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Abstract

The authors describe the preparation of gold nanoparticles (AuNPs) coated with poly(ethylene glycol)-block-poly(propylene
glycol)-block-poly(ethylene glycol) (Pluronic F-108) by reducing Au>* to Au’ using curcumin, a natural and non-toxic food
spice, in water of pH ~7 in the presence of F-108 and Ag* ion. The coated AuNPs display strong resonance Rayleigh scattering
(RRS) and fluorescence that results from the functionalization of the gold surface with curcumin and Pluronic F-108. The molar
mass of Pluronic F-108 affects the particle size of the AuNPs formed, and small AuNPs are formed when using low molar weight
F-108 that was purified by centrifugation or dialysis. The coated AuNPs were employed in an optical method for the determi-
nation of uric acid. The combination of uric acid with the AuNPs boosts both the RRS signal and the fluorescence of the AuNPs.
However, higher concentrations of uric acid shift the fluorescence peak to shorter wavelengths. The method is simple, and
fluorescence, best measured at excitation/emission wavelengths of 425/534 nm, increases linearly in the 50 uM to 50 mM uric

acid concentration range, with a 0.14 pM detection limit which is lower than reported for other methods in the literature.
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Introduction

Gold nanoparticles (AuNPs) can find applications in diverse
fields [1]. Functionalized AuNPs have been used for various
analytical schemes [2—5], as they offer a suitable platform for
multi-functionalization with a wide range of organic or bio-
logical ligands for the selective binding and detection of small
molecules and biological targets [6]. Surface modification and
stabilization of AuNPs by polymer or surfactant play a crucial
role for its analytical application. Thus, one of the serious
concerns of AuNPs for biomedical application has been its
stabilization.

Amphiphilic block copolymers have both hydrophilic and
hydrophobic part. Pluronic block copolymers consist of eth-
ylene oxide (EO) group and propylene oxide (PO) blocks
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arranged in triblock structure: EO-PO-EO. Thus, the arrange-
ment produces an amphiphilic copolymer, in which the num-
ber of hydrophilic EO, and hydrophobic POy, units can be
altered to vary the size, hydrophilicity and lipophilicity. In
nano-emulsion processes, the PEO-PPO-PEO molecules prin-
cipally participate in the reactions as a surfactant stabilizing
the nanoparticles formed [7]. Thus, such polymeric system
can help in stabilizing AuNPs for controlling its size and mor-
phology towards better analytical application.

Uric acid (2,6,8 trioxypurine) is formed by the liver and
mainly excreted by the kidneys (65-75%) and intestines (25—
35%) [8]. For a healthy person, the normal concentration of
uric acid is 240-520 uM in serum and typically 1.4-4.4 mM
in urine [9]. Abnormal level of uric acid commonly is symp-
toms of diseases like gout, hyperpiesia, Lesch-Nyhan disease,
pneumonia, kidney damage and cardiovascular diseases [10].
As the uric acid level in human body can be affected by sev-
eral causes and can be the consequences of different disease, it
is necessary to determine the concentration of uric acid either
in urine or blood serum. There are several methods, such as,
colorimetric, enzymatic and electrochemical techniques,
which are used to determine the concentration of uric acid
[9-12]. But each one of these methods have their own limita-
tions, for example, in Calorimetry method interferences with
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the oxidase-based chromogenic detection caused by exoge-
nous substances present in body fluids (e.g., ascorbic acid)
have been reported [13]. Enzymatic method is more expensive
and have a relatively poor detection limit. Electrochemical
methods suffer due to interference from ascorbic acid as it
undergoes oxidation having the same potential as uric acid
at some conventional electrodes [14]. Moreover, methods
based on nanoparticles are getting widely investigated.
Yogeswaran et al. [15] have reported a functionalized carbon
nanotube-modified electrode for simultaneous determination
of ascorbic acid, epinephrine, and uric acid. Wei et al. [16]
have reported a method by doping cerium oxide nanoparticles
onto glassy carbon electrode for simultaneous determination
of uric acid and ascorbic acid. However, to our knowledge
there is little report on application of AuNPs for the determi-
nation uric acid.

