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ABSTRACT: In this work, a facile colorimetric method is
developed for quantitative detection of human serum albumin
(HSA) based on the antiaggregation effect of gold nano-
particles (Au NPs) in the presence of HSA. The citrate-capped
Au NPs undergo a color change from red to blue when
melamine is added as a cross-linker to induce the aggregation
of the NPs. Such an aggregation is efficiently suppressed upon
the adsorption of HSA on the particle surface. This method
provides the advantages of simplicity and cost-efficiency for
quantitative detection of HSA with a detection limit of ~1.4
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nM by monitoring the colorimetric changes of the Au NPs with UV—vis spectroscopy. In addition, this approach shows good
selectivity for HSA over various amino acids, peptides, and proteins and is qualified for detection of HSA in a biological sample.
Such an antiaggregation effect can be further extended to fabricate an INHIBIT logic gate by using HSA and melamine as inputs
and the color changes of Au NPs as outputs, which may have application potentials in point-of-care medical diagnosis.
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B INTRODUCTION

Quantitative detection of proteins is of great importance in the
field of biochemistry and medicine."”* Human serum albumin
(HSA) is the most abundant protein in plasma, which plays
vital roles in maintaining the oncotic pressure of blood and
serves as a carrier for various substances such as vitamins, fatty
acids, drugs, etc. HSA is also important in clinical diagnosis. For
example, an elevated concentration of HSA in human urine
(>20 mg/L) is a critical indicator for kidney damage, which is
associated with diabetes and cardiovascular disease.>™> Thus,
considerable attention has been focused on quantitative
detection of HSA. Immunoassays are one of the most
commonly used methods for HSA detection. However, the
immunoassays are usually time-consuming and may lead to
underestimate of the quantity of albumin.*” High-performance
liquid chromatography (HPLC) and liquid chromatography—
mass spectrometry (LC—Mass) provide satisfied accuracy and
reliability for HSA detection, while the complicated sample
pretreatments and expensive instruments limit their application
in routine analyses.*” Recently, colorimetric/fluorometric
methods have been developed for detection of HSA by
employing organic molecular probes with optical activity, which
can bind with HSA sepecifically.'®"> Although the optical
methods present acceptable sensitivity and selectivity and are
not complicate to operate, syntheses of the organic probes are
usually laborious and require the use of toxic solvents.
Therefore, it is still highly desirable to develop a more facile
and efficient method for HSA detection.
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Gold nanoparticles (Au NPs) have been widely used as
colorimetric probes for detection of a variety of chemical/
biological analytes due to their easy syntheses, good water
solubility, and excellent biocompatibility. Especially, Au NPs
have a unique optical property termed as surface plasmon
resonance (SPR), which is highly dependent on their
interparticle distance, that is, the well-dispersed Au NPs exhibit
a red color in solution, while the aggregated Au NPs show a
blue/purple color.”*~"* Melamine is a well-studied cross-linker
for Au NPs. The three primary amine groups of melamine are
able to strongly bind on the surface of Au NPs via ligand
exchange and result in an extensive aggregation of the Au
NPs."”~>" In this paper, we report that the melamine-induced
aggregation of Au NPs can be effectively suppressed upon the
adsorption of HSA on the particle surface. On the basis of such
an antiaggregation effect, a facile method is developed for
detection of HSA by monitoring the colorimetric changes of
the Au NPs. This method shows high sensitivity and selectivity
and is qualified for quantitative detection of HSA in a biological
sample. The antiaggregation effect is extendable to the design
and operation of a logic gate. Au NPs have been recognized as
ideal candidates for fabrication of colorimetric logic gates,
which can transduce specific chemical/biological inputs into
optical outputs.”'~>* Here, by using HSA and melamine as
inputs and the color changes of Au NPs as outputs, an
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Figure 1. (A) UV—vis spectra and optical photographs (insert) of (a) Au NPs, (b) Au NPs + melamine, (c) Au NPs + HSA + melamine. TEM
images of (B) Au NPs, (C) Au NPs + melamine, and (D) Au NPs + HSA+ melamine. Concentrations of the Au NPs, HSA, and melamine used were

2.0 nM, 300 nM, and 20 uM, respectively.

