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Abstract

Citrate-capped gold nanoparticles (AuNPs) are one of the most commonly used reagents in
colloidal science and biosensor technology. In this work, we first compared AuNPs prepared using
four different reducing agents including citrate, glucose, ascorbate and 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES). At the same absorbance at the surface plasmon peak of
520 nm to 530 nm, citrate-AuNPs and glucose-AuNPs adsorbed more DNA and achieved higher
affinity to the adsorbed DNA. In addition, citrate-AuNPs had better sensitivity than glucose-
AuNPs for label-free DNA detection. Then, using citrate-AuNPs, the effect of aging was studied
by incubation of the AuNPs at 22°C (room temperature) and at 4°C for up to 6 months. During
aging, the colloidal stability and DNA adsorption efficiency gradually decreased. In addition, the
DNA sensing sensitivity also dropped around 4-fold after 6 months. Heating at boiling temperature
of the aged citrate-AuNPs could not rejuvenate the sensing performance. This study shows that
while citrate-AuNPs are initially better than the other three AuNPs in their colloid properties and
sensing properties, this edge in performance might gradually decrease due to constantly changing

surface properties caused from the aging effect.



Introduction

The excellent optical and surface properties of gold nanoparticles (AuNPs) enabled it as a highly
attractive material for developing biosensors.!* For various applications, the most common
method to synthesize AuNPs in aqueous solutions is by reducing hydrogen tetrachloroaurate
(HAuCl4) with citrate.” '© By simply varying the concentration of citrate, the size of the
synthesized AuNPs can be tuned from around 12 nm to over 100 nm.!" Extensive studies have
been performed to understand the adsorption of citrate on AuNPs and its displacement by other
molecules.'?'* It is generally accepted that while citrate is weakly adsorbed and easily displaced,

clusters of citrate might interact laterally leading to highly stable adsorption.!* !°

Aside from citrate, many other reducing agents can also be used to synthesize AuNPs. For
example, sodium borohydride produces much smaller AuNPs of around 3-5 nm.'® However, on
top of its low extinction coefficient, its small size makes it inconvenient for centrifugation. As a
result, sodium borohydride is not a popular reducing agent for preparing AuNPs for colorimetric
sensing. Other common reducing agents include glucose, ascorbate and even buffer molecules
such as HEPES.!” In particular, HEPES was used for preparing gold nanostars.'® When different
reducing agents are used, the resulting AuNPs have different sizes and shapes and most
importantly, different surface molecules. These surface ligands can in turn affect the property of

AuNPs."

An important application of AuNPs is to adsorb DNA so that it can be used for designing
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biosensors, assembling nanomaterials, and for drug delivery.>2*2° By modifying the
surface ligands, these properties can change significantly in terms of the kinetics and capacity for
DNA adsorption.!” DNA adsorption can then be used to probe the surface chemistry of AuNPs.!®:
26 So far, the majority of DNA adsorption and biosensor studies were performed using citrate-
capped AuNPs. Thus, interesting comparisons can be made between AuNPs prepared using other
reducing agents. For example, the adsorption of glucose on AuNPs might be weaker than citrate
since glucose has only hydroxyl groups. In the current study, we aimed to prepare a series of

AuNPs containing surface ligands with different adsorption affinities.

The other aspect to explore is the aging-dependent performance of AuNPs. It was recently
reported that the citrate adsorption on AuNPs changes slowly over time.!* We wondered whether

the colloidal properties and DNA-based sensing performance would differ between the freshly
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prepared and the aged AuNPs. In this work, we prepared four types of AuNPs by various reducing
agents and compared their DNA adsorption and biosensing properties side-by-side. In addition,

citrate-capped AuNPs were also monitored for 6 months to observe the aging effect on biosensing.
Materials and Methods
Chemicals

All of the DNA samples were purchased from Integrated DNA Technologies (Coralville, IA, USA),
and their sequences are listed in Table 1. HAuCls and sodium L-ascorbate were purchased from
Sigma-Aldrich (St. Louis, MO). Sodium chloride (NaCl), glucose, sodium citrate (Na3CsHs0O7),
disodium hydrogen phosphate (Na2HPOs4), sodium dihydrogen phosphate (NaH2PO4), and 4-(2-
hydroxyethyl) piperazine-1-ethanesul-fonate (HEPES) were from Mandel Scientific (Guelph, ON,

Canada). Milli-Q water was used to prepare all of the buffers and solutions.

