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Fluorescence sensor for detecting protamines
based on competitive interactions of polyacrylic
acid modified with sodium 4-amino-1-
naphthalenesulfonate with protamines and
aminated graphene oxidet

Jinshui Liu,* Meijiao Xu, Bin Wang, Zihan Zhou and Lizhen Wang

An easy-to-use fluorescent probe for detecting protamines was developed. Protamines are detected using
the probe because of competitive interactions of polyacrylic acid modified with sodium 4-amino-1-
naphthalenesulfonate (ANS-PAA) with protamines and aminated graphene oxide (GO-NH,). The ANS-
PAA fluorescence was effectively quenched by the GO-NH,, the high quenching efficiency being caused
by the ANS-PAA becoming non-covalently bound to the GO-NH, surface through electrostatic
interactions, forming a ANS-PAA/GO-NH, complex. Adding protamines recovered the fluorescence of
the ANS-PAA/GO-NH, complex. This recovery was due to the positively charged protamines removing
ANS-PAA from the GO-NH, surfaces and forming ANS-PAA/protamine complexes. Displacement of GO-
NH, by protamines gave a high fluorescence recovery efficiency. Under optimal conditions, the
fluorescence intensity when protamines were added was proportional to the protamine concentration
over the range 0 to 6.0 ng mL™% The detection limit was 0.4 ug mL™™. This approach offers a new
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Introduction

Protamines are strongly cationic peptides with molecular
masses of approximately 6000 Da that are found in the sper-
matic cells of vertebrates and cephalopods.’ The primary poly-
peptide sequence of a protamine can have an arginine content
of up to 67%, so protamines are highly positively charged.>
Protamines have been separated from the sperm of salmon and
other fish species. Protamines are now able to be produced
using recombinant biotechnology. Protamines are important
pharmaceuticals that are used in cardiac surgery, vascular
surgery, and interventional radiology procedures as an antidote
for heparin (used to treat and prevent blood clots) overdose.?
Protamines can also prolong insulin release in diabetes mellitus
therapies. However, overusing protamines can lead to adverse
effects such as hypotension and idiosyncratic fatal cardiac
arrest.” Detecting and quantifying protamines is therefore
crucial to clinical procedures. A number of approaches have
been developed for detecting protamines, including
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quantitative method for determining protamines.

electrochemical methods,” chromatographic methods,® and
colorimetric methods.”® These methods offer reasonable
sensitivities and specificities, but some are inaccurate,
complicated, time-consuming, or have poor reproducibilities. It
is therefore highly desirable to develop a simple, rapid, and
sensitive method for detecting protamines. Fluorescence
methods are the most promising alternative methods for
detecting protamines because they offer advantages over other
techniques, including their speed, ease of use, and sensitiv-
ities.** A large number of fluorescence probes have been
developed for sensitively detecting protamine, but, to the best of
our knowledge, only a few methods have been developed in
which protamine is detected using fluorescence turn-on
sensors.'"** Fluorescence turn-on sensors offer advantages
over fluorescence quenching sensors in that there is less chance
of false positive signals being obtained and sensitivities and
selectivities are better using fluorescence turn-on sensors than
using fluorescence quenching sensors, as has been demon-
strated in numerous studies.’* The development of an envi-
ronmentally friendly turn-on probe for detecting protamine is
still a challenge.

Graphene oxide (GO), which is a two-dimensional nano-
sheet, has effective electron transfer properties that allow it to
strongly quench fluorescence, and these properties have been
used creatively in GO-quenched optical sensors for various
analytes.”™” However, to the best of our knowledge, all GO-

This journal is © The Royal Society of Chemistry 2017
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complex fluorescence sensors that have previously been devel-
oped have used pristine GO, the surfaces of which always have
negative charges (on the intrinsic carboxyl groups). These
negative charges keep GO well dispersed in aqueous solutions
but weaken interactions between anionic dyes and GO because
of electrostatic repulsion, meaning the quenching efficiencies
of the anionic dyes will not be as high as might be desirable. GO
modified with amine groups (GO-NH,) are new materials that
possess the properties of both GO and the amine groups. The
amine groups become protonated (and therefore positively
charged) in acidic solutions.

