co-workers reported
carbon nanodots possess the peroxidase-like activity for catalyzing the

chromogenic reactions with a detectable color change [13]. Li's group
described the application of graphene dots with peroxidase-like cata-
lysis for the detection of glucose and glutathione [14]. Single-walled
carbon nanohorns have also be employed as nanozymes for the glucose
determination in serum [15]. Nevertheless, these metal-free inorganic
nanozymes may be trapped by either harsh preparation process or
moderate catalysis activities. Recent years have witnessed the rapid
development of nanozymes made from some functional polymers
showing several important advantages like low toxicity, easy mod-
ification, simple preparation, good dispersion or solubility, favorable
aqueous stability, and environmentally benign materials [17,18]. For
this case, the catalysis performances of these nanozymes can largely
depend on the polymers used. As an environmentally benign polymer
representative, hyperbranched polyethyleneimine (PEI) features some
outstanding merits such as good water solubility, ease usage, and bio-
logical affinity [19]. Particularly, nanozymes made from PEI can expect
the pretty high density of positive charges, thus making it a suitable
candidate for strongly interacting with some negatively charged targets
such as heparin [20]. To the best of our knowledge, however, the ap-
plication of PEI for the design of metal-free nanozymes has hardly been
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explored to date.

Heparin, a negatively charged polysaccharide in biological systems,
plays a significant role in various physiological processes [21]. Espe-
cially, it may act as a vital anticoagulant drug to prevent thrombosis
during cardiovascular surgery or to treat thrombotic diseases [22,23].
Nevertheless, abnormal heparin dose in human body could induce some
serious complications such as hemorrhage and thrombocytopenia [24].
Over the past decades, a variety of conventional detection methods
have been developed for the analysis of heparin, most known as the
anion exchange chromatography, nuclear magnetic resonance, capil-
lary electrophoresis, potentiometric test, fluorescent analysis, and col-
orimetric detection methods [25-33]. Among these classic detection
methodologies, colorimetric analysis methods with the simplicity,
sensitivity, and visual detection properties have attracted increasing
attentions [34]. Particularly, a diverse of colorimetric methods have
been reported for the detection of heparin [35-38], however, some
drawbacks like complicated operation, bulky instruments, and mod-
erate sensitivity may limit their large-scale applications in the clinical
diagnostics practice. Therefore, exploring a rapid, simple, sensitive, and
field-applicable colorimetric analysis method for the determination of
heparin is still of great interest in the clinical disease diagnostics and
pharmacological monitoring fields.

In the present work, a metal-free polymer nanoparticles with per-
oxidase-like activity has been developed for the first time by covalently
coupling hyperbranched PEI with redox dihydroxybenzaldehyde (DHB)
yielding the PEI-DHB NPs, with the fabrication principle and procedure
schematically illustrated in Scheme 1. Herein, the facile one-pot
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synthesis of PEI-DHB NPs was conducted via the catalyst-free Schiff
base reaction at room temperature (Scheme 1A), in contrast to the most
metal-free nanozymes reported elsewhere prepared by multiple steps
and/or at high temperature [13-15]. It was discovered that the so
yielded PEI-DHB NPs could display the good aqueous dispersion, sto-
rage stability, and well-defined morphological structures. Importantly,
they could display the strong peroxidase-like catalysis activity for cat-
alyzing the chromogenic reactions of 3,3’,5,5-tetramethylbenzidine
(TMB)-H,0,, substrate to generate color change. Herein, DHB with the
phenolic hydroxy groups on benzene rings should serve as the catalysis-
active sites for catalyzing the chromogenic reactions [39]. Moreover,
heparin would readily access to the oppositely-charged PEI-DHB NPs to
act as the capping agents to densely block the catalysis-active sites of
the developed metal-free nanozymes resulting in the greatly inhibited
catalysis activity toward a colorimetric detection strategy for probing
heparin in serum.

