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Abstract
Nanodiamonds were modified such that they carry thiol groups (ND-thiol). Gold nanoparticles were reacted with ND-thiol to
obtain a highly stable conjugate of the type ND@AuNPs. Both ND-thiol and the ND@AuNPs were characterized by SEM,
TEM, AFM, DLS, zeta potential, XPS, XRD, UV-Vis, Raman, FTIR and cytotoxicity studies. Their biocompatibility was
confirmed via an MTT assay with HeLa cells. At a pH value of 6, the ND@AuNPs represent a colorimetric probe that can be
used to selectively detect the illegally used β-adrenergic drug clenbuterol (CLB) and the pollutant chromium(III). Detection can
be performed visually by monitoring the color change from wine red to purple blue, or by colorimetric measurement of the so-
called SPR peaks at 651 and 710 nm. The color changes are due to aggregation, and this is confirmed by TEM and DLS data. The
involvement of surface functional groups that assist in analyte recognition was verified by FTIR. The detection limits are 0.49 nM
for CLB, and 0.37 nM for Cr(III). TheND@AuNPs were successfully applied to the determination of Cr(III) and CLB in spiked
human urine samples. Notably, the low interference by other ions in the detection of Cr(III) in tap and lake water is confirmed by
ICP-MS analyses.

Keywords Gold nanoparticles . Nanocomposite . β-Adrenergic drug assay . Chromium(III) recognition . pH effective sensor .

Surface plasmon resonance . Sub-nanomolar detection . Urine analysis .Water analysis

Introduction

Clenbuterol hydrochloride [CLB] is a well-known drug moi-
ety utilized in the treatment of asthma as bronchodilator and in
human and veterinary heart tonics. Further to notice, CLB
possess the pharmacological similarities to epinephrine and
salbutamol [1]. However, still, it has been illegally used as a
stimulating drug for the production of lean meat. The presence

of high CLB residues in those livestock can lead to serious
side effects and food poisoning [2]. Therefore, several
methods were reported for CLB detection, including gas chro-
matography with mass spectrometry [3], enzyme-linked im-
munosorbent assay [4], liquid chromatography with mass
spectrometry [5], capillary electrophoresis with amperometric
[6], surface plasmon resonance and electrochemical imped-
ance spectroscopy [7]. But, due to the requirement of high
cost instruments, time consumption as well as the difficulty
in sample preparation, the highly precise, reliable, and low-
cost methods are still in need. Wherein, those requirements
were fulfilled by the gold nanoparticles (AuNPs) based color-
imetric assay of CLB [8].

In a similar manner, Cr(III) ions are known as contaminant
in vitro and can act as a competitive inhibitor of several cel-
lular processes [9]. Moreover, it plays the potential role in
sustaining proper carbohydrate and lipid metabolism at a mo-
lecular level [10]. But, in excess, it may cause genotoxic ef-
fects and its deficit resulting in sugar metabolic disorder led to
the engendering diabetes, even cataract, cardiovascular disor-
ders, blindness and uremia [11]. Hence, numerous approaches
have been described for Cr(III) detection, comprising
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inductively coupled plasma-mass spectroscopy or inductively
coupled atomic absorption/emission spectroscopy, electro-
thermal atomic absorption spectrometry, electrolysis and volt-
ammetry, potentiometric membrane sensoring, fluorescence
imaging, chemiluminescence [12–17]. However, many of
them display low selectivity, low sensitivity, needing expen-
sive instruments, and delayed responses. Which allows many
researchers to develop AuNPs based probes for high sensitive
and simplistic colorimetric naked eye detection of Cr(III) ions
[18].

On the other hand, nanocomposites based detection of
CLB and Cr(III) ions also seems to be promising [19, 20].
Towards this approach, with respect to biological utilities,
AuNPs attached nanodiamonds (NDs) can be considered as
a suitable candidate [21].Wherein, NDsmay act as a stabilizer
by mediating between the AuNPs to prevent the aggregation.
Which can be further stimulated via modification of NDs such
that they carry amide ligands and thiol groups as reported
recently [22].

