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a  b  s  t  r  a  c  t

Growing  world  demand  for gold  and  decreasing  discovery  rates  of  ore  deposits  necessitates  new  tech-
niques  for  gold  exploration.  Current  techniques  for the  detection  of  ppb  level  of  gold,  such  as  inductively
coupled  plasma  mass  spectrometry  (ICP-MS)  are  not  field-deployable.  By  contrast,  current  portable  device
such  as  X-ray  fluorescence  (XRF)  based  sensors  are  not  sufficiently  sensitive.  Thus,  there  is  growing  inter-
est in  developing  a  new,  easy-to-use  and  fast  method  for detection  of  low  concentrations  of gold  at  the
site of an  exploration  drilling  rig.

Two optical  methods,  absorption  and  fluorescence,  are  examined  for their  suitability  for  low  gold
concentration  detection.  Absorption  study  is  based  on  the analysis  of localised  surface  plasmon  resonance
peak.  For  fluorescence  analysis,  the  ability  of  gold  nanoparticles  to specifically  catalyse  the  conversion
of  the non-fluorescent  compound  (I-BODIPY)  to the  fluorescent  derivative  (H-BODIPY)  is  used.  For  both
ptical fibre
OQ

absorption  and  fluorescence  methods,  the  limit  of quantification  (LOQ)  of gold  nanoparticles  (NPs)  was
found to  be  dependent  on the  NP  size  (71 ppb  of  5 nm and  24.5  ppb of 50 nm  NPs  for  absorption  and  74  ppb
of  5 nm  and  1200  ppb of  50 nm  NPs  for fluorescence).  The  LOQ for fluorescence  for  50  nm  NPs  measured
in  a suspended  core  optical  fibre  was  almost  twice  lower  than in  a cuvette.  The  field  deployment  potential
of  these  methods  was  also determined  using  a portable  set  up.

ublis
© 2015  The  Authors.  P

. Introduction

Gold is utilised in everyday life from jewellery, through elec-
ronics, to drug delivery. Global consumer demand for this precious

etal is increasing, and in 2013 it reached above 4000 t per year
1]. The major consumers are China and India, demanding 1275 t
nd 975 t in 2013, respectively [2]. However, the global discovery
ate of gold (and other) deposits is rapidly declining [3], which is
rimarily a function of ore deposits exposed at the Earth’s surface
lready being found, and undiscovered deposits being buried by

ounger rock sequences [3,4]. Thus, new techniques are required to
xplore for ore deposits, which in turn calls for the need to be able to
uickly obtain geochemical analysis of rock samples, and the ability
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to detect economic elements such as gold at lower concentrations
[4].

An alternative method for gold exploration is to analyse the
concentration of gold in the regolith [5], as well as in the leaves
and twigs of trees growing in proximity of gold deposits [6].
Geochemical signatures of gold deposits buried to 35 m depth
were recognised in plants such as Eucalyptus [6]. The gold was
first transported in an ionic (Au3+), water soluble form from the
roots to the leaves, and then reduced to gold metal nanopar-
ticles (Au0) and accumulated within the plant cells. Analysing
of plant samples implies that no drilling would be required to
recognise the signature of a proximal ore deposit. Plants are not
the only living organisms capable of accumulating gold. Bacte-
ria such as Cupriavidus metallidurans can also take up gold ions
and convert them into gold nanoparticles (NPs) [7], which con-

tributes to the formation of gold grains in the soil [8]. The
ability to detect low concentrations of gold in the soil could
potentially reduce the cost of searching for a new gold ore
deposits.
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ig. 1. Structure of bisiodinated derivative of 4,4-difluoro-4-bora-3a, 4a-diaza-s-
ndacene (I-BODIPY).

