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Abstract

A competitive colorimetric assay has been established to detect chloramphenicol (CAP). It is based on the use of colloidal and
electrostatically stabilized aptamer-modified gold nanoparticles (GNPs). The CAP aptamer is modified by a sequence of 5
adenosine groups to anchor it on the surface of GNPs. It can competitively capture two compounds, viz. D-(-)-threo-2-amino-
1-(4-nitrophenyl)-1,3-propanediol (CAP-base, with a positive charge) and CAP (which is uncharged). The capture of the
positively charged CAP-base triggers the aggregation of modified GNPs in salt-containing solution, and this causes a color
change from red to purple. However, in the presence of CAP and CAP-base, the capture of the uncharged CAP weakens this color
change by a competing process for capture. Thus, the concentration of CAP is associated with the degree of deaggregation of
GNPs and can be quantified by the ratio of absorbances at 620 nm and 520 nm. The assay has a 22 nM limit of detection in acidic
solution, and the response is linear in the range 0f 0.20 to 3.20 uM CAP concentration. This assay was successfully applied to the
determination of CAP in spiked environmental water samples. Conceivably, this method has a wide scope in that it may be
applied to a wide range of analytes if respective aptamers are available.

Keywords D-(-)-threo-2-amino-1-(4-nitrophenyl)-1,3-propanediol - Surface charge - Water analysis

Introduction range of field [2]. The non-cross-linking aggregating/
dispersing colorimetric probe (NACP) based on the single-

Gold nanoparticles (GNPs) have super sensitivity for the  stranded-DNA-functionalized GNPs (ssDNA@GNPs) is a

change of surrounding environment due to their localized sur-
face plasmon resonance (LSPR) [1]. Thus, GNP-based color-
imetric assays have attracted considerable attention in a broad
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significant branch in GNP-based assay [3, 4]. Compared with
cross-linking probe, it is simpler due to the usage avoidance of
mediation designed to cross link [5]. Furthermore, the ssDNA
modified special groups, such as thiol and poly adenines
(polyA), are firmly immobilized on the surface of GNPs, rath-
er than the weak forces provided by unmodified ssDNA ab-
sorbing on GNPs [6—-8]. Hence, the GNPs functionalized by
modified ssDNA (m-ssDNA @GNPs) have a higher degree of
stabilization than the GNPs cooperating with the unmodified
ssDNA. The signal of assay based on m-ssDNA@GNPs is
originated from the modification of properties of targets cap-
tured by the ssDNA or the changing structure of ssDNA after
the capture of targets. Based on this methodology, Maeda et al.
established an aggregating direct assay, and Zhao et al. pro-
posed a deaggregating direct assay [6, 9]. Both of their assays
have an excellent performance in detecting targets. However,
in direct assay, the signal will be weak if the properties of
target are too soft to impact the GNPs. Fortunately, the indirect
assay, such as competitive assays, based on m-ssDNA @ GNPs
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NACP was rare and can avoid that drawback and extremely
expand the application range of NACP.

Chloramphenicol (CAP), the first synthetic antibiotic, has
significant status in antibiotic, which has been widely used in
clinic, animal husbandry and aquaculture [10]. It is still the
first choice for the treatment when patients have severe ceph-
alosporin or penicillin allergy, tetracycline-resistant Vibrio
cholera and vancomycin-resistant Enterococcus [11].
However, CAP has been found to cause many diseases, in-
cluding aplastic anemia, leukemia, bone marrow suppression
and gray baby syndrome in the past years, which are extreme-
ly risky to human health [12, 13]. Being different from other
various analytical methods to detect CAP, such as microbio-
logical assays, enzyme linked immunosorbent assays and the
different kinds of chromatographic methods, the colorimetric
assay has its unique advantages, including simple, low-cost
and easy-operate [14-20].

The aptamer is a kind of ssDNA and selected by the expe-
riential process called the systematic evolution of ligands by
exponential enrichment (SELEX) method. It has excellent af-
finity and specificity for target [3]. It can easily functionalize
GNPs to expand the target of ssDNA@GNPs for detection.
Taghdisi et al. utilized CAP aptamer as a mediator between
GNPs and CAP, and fixed them on the base of well plates to
detect CAP [11]. It has an ultra-high sensitivity but the process
is complex. Then, Chang et al. established a simpler assay by
utilizing unmodified CAP aptamer to protect GNPs from etch-
ing [21]. However, the LOD of this method is only 5 uM.
Hence, the high efficient competitive assay based on m-
ssDNA@GNPs NACP utilizing the CAP aptamer has a po-
tential to be developed for the CAP detection.