INHIBIT logic gate, which may be potentially useful in point-
of-care medical diagnosis, is developed based on the
antiaggregation effect.

B EXPERIMENTAL SECTION

Materials and Measurements. Hydrogen tetrachloroaurate (III)
(>99.9%), sodium citrate tribasic dehydrate (>99.0%), and HSA were
purchased from Sigma-Aldrich and used without further purification.
Melamine and all the amino acids were purchased from Sinopharm
Chemical Reagent Co., Ltd. Hemoglobin, horseradish peroxidase
(HRP), lysozyme, trypsin, and poly-lysine (M.W. 150, 000—300, 000)
were purchased from Sangon (Shanghai, China). Other reagents were
all of analytical reagent grade and used as received. UV—vis absorption
spectra were acquired by using a Shimadzu UV—1800 spectropho-
tometer. Transmission electron microscopy (TEM) observations were
performed on a JEOL 1200 electron microscope operating at an
accelerating voltage of 100 kV using carbon-coated copper grids as
substrates. Dynamic light scattering (DLS) measurements were taken
on a Brookhaven BI-90 Plus particle size analyzer with a scattering
angle of 90°. Circular dichroism (CD) spectra were recorded on a
BioLogic scanning spectrometer MOS450 using a rectangular cuvette
with a path length of 1 cm. All the experiments unless stated especially
were carried out at room temperature (23 + 2 °C).

Preparation of Au NPs. Citrate-capped Au NPs were prepared
according to the modified Frens method.**** In a typical procedure,
aqueous solution of HAuCl, (0.25 mM, S0 mL) was heated under
reflux, and then 1.3 mL of sodium citrate (1%) was added under
vigorous stirring. The solution was kept on boiling for 15 min. The
concentration of the Au NPs (~15 nm) was calculated to be ~2.4 nM
by assuming the complete reduction of Au®>* to Au® atoms.

Determination of the Amount of HSA Adsorbed on Au NPs.
The amount of HSA adsorbed on the surface of Au NPs was
determined by using the reported methods*®*” with some
modifications. In a typical procedure, a 415 uL dispersion of the Au
NPs (2.4 nM) was mixed with 20 uL of HSA with definite
concentrations, followed by the addition of 65 uL of pure water.
The final volume of all the samples was S00 uL, in which the
concentration of Au NPs was 2.0 nM, and those of HSA were 20, 40,
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60, 100, and 300 nM, respectively. Three independent samples were
prepared for each HSA concentration. The mixtures were incubated at
room temperature for 1S min and then centrifuged at 12 000 rpm for
20 min. The supernatants containing the nonadsorbed HSA were
transferred to fresh tubes. The amounts of the nonadsorbed HSA in
the supernatants were quantified by using Micro BCA Protein Assay
Kit (Thermo Scientific, USA). The amounts of HSA adsorbed to the
surface of Au NPs were derived by subtracting the amount of
nonadsorbed HSA from the total amount of the HSA added initially.
The numbers of HSA molecules absorbed on the surface of one Au
NP (N) were calculated by using the following equation:

N= (CO - Cnon)/CAuNPs

in which C;, C,,, and Cy.p, represent the molar concentration of
HSA added initially, nonabsorbed HSA remained in the supernatants,
and Au NPs, respectively.

HSA Assay. In a typical test, a 415 uL dispersion of the Au NPs
(2.4 nM) was mixed with 20 uL of HSA with definite concentrations,
followed by the addition of 55 uL of pure water. The mixtures were
then incubated at room temperature for 15 min before the addition of
melamine (10 4L, 1.0 mM). The final volume of the samples was 500
4L, in which the concentrations of the Au NPs and melamine were 2.0
nM and 20 uM, and those of HSA were 20, 40, 60, 80, 100, 150, and
300 nM, respectively. UV—vis absorption spectra were recorded after
the addition of melamine for 15 min.