In addition to the potential benefits for ore exploration, detec-
ion of low levels of gold would be advantageous for biomedical
nd environmental research. Gold NPs conjugated with antibod-
es are used for drug delivery [9,10] and sensing [11] applications.
old NPs are also employed for gene therapy [12] and gene spe-
ific sequence sensing [13]. Photostability makes NPs a competitive
taining method in cellular imaging, where the gold NPs conjugated
o a cell binding ligand are visible as the bright spots in a dark field
mage [14]. Analysis of the concentration of NPs in bioconjugates

ould enable sensing of low concentrations of biomolecules using
ell-established spectrophotometer or fluorometer based meth-

ds [11]. Due to the enhanced absorption and scattering compared
o bulk gold, nanoparticles are utilised in photothermal cancer
herapy [15,16]. The growing biomedical applications of gold NPs
emands that their cytotoxicity and safety be established. Cell cul-
ure studies indicate that small gold NPs (1–2 nm)  are more toxic
han larger NPs (15 nm)  in fibroblasts, epithelial cells, macrophages
nd melanoma cells [17,18]. Sensitive methods for the detection
f gold NP would facilitate tracking the accumulation of gold NP
n cells. The accumulation of gold NPs in rat organs after admin-
stration of 0.56 mg  of NPs per gram of animal [18] ranged from
.08 ppb in brain, through 20 ppb in muscle and 30 ppb in bone to
60 ppb in blood. Analysis of accumulation of gold NPs conjugated
ith the antibody against specific protein could allow fast diag-
osis of carcinogenesis, Alzheimer disease or Parkinson’s disease.
ensing of gold NPs released into air and water would monitor the
ncontrolled release of particles into the environment and increase
afety related to the handling of NPs [19].
Similar detection limits as for medical diagnosis are required for
old exploration purpose. The average crustal abundance of gold is
.3 ppb [20]. Anomalous gold concentrations can be between 0.5
nd 8 ppm [21,22]. Therefore, detecting anomalous levels of gold

ig. 2. (A) Cross-sectional image of the suspended core fibre used (inset showing magnifie
he  intensity of the evanescent field in the holes surrounding the solid core with high int
Fig. 3. Sketch of the in-house optical set-up with portable spectrometer used for
absorption measurements.

requires instrumentation with low detection limits. Currently, the
analysis of gold in a rock sample at a drill rig may  be performed
using portable XRF, but the detection limit of this technique is high
in the order of few ppm [23]. In addition, the signal of gold often
overlaps with tungsten commonly used in drill bits thus, these tech-
niques do not allow an analysis of the presence of gold in the drilling
sample at sufficiently low levels to explore for new ore deposits.

One of the methods for sensitive detection of gold is inductively
coupled plasma mass spectroscopy (ICP-MS) with detection of ppt
level of gold in both geological [24,25] and biological samples [18].
Another method is inductively coupled plasma atomic emission
spectroscopy (ICP-AES) with detection limits as low as 1 ppb [26].
However, detection at these levels requires the rock to be crushed
and fire assays to be performed to remove other elements and then
aqua regia and cyanide digestion to leach gold from the sample. This
analysis process can take days and requires samples to be trans-
ported to a laboratory. In addition, the required instruments are
not compatible with on-site analysis at the drill rig. This is a major
issue why on-site analysis for fast detection of gold during drilling
is of growing interest to gold exploration companies, demanding
the development of a portable sensing method for low level gold
detection at the site of the drilling rig.

The research presented here focuses on the use of optical meth-
ods, such as absorption and fluorescence, for detection of gold
nanoparticles at concentrations of ppb order. Gold NPs have unique
optical properties such as localised surface plasmon resonance
(SPR) [27], plasmon resonance scattering [27] and a catalytic effect
on fluorophores [28] which can be utilised for sensing purposes.
SPR is the collective oscillation of electrons on the surface of
metal excited by photons, which results in a peak observed in the
absorption spectrum of a sample. The position and width of the SPR
absorption peak depends on the size and agglomeration of the gold

d image of the fibre core), (B) example of a core of a suspended core fibre indicating
ensity marked red and low intensity marked blue.
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In this paper, we investigate the viability of absorption and flu-
ig. 4. Optical set-up for the measurement of the fluorescence of BODIPY in the
resence of gold NPs in (A) cuvette and (B) SCF. M-mirror, DC-dichromic mirror.