In this paper, a simple, low cost and high efficient colori-
metric competitive assay based on non-cross-linking
deaggregating polyA-aptamer-modified gold nanoparticles is
established to detect CAP. By using the SELEX process to
select CAP aptamer, the designed aptamer can simultaneously
distinguish CAP or the precursor of CAP, D-(-)-threo-2-
Amino-1-(4-nitrophenyl)-1,3-propanediol (CAP-base)
(Fig. 1) [22]. The CAP aptamer is constantly utilized to anchor
on the surface of GNPs and it competitively captured CAP or
CAP-base in an acid and high salt environment system. The
charge of CAP-base is more positive than that of CAP in acid
environment. Due to the negative surface charge of GNPs, the
degree of charge of GNPs neutralized by capturing CAP is
less than that of CAP-base. Because the CAP aptamer is de-
signed with the addition of AAAAA to 5', CAP aptamer is
firmly immobilized on the surface of GNPs by strong absorp-
tion between GNPs and polyA group. This anchored function
between GNPs and CAP aptamer enhances the stability of
GNPs and decreases the response time of capturing target than
that of Au thiol bonds according to the research of Pei et al.
[7]. The LOD of CAP detection at 22 nM has been experi-
mentally achieved after 30 min reaction. To the best of our
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Fig. 1 Chemical structures of a chloramphenicol (CAP) and b CAP-base
— the precursor to CAP, which was used for the selection of CAP aptamer

knowledge, this colorimetric competitive assay strategy for
the detection of CAP is the first time to apply the theory of
electrostatic stabilization in colloid chemistry based on non-
cross-linking deaggregation of polyA-aptamer-modified gold
nanoparticles. Additionally, this kind of colorimetric assay has
tremendous potential to expand their application range in the
future based on the properties of targets and the alternation of
aptamer.

Materials and methods
Materials

Chloramphenicol (CAP), Thiamphenicol (TAP), kanamycin
sulfate (Kana), cephalexin monohydrate (CPX), ampicillin
sodium salt (AMP), tetracycline hydrochloride (TC), the 5'-
polyA-modified DNA aptamer of CAP (5'-AAAAA CAA
TAA GCG ATG CGC CCT CGC CTG GGG GCC TAG TCC
TCT-3") [22] and complementary sSDNA of CAP aptamer (5'-
AGA GGA CTA GGC CCC CAG GCG AGG GCG CAT
CGC TTA TTG-3') were purchased from Shanghai
Biological Technology Development Co., Ltd. (www.
sangon.com). D-(-)-threo-2-Amino-1-(4-nitrophenyl)-1,3-
propanediol (CAP-base) were purchased from Aladdin
(www.aladdin-e.com). Other reagents are given in the
Electronic Supporting Material. All reagents were of at least
analytical grade and the ultrapure water had resistivity higher
than 18 MQ-cm ' throughout the work.

Apparatus

The UV-Vis absorption spectra were recorded by the custom-
made absorption spectroscopy shown in Fig. S1. In the spec-
troscopy system, the light source was the tungsten halogen
lamp (HL-2000-HP, Ocean Optics), and the receiver was the
spectrometer (HR4000, Ocean Optics). Then, the 1 cm path-
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length quartz cuvette in dark was used as the sample cell and
the absorbance from the samples analyzed by programs writ-
ten in C++ and Matlab. Due to the properties of the spectrom-
eter (HR4000, Ocean Optics) and sample, the acquiring time
to record a spectrum from 400 nm to 800 nm was 1 ms.
Transmission Electron Microscope (TEM) images were ob-
tained by Zeiss LIBRA 200FEG TEM. The zeta potential
was obtained by Malvern Zetasizer Nano ZS.