Table 1. The DNA sequences used in this work.

DNA names Sequences (5’ to 3')

24-mer ACG CAT CTG TGA AGA GAA CCT GGG
c24-mer CCC AGG TTC TCT TCA CAG ATG CGT
FAM-DNA AAA AAA AAA CCC AGG TTC TCT-FAM

Instrumentation

The transmission electron microscopy (TEM) images were taken using a Phillips CM10 100 kV
microscope. The C-potential values were measured by a dynamic light scattering (DLS) instrument
(Zetasizer Nano 90, Malvern). The fluorescence measurements were performed using a microplate
reader (Tecan Spark). The Ultraviolet-visible (UV-vis) absorption spectra were collected using an

Agilent 8453A spectrometer.
Synthesis of AuNPs

The citrate-capped AuNPs were prepared by the Turkevich method. In a typical synthesis, 100 mL
1 mM HAuCls was heated to reflux under magnetic stirring, and then 10 mL 38.8 mM sodium

citrate was quickly added.?”-2® After refluxing for another 20 min, the heating was turned off and
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the stirring was continued until cooled naturally to room temperature. The HEPES-reduced AuNPs
were synthesized by mixing 1 mL HAuCls (10 mM) with 9 mL HEPES (50 mM, pH 7.4) with
vigorous stirring at room temperature.?’ The glucose-reduced AuNPs were prepared by mixing
200 pL. HAuCls (0.05 M) and 50 mL glucose (0.03 M) under stirring for 30 min, and then 3 mL
NaOH (0.25 M) was added dropwise.>® The ascorbate-reduced AuNPs were prepared by stirring
50 mL HAuCls (0.5 mM) in a flask at room temperature followed by adding 0.5 mL sodium-L-
ascorbate (0.1 M).?!

Colloidal stability of AuNPs

To test the colloidal stability of the four kinds of AuNPs, different concentrations of NaCl up to
150 mM were added. After incubation for 1 min, the UV-vis absorption spectra of the samples
were collected. For determining the degree of aggregation, the extinction ratio at two wavelengths

(A620/As25) was used.
DNA adsorption

For the salt-assisted DNA adsorption method, 100 nM FAM-DNA, 45 mM phosphate buffer (pH
7.5), 50 mM NaCl and each of the four kinds of AuNPs (diluted to a similar UV absorbance) were
either incubated for 10 min or overnight at room temperature. To achieve the same absorbance,
the ascorbate-AuNPs were diluted 3.3-fold, the citrate and HEPES AuNPs were diluted 5-fold,
and the glucose-AuNPs were diluted 1.25-fold. After centrifugation of the samples for 15 min at
15000 rpm, 5 pL of the supernatants were mixed with 95 uLL 5 mM pH 7.5 phosphate buffer in a
96-well microplate for fluorescence measurement (excitation 485 nm, emission 535 nm, F1). In
addition, the pellets were washed with 5 mM phosphate buffer once and then dissolved using 30
mM KCN to fully release the adsorbed FAM-DNA from the AuNPs. Similarly, 5 pL. of the KCN
treated solution was mixed with 95 pL 5 mM pH 7.5 phosphate buffer for fluorescence
measurement (£2). The fraction of DNA adsorption was determined by F2/(F1+F2). For the acid-
assisted DNA adsorption method, 100 nM FAM-labeled DNA, 40 mM citrate buffer (pH 3) and
the four kinds of AuNPs were incubated for 10 min at room temperature. The other steps followed
the same procedure as the salt-assisted method. For the citrate-AuNPs aging experiment, the same
batch of 2 nM AuNPs aged at different lengths of time, 100 nM FAM-labeled DNA, 45 mM
phosphate buffer (pH 7.5) and 50 mM NaCl were incubated for 10 min at room temperature, and

the other steps were the same as the salt-assisted method.
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DNA desorption experiment