2. Experimental section
2.1. Materials and instruments

Heparin (sodium salt; MW 17,000-19,000) from porcine intestinal
mucosa, hyperbranched polyethyleneimine (PEI), 3,4-dihydrox-
ybenzaldehyde (DHB), chondroitin sulphate sodium salt (Chs) from
shark cartilage, hyaluronic acid (HA) (sodium salt) from bovine vitr-
eous humor, nicotinic acid (NA),bovine serum albumin (BSA), amino
acids, urea, uric acid (UA), fructose (Fru), sucrose (Suc), glucose (Glu),

A OH Ho. OH
OV IS W S YO
N N~y SN
oHC oH HO N OH
H
/\/H\/\ /\/N\/\ DHB \%AN/\/N\/\N/\/N\/\N&%
N N N Schiff Base Reaction n
K/ K/H N, S i LN K/N\/\N
NH, N\/\NH Water, rt, 24h OH
PEI OH OH
O PEI-DHB NPs
B * *
* ** @9 0 S} @ @?@e@ o\ ***
* % ° o vv @ e% ) & ¢
TMB H;O © H,0, TMB
2 e g Heparln ®© > 22
. W * o0 Q @ 0 **
* * PEI-DHB NPs PEI DHB NPs * * | 8
* * with heparin P
' oxTMB oxTMB
—
C 0S0;~ coo )
(@]
oso3 COO
O OH
0SO;~
NHSO;~ 0S0;" (of
NHSO;™ | 4
~ _

Scheme 1. Schematic illustration of (A) the main principle and procedure for the synthesis of PEI-DHB NPs by the Schiff base reaction with the TEM image; (B) the
peroxidase-like catalysis activity of PEI-DHB NPs in catalyzing the TMB-H,0, reactions that can be specifically inhibited by heparin with (C) molecular structure.
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metal ions, and 3,3’,5,5-tetramethylbenzidine (TMB), were obtained
from Sigma-Aldrich. All other reagents were analytical grade. Sterile
water from deionized water (> 18 MQ, RNase-free) was supplied from
an Ultra-pure water system (Pall, USA) for high pressure sterilizer.
UV-vis spectrophotometer (Shimadzu, UV-3600, Japan) and
Transmission electron microscopy (TEM, JEOL, Ltd., Japan) were se-
parately applied for the characterization of different materials or pro-
ducts. Fourier transform infrared (FTIR) spectra were obtained by FTIR
spectrophotometer (Thermo Nicolet Nexus 470FT, USA).

2.2. Synthesis of metal-free polymer nanozyme

An aliquot of PEI (5.0 mg mL™ %) and DHB (2.0 uM) were mixed in
water of 50.0 mL. Then the mixture was stirred at room temperature for
24 h. Subsequently, the as-prepared PEI-DHB NPs solution was dialyzed
against ultrapure water through a dialysis membrane (molecular weight
cut off 1000 Da) for 48 h. The product inside the dialysis bag was col-
lected for further experiments.

2.3. Peroxidase-like catalysis activity of PEI-DHB NPs

The as synthesized PEI-DHB NPs (30.0 uL, 5.0 mgmL™!) were in-
troduced into the buffer solution (100.0 mM, pH 2.0-12.0) containing
TMB (2.0 mM), H;0, (20.0 mM) for 20 min at 37 °C. The absorption
spectra of the resulting products were recorded using a UV-vis spec-
trophotometer. The optimization of the PEI-DHB NPs peroxidase-like
activity was conducted separately using different amounts of PEI-DHB
NPs, pH values, temperature, and H,O, concentrations. The reaction
kinetic measurements were carried out in time course mode by mon-
itoring the absorbance changes at 652 nm. Experiments were conducted
using PEI-DHB NPs (150.0pugmL~%) in buffer (pH3.0) containing
2.0mM TMB or 20.0 mM H,0,. Steady-state reaction rates at different
concentrations of substrate were obtained by calculating the time-de-
pendent slopes of initial absorbance. The Michaelis-Menten constant
was calculated using the Lineweaver-Burk plot: 1/v = (K, / Vi) /
[S] + 1/K,), where v is the initial velocity, K, is the Michaelis con-
stant, Vi is the maximal reaction velocity, and [S] is the concentra-
tion of substrate.