Preparation of gold nanoparticles

The synthesis of GNPs ~13 nm in diameter was previously
described by using sodium citrate reduction method and
stored at 4 °C before functionalization [23]. The concentration
of GNPs was estimated by Lambert-Beer law, A =€cl (the
molar extinction coefficient of GNPs at 520 nm was 2.7 x
105M ' em ™) [24].

Probe fabrication

The 5'-polyA-modified DNA aptamer functionalized gold
nanoparticles (polyA-Apt@GNPs), used as probe, were pre-
pared with referencing of the previous method [7]. Controlling
different aptamer/GNPs molar ratio, probes were recorded as
polyA-Apt@GNPs (37.5:1), polyA-Apt@GNPs (75:1) and
polyA-Apt@GNPs (150:1). Finally, the concentration of
polyA-Apt@GNPs was adjusted to be 5.0 nM calculated by
extinction coefficient at 520 nm as GNPs.

Assay

The procedure of CAP detection was carried out as follow:
polyA-Apt@GNPs were added to the 2 mL solution contained
NaCl, acetate buffer, CAP-base and different concentrations
of CAP in micro centrifuge tube, shaken thoroughly and in-
cubated 0.5 h at room temperature. The absorption spectra
were recorded from 400 nm to 800 nm, and the ratio of ab-
sorbance at 620 nm and 520 nm (Ag>0nm/As20nm) Was used for
quantitative analysis. Then, the concentrations of polyA-
Apt@GNPs, NaCl, and CAP-base and the pH value pH of
acetate buffer were adjusted to optimize sensitivity of detec-
tion. The optimized condition was 0.125 nM polyA-
Apt@GNPs, 0.275 M NaCl, 0.01 M acetate buffer (pH 3.0)
and 15.0 uM CAP-base after the mixture of solution. The
specificity of probes was tested by control experiment using
similar compounds.

Analysis of real samples

The real water samples were collected from tap water and
Jialing River respectively, and they were filtrated by
0.22 um PES membrane for purification. Per 1 mL of pre-
pared water samples was mixed with 100 pL of 0.20 M

acetate buffer (pH 3.0), 275 uL of 2.0 M NaCl, 100 puL of
0.30 mM CAP-base and 475 pL of ultrapure water in micro
centrifuge tube. Then, 50 pL of 5.0 nM polyA-Apt@GNPs
(150:1) was added to the mixed solution and incubated 0.5 h at
room temperatures before recording the UV-Vis absorption
spectroscopy. The spiked water samples were prepared by
using 475 pL of CAP solution to replace the same amount
of ultrapure water.

Results and discussion

Construction and characterization
of polyA-Apt@GNPs colorimetric assay

Figure 2 demonstrates the absorption spectra of GNPs and
polyA-Apt@GNPs and the morphology of polyA-
Apt@GNPs. After modifying the polyA-modified CAP
aptamer by immobilizing polyA on GNPs, the peak of absorp-
tion of GNPs red-shifts ~8 nm from 520 nm. According to
Kevin et al., the DNA base A has the best relative affinities for
gold in four kinds of DNA base and polyA is one of them [25].
Then, the polyA has enough relative affinity to replace the
citrate at the surface of GNPs. This immobilization leads the
change of refractive index surrounding GNPs and makes their
spectra red-shift. Thus, the red-shift of polyA-Apt@GNPs
proves that the polyA-modified CAP aptamer was anchored
on the surface of GNPs successfully.

It is known that the absorption spectra of polyA-
Apt@GNPs are sensitive to the change of local environment
and then they are utilized to detect CAP directly and CAP-
base. Interestingly, at pH 3.0 and high-salt environment, the
signal caused by the change of CAP concentration is unno-
ticeable while the signal produced by the change of CAP-base
concentration is noticeable (Fig. S2). The prevalent
aptamer&GNP-based colorimetric assays are based on the
presence of targets, which would lead the unmodified aptamer
to change their 3D structure and no longer temporarily and
weakly adsorbed on GNPs to protect GNPs from salt-induced
aggregation [26]. However, the presence of CAP or CAP-base
leads to different signal in this assay, which indicates that the
immobilization of aptamer on the surface of GNPs is remained
even if the target is presence.