FAM-labeled DNA (50 nM), citrate buffer (pH 3, 40 mM) and the four kind of AuNPs (diluted to
a similar UV absorbance) were incubated for 20 min at room temperature. 5 pL of the solution
was mixed with 95 pL phosphate buffer (50 mM, pH 7.5) in a 96-well microplate for kinetic
fluorescence measurement (excitation 485 nm, emission 535 nm). After 7 min of monitoring, 1
mM KCN was added. When the fluorescence became stable, 10 mM KCN was then added into the
samples to fully dissolve the AuNPs. To test the aged AuNPs, 2 nM AuNPs, 100 nM FAM-labeled
DNA, 45 mM phosphate buffer (pH 7.5) and 50 mM NaCl were incubated for 20 min at room
temperature. Then, 5 pL of the solution was mixed with 95 pL phosphate buffer (5 mM, pH 7.5)

in a 96-well microplate for kinetic fluorescence measurement.
DNA sensing tests

First, the 24-mer DNA probe and its cDNA were annealed at different ratios with a total DNA
strand concentration of 1 uM in 100 mM NaCl. For the glucose-AuNPs, the DNA samples and 75
uL glucose-AuNPs were mixed followed by adding 47.2 mM phosphate buffer (pH 7.5) and 56.6
mM NaCl. After incubation for 10 min at room temperature, the UV-vis spectra of the samples
were collected. For determine the degree of aggregation, the extinction ratio of at two wavelengths
(As20/As25) was used. To test the effects on the citrate-reduced AuNPs, different concentrations of
dsDNA, 6 nM citrate-AuNPs, 47.2 mM phosphate buffer (pH 7.5) and 56.6 mM NaCl were
incubated for 10 min at room temperature. The other steps were the same as the glucose-AuNPs

experiment.

Results and Discussion
Synthesis and characterization of AuNPs

We synthesized four types of AuNPs using citrate,?’ glucose,® ascorbate,’! and HEPES? as
reducing agents to react with HAuCla, respectively (Figure 1A). A photograph of these AuNPs is
shown in Figure 1B, which illustrates that all the solutions were red. However, different shades of
red are shown, which may be caused by the different initial HAuCls4 concentrations and the final

particle sizes. The color of the HEPES-reduced AuNPs was the deepest, whereas the color of the
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glucose-reduced AuNPs was the lightest. The TEM images of the four kinds of AuNPs are showed
in Figure 1C-F. The citrate-reduced AuNPs were spheres with a uniform diameter of 13 nm. For
the HEPES-reduced AuNPs, the particle size had a broader distribution ranging from 6.5 nm to 43
nm. A broad size distribution is indicative of non-synchronized nucleation and growth, which
could be related to the relatively weak reducing activity of HEPES. The change of color of the
HEPES sample took the longest time of around 8 min. For the glucose-reduced AuNPs, their
particle size was relatively uniform (~14 nm spheres with a few triangles). Finally, the ascorbate-

reduced AuNPs were larger forming relatively uniform spheres of ~41 nm in diameter.
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Figure 1: (A) Schematic of the synthesis of the four kinds of AuNPs and the adsorption of a FAM-
labeled DNA resulting in quenched fluorescence. (B) A photograph of the four kinds of as-
synthesized AuNPs. TEM micrographs of the AuNPs reduced by (C) citrate, (D) HEPES, (E)

glucose, and (F) ascorbate. All the scale bars are 100 nm.

The AuNPs were then characterized using UV-vis spectroscopy (Figure 2A). We used the
absorption peak height of the glucose-AuNPs as a reference and the other three AuNPs were
diluted to match it. They all had a strong surface plasmon peak (520 nm for citrate-AuNPs, 526
nm for ascorbate and glucose-AuNPs, and 530 nm for HEPES-AuNPs). We then measured the C-
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potential of the AuNPs (Figure 2B), all of which had a negative surface charge. The negative

charges ensured charge stabilization for maintaining colloidal stability for all the AuNPs.
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Figure 2. (A) UV-vis spectra, and (B) C-potential of the four types of AuNPs that were diluted to
a similar absorbance around 0.5 at their plasmon peak. (C) A photograph showing the citrate-
AuNPs incubated with different concentrations of NaCl. (D) The colloidal stability of the four
types of AuNPs as a function of NaCl concentration evaluated using the absorbance ratio at 620

nm over 525 nm.