In this report, nanodiamonds were modified via
functionalization of 4-aminothiophenol to afford ND-Thiol.
Which was further reacted with AuNPs to obtain a highly
stable conjugate of the type ND@AuNPs. Both ND-thiol
and ND@AuNPs were characterized by SEM, TEM, AFM,
DLS, zeta potential, XPS, XRD, UV-Vis, Raman, FTIR and
cytotoxicity studies. At pH 6, the ND@AuNPs act as a color-
imetric probe for the selective detection of CLB and Cr(III)
ions in real water and urine sample.

Experimental

The general information onmetal ions, Instruments used, sam-
ple preparation procedures for SEM, TEM, FTIR studies, syn-
thetic procedures, characterization, optimization details and
MTT assay protocols of ND-Thiol and ND@AuNPs with
respective data are provided in Electronic Supporting
Material (ESM).

Conjugation of bare AuNPs with ND-thiol

The bare AuNPs were synthesized via borohydride reduction
method as reported previously [18]. To the 20 mL of synthe-
sized bare AuNPs, 200 μL ofND-Thiolwas added fromND-
Thiol dispersion (1 μg.mL−1), which maintained the final
concentration of ND-Thiol in ND@AuNPs as 10 ng.mL−1.
The colloidal solution was stirred in the dark for 30 min at
room temperature. The wine-red aqueous solution of
ND@AuNPs were stored at room temperature and evidenced
the stability for at least four months. The average size of the
ND@ AuNPs were determined by DLS and TEM micro-
graphic studies. Those ND@AuNPs were directly utilized in

colorimetric assay titrations. For XRD data, it has been cen-
trifuged at 14000 rpm and under vaccum to obtain the powder,
which states that 25 mg of ND@AuNPs were present in
100 ml solution.

Colorimetric assay protocol

To a 790 μL of solution containing ND@AuNPs, 200 μL of
pH 6 buffer, 10 μL of either CLB (1 μM) or other interfer-
ences (3 μM) were added separately. However, the final vol-
ume of the above mixture was maintained as 1 mL. The mix-
ture was sustained at room temperature for 25 min and then
transferred separately into a 1.0 cm quartz cell. The absorption
spectra were recorded byUV-Vis spectrometer between 450 to
800 nm wavelength ranges. Subsequently, the above proce-
dure has been employed for the detection of Cr(III) at 1 μM
and other metal ions at 3 μMor Cr(VI) at 5 μM. Similarly, for
dual analyte investigations, the concentration of CLB or
Cr(III) ions were kept at 1 μM along with other interferences
at 3 μM or Cr(VI) at 5 μM [for Cr(III)].

For individual titrations, to a 790 μL of ND@AuNPs so-
lution, 200 μL of pH 6 buffer, 10 μL of different concentra-
tions of CLB or Cr(III) (0–1000 nM) were added separately.
The final volume of the mentioned mixture kept as 1 mL at
room temperature for 25 min and then transferred separately
into a 1.0 cm quartz cell. The absorption spectra were recorded
by UV-Vis spectrometer.

Analysis of CLB or Cr3+ in real samples

Water samples of our laboratory tap and lake located in
NCTU, Hsinchu, Taiwan, were collected and filtered through
a 0.2 μm membrane. To the 200 μL of lake or tap water,
different volumes (0.4, 1, and 4 μL) of Cr3+ ions standard
solution (10 and 100 μM) were spiked, individually. Those
samples were then added to the solution containing 700 μL of
ND@AuNPs and 100 μL pH 6 buffer, preserved at room
temperature for 25 min. The final concentrations of Cr3+ ions
were maintained as 0.01, 0.25, and 1.0 μM, respectively.
Thereafter, the analytical results were found by ICP-MS and
from the established sensing method. Above mentioned pro-
cedure was applied for DI water and urine based assay of CLB
or Cr3+ ions.