2.4. Colorimetric detection of heparin

The selective colorimetric analysis was performed for heparin,
taking the possibly interferential substances commonly existing in
serum as the control tests, including Chs, HA, NA, BSA, Homocysteine
(Hcy), r-glycine (Gly), r-phenylalanine (Phe), L-cysteine (Cys), L-argi-
nine (Arg), 1-Valine (Val), i-lysine (Lys), i-Alanine (Ala), r-Leucine
(Leu), urea, UA, Fru, Suc, Glu, Na*, K*, Fe?*, Fe**, Co?*, Ca’™",
Mg?*, Zn**, Cl17, COs*~, and PO,>”. Heparin detection was per-
formed as follows: PEI-DHB NPs (150.0 ugmL_l) were directly
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incubated with various concentrations of heparin in HAc-NaAc buffer
solution (0.20M, pH 3.0) for 10 min at ambient temperature. After
10 min incubation at ambient temperature, a mixture of TMB (2.0 mM),
H,0, (20.0mM) was introduced, after the reaction underwent for
20 min, the absorption spectra were collected using a UV-vis spectro-
photometer. Relative absorbance is defined as [(Ag— A)/Aol
(Amax = 652nm), where A and A, refer to the absorbance in the pre-
sence and absence of heparin, respectively. In addition, the heparin-
spiked samples were obtained according to the following procedure.
The blood samples obtained from the patients in a local hospital were
first spiked with a determined amount of heparin for anticoagulation,
and then centrifuged for 20 min. Furthermore, the so obtained super-
natants were collected as the serum samples that were further diluted
with the testing buffer (HAc-NaAc, pH 3.0). The yielded serum samples
containing various levels of heparin were subsequently applied for the
colorimetric determinations.

3. Results and discussion

3.1. Main fabrication principle and sensing procedure of peroxidase-like
PEI-DHB NPs for the inhibition-based analysis of heparin

Scheme 1 schematically illustrates the main fabrication principle
and sensing procedure of peroxidase-like PEI-DHB NPs for the inhibi-
tion-based analysis of heparin. Herein, hyperbranched PEI was cova-
lently bound with redox DHB by the Schiff base reaction to yield PEI-
DHB NPs with the morphologically spheric structures as disclosed by
the TEM image (Scheme 1A). The resulting metal-free nanozymes could
display the strong peroxidase-like catalysis in the oxidization reactions
of TMB-H,0, substrate producing a color change (Scheme 1B), in which
DHB with redox phenolic hydroxy groups on benzene rings would act as
the catalysis-active sites in catalyzing the chromogenic reactions, as
described previously for the enzyme-like fluorescein [39]. More im-
portantly, it was discovered that the as-prepared PEI-DHB NPs with
positively-charged PEI carriers can strongly interact with negatively-
charged heparin [21,40]. Herein, heparin, a negatively-charged poly-
saccharide polyelectrolyte (Scheme 1C), can display the powerful
electrostatic adsorption with the oppositely-charged PEI-DHB poly-
electrolyte, which is much stronger than those of other small molecules
(i.e., amino acids) or ions tested afterwards. Accordingly, heparin
would act as the capping agents to densely block the catalysis-active
sites of the developed metal-free nanozymes leading to the dramatic
inhibition of their catalysis activity. A visualized colorimetric detection
strategy was thereby developed for selectively probing heparin in
serum afterwards.

3.2. Characterization of the nanocatalysts of PEI-DHB NPs

UV-vis and FTIR spectroscopy studies were separately conducted
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Fig. 1. (A) UV-vis absorption spectra (B) FTIR spectra of (a) PEI-DHB NPs, (b) PEIL, and (c) DHB.
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Fig. 2. (A) TEM image (B) the size distribution of the PEI-DHB NPs.

