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Herein, we report a highly sensitive colorimetric sensor for the
detection of heparin based on its anti-aggregation effect of the
PDDA-gold nanoparticle colloidal system. PDDA-induced non-
crosslinking aggregation of gold nanoparticles is firstly investigated
and the phenomenon of heparin mediated color recovery is then
observed, which can be used to indicate the concentration of heparin.
This method is proved to be highly sensitive and selective. Moreover, it
has been successfully applied to determine human blood serum
samples, the results of which demonstrate great potential practical
utility with simple operations.

Introduction

Heparin is a linear polyanion with the highest charge density of
known biomacromolecules.* It consists of alternating units of
2-deoxy-2-sulfamido-a-p-glucopyranose and O-sulfated uronic
acids. It is found that heparin could interact with thrombin
inhibitors like antithrombin III (ATIII). The conformation is
thus changed which leads to its activation by an increase in the
flexibility of the reaction site loop.> Finally, blood clotting is
prevented.>* Therefore, heparin has been developed as a type of
clinical anticoagulant drug, which has been widely used in
medical therapies for decades.” For instance, in hemodialysis
and cardiopulmonary bypass, clots may be created with the
contact between blood and artificial materials, thus, anticoag-
ulant drugs should be injected to prevent possible clotting.
However, the dose usage must be strictly controlled since
overdose usage of heparin may lead to bleeding and underdose
usage may not prevent clotting effectively. The most serious
side-effects of heparin is heparin-induced thrombocytopenia
(HIT), which may lead to the degradation of platelets by
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immunological reactions. Therefore, development of analytical
tools to monitor heparin rapidly is an urgent need.*”

Traditional heparin quantification methods include acti-
vated partial thromboplastin time (aPTT),® anti-Xa assay,’ and
thrombelastograph (TEG).'® However, there are severe limita-
tions such as high cost, low sensitivity, and requirements of
preanalytical and postanalytical variabilities. As a result, there is
still a strong desire to develop more practical and fast methods
for the detection of heparin.

In recent years, different recognition elements have been
exploited for heparin binding including host-guest interac-
tion,'* peptide,** liposome,* and even small molecules."* Many
different sensors have been developed based on techniques
such as fluorescence,''® electrochemistry,"”*® colorimetry,"**°
surface-enhanced Raman scattering (SERS),**** and so on.
Among these techniques, colorimetric sensors show numerous
advantages due to several merits. First, the results are reliable
and can be observed by the naked eye, which is quite facile;
second, there are no requirements for any complicated instru-
ments or skilled personnel; third, the detection duration is
always short, which meets the need of point-of-care testing.
Therefore, increasing interest has been focused on colorimetric
sensing strategies for heparin assay. For example, Hu et al. took
advantage of the peroxidase-like catalytic activity of gold
nanoclusters for colorimetric detection of heparin, which was
greatly accelerated by the target heparin at neutral pH.>* Qu
et al. developed a colorimetric heparin sensor based on the
aggregation of gold nanoparticles (AuNPs) induced by polymer
nanoparticles.> Fu et al. employed gold nanorods for label-free
colorimetric detection of heparin based on the color quenching
effect by graphene oxide.”

Results and discussion

In the present study, a novel and simple colorimetric method is
developed for sensitive detection of heparin. The detailed
sensing mechanism is shown in Scheme 1. Generally, AuNPs are
chosen as an excellent platform for colorimetric detection.**>*

This journal is © The Royal Society of Chemistry 2019
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The synthesized AuNPs in this work yield spherical nano-
particles with an average size of 13 nm and surface plasmon
resonance (SPR) maximum around 520 nm. Since the AuNPs are
capped with negatively charged citrate on the surface,* which
can be confirmed by the zeta potential report (Fig. S17), the
nanoparticles are well-dispersed in water. Nevertheless, in the
presence of poly(diallyldimethylammonium chloride) (PDDA)
with positive charges, electric neutralization occurs and AuNPs
tend to aggregate. Since the localized SPR effect of AuNPs is
strongly correlated with the distribution state,* significant
color changes can be easily distinguished by the naked eye or
UV-vis absorption spectra. On the other hand, heparin bears
high negative charge density, which can strongly bind PDDA via
electrostatic interaction, forming a stable complex. Therefore,
PDDA induced aggregation of AuNPs could be effectively
inhibited by heparin. The recovery degrees of the solution color
and UV-vis absorption spectrum are dependent on the
concentration of heparin. A sensitive colorimetric sensor for
heparin is thus established.

The sensing principle can be intuitively proved by the
observation of the distribution states of AuNPs by transmission
electron microscopy (TEM). As shown in Fig. 1A, after the
introduction of the positively charged PDDA, significant
aggregation of AuNPs is achieved due to the electric neutrali-
zation which destroys the protection effect of citrate. However,
after formation of the PDDA/heparin complex, AuNPs remain
stable and well-dispersed with negatively charged citrate on the
surface (Fig. 1B).