Then, based on the different signals between CAP-base and
CAP, the polyA-Apt@GNP-based colorimetric competitive
assay is established by the competition of CAP aptamer to
capture the CAP and CAP-base. The differential absorption
ratio of Agronm/As2onm has been chosen for the indication of
signal change. The responses to different CAP concentrations
with the same CAP-base concentration are illustrated in Fig. 3.
The intense aggregation of polyA-Apt@GNPs with only
15 uM CAP-base is obviously observed in the TEM image
in Fig. 3. This is the reason for the red-shift of absorption
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Fig. 2 a Normalized absorption
spectra of GNPs (dash line) and
polyA-Apt@GNPs (75:1) (solid
line) (The insert is an enlarged
image of polyA-Apt@GNPs
(75:1) with diameter of ~13 nm),
b The histogram of the polyA-
Apt@GNPs size in inset TEM
image as shown in Fig. 2a

- - - - polyA-Apt@GNPs (75:1)
—— GNPs
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spectra. However, the particles are well dispersed with the
addition of CAP. Furthermore, the rapid response time is also
observed, which means that the enormous difference between
the addition and non-addition of CAP can be distinguished
within only 5 min. To obtain the stable signals, 30 min after
sample mix was utilized to record the signal.

Optimization of method

The following parameters were optimized: (a) concentration
of probe; (b) sample pH value; (c) molar ratio (aptamer/GNPs)
of probe; (d) ionic strength; (e) concentration of CAP-base.
Relative data and figures are given in the Electronic
Supporting Material. The following experimental conditions
were found to give best results: (a) concentration of probe:
0.125 nM; (b) sample pH value: 3.0; (c) molar ratio
(aptamer/GNPs) of probe: 150:1; (d) ionic strength: 0.275 M
NaCl; (e) concentration of CAP-base: 15.0 uM.

~—— O0pM CAP & 15uM CAP-base
144 32uM CAP & 15pM CAP-base

A620nm/A520nm

0.2

0 10 20 30 40 S0 60 70 80
Time (min)

Fig. 3 The responses and TEM images of polyA-Apt@GNPs (75:1) for
0 uM CAP (black line) and 32 pM CAP (red line) at 0.01 M pH 3.0
acetate buffer, 0.2 M NaCl, 15 uM CAP-base and 0.125 nM polyA-
Apt@GNPs (75:1)
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Detection and specificity of CAP

Under the aforementioned optimized conditions, CAP with
different concentration was added respectively and their
UV-vis absorption spectra are given in Fig. 4a. With the ad-
dition of CAP, the absorption spectra are blue-shift and the full
width at half maxima decrease constantly. The color change of
corresponding sample can also be observed by bare eyes as
shown in the insert of Fig. 4b. The tendency of the corre-
sponding signals, Agonm/Aszonm calculated from absorption
spectra as the function of CAP concentration, has a monotone
decrease first and then tends to be stable at near 0.46 after the
addition of 6.00 uM CAP (Fig. 4b). The linear range is be-
tween 0.2 uM to 3.2 uM and the equation of fitting linear
curve at this part is Agronm/As20nm = 1.32—0.23 x c(CAP,
puM) with a coefficient of determination of 0.991. The limit
of detection (LOD) of this colorimetric assay was determined
to be 22 nM (S/N = 3), which is comparable to other reported
methods (Table 1). However, this colorimetric detecting strat-
egy does not require high-cost instruments, troublesome
enriching processes, time-consuming washing steps and long
reacting time, all of which are severe obstacles to on-site mon-
itoring. Additionally, according to related environmental re-
ports, the concentrations of CAP in wastewater of Beijing and
municipal sewage of Guiling are 5-36 nM and 18-147 nM
respectively [31, 32]. Thus, this strategy for detecting CAP is
partly competent for environmental monitoring.

For the specificity of this established colorimetric assay, the
1 mM antibiotics, including TAP, Kana, CPX, AMP and TC
were tested respectively under the optimized conditions
(Fig. 5). The A(Ag20nm/Aszonm) Was calculated as the absorp-
tion ratio Agponm/Aszonm Of the blank sample minus that in the
presence of antibiotics. The signals of other antibiotics are
comparatively slight even if their concentrations are near
420 times more than the concentration of CAP. It demon-
strates that the established colorimetric assay has highly
specificity.