Preparation of Artificial Urine Sample. Artificial urine was
prepared according to a standard method shown in previous
reports.”**® The solution contained lactic acid (1.1 mM), citric acid
(2.0 mM), sodium bicarbonate (25.0 mM), urea (170.0 mM), calcium
chloride (2.5 mM), sodium chloride (90.0 mM), magnesium sulfate
(2.0 mM), sodium sulfate (10.0 mM), potassium dihydrogen
phosphate (7.0 mM), dipotassium hydrogen phosphate (7.0 mM),
and ammonium chloride (25.0 mM). The pH of the solution was
adjusted to 6.0 by addition of hydrochloric acid (1.0 M).

INHIBIT Logic Gate. An aqueous dispersion of the citrate-capped
Au NPs (500 pL, 2.0 nM) was added into a tube. The INHIBIT
operation was triggered by the addition of the four possible
combinations of inputs: (1) H,O (0, 0); (2) 20 M melamine (1,
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Figure 2. (A) UV—vis spectra of the Au NPs before and after incubation with 300 nM of HSA for different times. Inset: variation in absorbance
intensity of the SPR peak of the Au NPs with the incubation time. (B) Variation in Agg/Asy, value of the Au NPs with time after the addition of
melamine for the Au NPs incubated with HSA (300 nM) for different times. (C) Variation in Agso/Agyo value of the Au NPs with time after the
addition of melamine for the Au NPs incubated with different concentrations of HSA for 15 min. Concentrations of the Au NPs and melamine used
were 2.0 nM and 20 uM, respectively. (D) Schematic illustration of the antiaggregation effect.

0); (3) 300 nM HSA (0, 1); (4) 300 nM HSA and 20 M melamine
(1, 1).

B RESULTS AND DISCUSSION

Antiaggregation Effect of Au NPs via HSA Adsorption.
As shown in Figure 1, panel A, the citrate-capped Au NPs (2.0
nM) were red in color with a characteristic SPR peak located at
518 nm in UV—vis spectra. Upon the addition of melamine (20
uM), intensity of the absorbance at 518 nm decreased
dramatically, while a new broad peak emerged around 690
nm, accompanied by a color change from red to blue due to
aggregation of the Au NPs.'”~>' When dispersion of the Au
NPs was incubated with HSA (300 nM) for 15 min before the
addition of melamine, the SPR peak only shifted from 518 to
529 nm, and there was almost no change in color of the
solution, which indicates the suppressed aggregation of the Au
NPs. TEM observations further revealed that the well-dispersed
Au NPs underwent an extensive aggregation upon the addition
of melamine, which was inhibited effectively in the presence of
HSA (Figure 1B—D).

It has been known that the adsorption of proteins can induce
the change in refractive index of the surrounding medium of
the Au NPs and result in the change in both absorbance
intensity and position of the SPR peak.>**°™3* Thus, UV—vis
spectra of the Au NPs were recorded to evaluate the absorption
process of HSA on the particle surface. As shown in Figure 2,
panel A, intensity of the absorbance of the Au NPs (2.0 nM)
increased obviously after incubation of the Au NPs with HSA
(300 nM) for 30 s, accompanied by a red shift of the SPR peak
from 518—526 nm. In the period of 30 s—15 min, there was
only little change in absorbance intensity of the SPR peak (inset
of Figure 2A), which suggests that the adsorption of HSA on
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the particle surface is a fast process, which is in consistent with
the result reported in previous work.> It is supposed that the
adsorption of HSA may shield the surface of Au NPs, thus
stabilizing the Au NPs and suppressing their aggregation
induced by the melamine cross-linker.