Results and discussion

Synthesis and properties of ND-thiol

As shown in Scheme S1 (ESM), the ND-Thiol was synthe-
sized based on our previous report [22]. Those ND-Thiol
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particles were characterized through FTIR, Raman, XPS, zeta
potential, SEM, TEM and AFM studies as detailed in ESM
with respective data (Figs. S1-S10). Impressively, as shown in
Fig. 1a, b, the surface modified ND derivative visualize the
diverse particle sizes and morphologies as further described in
ESM (See characterization of ND-Thiol).

Optimization of method

The following parameters were optimized (a)ND-Thiol concen-
tration inND@AuNPs (b) sample pH value in assay; (c) reaction
time.RespectivedataandFiguresaregiven in theESM(Figs.S11,
S22~S24). The following experimental conditions were found to
give best results: (a) 10ng.mL−1 ofND-Thiol inND@AuNPs (b)
A sample pH value of 6; (c) 25min reaction time.

Characterization of ND@AuNPs

As shown in Scheme S2 (ESM) bare AuNPs were modified
by the addition of ND-Thiol (10 ng.mL−1). Hence, those NPs
are represented as ND@AuNPs. During the above

modification, the SPR peak of bare AuNPs (520 nm) seems
to be red shifted to 523 nm with the stability over a period of
four months (Figs. S12a and b, ESM). Additionally, HR-TEM
of ND@AuNPs clarify the conjugation between ND-Thiol
and AuNPs as exposed in Fig. 1c, d. The diffraction of
0.207 and 0.241 nm are corresponds to (111) pattern of
nanodiamond and Au [23, 24], respectively. Similarly, the
FT pattern of selected AuNP (Fig. S13, ESM), notify the
(111) and (200) patterns. Next, from Figs. S14a and b
(ESM), the XRD peaks (2 ) of AuNPs at 38.03°, 44.18°,
64.45°, 77.42°, 82.15° and 98.23° can be associated to
(111), (200), (220), (311), (222) and (400) crystalline planes
of Au atom, respectively, and from JCPDS file (JCPDS no.
01–1174), it can be assigned as face-centered cubic (fcc)
phase [25]. Further, the presence of ND-Thiol can be
established from its low intense XRD peaks at 44.69° and
75.13° related to (111) and (220) patterns of diamond [26].

In a similar fashion, as shown in Fig. S14c (ESM), the XPS
data [27] at 88.5 and 84.9 eV are apportioned to original 4f
spectrum of Au atom [87.8 eV (Au 4f5/2) and 84.2 eV (Au
4f7/2)]. The distorted XPS values may attributed to the

Fig. 1 a, b SEM and TEM and AFM images of ND-Thiol nanoparticles
(at 1μg. mL−1 in water dispersion); c TEMofND@AuNPs (ND-Thiol =
10 ng.mL−1); d High magnified TEM image of ND@AuNPs; 0.207 and

0.241 nm diffraction representing (111) pattern of diamond and AuNPs,
respectively
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presence of ND-Thiol over AuNPs surface. Interestingly, co-
existence ofND-Thiol has also been countersigned by its XPS
peak at 284.8 eV (Fig. S14d, ESM). Next, particle size of bare
AuNPs (5.2 ± 3.7 nm) has been affected during the modifica-
tion by ND-Thiol and increased to 19.3 ± 11.8 nm (Figs. S15
and S16, ESM). Moreover, ND@AuNPs displayed the slight-
ly affected zeta potential (−27.80 mV) than that of bare
AuNPs (−31.33 mV), as shown in Figs. S17 and S18
(ESM). Hence, stabilization through the repulsive -Ve charges
is represented in Fig. S19 (ESM).