Moreover, the potential use of this method for real samples
was also confirmed by detecting the known quantity of CAP
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Fig. 4 Highly sensitive performance of the colorimetric competitive
assay based on non-cross-linking deaggregating polyA-Apt@GNPs
with 0.01 M acetate buffer at pH 3.0, 15.0 pM CAP-base, 0.275 M
NaCl and 0.125 nM polyA-Apt@GNPs (150:1). a UV-vis absorption

spiked in tap and river water (Table 2). Each of data is calcu-
lated by 3 successive detections. In tap water samples, the
recoveries were 80.6%, 87.7% and 96.3% with 5.52%,
3.99% and 2.68% of RSD, corresponding with 0.5, 1.50 and
3.00 uM CARP respectively. In river water samples, the recov-
eries were 75.4%, 82.7% and 92.2% with 8.46%, 5.30% and
2.87% of RSD, corresponding with 1.50 and 3.00 uM CAP
respectively These indicate that this current method for detect-
ing CAP has a good accuracy. However, the detected concen-
tration is lower than the added concentration, and the detected
concentration in the river water sample is also lower than that
in the tap water sample. It is assumed that the multivalent ion
can promote the aggregation of GNPs, which reduces the sig-
nal of CAP.

Mechanism of CAP detection

According to Gopinath et al., the surface charge of GNPs
plays a key role to impact the aggregation of GNPs and
NaCl concentration control is an effective approach to adjust
the node point of aggregation [33]. It is noticed that the chem-
ical structural in primary (1°) amine and secondary (2°) amine
between CAP-base and CAP is different, which is related to
the charge of targets. In the research of Allafchian et al., con-
trolling the pH can vary the charge of cephalexin because of

0 M =3 12 UM

0 2 4 6 8 10 12
Concentration of CAP (uM)
spectra of the polyA-Apt@GNPs with different concentrations of CAP.
b The corresponding signals, Agzonm/As20nm, as function of

concentrations of CAP. The insert is the corresponding photographs of
samples

the protonation of primary amine [34]. However, the proton-
ation of secondary amine is harder than that of primary amine.
Thus, it is supposed that the protonation of primary of CAP-
base make CAP-base has positive charge in an acidic environ-
ment. While this using environment is not acidic enough to
trigger the protonation of the secondary amine of CAP, which
results in the neutral charge of CAP. The capture of targets
with different charge impacts the surface charge of polyA-
Apt@GNPs and triggers its different degree of aggregation.
These different aggregation statuses are corresponding to dif-
ferent direct detection responses between CAP and CAP-base
(Fig. S2) and the decease tendency of maximum signals with
increasing pH are shown in Fig. S4. Thus, the mechanism that
the different signal of polyA-Apt@GNPs in direct detection
caused by the different charge status of targets in high-salt
environment is supposed, as shown in Scheme 1a.

To further prove the key role of the charge status of target in
this detecting strategy, additional experiments were designed,
as illustrated in Fig. 6. Compared to the little spectral shifts
measured between polyA-Apt@GNPs and CAP at pH 3.0
(Fig. 6a), higher concentration of CAP blue-shifts the spectra
of polyA-Apt@GNPs significantly at higher pH (Fig. 6b),
which is regarded as the increase in the deaggregating degree
of polyA-Apt@GNPs. In contrast, the differential signal mea-
sured between polyA-Apt@GNPs and CAP —base at pH 10.0

Table 1 Comparison of the
results of different CAP detecting Method

methods

Linear range (uM) LOD (uM) Ref.
Voltammetric sensor 0.5-500 0.2 [27]
Amperometric aptasenser 0.01-35 2%1073 [28]
Photoelectrochemical aptasensor 1.0¥107° - 3.0%1073 3.6%1077 [29]
Fluorescent aptasensor 10°-1072 3#1077 [30]
Colorimetric aptasensor 1072-0.12 4.15*%10°* [11]
Colorimetric aptasensor 1-1000 5 [21]
Colorimetric aptasensor 0.2-3.2 0.022 This work
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Fig. 5 The specificity test of polyA-Apt@GNPs colorimetric assay with @ =
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f