To further understand the possible mechanism for the
antiaggregation effect, influence of the incubation time on the
stability of the Au NPs was investigated by monitoring the
changes in absorbance ratio at 650 and 520 nm (Agse/Asyo)-
The Agso/Asy is documented to be related to the aggregated
and dispersed Au NPs and thus the degree of aggregation of Au
NPs.2"** As shown in Figure 2, panel B, in the absence of HSA,
the value of Agy/Asyy immediately increased to 1.4 by the
addition of melamine, which indicates the rapidly extensive
aggregation of the Au NPs induced by melamine. Increase of
the value of Agy/Asyo became much slower when the Au NPs
were incubated with HSA for 30 s or longer. For the Au NPs
incubated with HSA for 15 min, addition of melamine resulted
in little change of the Ay /Ay, value, which indicates that
aggregation of the Au NPs was suppressed greatly upon the
absorption of HSA on the particle surface.

The role of HSA in the suppressed aggregation process was
further proved by changing its concentration in the incubation.
As shown in Figure 2, panel C, the degree of aggregation of the
Au NPs was dependent on the concentration of HSA used in
the incubation. When the concentration of HSA was 20 nM,
the value of Agy/Asy increased from ~0.1 to ~1.1 after the
addition of melamine for 15 min. The increase in the Agg/As)
value became slower with the increased concentration of HSA
used. For example, the value only increased from ~0.1 to ~0.3
when the concentration of HSA was 100 nM, and almost no
increase in the Agz/Agyy value was observed when the
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Figure 3. (A) UV—vis spectra and (B) corresponding values of Agy/Ag,, of the Au NPs with nonadsorbed HSA, without nonadsorbed HSA, and
without HSA by the addition of melamine. (C) UV—vis spectra and (D) corresponding values of Agso/Asyo of the Au NPs with the addition
sequences of HSA + melamine and melamine + HSA. Concentrations of the Au NPs, HSA, and melamine used were 2.0 nM, 300 nM, and 20 uM

respectively.

concentration of HSA increased to 300 nM. It is expected that
more HSA molecules are absorbed on the particle surface under
higher concentration of HSA, thus suppressing aggregation of
the Au NPs induced by the melamine linker much effectively.
Such an antiaggregation effect of HSA can be schematically
represented as shown in Figure 2, panel D. When there are
enough HSA molecules adsorbed on the particle surface, the
melamine-induced aggregation of the Au NPs is suppressed
effectively since the protein molecules can provide steric
hindrance to stabilize the Au NPs or inhibit the interaction of
melamine with the particle surface.

The amounts of HSA adsorbed on surface of the Au NPs
were investigated to illustrate the assumption that more protein
molecules were absorbed on the particle surface under higher
concentration of HSA. It has been reported that HSA can
adsorb on the particle surface as a monolayer either in a “flat-
on” or an “end-on” fashion, resulting in an increment of ~6.4
nm or ~14.5 nm in size of the particles.”’****' DLS
measurements (Supporting Information, Figure S1) showed
that hydrodynamic diameter of the Au NPs increased from 20.7
+ 0.1 to 28.4 & 0.1 nm in the presence of 300 nM HSA. Such
an increment in the hydrodynamic diameter (~7 nm)
suggested that a monolayer of the HSA molecules was
absorbed on the particle surface mainly in the “flat-on” fashion.
By using the Micro BCA Protein Assay Kit and the equation
described in the Experimental Section, numbers of the HSA
molecules adsorbed on surface of each Au NP were determined
tobe3 +2,5+1,8+3 17 + 2, and 21 + 2, respectively,
when the concentrations of HSA used in the incubations were
20, 40, 60, 100, and 300 nM. The theoretical surface area per
HSA molecule adsorbed on the Au NPs in the “flat-on” fashion
is about 30.6 nm?, while the total surface area of each 15 nm Au
NP is about 706.5 nm2.>® Thus, it was deducible that surface
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coverage of HSA on the Au NPs increased from ~13% to
~91% when the concentration of HSA used increased from 20
to 300 nM. These results prove the assumption that more HSA
molecules are absorbed on the particle surface under higher
HSA concentration. At high concentration of HSA (300 nM),
most of the surface of the Au NPs (~91%) has been covered by
the protein molecules. Such a high coverage of HSA is effective
to prevent the close approaching of neighboring Au NPs by
steric hindrance or inhibit the effective cross-linking of
neighboring Au NPs by melamine.