MTT assay of ND-thiol and ND@AuNPs

Initially, the cytotoxicity of ND-Thiol was evaluated from four
parallel experiments. In which, similar to previous reports, all
the nanodiamond derivatives displays their low toxicities in
Hela cells (Fig. S20, ESM). Further, ND-Thiol witnessed the
more than 85% of cell viability even at 100 μg.mL−1, which
confirms its biocompatibility and allows us to capitalize in the
stabilization of AuNPs. Next, cytotoxicity studies on
ND@AuNPs in HeLa cells (four parallel measurements) re-
vealed its negligible toxicity even at 150 μg.mL−1 concentration
as publicised in Figs. S21a (ESM). Wherein, ND@AuNPs in-
dicates the 84% cell viability. Furthermore, by plotting
ND@AuNPs concentration Vs cell viability, the 50% cell sur-
vival concentration value (IC50) is predicted to be 237 μg.mL

−1

as seen in Fig. S21b (ESM). Hence, confirmed its intracellular
permeability and low cytotoxicity to apply in environmental and
biological samples based analyte detection.

Selective CLB and Cr(III) assay by ND@AuNPs

As depicted in Fig. 2a, b, contrast to other interferences [NaCl,
CaCl2, Thr (Threonine), Glu (Glutamic Acid), Urea, Tyr
(Tyrosine), Glucose, Orn (Ornithine), His (Histidine), AA
(Ascorbic Acid), Ala (Alanine), Sal (Salbutamol), Leu
(Leucine), Rct (Ractopamine), Cys (Cysteine), HCys (Homo
Cysteine), Gly (Glycine) and Lys (Lysine) fixed at 3 μM], the
clenbuterol (CLB) at 1 μM is incredibly affected the SPR peak
of ND@AuNPs with wine red to purple colorimetric varia-
tion. At this point, the initial SPR peak (at 523 nm) is reduced
and red shifted to 531 nm with gradual appearance of newer
band at 651 nm. In the same way, Cr(III)ions (at 1 μM) are
evidenced the better selectivity than that of other metal ions
[Na(I), Ni(II), Fe(III), Cd(II), Ca(II), Ga(III), Cu(II), Fe(II),
Mg(II), Ba(II), Al(III), Ag(I), Co(II), Zn(II), Pb(II), Mn(II),
In(III), and Hg(II)] at 3 μM and Cr(VI) at 5 μM via SPR
and colorimetric responses as shown in Fig. 2c, d. But,
Cr(III) induce the purple blue color with quenched-red shifted
SPR peak at 533 nm along with the formation of inferior band
at 710 nm.

Very impressively, theND@AuNPs based diverse assay of
CLB and Cr(III) has been demonstrated by the newer SPR

peaks at 651 and 710 nm, respectively. Subsequently, the sin-
gle and dual analyte studies (Figs. S25a and b, ESM) are well
supported its better selectivity towards CLB and Cr(III) ions
via SPR ratio bar graphs at A651/A523 and A710/A523, congru-
ently. In which, CLB detection is slightly affected only in
presence of Ractopamine. Whereas, the other β-adrenergic
drug Salbutamol have negligible effect. On the other hand,
during single analyte studies, the Cr(VI) ions at 5 μM evi-
denced mild aggregation induced color change. But, in dual
analyte investigation not shown any interference. This con-
firmed the enhanced selectivity of Cr(III) ions than that of
all metal ions. Further to protract the utility of ND@AuNPs
based assay, the time effect with respect to concentration be-
tween 0 and 1 μM (with an equal span of 0.2 μM) of CLB and
Cr(III)ions has been taken into account. Wherein, both of
them envisioned the immediate color alteration (wine red to
purple blue) from 0.4 μM onwards as presented in Figs. S26
and S27 (ESM). Those responses are further enhanced after 10
and 20 min of time intervals. Excitingly, contrary other strat-
egy based detections [28, 29], the ND@AuNPs detect the
CLB at 0.15 μM via visualization of purple blue color after
25 min.

Detection mechanism and limits

As seen in Fig. 4a, b, upon addition of 0–1μMofCLB, or Cr(III)
ions to aqueous ND@AuNPs (at pH 6), gradual incremental
peaks are observed at 651 or 710 nm, respectively. At the same
time, the origin SPR peak at 523 nm is red shifted to 531 or
533 nm, correspondingly. Moreover, due to the aggregation in-
duced by CLB and Cr(III) ions, the wine red color is changed in
to purple blue. Which is approved by the TEM images
as displayed in Figs S28a and b (ESM). Consistently,
the DLS study revealed the 2.2 and 2.8 times enhanced
particle sizes of ND@AuNPs with CLB and Cr(III) and
predicted as 73.5 ± 26.5 and 96.2 ± 68 nm (Figs. S28c
and d, ESM), individually.