Poly(acrylic acid) (PAA) is a hydrophilic polymer that has
abundant carboxyl groups, making it soluble in water and
giving it a high negative charge density.”® PAA is therefore
strongly electrostatically attracted to positively charged mole-
cules. Sodium 4-amino-1-naphthalenesulfonate (ANS) is a fluo-
rescent dye that can be used to modify PAA, giving ANS-PAA.
The modification, which improves the negative charge density
of the ANS, can be achieved using the 1-ethyl-3-(3-dimethyla-
minopropyl)carbodiimide/N-hydroxysuccinimide coupling
method. ANS-PAA has a high negative charge density, and it will
have a strong binding affinity for protonated GO-NH, or
protamines.

In the study described here we synthesized a new ANS-
PAA/GO-NH, complex probe for determining protamines.
The ANS-PAA is used as an indicator, and protamines are
sensitively detected because of competition between the GO-
NH, and protamine to bind with the indicator (as shown in
Scheme 1). The fluorescence of ANS-PAA added to a solution
containing the GO-NH, is quenched because the negative
ANS-PAA adsorbs to the positively charged GO-NH,, surfaces
through electrostatic attraction. Forster resonance energy
transfer and electron transfer occur because of the proximity
of the ANS-PAA and GO-NH,. However, cationic protamines
will form stable inter-polyelectrolyte complexes with the
anionic ANS-PAA through strong electrostatic interactions,
causing the ANS-PAA to desorb from the GO-NH, surfaces
and the fluorescence of the ANS-PAA to be recovered. We
found that the displacement of ANS-PAA by protamines gave
a high fluorescence recovery efficiency. Protamines are
detected using the GO-NH, complex through the fluores-
cence turn-on process.

Experimental
Materials and chemicals

Graphite and N-hydroxysuccinimide were purchased from
Sinopharm Chemical Reagent Co. (Shanghai, China). ANS and
PAA (MW 450 000) were obtained from Aladdin (Shanghai,
China). Anhydrous ethylenediamine, KMnO,, and NaNO; were
purchased from Shanghai Lingfeng Chemical Reagent Co.
(Shanghai, China). 1-Ethyl-3-(3-dimethylaminopropyl)-
carbodiimide hydrochloride was purchased from Shanghai
Medpep Co. (Shanghai, China). All of the reagents were of
analytical reagent grade and were used without further purifi-
cation. All solutions were prepared under ambient conditions
using deionized water.
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Apparatus

Scanning electron microscopy (SEM) images were obtained
using a Hitachi-S4800 field emission scanning electron micro-
scope (Hitachi High-Technologies, Tokyo, Japan). Fourier
transform infrared (FTIR) spectra from 400 to 4000 cm ™' were
acquired using an FTIR S-8400 instrument (Shimadzu, Kyoto,
Japan) using KBr disks. Powder X-ray diffraction patterns were
recorded using an XRD-6000 instrument (Shimadzu) using a Cu
Ko, target and a scanning rate of 8° 26 min~", from 10° to 80°.
Fluorescence spectra of all of the samples were acquired using
an F-4500 instrument (Hitachi High-Technologies), using
a 1.0 cm x 1.0 cm quartz cell. All of the experiments were
carried out at room temperature.