Ps. A shift to longer wavelengths and broadening of the SPR peak is
bserved as the size of NPs increases and as the distance between
articles decreases due to aggregation [29]. The intensity of the
PR peak is related to the concentration of gold NPs. Thus, com-
ining peak wavelength, broadening and intensity of the SPR peak
llows determination of the size related detection limit of gold NPs.
eng et al. [30] observed enhanced SPR peak intensity for smaller
anoparticles (40 nm)  compared to larger ones (80 nm). The impact
f the size and shape of gold NPs on the extinction coefficient of the
PR peak has been investigated [31–33]. However, to the best of
ur knowledge, the LOQ for gold NPs using the absorption method
as not been determined. Also, the impact of the NP size on LOQ
hat can be achieved using this technique has not been explored. In
ddition, all the measurements to date were done with laboratory
ased spectrometers, which limits the applicability of the method.
ere we examine the LOQ that can be achieved using both large,

aboratory-based and hand-held, portable spectrometers. The use
f portable spectrometer allows the method to be employed in the
eld and thus opens up possibility for new applications.

Another property of gold NPs that is promising for sensing
pplication is fluorescence enhancement due to catalytic reaction.
he fluorophore, a bisiodinated derivative of BODIPY (4,4-difluoro-

-bora-3a, 4a-diaza-s-indacene) (I-BODIPY) was found to show
pecific reactivity towards gold NPs [28]. Fluorescence is observed
s a result of the catalytical change of non-fluorescent I-BODIPY to
Fig. 5. Absorption spectrum of 5 nm, 20 nm and 50 nm gold NP solutions in cuvette:
(A)  for 236 ppb of gold and using laboratory Cary spectrometer, (B) for 738 ppb of
gold and using portable spectrometer.

fluorescent H-BODIPY. Here we determined for the first time the
dependence of LOQ on the size of NPs using BODIPY as a sensing
molecule. Choosing a right derivative of the fluorophore and using
a portable spectrometer and water as a solvent can decrease the
LOQ significantly and broadens the applications of this method
beyond the laboratory including not only mining, but also biological
applications.

Optical fibres demonstrate growing interest for sensing appli-
cations [34–36]. In this work we  use a microstructured optical fibre
consisting of a solid glass core surrounded by three air holes (here-
after referred to as suspended core fibre (SCF)). In this fibre type,
part of the light guided along the fibre core is located outside of
the glass core and in the air holes, commonly referred to as the
evanescent field. The portion of the light located in the air holes
can be used for light-matter-interaction, and hence sensing of an
analyte situated in the holes. SCFs offer a range of advantages for
sensing applications, including the analysis in a SCF requires only
small sample (nanolitre volumes) [37]; sensing with a SCF can be
made highly specific by binding specific functional groups on the
surface of the fibre core [38]; and due to their compact size, SCFs
are particularly suitable for portable devices. SCFs are also useful
for remote measurements, such as downhole sensing in a drilling
rig.
orescence methods for detection of ppb concentrations of gold NPs
and the impact of the size of NPs on the LOQ. As sensing with a SCF
may  achieve lower detection limit compared to a cuvette depend-
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ig. 6. Linear regression of the peak absorbance as a function of gold concentrat
pectrometer (R2 = 0.999 for all analysed sizes) (green line in the insert showing LOQ
espectively) (pink line in the insert showing LOQ).(For interpretation of the referen

ng on the measurement method and the fibre core size [39], we
nvestigate whether use of a SCF can yield lower detection limits
or gold NPs compared to measurement in a cuvette. We  then com-
are the detection limits and field deployment ability of the two
etection methods in cuvette and SCF using laboratory-based and
ortable spectrometers.

. Methods

.1. Gold nanoparticles

Commercially available, monodisperse gold NPs in three dif-
erent sizes (4.8 ± 0.7 nm,  20 ± 2.5 nm and 51 ± 6.1 nm diameter,
ereafter referred to as 5 nm,  20 nm and 50 nm NPs) were acquired

rom Nanocomposix. The initial concentration of the NPs in 2 mM
odium citrate solution was 0.25 mM.  A range of concentrations
as prepared by adding NP solution to water with a final volume

f 2 mL.
In this paper, the following gold concentrations are used:

Ratio of weight of gold to weight of sample in parts per billion
(ppb), where 1 ppb equals 1 �g of gold in 1 kg of sample
Molar concentration of gold NPs in mol  of gold NPs per litre of
sample