AMP and TC (from 1 to 5), respectively

decreased dramatically (Fig. 6d) compared to that measured at
pH 3 (Fig. 6¢). This is due to the reduction in the aggregation
degree of polyA-Apt@GNPs in the presence of CAP-base at
higher pH environment. Thus, increase of pH not only de-
creases the protonation of primary amine, but promotes the
deprotonation of hydroxyl [35]. Based on the proposed mech-
anism, these results reveal that the charge of CAP is negative
and of CAP-base is neutral, which is proved by the appearance
of deprotonation of CAP and the disappearance of protonation
of CAP-base at high pH. The complementary ssDNA of CAP
aptamer is another target of CAP aptamer. After the comple-
ment with CAP aptamer, the phosphate groups of the comple-
mentary ssSDNA expose at outside surface of GNPs could
further negative the charge of GNPs in the pH 3.0 based on
the K, of phosphoric acid and deaggregate polyA-
Apt@GNPs. The blue-shift of addition of complementary
ssDNA in polyA-Apt@GNPs shown in Fig. 6¢ is in accord

Target: | +charge [ 'neutral |- charge
>2 CAP-base &CAP

S~
PolyA-Apt@GNPs: “% Negative surface charge:
ol

Scheme 1 a The respond of polyA-Apt@GNPs detecting targets with
different surface charge. b The procedure of polyA-Apt@GNPs detecting
CAP by the competitive non-cross-linking deaggregating strategy

with this hypothesis. Because the zeta potential and surface
charge is correlated, the zeta potential of the polyA-
Apt@GNPs with different concentration of CAP-base at
pH 3.0 before the addition of salt to trigger aggregation is
shown in Fig. 6f. The consequences are still in accord with
the hypothesis that the positive CAP-base decreases the abso-
lute value of zeta potential of polyA-Apt@GNPs.

Finally, based on the mechanism for direct detection, the
hypothesis of proposed competitive assay for detecting CAP

Table 2 Performances of

colorimetric assay for CAP Sample Sample Added concentration Detected concentration Recovery RSD
determination in real water number (uM) (M) (%) (%)
samples (n =3)
1 Tap water - - -
2 Tap water 0.5 0.40 80.6 5.52
3 Tap water 1.50 1.32 87.7 3.99
4 Tap water 3.00 2.89 96.3 2.68
5 River water  — - _
6 River water 0.5 0.37 75.4 8.46
7 River water  1.50 1.24 82.7 5.30
8 River water ~ 3.00 2.77 92.2 2.87
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Fig. 6 The exploring experiments for mechanism. UV—vis absorption
spectra of the polyA-Apt@GNPs detecting CAP directly in low pH
environment (pH 3.0 with 0.125 M NacCl) (a) and in high pH
environment (pH 10.0 with 0.90 M NaCl) (b), and detecting CAP-
base directly in low pH environment (¢) and in high pH

is depicted in Scheme 1b. The immobilization of CAP or
CAP-base on the surface of polyA-Apt@GNPs due to a
capture-competition leads them to have different surface
charge. Thus, given a constant concentration of CAP-base
used, the concentration of CAP would determine the proba-
bility of CAP-base captured by polyA-Apt@GNPs. High con-
centration of CAP can lead small amount of CAP-base to be
captured and reduce the aggregation degree of polyA-
Apt@GNPs, and vice versa.

Concentration of CAP-base (uM)

environment (d). e UV—vis absorption spectra of the polyA-
Apt@GNPs detecting CAP directly and detecting complementary
ssDNA in low pH environment (pH 3.0 with 0.40 M NaCl). f The
zeta potential of polyA-Apt@GNPs mixed with different
concentration of CAP-base in pH 3.0 without NaCl

Conclusion

An indirect colorimetric assay for detecting CAP based on the
competition of CAP aptamer to capture the CAP and CAP-
base has been established. Compared with classical GNP-
based non-cross-linking aggregation/dispersion colorimetric
assay, this method enhances the sensitivity and the toleration
degree of salts. Furthermore, the aptamer performed as the
recognition unit provides an excellent selectivity. This assay
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has been successfully applied in detecting tap water samples
and river water samples although the multivalent ion may
reduce the detected concentration of CAP. The proposed
mechanism indicated that the charge of target play a key role
to determine the signals. Therefore, according to electrostatic
theory and the easily substituting property of aptamer, this
assay has a great potential to expand the target range by alter-
ing different kinds of aptamer.
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