Many groups have reported that routinely applied proce-
dures for AuNPs synthesis are not environmentally friendly.
As a consequence, AuNPs made by employing green chem-
istry principles, for which non-toxic polymeric stabilization
system [17] and organic molecules [18-20] have attracted
attention. Curcumin is non-toxic and environmental friendly
and can reduce Au (III) to Au (0) successfully [21, 22].
Similarly, water soluble pluronic polymer like poly (ethylene
glycol)-block-poly (propylene glycol)-block-poly (ethylene
glycol) (F-108) can help in solubilizing hydrophobic
curcumin as well as act as a stabilizing agent for the AuNPs
in aqueous medium. In this study, F-108 capped AuNPs have
been prepared using curcumin as reducing agent. The func-
tionalized gold nanoparticles have been subsequently applied
for the determination uric acid, which gives a high sensitivity
compared to literature value and good selectivity.

Materials and methods
Materials

For dialysis treatment, Biotech Regenerated Cellulose
Dialysis membrane was used with a molecular weight cut-
offs 8-10 kD. Curcumin, silver nitrate, Poly(ethylene gly-
col)-block-poly(propylene glycol)-block-poly(ethylene gly-
col), and gold (II) chloride hydrate (99.999% trace metal
basis) were obtained from Sigma Aldrich (https://www.
sigmaaldrich.com/european-export.html). All the chemicals
were used without further purification and dissolved in
double distilled water except that stock of curcumin was
prepared in methanol and later on prepared in F-108 media.

Synthesis of pluronic capped gold nanoparticles

The synthesis of gold nanoparticles was carried out in neutral
media (pH =~7). To begin with, 50 uM of F-108 or pluronic
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with different molar mass were dissolved in 15 mL of double
distilled water heated at 60 "C. Then it was left for 2 min at 45
°C followed by adding 4 mM of AgNO; (1 mL) and again left
for 15 min at 45 "C. Later on, 1 mM of HAuCl, dissolved in
15 mL of double distilled water was added to the mixture.
Finally, 10 mM of curcumin (1 mL) was mixed with the final
solution at 45 “C. To end up the reaction procedure, the solu-
tion was centrifuged first at 168xg for 5 min to get rid of
unreacted curcumin and subsequently at 37800xg for 25 min
to precipitate the gold.

Dialysis treatment

About 2 mL of gold nanoparticles solution was used in the
dialysis set. The membrane, in which the gold solution was
added, was submerged in 80 mL of deionized water for 24 h.
The dialysis process was performed at room temperature.

Spectroscopy study

The absorption spectra were recorded at room temperature
using a JASCO V-570 UV-VIS—-NIR spectrophotometer.
The emission spectral measurements were documented with
resolution increment 1 nm and slit 5 nm using Jobin-Yvon-
Horiba Fluorolog IIT fluorometer and the FluorEssence
program. To record resonance Rayleigh spectrum, syn-
chronous fluorescence scan was measured using the same
instrument by keeping the excitation and emission wave-
length interval at 0 nm.

Characterization

Scanning electron microscopy (SEM) analysis was done using
Tescan, Vega 3 LMU with Oxford EDX detector (Inca
XmaW20). In short, few drops of gold solution were deposit-
ed on an aluminum stub and coated with carbon conductive
adhesive tape. FT-IR spectra were recorded on a FT-IR-
Raman spectrometer. A Thermo Nicolet 4700 Fourier
Transform Infrared Spectrometer equipped with a Class 1 la-
ser was used for this purpose.

Uric acid determination

Stock solutions of 1 mM or 75 mM of uric acid were prepared
in order to make up several solutions with known concentra-
tion in the range 50 uM to 50 mM. Real samples of uric acid
were tested by spiking 30 uL of the sample with different
concentration of uric acid from 50 uM to 25 mM. Both
experiments were done by keeping the concentration of
AuNPs constant in a total volume of 3 mL. AuNPs concen-
tration was ~200 pM.
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Results and discussion
Surface Plasmon resonance spectra of AuNPs

For the synthesis of AuNPs, pluronic F-108 polymer was used
as a capping agent. In addition, the polymeric micelle formed
by F-108 was helpful in the dissolution of hydrophobic
curcumin. In fact, reduction of Au salt to AuNPs was accom-
plished by curcumin [22] in F-108 micellar media as described
in Experimental section and Electronic Supporting Material
(ESM). UV-vis absorption spectrum of curcumin gives two
strong absorption bands ranging from 410 to 430 nm (Sp—
S; transition) and at 265 nm(Sy—S,) region [23, 24]. Whereas
for gold nanoparticles, Surface Plasmon Resonance (SPR)
absorption appears at a wavelength > 520 nm. However, the
absorption wavelength maximum of AuNPs is widely affected
by the particle size due to the fact that at the SPR wavelength
gold nanoparticles exhibit an enormous electric field
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Fig. 1 UV-Vis absorption spectra (a) and resonance Rayleigh scattering
spectra (b) of Pluronic functionalized gold nanoparticles prepared using
different molar mass of Pluronic polymer. P1, P2, P3 and P4 corresponds
Pluronic polymer having molar mass of 14,600, 8400, 5800 and 2000 g
mol ™', respectively