Colloidal stability of AuNPs

We first evaluated the colloidal stability of the AuNPs by challenging them with different
concentrations of NaCl. NaCl would decrease the electrostatic repulsion between AuNPs and allow
them to approach each other and aggregate. Such aggregation is accompanied with a color change

due to the coupling of their surface plasmon. Figure 2C shows a photograph of citrate-AuNPs
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mixed with increasing concentrations of NaCl, where the color gradually changed from red to
purple to blue. This color change was then quantitatively measured by using UV-vis spectrometry.
We chose the absorbance ratio at 620 nm over 525 nm to quantify the color change. For disperse
AuNPs, this ratio was low, while upon aggregation, this ratio would increase. For the citrate-
AuNPs (Figure 2D, black trace), the middle point of the transition was 32 mM NaCl. For the
AuNPs that were reduced by glucose and ascorbate, their stabilities were slightly lower with
middle points of 25 mM and 27 mM, respectively. Since the HEPES-AuNPs were larger in size,
the initial ratio was much higher compared to the rest three. Nevertheless, a NaCl-dependent color
change was still observed with a middle point of 80 mM NaCl. Thus, the ranking of the colloidal
stability of these AuNPs followed HEPES > citrate > ascorbate = glucose. This ranking, however,
does not necessarily reflect the adsorption affinity ranking of these ligands. For example, glucose
is a non-charged molecule and it is understandable that it has a lower stabilization effect. Citrate,
on the other hand, has two or three negative charges (depending on the pH), and thus it can exert
better charge stabilization. This stability information is useful for the subsequent DNA sensing

studies.
DNA adsorption by AulNPs

We then studied the DNA adsorption properties of these four AuNPs based on fluorescence
quenching. We respectively incubated a carboxyfluorescein (FAM) labeled DNA oligonucleotide
with the four types of AuNPs for either 10 min or overnight, and 50 mM NaCl was added to
promote DNA adsorption.’ We adjusted all the AuNPs to have the same UV-vis peak height for
colorimetric sensing, although their particle concentration or total surface area are likely different.
Under this condition, the DNA:AuNP ratio was 50:1 for the citrate-capped AuNPs, and at this ratio,
the DNA was not fully adsorbed (Figure S1). We measured DNA adsorption by quantifying the
fluorescence intensity in the supernatants after centrifugation (Figure S2A, black bars). The citrate-
AuNPs and glucose-AuNPs showed a similar capacity of DNA adsorption, and they both adsorbed
more DNA than the HEPES-AuNPs and ascorbate-AuNPs.

To confirm DNA adsorption, we also collected the precipitates containing AuNP/DNA
conjugates and then added 10 mM KCN to dissolve the AuNPs. In these samples, the reduced

glucose-AuNPs and reduced citrate-AuNPs also had the highest fluorescence intensities (Figure



S2A, red bars), consistent with the data from the supernatants. Overall, for 10 min incubation, the

adsorbed DNA was similar between the glucose-AuNPs and citrate-AuNPs (Figure 3A, black bars).

We also measured the DNA adsorption capacity after overnight incubation (Figure 3A, red
bars, Figure S2B). For the ascorbate-AuNPs and HEPES-AuNPs, the adsorption efficiency did not
change much compared to 10 min of incubation. Thus, for them, the system quickly reached an
equilibrium and DNA could not be adsorbed more by simply increasing the incubation time. For
the citrate-AuNP and glucose-AuNP, the amount of DNA adsorbed either remained the same or
even decreased after overnight incubation compared to 10 min incubation (Figure 3A, red bars,
Figure S2B). We reasoned that the decreased adsorption could be due to a gradual change of DNA
conformation on AuNPs. Initially, a DNA might only adsorb on AuNPs via one or a few bases,
and each AuNP could accommodate more DNA strands. Over time, some DNA strands might have
more bases adsorbed, competing with the neighboring strands and desorbing some weakly
adsorbed DNA strands. It is interesting to note that the citrate-AuNPs had more DNA adsorbed
than the glucose-AuNPs after overnight incubation. It suggests that the DNA might initially
adsorbed more easily on the glucose-AuNPs, which allowed for more conformational changes
during the subsequent incubation. This result also suggests that glucose had a lower affinity to
AuNPs compared to citrate. While the initial adsorption by the citrate-AuNPs and glucose-AuNPs
was similarly high, we could only conclude that the adsorption affinity of citrate and glucose to
AuNPs were both low. With the overnight data, we can better compare each type of AuNP to

conclude stronger adsorption of citrate than glucose by AuNPs.