Next, the exact binding forces and functional group involve-
ment, FTIR studies [30] are described as follows. Firstly, as
exposed in Fig. S29 (ESM), contrast toND-Thiol, a broad amide
–NH band is lies between 2900~3500 cm−1 for ND@AuNPs.
Similarly, the symmetrical amide –NH stretch is discovered an
upshifted band at 1412 cm−1. Further to note, the –C-N stretching
bands of ND@AuNPs are found at 1195 and 2263 cm−1.
Moreover, the disappearance of free –SH (at 2577 cm−1) band
along with presence of downshifted amide –C=O band at
1655 cm−1 is proved the ND-Thiol conjugation over AuNPs.
During coordination with CLB, the –C-N stretching bands are
downshifted to 1225 and 2400 cm−1 as publicized in Fig. S30
(ESM). Interestingly, due to the H-bonded coordination with –
NH2, -NH and OH of clenbuterol, the amide –C=O band is
upshifted to 1599 cm−1. Similarly, the involvement of amide –
NHgroup inH-bonding formationwith ‘chlorine (Cl)’ of CLB is
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observed through the complete disappearance of original broad
band between 2900~3500 cm−1. In addition, symmetrical amide
–NH stretch is upshifted from 1412 to 1382 cm−1.

Akin to CLB, ND@AuNPs with Cr(III) also displayed the
differential FTIR spectra as envisioned in Fig. S31 (ESM).
Where, the upshifted –C-N stretching bands are exhibited at

1160 and 2345 cm−1. On the other hand, coordination of
Cr(III) ions led to ultimate vanishing of amide -NH band with
broadened and upshifted symmetrical stretch observed at
1394 cm−1. Additionally, a broad low intense amide –C=O
stretch is upshifted at 1632 cm−1. These FTIR studies authenti-
cated the contribution of amide –NH and –C=O groups towards

Fig. 2 a, b SPR changes of
ND@AuNPs on selectivity
towards CLB and Cr(III)at pH 6;
c, d colorimetric responses of
ND@AuNPs towards CLB and
Cr(III)with other interferences at
pH 6; Here, contrast to 3 μM of
other interferences and 5 μM of
Cr6+ ions, 1 μM of CLB and
Cr(III)were used

Fig. 3 UV-Vis titrations of
ND@AuNPs with different
concentrations of (a) CLB and (b)
Cr(III)ions in DI water, at pH 6;
Detection limits calculation on (c)
CLB and (d) Cr(III)ions via
standard deviation and linear
fittings
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CLB and Cr(III) ions detection via coordination or H-bonding
induced aggregation and hence possible mechanisms are sug-
gested in Figs. S32 and S33 (ESM). Wherein, ND act as func-
tional groups carrier and enhance the disaggregation of AuNPs in
the absence of analytes via steric effect. Moreover, those func-
tional groups present in ND@AuNPs forms the complex with
CLB or Cr(III) ions and then led to color changes through
aggregation.

Afterward, from the individual titrations of CLB and Cr(III)
ions (Fig. 3a, b), the linear ranges of CLB and Cr(III) recognition
are established as 1.05 × 10−8 ~ 0.98 × 10−6 and 1.3 × 10−8 ~
1.04 × 10−6, respectively. Similarly, according to the 3σ (signal-
to-noise) standards [31] by using the linear regression equations
of y = 0.03217× + 9.0795 × 10−4 (R2 = 0.999, n = 3) and y =
−0.06847× + 0.00136 (R2 = 0.988, n = 3), the LODs of CLB
and Cr(III) ions are estimated as 0.485 ± 0.0038 and 0.371 ±

Table 1 The recovery values of
spiked Cr3+ ions in real samples Sample Spiked (μM) Detected (μM)

(meana ± SDb, n = 3)
Recovery
(%)