enhancement extended from their surface [25]. The UV-vis
spectrum of AuNPs prepared using four different molar
masses, such as, 14,600, 8400, 5800 and 2000 g/molf1 (name-
ly, P1, P2, P3 and P4, respectively) of the capping pluronic
polymer is depicted in Fig. la. It is found that for AuNPs
obtained with P4 as capping agent, a clear SPR peak was
obtained at ~540 nm which shifted to ~534 nm for AuNPs
with P1, P2 and P3 as capping agent. However, the absor-
bance of the AuNPs obtained for P3 was relatively higher than
the absorbance of the AuNPs formed using P1 and P2 but less
than that of AuNPs formed using P4. Interestingly, the absor-
bance of synthesized AuNPs decreased with the increase in
molar mass of pluronic polymer used during synthesis of
AuNPs, as shown in the insert of Fig. 1a.

RRS and fluorescence spectra of AuUNPs

The RRS spectra of F-108 conjugated AuNPs prepared with
different molar mass of pluronic F-108 is depicted in Fig. 1b.
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Fig. 2 Fluorescence emission spectra of Pluronic functionalized gold
nanoparticles prepared using different molar mass of Pluronic polymer.
P1, P2, P3 and P4 corresponds Pluronic polymer having molar mass of
14,600, 8400, 5800 and 2000 g mol !, respectively. a Aex =425 nm and b
Aex =500
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The resulted gold nanoparticles gave two major SPR peaks at
~380 nm and ~550 nm. In order to determine the emission
spectrum, the AuNPs were excited at two absorption wave-
lengths: 425 nm for curcumin and 500 nm for AuNPs, in the
emission wavelength range between 440 and 800 nm and
510-800 nm respectively. The emission spectra at both exci-
tation wavelengths, Ao, =425 nm and A = 500 nm, of AuNPs
obtained for the two experiments are shown in Fig. 2a, b
respectively. Both the excitation wavelengths gave similar
emission pattern, one main peak at ~540 nm and another
emission band at ~ 670 nm. The main peak resembles that
of curcumin in aqueous media confirming conjugation of
curcumin at the AuNPs surface. The band at 670 nm can be
due to emission from AuNPs. However, the variation of fluo-
rescence intensity for NPs prepared using pluronic having
different molar mass followed similar trend as obtained in
UV-visible and RRS measurements, which suggest variation
of particle size and increase in production of AuNPs with
decrease in molar mass.

Characterization of AuNPs

The effect of the particle size or shape with variation in molar
mass can be easily verified in the SEM images depicted in
Fig. 3a-d. It should be noted that during synthesis P3 pluronic

Fig. 3 SEM images of Pluronic
functionalized gold nanoparticles
prepared using different molar
mass of Pluronic polymer. a
Pluronic polymer with molar
mass of 14,600 g mol ™!
[corresponding EDX is given in
e]; b Pluronic polymer with molar
mass of 8400 g mol
[corresponding EDX is given in
f]; ¢ Pluronic polymer with molar
mass of 5800 g mol '
[corresponding EDX is given in
g|; d Pluronic polymer with molar
mass of 2000 g mol
[corresponding EDX is given in
h]
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gave AuNPs with small diameter 5-10 nm, whereas bigger
particles were obtained from P1, P2 and P4, whose size were
around 10-20 nm, nevertheless, there were agglomeration of
AuNPs prepared using pluronic P4. This establishes that molar
mass of the capping agent dictates shape and size of the
AuNPs. Further, to verify the formation of AuNPs, EDX anal-
ysis was done. EDX spectrum demonstrated the presence of Au
peaks and carbon peak as expected due to capping of F-108/
curcumin and did not show any peak for Ag (see Fig. 3e-h).
This concludes that silver nanoparticles were not formed during
AuNPs synthesis and the role of AgNO; was limited to facili-
tate the formation of uniform AuNPs. FT-IR spectroscopic
analysis (see Figure S1, ESM) shows the bands at 1518 cm ™
assigned to the (C=0) and at 2355 cm ' relative to curcumin
were observed shifted in AuNPs/AuNRs FT-IR spectrum, dem-
onstrating the presence of the intact curcumin moiety in the
prepared AuNPs/AuNRs.