Since citrate appeared to allow for more rapid, efficient and stable DNA adsorption, to
further evaluate the influence of reducing agents for DNA adsorption, we added various reducing
reagents into the citrate-AuNPs. Then, with a DNA:AuNP ratio of 50:1, we measured the
supernatant fluorescence intensity to quantify DNA adsorption (Figure 3B). HEPES inhibited
DNA absorption, which was consistent with our previous results.!” Adding glucose and ascorbate
did not affect DNA absorption. This was an interesting result. We observed little DNA adsorption
on the ascorbate-AuNPs. Yet, ascorbate did not inhibit the DNA adsorption to citrate-AuNPs.

Aside from the salt-assisted adsorption, we also tried the pH-assisted DNA adsorption
method, which allows for more rapid and efficient results.** ** Except for replacing 50 mM NaCl
with 40 mM pH 3 citrate buffer, the other conditions remained the same. The fraction of DNA
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adsorption was higher for the pH-assisted method compared to the salt-assisted adsorption (Figure
3A, blue bars, Figure S2D). It appeared that the pH-assisted method was less sensitive to the initial
surface ligand on AuNPs. Nevertheless, the ascorbate-AuNPs only adsorbed ~40% of the DNA,
much lower than the other three types of AuNPs. The final oxidation products of ascorbate include
threonate and oxalate, and based on their structures (number of carboxylic acid groups),* they are
unlikely to be adsorbed more strongly than citrate to inhibit DNA adsorption. The ascorbate-
AuNPs had the largest size and they may have a smaller total surface area compared to the other
AuNPs of the same absorbance. Based on the initial HAuCls concentration, size, and dilution
factors at the same absorbance value, the surface area of the citrate-AuNPs was 4.2-fold higher
compared to that of the ascorbate-AuNPs. We then used the as-prepared ascorbate-AuNPs without
dilution (previously diluted 3.3-fold), and nearly 100% DNA adsorption was achieved (Figure
S2E). Therefore, ascorbate-AuNPs can also effectively adsorb DNA.
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Figure 3. (A) The fraction of DNA adsorption by the four types of AuNPs assisted by salt or acid
after 10 min or overnight incubation. (B) The fraction of DNA adsorption to the citrate-AuNPs in

the presence of various reducing agents using the salt-assisted method after 10 min incubation. (C)
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The kinetic traces of DNA desorption from the four kinds of AuNPs by adding different
concentrations of KCN. (D) The fraction of DNA desorbed by 1 mM KCN from the AuNPs
calculated by the fluorescence ratio between the fluorescence increase after adding 1 mM KCN

and after adding 10 mM KCN.

Affinity of DNA adsorption studied by desorption

Since using acid can promote DNA adsorption to all the four types of the AuNPs, we then used
this method to load DNA on AuNPs to study the stability of DNA adsorption. We adsorbed the
FAM-DNA to the AuNPs using a 25:1 ratio and then added a low concentration (1 mM) of KCN
to desorb the DNA (Figure 3C). With only 1 mM KCN, the AuNPs were not dissolved. Finally, a
high concentration of KCN (10 mM) was added to fully dissolve the AuNPs and release all the
remaining DNA. This allowed us to quantify the fraction of DNA desorbed by 1 mM KCN. Based
on the fraction of DNA desorbed, the citrate-AuNPs and HEPES-AuNPs had stronger DNA
adsorption affinities than the glucose-AuNPs and ascorbate-AuNPs (Figure 3D). The citrate and
HEPES AuNPs allowed for more stable DNA adsorption, which might be explained by that
HEPES and citrate adsorbed on AuNPs more strongly.'® To compete with them, DNA needs to be
adsorbed in a more stable conformation. Glucose and ascorbate can be more easily displaced by
DNA under the acidic adsorption condition, and the adsorbed DNA was in turn more easily

desorbed.
Label-free detection of DNA

We then compared the AuNPs for biosensing applications. A typical label-free DNA sensing
scheme is shown in Figure 4A, where a single-stranded probe DNA can protect AuNPs from salt-
induced aggregation. In the presence of a target DNA, a duplex is formed, resulting in a slow rate
of adsorption to AuNPs which also leads to AuNPs aggregating into a cluster upon adding salt.>>
38 Therefore, for this sensing method to work, a quick adsorption of single-stranded DNA is
required. Since the citrate-AuNPs and glucose-AuNPs both have better DNA adsorption ability

and similar sizes, we focused on them in the sensing experiment.