Preparation of GO-NH, and ANS-PAA

The method used to synthesize GO has been described in our
previous publications. The GO was prepared from purified
natural graphite using a modified Hummers method.'®*
Briefly, concentrated H,SO, (23 mL) was added to a 250 mL flask
containing graphite (1.0 g), and the mixture was kept at 0 °C in
an ice bath. NaNO; (0.5 g) was added to the mixture, then
KMnO, (3.0 g) was gradually added, with stirring, and the
temperature of the mixture was kept below 10 °C. The mixture
was then stirred with a mechanical stirrer for 2 h. The
temperature was increased to 35 °C, and that temperature was
maintained for 12 h. Deionized water (140 mL) was then added
to the mixture, and the mixture was continuously stirred for
30 min while the temperature was increased to 90 °C. A 30%
H,0, solution (50 mL) was then added and the mixture was
cooled to room temperature. The mixture was then filtered and
the product washed three times with 5% HClq) then with
deionized water until the final product reached neutral pH. The
resulting filter cake was dried in a vacuum oven. To aminate the
GO complex to give GO-NH,, GO (20 mg) was added to
phosphate-buffered saline (20 mL) and the mixture was ultra-
sonicated for 1 h to give a homogeneous GO dispersion. A
500 mM 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
hydrochloride and N-hydroxysuccinimide solution (1.0 mL)
was then added to the dispersion, and the mixture was incu-
bated for 30 min. Ethylenediamine (0.2 mL) was then added,****
and the mixture was incubated for another 2 h. The mixture was
then kept overnight at 4 °C, then centrifuged at 8000 rpm for
10 min. The solid phase was then washed with deionized water.
The final product, GO-NH, nanocomposites, was obtained and
dried under vacuum for 48 h.

Synthesis of ANS-PAA

In a 20 mL brown bottle, purified PAA (15 mg) was dissolved in
phosphate-buffered saline (5 mL) at pH 7.4. The PAA solution
then placed in an ice bath, and 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide hydrochloride (20 mg)
and sulfo-N-hydroxysuccinimide (10 mg) were added while the
mixture was stirred using a magnetic stirrer. The mixture was
stirred for 1.0 h, then ANS (20 mg) was added, and the reaction
mixture was kept in the ice bath for another 2 h and then at

was
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Scheme 1 Schematic illustration of (a) the preparation of polyacrylic acid (PAA) modified with sodium 4-amino-1-naphthalenesulfonate (ANS),
(b) the preparation of aminated graphene oxide (GO-NH,), and (c) the rationale for the detection of protamines using the ANS-PAA/GO-NH,

system.

room temperature for 22 h. Once the reaction was complete, the
mixture was dialyzed (with a molecular weight cutoff of 14 000 g
mol ") against deionized water for three days until the
conductivity of the water outside the tube remained constant.
The ANS-PAA was then dried under vacuum and dissolved in
water to give an ANS-PAA concentration of 1.0 g L™".

Fluorescence titration experiments

Fluorescence measurements were made using a Hitachi F-4500
fluorescence spectrophotometer. A stock solution of ANS-PAA
(1.0 g L") and a stock solution of GO-NH, (1.0 g L") and
protamines (1.0 g L") in water were prepared, then the ANS-
PAA stock solution was diluted with HEPES buffer solution to
give a final concentration of 1.0 mg L™'. GO-NH, was gradually
added to the diluted ANS-PAA solution until the ANS-PAA fluo-
rescence was quenched, then the required amount of

1434 | RSC Adv., 2017, 7, 1432-1438

protamines was added. The sample was gently stirred for 5 min
before the fluorescence was recorded. Each experiment was
performed at the optimal pH. The fluorescence intensity of the
mixture in each tube (different tubes contained different
amounts of protamine) was measured using an excitation
wavelength of 327 nm, and the excitation and emission slits
were both set to 5.0 nm.

Results and discussion
Characterization of the GO, GO-NH,, and ANS-PAA

SEM images of the GO and GO-NH, surfaces are shown in Fig. 1.
It can clearly be seen that the GO sheets have typical ripples and
paper-like structures. The GO-NH, sheets, in contrast, have
much rougher surfaces.

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 SEM images of (A) graphene oxide and (B) aminated graphene
oxide.