Indeed, during synthesis it was noted that the color of the
solution changed from pale yellow to purple after a range of
time. However, this change was affected by the molar mass of
the polymer since the color did not change at the same time for
the 4 solutions. To investigate the kinetic, 4 experiments were
done and several sample were taken out every 5 min for 1 h
and then after 24 h. The AuNPs concentration was monitored
by measuring the change in the absorbance at the SPR peak of
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Fig. 4 a UV-visible absoprtion spectra of Pluronic capped gold

nanoparticles in the presence of curcumin, as the reaction proceeds to

form Au NPs, the visible asbsoprtion peak of curcumin at ~425 nm
decreases and that of AuNPs at ~534 nm increases; b Changes in

AuNPs. As is presented in Fig. 4a, initially the absorbance of
curcumin at ~425 nm decreased while the absorbance of the
AuNPs at ~530 nm increased as the time progressed. But after
20 min the absorbance was almost saturated with negligence
variation. The rate of production of AuNPs is depicted in Fig.
4b. It is obvious that after 1 h the absorbance remained stable.
As presented in the ESM, the AuNPs obtained from the dial-
ysis process were bigger (~30 nm) than the one obtained from
the centrifuging techniques (20 nm), though there were some
agglomeration. Hence, as a time factor it was more efficient to
centrifuge the solution immediately after preparation, in this
case one centrifuging cycle was enough to get rid of the
unreacted curcumin and then second centrifuging cycle was
used to precipitate/separate the produced AuNPs.

Estimation of uric acid

Gold nanoparticles possess distinct physical and chemical at-
tributes that make them excellent scaffolds for the fabrication
of novel chemical and biological analytical method [26]. Au
nanoparticles prepared using F-108 and curcumin were cho-
sen for estimating uric acid. In fact, addition of uric acid, RRS
signal of AuNPs changed remarkable, about 10-fold increase.
However, the spectral shape and RRS wavelength maximum
remained unchanged. This appreciable change in RRS signal
can be due to complexation of uric acid with AuNPs.
Similarly, when excited at 425 nm (Fig. 5a) or 500 nm (not
shown), AuNPs showed an emission spectrum in the broad
range with a maximum at ~550 nm. Addition of uric acid also
enhanced the fluorescence intensity remarkably. In addition,
the fluorescence maximum of AuNPs showed a blue shift
while increasing the uric acid concentration to above
0.8 mM. This blue shift can be rationalized based on the fact
that surge in uric acid concentration bring more number of uric
acid molecules, thus, increases the local hydrophobic
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Table 1 Recovery results of the proposed method using real samples

Unknown Concentration Taken (micromolar) Experimental concentration (micromolar) Recovery % (different linear curve)
Fluorescence Fluorescence RRS Fluorescence Fluorescence RRS
Aex =425 nm Aex =500 nm Aex =425 nm Aex =500 nm

Unknown 1 219 237 229 213 108 105 99

Unknown 2 214 215 235 210 101 110 98

Unknown 3 227 240 239 220 106 105 97

Data were obtained using standard addition method

environment around the gold nanoparticles, which conse-
quently widens the energy gap between the ground and excit-
ed states. It should be noted that a polar environment causes a
red shift (thus, nonpolar environment is expected to cause blue
shift) in the emission maximum of curcumin.

To get the best results the effect of sample pH, and volume
of AuNPs for analytical application was studied. As given in
Figure S4-S6 (see ESM), the optimized pH was found to be 7
and the optimized volume of AuNPs was 0.2 mL, which were
subsequently used for the determination of uric acid. The cal-
ibration curve was made by measuring RRS signal of AuNPs
in different concentration of uric acid in these conditions. The
RRS spectra of AuNPs in the presence of different concentra-
tions of uric acid, from 50 uM to 50 mM, did not show any
change in the shape of RRS spectra of AuNPs except that the
RRS signal continuously increased with the concentration of
uric acid. The RRS signal alteration of AuNPs with uric acid
concentration is plotted in Fig. 5b. As can be seen in the plot,
in a wide range of concentration range, the curve showed
linear change. This linear increase was very well fitted with
a linear equation, Y =249,448 + 1.2x*107 with R?=10.987.
Such a good correlation justifies the applicability of the pres-
ent method for the determination of uric acid in the given
concentration range. For the emission spectra excited at
425 nm or 500 nm, a similar linear increase of the fluorescence
intensity with the concentration of uric acid was observed.
This increase was very well fitted with a linear equation,
Y = 8165 + 76,438x with R*=0.993 for A, =425 nm and
Y =2151 +27,747% with R*=0.974 for A, =500 nm. The
detection limit of the present method was estimated to be
0.14 uM, which is lower than earlier methods such as enzy-
matic method using soluble uricase (0.18 uM) [27], masse
fragmentography method using soluble uricase (0.74 pM)
[28], and enzymatic colorimetric method using soluble uricase
(0.15 uM) [29].