for PEI-DHB NPs, taking native PEI and DHB as the controls (Fig. 1). It
was discovered that the PEI-DHB NPs could exhibit the absorption
peaks in the range of 330-370nm (Fig. 1A, curve a), which can be
ascribed to n — xt* transitions of C=N bonds. Compared to the typical
absorption peaks of DHB (Fig. 1A, curve c), the peak at 275 nm and
320 nm disappeared, suggesting the C=N bonds formation in the PEI-
DHB NPs. Moreover, Fig. 1B shows the comparison of FTIR spectra
among these testing substances. One can find that the spectra of the
PEI-DHB NPs (curve a) can include the typical characteristic peaks of
native PEI (curve b). Notably, the stretching vibration peak at
1560 cm ™! of aldehyde C—H of DHB (curve c) would be absent upon
the formation of the PEI-DHB NPs (curve a). In comparison to the al-
dehyde vibration peak at 1600 cm ~ ! of DHB and -NH, groups vibration
peak at 3400 cm ™' of PEI [44], PEI-DHB NPs displayed separately the
weakened ones (curve a), thus confirming the conjugated formation of
PEI-DHB NPs. Furthermore, the morphological structure of the as-pre-
pared PEI-DHB NPs was investigated by TEM imaging (Fig. 2). As
shown in Fig. 2B, the prepared PEI-DHB NPs could be uniformly dis-
persed with the spherical profile, showing the average particle size of
about 12.5 nm in diameter.

3.3. Peroxidase-like activity of PEI-DHB NPs

Colorimetric investigations were carried out on the peroxidase-like
catalysis performances of PEI-DHB NPs using the TMB-H,0, reaction
system. It was discovered that PEI-DHB NPs could catalyze the chro-
mogenic TMB-H,0, reaction yielding the blue products with a strong
absorbance at 652 nm (Fig. 3A, curve a). Furthermore, the introduction
of heparin could apparently inhibit the catalysis of the PEI-DHB NPs in
the chromogenic reaction (curve b), showing the greatly decreased
absorbance of reactant product. As aforementioned, herein, heparin
could serve as the capping agent to encapsulate the oppositely charged
PEI-DHB NPs through the electrostatic attraction leading to the de-
crease in their catalysis activity, so that the specific catalysis inhibition-

based colorimetric detection for heparin could thereby be expected. The
effects of PEI-to-DHB ratios used on the catalytic activity of PEI-DHB
NPs were investigated (Fig. 3B). One can find that the optimum PEI-to-
DHB ratios of 10/1 should be selected for the preparation of PEI-DHB
NPs. Furthermore, the main catalysis conditions of PEI-DHB nanozymes
were explored by catalyzing the chromogenic TMB-H,0, reactions,
including PEI-DHB NPs dosages, reaction temperature, pH values, and
TMB-H,O,, ratios, with the data shown in Fig. 4. Accordingly, the most
suitable catalysis conditions for the chromogenic reactions were ob-
tained including 150.0 pg mL™ 1 PEI-DHB NPs and TMB-H,0, ratio of 1/
10 at pH 3.0 under 37 °C. Besides, the prepared PEI-DHB NPs could well
maintain the high catalysis activity over considerably wide H,O, con-
centrations (Fig. 4D, insert), indicating that the nanozymes would fa-
cilitate the wide catalysis applications under the harsh testing condi-
tions.

To better understand the peroxidase-like catalysis performances of
PEI-DHB NPs, steady-state kinetics were studied with the TMB and
H,0, substrates (Fig. 5). The data were obtained by varying one sub-
strate concentrations while keeping the other substrate concentration
constant. It was found from Fig. 5 that the typical Michaelis-Menten
curves were obtained for PEI-DHB NPs at different concentrations of
H>0, (Fig. 5A) and TMB (Fig. 5B). Further, the Michaelis-Menten
constant (K,,) and the maximum initial velocity (V) are thus derived
by the Lineweaver-Burk plotting separately for TMB (Fig. 5C) and H,0,
(Fig. 5D), with the parameters summarized in Table 1 in comparison
with those obtained by the artificial enzymes reported previously. By
comparison, obviously, PEI-DHB NPs could present a lower or com-
parable K,, values separately for H,O, and TMB, indicating that the as-
synthesized nanozyme could display favorable affinities to the sub-
strates of catalytic reactions. That is, the PEI-DHB NPs can exhibit
better or comparable catalysis performances than those of other kinds
of metal-free peroxidase mimics.

Fig. 3. (A) Typical UV-vis absorption spectra of the
products of TMB-H,0, reaction catalyzed by PEI-
DHB NPs in the (a) absence and (b) presence of
heparin, taking (c) TMB-H,O, as the controls (in-
sert: the photographs of the corresponding reaction
solutions), where TMB (2.0 mM), H,O, (20.0 mM),
heparin (1.0 uM), and PEI-DHB NPs
(150.0 uyg mL™ 1y were used; (B) the effects of PEI-to-
DHB ratios on the catalytic activity of PEI-DHB NPs.
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reaction temperature; (D) TMB-H,0, ratios (insert: H,O, concentrations-dependent catalysis of PEI-DHB NPs).