The natural graphite, GO, and GO-NH, X-ray diffraction
patterns, shown in the ESI (Fig. S1t), supported our conclusion
that the GO-NH, complex have been prepared successfully.

The structures of the natural graphite, GO, GO-NH,, ANS,
PAA, and ANS-PAA samples are characterized using FTIR
spectroscopy. As can be seen from Fig. 2, no significant bands
were found in the FTIR spectrum of natural graphite. A large
number of oxygen-containing functional groups are intro-
duced when graphite is chemically treated to give GO. The
strong absorption peak at 3419 cm ™' is assigned to O-H
stretching vibrations, and the peak at 1719 cm ™" is assigned to
carbonyl and carboxylic group C=O0 stretching vibrations. The
peak at 1622 cm ™' is attributed to aromatic C=C stretching
vibrations, and the signals at 1228 and 1043 cm™ " are attrib-
uted to epoxy and alkoxy C-O vibrations. The differences
between the natural graphite and GO spectra indicated that
GO have been prepared successfully.”»** As is shown in Fig. 2A
spectrum c, the FTIR spectrum of GO-NH, confirmed that the
GO carboxyl groups and ethylenediamine amino groups are
successfully conjugated. The peaks at 1649, 1556, and 1270

ecm ™' are assigned to amide (-NHCO) group stretching

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Fourier transform infra-red spectra of the (A) (a) natural
graphite, (b) graphene oxide, (c) aminated graphene oxide (GO-NH,),
(d) sodium 4-amino-1-naphthalenesulfonate (ANS), (e) polyacrylic acid
(PAA), and (f) the ANS-PAA complex. (B) Fluorescence emission spectra
of the ANS-PAA complex in HEPES at pH 5.2 in (a) the absence of GO-
NH,, (b) the presence of 50 mg L=t GO-NHj, and (c) the presence of
75 mg L™t GO-NHs.

vibrations. The carboxylic group bands found at 1719 cm ™" in

the pristine GO spectrum are not present in the GO-NH,
spectrum, supporting our conclusion that amide linkages have
formed. Other peaks at 3419 cm ™" (O-H stretching vibrations),
1157 cm ™' (epoxy C-0O), and 1028 cm ™" (alkoxy C-O) are also
found in the GO-NH, spectrum, indicating that the expected
chemical reaction have occurred and that the expected
product GO-NH, have been successfully prepared.*®** The
FTIR spectrum of ANS is shown in Fig. 2A spectrum d. The
peaks at 1458 and 789 cm ' are assigned to C-H bending
vibrations, and the peak at 1654 cm™" is attributed to N-H
bending vibrations in the ANS amino groups. The peaks at
3410 and 1707 cm™ ' in the FTIR spectrum of PAA (Fig. 2A
spectrum e) are attributed to O-H and -C=O stretching
vibrations, respectively. The peak at 2940 cm ™" is attributed to
symmetrical stretching of -CH,- groups in the PAA chains,
and the peaks at 1452 and 812 cm ™' are attributed to out-of-
plane bending vibrations of the C-H bonds in the PAA. The
FTIR spectra of ANS and PAA are used as reference spectra. We
found a peak at 1560 cm ™" in the FTIR spectrum of ANS-PAA
that is not found in the ANS or PAA spectra, and this new
peak indicated that the ~-COOH groups in PAA have reacted
with the -NH, groups in ANS to form amide bonds.