We first mixed a 24-mer probe DNA with its target cDNA at different ratios, and the total

DNA concentration was fixed at 1 pM. These DNA samples were respectively mixed with AuNPs
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followed by a final addition of 100 mM NaCl solution.*® Since the citrate-AuNPs showed a more
obvious color change in the low concentration of dsDNA (Figure 4B), they had better sensitivity
in the detection of the target DNA. As shown above, glucose had a lower affinity to AuNPs
compared to citrate. DNA could more easily displace glucose from AuNPs and be adsorbed, and
a small decrease in the single-stranded DNA concentration had only an insignificant effect on the
stability of the glucose-AuNPs, leading to a lower sensitivity. Therefore, for the label-free DNA
sensing, when the surface ligand is adsorbed too strongly or too weakly, the performance was not
optimal. Citrate has the right affinity and the citrate-AuNPs were the best for such sensing

applications.
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Figure 4. (A) A scheme showing the principle of label-free colorimetric sensing of DNA using
AuNPs. (B) The absorbance ratio of the citrate-AuNPs and glucose-AuNPs as a function of the
dsDNA fraction with a total DNA concentration of 1 pM.

Decreased colloidal stability and DNA adsorption upon aging of citrate-AuNPs

Since the affinity of citrate adsorption is important for sensor performance, and citrate may have
time-dependent adsorption to AuNPs,'* another goal of this work was to investigate the aging
effect of AuNPs. Most previous studies focused on aging of DNA/AuNP conjugates,**-*? while the
study on the aging of AuNPs alone was less reported. A recent study showed that gold adatoms
would gradually form and bind with the other terminal carboxylate of citrate upon aging of
AuNPs.'* Raman spectroscopy was previously used for characterizing citrate adsorption, but the
effect of aging on sensing was not reported. Given the best performance of citrate-AuNPs and its

popularity in sensing applications, we herein also studied its aging effect on DNA sensing. Since
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the sensing performance is strongly affected by the colloidal stability of AuNPs and its ability to
adsorb DNA, we first studied the aging effect on them.?* In addition, aging was performed at
~22°C (room temperature) and in a 4°C fridge, which are storage conditions that AuNPs are

typically kept.

We titrated NaCl to the AuNPs to measure their colloidal stability, which decreased
gradually upon aging regardless of the storage temperature (Figure 5, Figure S3). The middle point
where NaCl concentration induced aggregation was plotted against the aging time (Figure 5C).
After 6 months, the shift in stability was about 5 to 10 mM NaCl. While this did not seem to be a
large shift, it implies that the salt concentration needs to be individually optimized for aged AuNPs

to achieve optimal sensing results.
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Figure 5. The effect of aging on the colloidal stability of citrate-AuNPs. The change of colloidal
stability of citrate-AuNPs studied by adding NaCl for AuNPs stored at (A) 4°C and (B) room
temperature, 22°C. (C) The middle point of the salt-dependent aggregation as a function of aging
time for the AuNPs stored at 4°C and room temperature. (D) Fraction of DNA adsorption by the

aged AuNPs at the two storage temperatures.
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It was reported that the affinity for citrate became stronger upon aging of AuNPs.'* Our
observed trends of colloidal stability can be explained by it. Initially most citrate adsorbed with
only one carboxyl group (Figure 6). When the other terminal carboxylate of citrate binds with the
gold surface upon aging, the free space on AuNP surface is decreased. This also results in a
decrease in the number of citrate ligand and the negative charge density on AuNPs. In addition,
going from dangling citrate to chelating citrate may also make the negative charge closer to the

AuNP surface, decreasing of the range of negative charge repulsion.

We then compared the DNA adsorption property of the aged AuNPs (Figure 5D). A
decreasing trend was observed upon aging, although the drop was only around 20% over 6 months.
Again, the influence of storage temperature was quite modest. With more strongly adsorbed citrate,
the displacement of citrate by DNA was also more difficult, which can explain the decreased in

DNA adsorption capacity (Figure 6).