3.4. Selective responses of PEI-DHB NPs to heparin

The as-fabricated PEI-DHB NPs with peroxidase-like catalysis ac-
tivities were utilized for the colorimetric assays for heparin in buffer.
Relative absorbance values of the resulting catalytic TMB-H,0, reac-
tions, which is defined as [(Ag — A) / Aol (Amax = 652 nm), where A

and Ay refer to the absorbance in the presence and absence of heparin,
respectively. Fig. 6 manifests the PEI-DHB NPs catalytic TMB-H,0,
reactions selectively inhibited by heparin in comparison with other
small molecules and ions possibly coexisting in biological samples. It
was discovered that the addition of heparin caused the obvious in-
hibition of the catalysis of PEI-DHB NPs showing the decrease in the
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Fig. 5. Steady-state kinetic studies of
PEI-DHB NPs by the colorimetric
measurements using (A) 2.0 mM TMB
and varying concentrations of H,Oo;
(B) 20.0mM H,0, and varying con-
centrations of TMB (the error bars re-
present the standard deviations of
three repeated measurements); double
reciprocal plotting for investigating the
catalysis activity of PEI-DHB NPs using
the fixed concentration of (C) H,0;
(D) TMB and varying concentrations of
TMB and H,0,, respectively.
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Table 1

Comparison of the apparent Michaelis-Menten constant (K,,) and maximum
reaction rate (V,n,) among PEI-DHB NPs and other kinds of metal-free perox-

idase mimics.
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Table 2

Comparison of the heparin analysis results among the developed colorimetric
method with PEI-DHB nanozyme with other analysis techniques with different
artificial enzymes.

Artificial enzyme Substrates Ky (mM) Vinax(10 "8 MS™1) Ref.s Probes Detection limit (uM)  Linear range (uM)  Ref.s
SWCNHg-COOH H,0, 49.80 2.07 [14] Cationic polymer 0.03 0.03-48.0 [33]
TMB 0.506 2.28 Polydiacetylene liposome - 2.5-45.0 [38]
Ce0[C(COOH),]1» H,0, 24.58 4.01 [41] Functionalised pyrene 3.50 1.0-10.0 [42]
TMB 0.233 3.47 HPQ-TBP-I 0.022 0.0-14.0 43
Carboxyfluorescein H,0, 3.70 2.89 [16] PEI?DHB NPs 0.017 0.05-1.0 Thi[s w]ork
TMB 0.26 2.92
PEI-DHB NPs H,0, 3.52 0.97 This work
™B 0.56 1.03 which, however, is not strong enough to inhibit its catalytic activity
sites. In contrast, heparin as a negatively-charged polyelectrolyte can
present much stronger electrostatic adsorption with oppositely-charged
0.80 PEI-DHB NPs than other small molecules (i.e., amino acids) or ions
tested. As a result, heparin can conduct the stronger inhibition on
8 peroxidase-like catalysis of PEI-DHB NPs than these possible inter-
c 0.60 ferents indicated. The data of control tests confirm that the colorimetric
g strategy with PEI-DHB NPs could exhibit the excellent selectivity in
§’ 0.404 sensing heparin.
o]
< 3.5. Colorimetric analysis performance for heparin with PEI-DHB NPs
g 0.20 4
= The developed colorimetric analysis method with PEI-DHB NPs was
% 0.004 In 1] applied for probing heparin with different concentrations in buffer
("4 G@‘}“‘O"’\"’\%‘J‘Tb"‘@\““o\\"%‘%’\**9’&2@1’:&5;3 il | HERSTIPS (Fig. 7). As described in Fig. 7A, the absorption values of TMB-H,0,
1° «® o\o"a reaction products could progressively decrease with incremental
-0.20 - 1«3 amounts of heparin. A linear relationship between the relative absor-
<« bance values versus the heparin concentrations was obtained over the