RSC Adv., 2017, 7, 1432-1438 | 1435
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Fluorescence recovery in the ANS-PAA/GO-NH, system caused
by interactions between protamine and ANS-PAA

The ANS-PAA fluorescence spectra in the absence and presence
of GO-NH, are shown in Fig. 2B. ANS-PAA fluoresced strongly in
the absence of GO-NH, (Fig. 2B curve a), and the fluorescence
was quenched to a remarkable degree in the presence of GO-
NH, (Fig. 2B curves b and c¢). However, the wavelength at which
the maximum emission occurred and the spectral shape do not
change markedly. The high quenching efficiency of GO-NH, is
caused by the ANS-PAA non-covalently binding to the GO-NH,
surfaces and Forster resonance energy transfer and electron
transfer from the ANS-PAA to the GO-NH, occurring. One
reason for this would have been that the ANS-PAA, which has
a high negative charge density, will have a strong binding
affinity for the positively charged GO-NH,. The high quenching
efficiency meant that a good signal-to-noise ratio would be
achieved when a target analyte is detected using the system and,
therefore, that the system would be sensitive and have a good
dynamic range for the target analyte.>>¢

The ANS-PAA/GO-NH, fluorescence sensor is tested using
protamines at different concentrations in HEPES (at pH 5.2) at

300

>

250

2004

150+ b

100+

FL Intensity (a.u.)

50+

350 400 450 500

Wavelength (nm)

RN

550

B 1.5
1.4 —E\E

1.3

FIF,

1.2

1.1

1.0

2 3 4 5 6 7 8
pH

Fig. 3 (A) Fluorescence emission spectra of the polyacrylic acid
modified with sodium 4-amino-1-naphthalenesulfonate (ANS-PAA)
and aminated graphene oxide (GO-NH,) system in HEPES at pH 5.2 in
(a) the absence of protamines, (b) the presence of 2.5 ng mL™* prot-
amines, and (c) the presence of 4.5 ug mL~! protamines. The ANS-PAA
concentration was 1.0 mg L™! and the GO-NH, concentration was
65 mg L™, (B) Relative fluorescence intensities (F/Fo) of the ANS-PAA/
GO-NH, system in the presence (F) and absence (Fo) of 2.0 pg mL™?
protamines as a function of the pH. The ANS-PAA concentration was
1.0 mg L~ and the GO-NH, concentration was 65 mg L%,
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room temperature. As is shown in Fig. 3A, the ANS-PAA/GO-NH,
system fluoresced weakly, but adding protamines increased the
fluorescence intensity, and the increase is related to the increase
in the protamine concentration. This indicated that the prot-
amines became bound to ANS-PAA in competition with the
binding of ANS-PAA to the GO-NH,, causing ANS-PAA to become
desorbed from the GO-NH, surfaces. Protamines have more
abundant negative charges than does GO-NH,, so protamines
will interact more strongly with ANS-PAA than will GO-NH,. This
allows protamines to remove ANS-PAA from the GO-NH,
surfaces, ANS-PAA/protamine complexes to form, and the ANS-
PAA fluorescence to be recovered. We investigated the effect of
the presence of protamines on the fluorescence of ANS-PAA
(Fig. S2 in the ESIt), and we found that the fluorescence of
ANS-PAA is not influenced by the presence of protamine. There-
fore, the increase in the fluorescence of the system is attributed
only to the ANS-PAA being removed from the GO-NH, surfaces.

Optimization of the conditions for detecting protamines

The pH is one of the most important variables that affected the
sensor system.”” The relative fluorescence intensity F/F, (where
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Fig. 4 (A) Fluorescence responses of the polyacrylic acid modified with
sodium 4-amino-1-naphthalenesulfonate (ANS-PAA) and aminated
graphene oxide (GO-NH,) system to protamines and other important
biomolecules. The ANS-PAA concentration was 1.0 mg L™, the GO-NH,
concentration was 65 mg L™, the protamine concentration was 2 pg
mL~% and the concentration of each other biomolecule was 20 ng mL~%
Each solution was prepared in HEPES at pH 5.2. (B) Fluorescence
emission spectra of the ANS-PAA/GO-NH, system in HEPES at pH 5.2
with different protamine concentrations (from 0 pg mL™ at the bottom
to 20 ng mL~t at the top). The inset shows the fluorescence recovery F
plotted against the protamine concentration. The ANS-PAA concen-
tration was 1.0 mg L™! and the GO-NH, concentration was 65 mg L.