Figure 6. The schematic of the influence of aging for citrate-AuNP. Freshly prepared AuNPs have
more citrate adsorption via terminal carboxylate, which upon aging converted to chelation of two

carboxylate groups,'4 leading to decreased DNA adsorption capacity.
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Decreased sensitivity for DNA detection upon aging of citrate-AuNPs

Since both the colloidal stability and DNA adsorption efficiency decreased upon aging, we
speculated that the DNA sensing performance might also change. To test this hypothesis, we then
did the label-free sensing experiment using the method described in Figure 4A. As shown in Figure
7A and 7B, for the aged AuNPs, the calibration curves gradually shifted to the right at both storage
temperatures, indicating decreased sensitivity. To quantify the change in sensitivity, we plotted the
slopes in the low dsDNA fraction region (0%, 5%, and 10% dsDNA) as a function of aging time
(Figure 7C). The slopes (which is a measurement of sensitivity) decreased around 4-fold after 6

months, and the AuNPs stored at both temperatures showed a similar level of decrease (Figure S4).
Boiling cannot rescue the sensitivity of aged AuNPs

Since the decreased sensor performance was attributed to increased citrate adsorption stability, we
wondered whether we could recover the sensitivity by heating. We refluxed the 7-month-aged
AuNPs for 10 min. After cooling to room temperature, we then performed the sensing experiment
(Figure S5). However, the sensitivity further decreased. This observation was consistent with the
literature report that heating could not restore the way of citrate adsorption.'* To refresh the AuNP
surface, HAuCl4 needs to be added in addition to heating. However, to add more HAuCl4, the size
of AuNPs might be changed so it is probably easier and more consistent to just synthesize fresh

AuNPs.

It is well known that AuNPs can be stored for over 100 years and still retain a similar
dispersed state and red color.*> The stability and optical properties of AuNPs have made it
attractive for developing biosensors. In the lab, it could well be that AuNPs prepared a long time
ago are still being used, which could be a source of inconsistency in some label-free sensing
experiments. For the best performance of label-free DNA detection, it is recommended that freshly
prepared AuNPs are to be used. Although AuNPs still have the same color, their surface chemistry
could be changed and such changes are cannot be easily quantified by UV-vis spectrometry

(Raman and IR can be used for their characterization).!> '

DNA adsorption on AuNPs is known to be caused from very strong base coordination

interactions,* and adsorbed DNA cannot be easily displaced by even complementary DNA.* In
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addition, citrate can also transition from weakly adsorbed to strongly adsorbed over time.'*'* Such
strong adsorption affinities resulted in kinetic control of adsorption and slow kinetics in

conformational changes of both DNA and citrate on AuNPs.
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Figure 7. The effect of aging of citrate-AuNPs on the sensing performance for the AuNPs stored
as (A) 4°C, and (B) room temperature of around 22°C. (C) The initial slopes at low dsDNA

concentrations representing the sensitivity of the sensors using AuNPs with different aging times.

Conclusions

In this work, we first used four different common reducing reagents (citrate, glucose, ascorbate
and HEPES) to synthesize AuNPs, and then did a series of studies on their colloidal stability, DNA
adsorption capacity, and DNA adsorption affinity. The citrate-AuNPs and glucose-AuNPs had a
better ability to adsorb DNA and showed higher affinity for the adsorbed DNA. After performing
label-free DNA sensing experiments, we confirmed that citrate-AuNPs had the best sensing
performance. Finally, we studied the influence of aging and storage temperature on the citrate-
AuNPs. The citrate-AuNPs showed decreased colloidal stability and lower DNA adsorption
efficiency upon aging. In addition, the aged citrate-AuNPs had decreased sensitivity for label-free
colorimetric detection and the slope of the initial calibration curve dropped around 4-fold after 6
month storage. While we focused on the detection of DNA hybridization in this work, the
conclusions should also be applicable for the detection of aptamer targets.***’ For aptamers, the
adsorption of target molecules needs to be carefully studied to confirm feasibility of label-free
detection.*® %+ 48 This work articulated the effect of aging on the analytical performance of AuNPs
and indicated that the sensing conditions need to be individually optimized as a function of storage

time.
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Fluorescence intensity of different ratios of DNA and AuNPs, fluorescence intensity change of
FAM-DNA by different adsorption methods with the four kinds of AuNPs, the UV-vis spectra of
the effect of aging on the colloidal stability and sensing ability of citrate-AuNPs, the effect of
heating on the sensing ability of citrate-AuNPs.
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