The aggregation and dispersion states are then studied by
UV-vis absorption spectra. After the addition of various
concentrations of PDDA (0, 0.005, 0.01, 0.02, 0.03, 0.04, 0.05
pgmL "), the plasmon peak at 520 nm decreases and a new
peak at around 650 nm emerges (Fig. S2At). The ratio of the
peak at 650 nm to that at 520 nm (denoted as Rgs50/520) could
reveal the distribution state of AuNPs precisely. The relation-
ship between Rgs0/500 and the concentration of PDDA is then
studied (Fig. S2Bf). The fitting curve is a Boltzmann sigmoid
with the equation
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Scheme 1 Schematic illustration of the principle for colorimetric
detection of heparin.
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Fig.1 TEM images of PDDA induced non-crosslinking aggregation of
AuNPs in the (A) absence and (B) presence of heparin.

y=Aa+ (41— A)l(1+exp(x — xo)/dx)
(4,=0.2201, 4,=1.3397, x,=0.01739, dx=0.00514, R2:0.99OO)

in which y stands for Res0/520 and x is the concentration of PDDA
(ug mL™"). With PDDA concentration of 0.01739 pg mL™*, the
slope of the curve reaches a maximum value, indicating that
the colloidal system is most sensitive to the changes of PDDA
concentration at this critical point. Therefore, this concen-
tration is used in the following experiments for heparin
analysis.

UV-vis absorption spectra are also recorded to reveal the
plasmon peak variations of the PDDA-AuNP colloidal system for
the detection of heparin. As depicted in Fig. 2A, with the
increase of the concentration of heparin, the peak at around
650 nm drops gradually and the peak at 520 nm increases,
indicating that the AuNPs tend to disperse in the presence of
heparin. More direct evidence can be obtained by observing the
solution colors (inset in Fig. 2A). In the absence of heparin, the
PDDA-AuUNP solution is purple blue, which gradually recovers
to wine red with increasing amount of heparin. We have also
studied the relationship between the parameter Rgs50/520 and the
concentration of heparin (Fig. 2B). A linear relationship is
established in the range from 0 to 0.4 ug mL™ . The equation is
as follows:
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Fig. 2 (A) UV-vis absorption spectra of AuNPs for the detection of
heparin with the concentrations of 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.7, 1 ug
mL™. The top curve shows the UV-vis spectrum of bare AuNPs. The
inset shows the corresponding solution colors (from left to right). (B)
Resoss20 of the PDDA-AuUNP system versus the concentration of
heparin. The inset shows the linear range. Error bars represent stan-
dard deviations of measurements (n = 3).

y = 1.0644-2.1286x(n = 3, R*> = 0.9810)

The limit of detection is calculated to be 0.02 pg mL ™!, which
is quite low. After comparison with previously developed
sensors, the proposed method shows excellent analytical
performances (Table S1+).

We have also studied the selectivity of this colorimetric
sensor for the heparin assay by assessing the effects of
a collection of possible interferents (HSA, glucose, ADP, treha-
lose, BSA, glutathione, trypsin, melamine, cephalin, T4 ligase).
As shown in Fig. 3A, none of these molecules can interact
with PDDA and result in further shift of the peaks. Only in
the presence of heparin, remarkable variation of the UV-vis
absorption spectrum is observed, which is due to the forma-
tion of a stable PDDA/heparin complex. The results can be
further confirmed by the visibly observable color differences.
We have also calculated the corresponding Reso/520 values. The
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Fig. 3 (A) UV-vis absorption spectra of AuNPs for the detection of
HSA, glucose, ADP, trehalose, BSA, glutathione, trypsin, melamine,
cephalin, T4 ligase, and heparin. The inset shows the corresponding
solution colors. (B) The calculated Regsos500 for the detection of
different biomolecules.

presence of heparin can be successfully distinguished from
these molecules, which demonstrates the high selectivity of this
method.

To examine the practicality of this heparin assay, we have
employed a standard addition method to determine heparin
concentration in human blood serum samples. Different
amounts of heparin are firstly spiked in different serum
samples. As shown in Table 1, the detected values agree well
with the spiked amount of heparin, and the relative errors are
not larger than 6%. These results verify the practical applica-
bility of this method. Although the proposed sensor provides
a quantitative estimation of heparin, it seems that it also

Table 1 Colorimetric analysis of heparin in serum samples

Sample  Added (ugmL™') Detected (ugmL ™)  Relative error (%)
Serum1 0.1 0.105+0.003 5.0
0.3 0.317+0.007 5.7
Serum 2 0.1 0.102+0.015 2.0
0.3 0.293+0.004 2.3
Serum 3 0.1 0.094+0.003 6.0
0.3 0.313+0.004 4.3

This journal is © The Royal Society of Chemistry 2019
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provides a quick and convenient qualitative screening method
between a larger number of real samples by naked eye obser-
vation, which may have great potential utility.

Conclusions

In summary, we have devised a novel colorimetric sensor for
sensitive and selective detection of heparin. AuNPs show the
tendency of aggregation and a red shift in UV-vis absorption
spectra in the presence of PDDA. Heparin could bind PDDA,
forming a stable complex, thus the aggregation of AuNPs is
effectively inhibited. By analyzing the parameter Rgso/520,
quantitative detection of heparin is achieved with the limit of
detection as low as 0.02 pg mL~". The method is cost-effective,
fast and can be operated conveniently. In addition, it has been
successfully applied in the analysis of human blood serum
samples, which demonstrates the potential utility in the future.
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