Control experiments were performed to exclude the impact
of the nonadsorbed HSA on the antiaggregation effect. The
mixture of the Au NPs (2.0 nM) incubated with HSA (300
nM) for 1S min was centrifuged (12 000 rpm, 20 min) to
remove the HSA molecules that were not absorbed on the
particle surface. The supernatant containing the nonadsorbed
HSA was discarded, and precipitation of the Au NPs absorbed
with HSA was redispersed in water. As shown in Figure 3,
panels A and B, both the samples with and without
nonadsorbed HSA exhibited great stability in the presence of
melamine (20 uM), which indicates that the nonadsorbed HSA
molecules have little contribution to the antiaggregation effect.
Influence of the addition sequence of HSA and melamine on
the antiaggregation effect was also investigated. As illustrated in
Figure 3, panels C and D, when HSA was added into dispersion
of the Au NPs first, aggregation of the Au NPs was suppressed
effectively. However, when melamine was added into the
dispersion first, subsequent addition of HSA had little impact
on suppressing the aggregation of the Au NPs. It is known that
melamine can weakly bind to the protein molecule through
hydrogen bond interactions.®® It is likely that such weak
interactions are not effective for HSA to replace the melamine
from the particle surface. These results further support the
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conclusion that the antiaggregation effect is contributed by
HSA adsorbed on the particle surface rather than the
interactions between HSA and melamine.

Other aggregating agents of Au NPs such as NaClL**
homocysteine, and Gpoly lysine (a polymeric amine, M.W.
150, 000—300, 000)*® were further employed to inspect the
antiaggregation effect. The addition of NaCl, homocysteine,
and poly lysine resulted in extensive aggregations of the Au NPs
in the absence of HSA. After being incubated with 300 nM
HSA for 15 min, the Au NPs exhibited excellent colloidal
stability against these aggregating agents (Supporting Informa-
tion, Figure S2), which suggests that the antiaggregation effect
and may be a general strategy for design of optical sensing
systems based on Au NPs.

A Colorimetric Method for HSA Detection and an
INHIBIT Logic Gate Based on the Antiaggregation
Effect. Intrigued by the fact that the antiaggregation effect is
highly dependent on the concentration of HSA (Figure 2C), a
colorimetric method is developed for quantitative detection of
HSA. Figure 4, panel A showed the UV—vis spectra of the Au
NPs (2.0 nM) mixed with different concentrations of HSA for
15 min, followed by the addition of melamine (20 uM). With
the increased concentrations of HSA, intensity of the
absorbance at 520 nm corresponding to the dispersed Au
NPs increased gradually, and that at 650 nm corresponding to
the aggregated ones decreased gradually. The values of Agy/
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As,o decreased with the increased concentrations of HSA, and
the concentration calibration curve presented a linear relation-
ship in the range of 20—100 nM (Figure 4B and insert), which
indicates that the antiaggregation effect can be used to develop
a colorimetric method for quantitative detection of HSA.
Variations in concentrations of HSA also resulted in changes in
color of the Au NPs from blue to purple, and then to red, which
indicates the possibility of evaluation of the HSA concentration
with the naked eye (Figure 4C).