Fig. 6. Colorimetric investigations of the PEI-DHB NPs-catalyzing TMB-H,0,
reactions depressed by heparin (10.0 uM) in comparison with other possibly
interfering substances of small molecules (1.0 mM) and ions (10 mM), including
Chs, NA, HA, BSA, Hcy, Gly, Phe, Cys, Arg, Val, Lys, Ala, Leu, urea, UA, Fru,
Suc, Glu, Na*, K*, Fe?*, Fe®*, Co**, Ca®*, Mg?*, Zn?*, C1~, COs27, and
PO,3~ ions.

absorbance spectra of the reactant products. In contrast, negligible
variations of the relative absorbance values were obtained for 29 kinds
of other small molecules possibly con-existing in serum with the
common levels so tested, even including the chondroitin sulfate sodium
salt (Chs) and hyaluronic acid (HA) sharing the heparin-similar mole-
cular structures. Herein, PEI in PEI-DHB NPs, as a positively-charged
polyelectrolyte, can endow the nanozyme with positive charges of high
density as aforementioned. These negatively-charged small molecules
and ions so tested might electrostatically interact with the nanozyme,

linear range of 0.010-1.0 uM (Fig. 7B, insert), with the limit of detec-
tion of 2.5 nM, estimated by the 3o rule. Moreover, a comparison of the
heparin analysis results was conducted among the developed colori-
metric method and the current analysis techniques documented with
other artificial enzymes (Table 2). By comparison, one can see that the
developed colorimetric strategy with the probes of PEI-DHB NPs can
display the better or comparable analysis performances for the detec-
tion of heparin in terms of linear concentration range and detection
limit.

3.6. Practical application of the PEI-DHB NPs-based colorimetric method
for heparin in serum samples

In order to further explore the practical application feasibility, the
developed PEI-DHB NPs-based sensing strategy was employed to eval-
uate heparin spiked in serum samples with different levels (Fig. 8). One
can find that a linear calibration curve (R? = 0.9892) was obtained by
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Fig. 7. (A) UV-vis absorption spectra of colorimetric responses of PEI-DHB NPs-catalyzing TMB-H,0, reactions to heparin with different concentrations in buffer
(0.0-10.0 uM); (B) the relationship between the relative absorbance values versus heparin concentrations.
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Fig. 8. The calibration curve for the relative absorbance values versus (A) heparin concentrations in serum (0.050-1.0 uM). (B) The relative absorbance values for
testing heparin depending on the storage time of PEI-DHB NPs for different time intervals.

plotting the relative absorbance values versus the heparin concentra-
tions over a linear range of 0.050-1.0 uM (Fig. 8A), of which the de-
tection limit was determined to be 0.017 uM. Moreover, the environ-
mental stability of PEI-DHB NPs for the colorimetric detections of
heparin was investigated using PEI-DHB NPs which were stored at 4 °C
over different time intervals and then taken out for the catalysis ex-
periments (Fig. 8B). The results indicate that the colorimetric effi-
ciencies might show no significant change over time up to six months.
Therefore, the developed colorimetric analysis method may promise the
practical applicability for monitoring heparin with low levels in some
complicated samples like serum.

4. Conclusions

In conclusion, metal-free polymer nanozymes of PEI-DHB NPs were
initially synthesized simply via the catalyst-free one-pot covalent re-
action using environmentally friendly hyperbranched PEI with redox
DHB in aqueous media. Compared with the current artificial enzymes
especially those of inorganic metal-based artificial enzymes, the de-
veloped polymer nanozymes can feature some advantages such as low
toxicity, good water solubility, cost-effectiveness, and high environ-
mental stability over the wide H,O, concentrations. Moreover, the
peroxidase-like catalysis activity of the metal-free nanozymes could be
specifically inhibited by heparin serving as the oppositely-charged
capping agent. A facile and sensitive visualized colorimetric method has
thereby been developed for the detection of heparin in serum, with the
level down to 0.017 pM. Importantly, such a simple and green polymer-
based synthesis route may open a new door toward the one-pot fabri-
cation of various metal-free nanozymes to promise the extensive cata-
lysis applications for the evaluations of a variety of targets of great
importance in the biomedical analysis, food safety, environmental
monitoring, and drug screening fields.
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