Determination of uric acid in serum samples
As the gold nanoparticles were able to detect standard solution

of uric acid with low limit of detection we were interested to
detect real sample of uric acid. To test the capacity of
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curcumin capped gold nanoparticles in detecting uric acid
present in the serum using standard addition method, human
urine samples were collected from the patients in American
University of Beirut Medical Center. In this case, several
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Stability of I/l signal of F-108 functionalized AuNPs with time in the
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solutions were prepared by adding 30 pL of serum with
known uric acid concentration in the range between 50 uM
and 25 mM. As expected, increasing the uric acid concentra-
tion induced an increase in the RRS intensity. Same results
were obtained in the fluorescence spectra while exciting at
425 nm or 500 nm. Figure S7 (see ESM) show the calibration
curves of curcumin capped AuNPs in different concentration
of uric acid using RRS signal (Figure S7A) and emission
intensity (Figure S7B), respectively. A linear relationship be-
tween uric acid concentration and RRS signal/fluorescence
intensity was obtained in these cases. The linear increase
was very well fitted with a linear eq. Y =1.71%10°+
2.44x*107 with R>=0.976 for RRS measurement; Y =
5891 + 113,424% with R?=0.979 for fluorescence spectra at
Aex =425 nm and Y = 1478 +46,477x with R*=0.976 for
fluorescence spectra at Aoy =500 nm. The detection limit of
the method was estimated to be 0.24 uM. The results were
almost similar to the results obtained without serum sample,
which make our method useful to detect uric acid in the con-
centration range between 50 M and 50 mM. The analytical
recovery of real samples using the present method was esti-
mated by testing 3 serum samples using the last calibration
curve obtained. The results obtained are summarized in
Table 1. The percent of recovery uric acid of our method
was found to be between 97 and 110% +4.4 (n =3), slightly
higher to earlier reported methods such as, chemilumines-
cence method using immobilized uricase (96—103%) [30], en-
zymatic colorimetric method using soluble uricase (96—101%)
[29] and mass fragmentary using radio isotope (100%) [28].

Test of selectivity and stability

Interestingly, when potential interference like ascorbic acid,
creatinine, tryptophan, cysteine, etc. was used instead of uric
acid, no remarkable change in intensity was observed as
shown in Fig. 6 (top) establishing selectivity of the present
method. Finally, the photo-stability of curcumin capped Au
NPs was verified, which is illustrated in Fig. 6 (bottom). When
RRS signal of AuNPs was recorded in the absence and pres-
ence of uric acid for one hour, the signal was found to be
remarkably stable indicating the current method is quite stable
during measurement time.

Conclusion

AuNPs were prepared using curcumin in the presence of
AgNO; and F-108 where Au salt was reduced to AuNPs in
presence of curcumin in polymeric micelle. The particles were
found to be uniform and spherical with 10-20 nm diameters. It
was found that lower molar mass can generate small particles
within 20 min. The produced AuNPs were successfully
exploited to design enzyme free optical method for uric acid.

The method offered remarkable linear dynamic range, 0.05—
50 mM. The detection limit for uric acid estimation was
0.14 uM. The method was stable both in the absence and
presence of uric acid and gave high selectivity in the presence
of ascorbic acid and other potential interfering substances.
Serum uric acid samples were collected and tested as well to
verify the efficiency of the method, which gave positive re-
sults with an excellent recovery. Thus, the use of curcumin
capped gold nanoparticles in discrete analysis of serum uric
acid can be used to design novel techniques, which are fast
and sensitive. The LOD found in this method is lower but not
so significant to those obtained using enzymatic methodolo-
gies. However, more research needs to be carried out to test
selectivity, improve sensitivity and develop a sensing param-
eters in saliva and blood.
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