Limit of detection (LOD) for the colorimetric method is
estimated to be 1.4 nM based on IUPAC recommendations,”’
LOD = 3s,/m, in which s, is the relative standard deviation of
the blank sample obtained by analyzing ten samples containing
the Au NPs (2.0 nM) and melamine (20 uM) in the absence of
HSA, and m is the slope of the calibration curve. This LOD
value can be further validated by the following experiment. In
the absence and presence of 1.4 nM HSA, addition of 20 uM
melamine resulted in distinguishable change in UV—vis spectral
measurements (Supporting Information, Figure S3). This LOD
value is much lower than the clinical threshold of HSA (~20
mg/L, ~ 300 nM) and is comparable to most of the current
assays for HSA determination.'®™"? It should be noted that the
linear detection range of the assay can be tuned readily by
adjusting the concentration of melamine. For example, the
detection range of HSA was shifted to 40—200 nM when the
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concentration of melamine increased to 80 uM (Supporting
Information, Figure S4).

The antiaggregation strategy can be extended to the design of
a colorimetric binary INHIBIT logic gate. The INHIBIT logic
is represented by the situation where the output is “1” only if
one particular input is “1” and the other is “0”. Additions of
HSA and melamine are used as binary inputs, and color of the
Au NPs is employed as the output to perform the INHIBIT
gate. The absence and presence of each input are defined as “0”
and “1”, respectively. The blue color corresponding to the
aggregated Au NPs (usually Agso/Asy = 0.8) is defined as
output “17, and the red color corresponding to the dispersed
Au NPs is defined as “0”.*' As shown in Figure S, in the
absence of both inputs or in the presence of HSA input alone,
the Au NPs were well dispersed in the dispersion,
corresponding to a red color (output = 0). The addition of
melamine resulted in aggregation of the Au NPs, accompanied
by change in color of the Au NPs from red to blue (output =
1). In the presence of both inputs, aggregation of the Au NPs
induced by melamine was inhibited effectively due to the
presence of HSA. Color of the Au NPs remained red (output =
0) at this time, which supports the INHIBIT logic function.
The colorimetric response of the INHIBIT gate can be
obtained in 1 min and be directly observed by the naked eye.
Because of its low cost, rapid response, and ease of readout, the
INHIBIT gate may be potentially useful in point-of-care
applications in medical diagnosis.

Application of the Method for Detection of HSA in a
Biological Sample. A biological sample was prepared to check
the feasibility of the antiaggregation effect-based colorimetric
method. Biological samples are known to be complex matrixes
possibly containing various biomolecules. Thus, selectivity of
the colorimetric method should be of particular concern. For
example, amino acids and small peptides are often found in
human urine and blood as metabolites. Previous studies
demonstrated that amino acids and peptides are usually
adsorbed on the surface of Au NPs through their amino
groups and thiol groups (for cysteine and glutathione).**~*
Here, the selectivity was evaluated by testing the response of
the assay to a variety of amino acids and small peptides,
including glycine (G), valine (V), alanine (A), leucine (L),
isoleucine (I), serine (S), threonine (T), methionine (M),
glutamic acid (E), aspartic acid (D), glutamine (Q), arginine
(R), lysine (K), phenylalanine (F), tyrosine (Y), histidine (H),

8995

tryptophan (W), proline (P), asparagine (N), cysteine (C),
glutathione (GSH), and lysine—lysine (Lys—Lys). In addition,
biological samples usually contain a certain amount of other
proteins besides HSA such as hemoglobin, horseradish
peroxidase (HRP), lysozyme, trypsin, and pepsin, which may
interact with Au NPs through their amino acid residues. Thus,
selectivity of the colorimetric method toward these proteins
was also investigated. As shown in Figure 6, when HSA was
added first, addition of melamine resulted in a very low value of
Agso/Asyo (~0.1), which indicates that the aggregation of the
Au NPs was effectively inhibited. However, much higher values
of Agso/Agyy (>0.8) were obtained when various other
biomolecules (except BSA) were added into the Au NPs first,
followed by the addition of melamine, which reveals that these
biomolecules were not as effective as HSA to inhibit the
aggregation of the Au NPs induced by melamine.