RSD (%) ICP-MS
observed (μM)

tab water 0 NDc – – NDc

0.01 0.0098 ± 0.002 98.01 1.23 0.0101

0.25 0.252 ± 0.004 101.02 1.66 0.263

1 1.062 ± 0.025 106.23 2.31 1.087

Lake water 0 NDc – – NDc

0.01 0.0103 ± 0.006 103.03 0.67 0.011

0.25 0.261 ± 0.024 104.54 1.15 0.268

1 1.142 ± 0.012 114.16 1.83 1.166

Urine 0 NDc – – NDc

0.05 0.053 ± 0.005 106.02 1.12 0.0548

0.25 0.261 ± 0.011 104.45 1.29 0.249

1 1.122 ± 0.016 112.28 1.53 1.129

amean of three measurements
b SD: standard deviation
c Not detected

Fig. 4 UV-Vis titrations of
ND@AuNPs with different
concentrations of (a) CLB and (b)
Cr(III)ions in human urine
samples [US], at pH 6; Detection
limits calculation on (c) CLB and
(d) Cr(III)ions via standard
deviation and linear fittings
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0.0026 nM, correspondingly, as represented in Fig. 3c, d. It is
important to note that the LODs of those analytes aremuch lower
and hence can be applied in real time monitoring as revealed
next.

Cr(III) detection in real water studies

In this examination, NCTU lake and tap water samples are
exploited [18, 32]. Wherein, the ICP-MS based estimation
was in agreement with the calibrat ion curves of
ND@AuNPs SPR shifts to those respective Cr(III) concentra-
tions and evidenced a relative error of less than 2.5% as pre-
sented in Table 1. The recovery of Cr(III) in tap and lake water
are fallen between 98.01~106.23 and 103.03~114.16%, con-
sistently. Hence confirm the real time application of this meth-
od. In a similar fashion, the human urine samples based col-
orimetric assay [33] are accounted as follows.

Detection of CLB and Cr(III)in human urine sample

As seen in Figs. S34 and S35 (ESM), colorimetric changes of
the probe are induced by CLB and Cr(III) from 400 nM on-
wards. Whereas, from the individual titrations (Fig. 4a, b), the
linear ranges of CLB and Cr(III) detection in human urine
samples are recognised as 1.9 × 10−8 ~ 1.21 × 10−6 and
2.7 × 10−8 ~ 1.98 × 10−6, respectively. From linear regression
equations of y = 0.0608× + 1.09 × 10−4 (R2 = 0.982, n = 3)
and y = 0.0656× + 8.334 × 10−4 (R2 = 0.989, n = 3), the
LODs of CLB and Cr(III) in urine studies are calculated as
0.60 ± 0.0047 and 2.088 ± 0.0034 nM, individually, as ex-
posed in Fig. 4c, d. Similarly, urine samples based assay of
Cr(III) displays the better recovery (104.45~112.28%) with
less than 2% relative error (RSD) as shown in Table 1. In
the same way, the recovery of CLB in spiked DI water and
urine samples are lies between 99.31~102.68% and

98.28~106.12%, correspondingly, with less than 3% RSD as
seen in Table 2. Further to elaborate, as presented in Tables S2
and S3 (ESM),ND@AuNPs displayed the better performance
in CLB and Cr(III) detection than that of previous reports.

Conclusion

A nanod iamond con juga ted go ld nanopar t i c l e s
(ND@AuNPs) is firstly reported as an analytical probe for
the selective assay of CLB and Cr(III) ions. Here, the con-
sumed low toxic nanodiamond derivative (ND-Thiol) act as a
functional group carrier, which may interact with analytes.
But, the stability of ND@AuNPs are restricted to the
10 ng.mL−1 concentration of ND-Thiol. The complexation
between amide (–C=O and –N-H) functional groups of
ND@AuNPs with CLB or Cr(III) ions are responsible for
the aggregation induced color changes. Nevertheless, this as-
say seems to be more effective after 25 min and at pH 6.
Further to notice, the real analysis on this assay protract its
vision to biological applicability in future.
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