This journal is © The Royal Society of Chemistry 2017
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Table 1 Concentrations and recoveries of protamines in real samples
determined using the standard addition method

Added Found Recovery RSD
sample (hgmL")  (ugmL) (%) (%)
Bovine serum 0.0 Not detected — —
samples (5%) 2.0 2.072 103.6 1.56
Human serum 0.0 Not detected — —
samples (5%) 4.0 4.168 104.2 1.85

F, and F are the fluorescence intensities of the ANS-PAA/GO-
NH, system in the absence and presence of protamine,
respectively) is determined at different pH values by performing
fluorescence titration experiments using different initial pH
values (between pH 2 and 7.5) with the sensor prepared in
HEPES. It can clearly be seen from Fig. 3B that the fluorescence
recovery efficiency decreased gradually as the pH increased
from pH 5.2 to 7.5. This is probably because the protamine
surfaces would have become less charged at higher pH values
because the -NH;" groups would have been deprotonated. This
means that fewer and weaker electrostatic interactions would
occur between the protamines and the ANS-PAA at higher pH
values. Subsequent experiments were therefore performed at
pH 5.2.

Interference study

An excellent chemosensor needs to be highly selective.”®* The
selectivity of the sensor we developed for protamines was
determined by using the sensor in the presence of various
substances that could cause interference. We measured the
fluorescence intensity of the probe in the presence of RNA, DNA,
inosine, vitamin PP, heparin, or bovine serum albumin at 20 pg
mL~" using the same conditions. The effect of each potentially
interfering substance on the fluorescence intensity of the probe
is shown in Fig. 4A. Protamines very efficiently quenched the
fluorescence, and the presence of the other substances hardly
changed the efficiency at which the fluorescence was quenched.
We therefore concluded that the probe is outstandingly specific
and selective for protamines.

Analytical parameters and analyses of samples

A plot of F, measured using the optimum conditions, against
the protamine concentration (C, in micrograms per liter) had
a linear range of 0-6 pug mL~*. The equation of the line was F =
83.1 + 34.97C, and the correlation coefficient (R*) is 0.994, as is
shown in Fig. S3 in the ESL{ The limit of detection (Cyi,) is
determined using the equation Cy,, = 3d/k, where ¢ is the
standard deviation of the concentrations found in the blanks (n
= 10) and £ is the slope of the calibration line. We investigated
the practicality of using the system by using a standard addition
method to determine the protamine concentrations in two
samples. As is shown in Table 1, the concentrations found in
the two samples were 103.6% and 104.2%, respectively, of the
expected concentrations. These results indicated that the

This journal is © The Royal Society of Chemistry 2017
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method can be used to determine protamine concentrations in
samples accurately and reliably.

Conclusions

We developed a new type of fluorescent probe, an ANS-PAA/GO-
NH, complex, for selectively and sensitively detecting prot-
amines in aqueous solutions. The ANS-PAA fluorescence was
effectively quenched by GO-NH,. The high quenching efficiency
was caused by the ANS-PAA non-covalently binding to the GO-
NH, surfaces through electrostatic interactions, forming ANS-
PAA/GO-NH, complexes. The fluorescence of the system was
recovered when protamines were added, and this was caused by
the positively charged protamines removing ANS-PAA from the
GO-NH, surfaces to form ANS-PAA/protamine complexes.
Under optimal conditions, the change in the fluorescence
intensity was proportional to the protamine concentration. The
linear range of the probe was 0 to 6.0 ug mL ", and the detection
limit was 0.4 pug mL~'. The novel fluorescent probe has
a number of attractive analytical features, being environmen-
tally friendly, very sensitive, very selective, and simple to use
and giving very reproducible results. More importantly, the
proposed method will provide a basis for the development of
other GO-quenched fluorescent sensors.
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