Such selectivity of the colorimetric method for HSA
detection may be attributed to both the specific structure and
the size of HSA. HSA contains a free cysteine residue (cysteine-
34) exposed on the protein surface, which can covalently bind
on Au NPs through the formation of Au—S bond. It has been
reported that the cysteine residue is critical in maintaining the
stability of Au NPs against aggregation.’”*° Accordingly, the
fact that amino acids, peptides, and proteins investigated here
failed to protect the Au NPs against the melamine-induced
aggregation is supposed to be due to the lack of free cysteine
residues exposed on the surfaces (except cysteine and
glutathione). In addition, although cysteine and glutathione
bear free cysteine groups that allow their binding to the surface
of Au NPs through the formation of Au—S bonds, they present
almost no antiaggregation effect. These results suggest that the
steric hindrance of HSA should also contribute to the
selectivity, since the sizes of cysteine and glutathione are only
~0.6 nm and 1.5 X 0.4 nm?, respectively,*"** while the size of
HSA is about 8.4 X 3.2 nm® Indeed, it is noted that this
method cannot distinguish HSA from BSA, which also contains
a free cysteine residue exposed on the surface and has a size
comparable with HSA. Considering that cysteine accounts for
only 2% of amino acid residues in mammalian proteins, and
most of the cysteine residues exist in the form of disulfide bond
in the proteins,*** this colorimetric method is still potentially
useful in applications for biological analysis and clinical
diagnosis.
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Figure 7. Values of the Aggo/Asy ratios of the Au NPs incubated with HSA for 15 min (A) in the presence of Na* (25 mM), K" (25 mM), NH,* (25
mM), Ca** (2.5 mM), glucose (20 mM), lactic acid (2 mM), citric acid (2 mM), or urea (1 M), respectively, and (B) under different pH values,
followed by the addition of melamine. The blue bars represent the aggregated state of the Au NPs, while the red bars represent the dispersed state of
the Au NPs. The concentrations of the Au NPs, HSA, and melamine were set at 2.0 nM, 300 nM, and 20 uM, respectively.

Table 1. Detection of HSA in Artificial Urine Samples by Using the Proposed Method and BCA Kit

proposed method

BCA methods

sample spiked HSA (mg/L) determined (mg/L) recovery (%)
1 15 14.5 96.7
2 20 19.7 98.5
3 40 41.5 103.8

RSD (%, n = 3) determined (mg/L) recovery (%) RSD (%, n = 3)
1.7 15.1 100.7 3.6
1.3 19.5 97.5 1.5
4.6 41.2 100.3 4.4

In fact, biological samples usually contain a large variety of
ions and compounds, such as Na*, K, NH,*, Ca**, glucose,
lactic acid, citric acid, urea, etc., which may interfere in the
reliability of the assay. Performance of the assay in the presence
of these possible interfering substances was further evaluated.
As shown in Figure 7, panel A, the Au NPs incubated with HSA
were well dispersed in the presence of these possible interfering
ions and compounds, followed by the addition of melamine.
Urea is a well-known protein denaturant, and the minimum
concentration of urea required to denature the protein is about
5 M.*** In our experiments, addition of 1 M urea (maximum
concentration of urea in human urine) had no significant effect
on the structure of HSA and the antiaggregation effect
(Supporting Information, Figure SS). It is known that in
some disease states such as chronic renal failure and liver
cirrhosis, partial denaturation of HSA will occur. ™48 Thus, the
feasibility of the antiaggregation effect on the partially
denatured HSA was investigated. The partially denatured
HSA was obtained by heating the protein to 75 °C for 15
min.* 7" The CD spectra of native HSA exhibited two
characteristic negative bands of a-helix at 208 and 218 nm**>**
(Supporting Information, Figure S6A). The a-helicity of HSA,
calculated by Payne’s method, decreased from 41% to 31% after
the heating process, which indicates the partial denaturing of
the protein.”** It was identified that the partially denatured
HSA was also effective to protect the Au NPs against the
melamine-induced aggregation (Supporting Information, Fig-
ure S6B). The pH value is another important parameter for
biological samples, which is usually located in the range of 5—8.
As shown in Figure 7, panel B, the HSA-covered Au NPs
presented excellent stability in the range of pH 4—8 in the
presence of 20 yM melamine.

On the basis of the above results, feasibility of the assay for
HSA detection in artificial urine was tested. The calibration
curve reveals that the value of Agyy /Ags is in good linear
relationship with the concentration of HSA in the range of 1.0—
5.0 mg/L (1.0 mg/L = 15.0 nM) (Supporting Information,
Figure S7), which indicates that the colorimetric method is
qualified for quantitative detection of HSA in the artificial urine
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sample. For patients with diabetes and cardiovascular diseases,
the concentration of HSA in their urine samples is usually
higher than 20 mg/L, which is beyond the linear detection
range of this method. Considering that the present method
involves the mixing of the urine samples and the dispersion of
the Au NPs, addition of suitable volume of the Au NPs
dispersion can make the final concentration of HSA locate in
the desired linear range without additional dilution. Typically,
50 pL of urine sample containing different concentrations of
spiked HSA was added into 415 uL dispersion of the Au NPs
(2.4 nM) and incubated for 15 min, then 25 uL of water and 10
uL of melamine (1.0 mM) were added (total volume of the
sample was 500 uL, corresponding to a 10-fold dilution of the
original samples). The concentrations of HSA in the samples
were determined through the calibration curve. As shown in
Table 1, the method shows good recoveries (96.0—103.0%)
and reasonable relative standard deviations (<5.0%) for
detection of HSA in the artificial urine samples. The results
acquired by using this assay are in good agreement with those
obtained by using the commercial BCA kit. According to the
standard protocol of the BCA Kkit, it is required for the samples
to be incubated with BCA reagent at 60 °C for 1 h; in
comparison, the present assay can be carried out conveniently
at room temperature no longer than 30 min.

B CONCLUSION

In conclusion, a facile method was developed for quantitative
detection of HSA by using Au NPs as the colorimetric probes.
The method relies on the fact that HSA can protect the Au NPs
against the melamine-induced aggregation. The possible
mechanism for the antiaggregation effect is that the adsorption
of HSA on the particle surface prevents the close approaching
of neighboring Au NPs by steric hindrance or inhibits the
effective cross-linking of neighboring Au NPs by melamine.
Such a method addressing the concerns of low cost, easy
operation, and excellent sensitivity as well as good selectivity,
offers a promising platform for detection of HSA in biological
samples. The antiaggregation effect can be further extended to
fabricate an INHIBIT logic gate by using HSA and melamine as

DOI: 10.1021/acsami.5b01552
ACS Appl. Mater. Interfaces 2015, 7, 8990—8998


http://dx.doi.org/10.1021/acsami.5b01552

ACS Applied Materials & Interfaces

Research Article

inputs and the color changes of Au NPs as outputs, which may
have application potentials in point-of-care medical diagnosis.

B ASSOCIATED CONTENT

© Supporting Information

UV—vis absorption spectra of Au NPs in the absence and
presence of 1.4 nM HSA followed by the addition of 20 uM
melamine. Values of absorption ratio Ags/Asyy of Au NPs
incubated with different concentrations of HSA followed by the
addition of 80 M melamine. DLS measurements. The
antiaggregation effect against other aggregating agents. The
CD spectra of HSA in the absence and presence of urea. The
CD spectra of native HSA and denatured HSA. Concentration
calibration curve of the method in artificial urine. This material
is available free of charge via the Internet at http://pubs.acs.org.
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