Assuming that the gold NPs were spherical in shape and their
ensity being the same as bulk gold (i.e. 19.3 g/cm3), the concen-
ration of gold NPs was calculated using

s = 6 ∗
(

CAu ∗ MAu

� ∗ �Au ∗ D3
s

)
∗ 1

NA
(1)
here Cs is the molar concentration of gold NPs, CAu is the molar
oncentration of gold atoms/ions, MAu is the molecular weight of
old, �Au is the density of gold, Ds is the diameter of the gold NPs,
nd NA is the Avogadro constant.
r 5 nm,  20 nm and 50 nm gold NP solutions in cuvette: (A) using laboratory Cary
 using portable spectrometer (R2 = 0.996, 0.976, 0.998 for 5, 20 and 50 nm gold NPs,

 colour in this figure legend, the reader is referred to the web  version of this article.)

2.2. Synthesis of I-BODIPY

The fluorophore I-BODIPY was synthesised by reaction of H-
BODIPY with iodine. Specifically H-BODIPY (25 mg,  0.08 mmol) was
suspended in methanol (10 mL)  and I2 (54 mg,  0.20 mmol) was
added whilst stirring. A solution of HIO3 (30 mg,  0.16 mmol) in
water (200 �L) was added dropwise over 5 min. The reaction mix-
ture was  stirred at 25 ◦C for 30 min  and the solution turned a
deep fluorescent red/brown colour. The solvent was  removed under
reduced pressure and the compound was eluted through a silica
column with 5: 1 petroleum ether: chloroform to give I-BODIPY
as a dark red solid (21 mg,  46%) 1HNMR (CDCl3): 7.53–7.49 (3H,
m),  7.26–7.24 (2H, m),  2.65 (6H, s), 1.38 (6H, s) [13]CNMR (CDCl3):
156.8, 145.4, 141.4, 134.7, 131.3, 129.5, 129.4, 127.8, 85.65, 16.9,
16.0

Using NMR  (Supplementary data), the structure of the syn-
thesised I-BODIPY was determined (Fig. 1) in accordance with
literature [40].

The structure of the fluorophore presented here differs from
that one presented by Park et al. [28] through the absence of two
polyethyl ether groups on the phenyl ring. For the sensing experi-
ments, I-BODIPY was first dissolved in dimethyl sulfoxide and then
diluted in aqueous solution.

2.3. Fibre

The SCF made from silica was  used for the fibre experiments
since it provides several advantages for sensing applications. Sil-
ica is made in ultrahigh purity enabling low fibre loss and thus
use of long fibre length; the high thermal, mechanical and corro-
sion stability of silica allows use in harsh environments; and the
relatively low refractive index of silica (1.45 in the visible) leads to

larger fraction of light being located in the air holes, enabling higher
sensitivity [41].

The power fraction of light in the air holes increases with
decreasing core size, and hence, the sensitivity of a SCF increases
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Fig. 7. (A) Experimental LOQ of absorption measurement of gold NPs using labo-
ratory and portable spectrometer (red) compared with theoretical values (black).
(B) Linear regression of extinction coefficient as a function of gold NP size
measured using laboratory spectrometer (R2 = 0.999) and portable spectrometer
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R2 = 0.998).(For interpretation of the references to colour in this figure legend, the
eader is referred to the web  version of this article.)

ith decreasing core size [42]. Therefore, a SCF was used with small
ore diameter of 1.5 �m with a cross-sectional structure shown in
ig. 2A. The fraction of light being guided in the holes for sensing
s schematically shown in Fig. 2B (example only, no actual calcula-
ions of the intensity range). The fibre core is surrounded by three
oles of 60 �m diameter. The large hole size prevents hole block-
ge by particles present in a liquid, as well as reducing the required
ime to fill the fibre holes.

For the sensing experiments, the fibre was mounted on a 3-axis
tage and light was coupled into the core until maximal power
t the end of the fibre was measured with a power meter. 50 cm
engths of fibre were used for each experiment. The tip of the
bre was dipped in the gold NPs–BODIPY solution resulting in a
.7 ± 0.5 cm length of filled fibre (0.3 �L).

.4. Absorption

The absorbance spectrum of gold NPs was measured using
lastic cuvettes and a laboratory-based, commercial instrument
r a portable, in-house set-up. A new cuvette was used for each
easurement. The absorbance spectrum of water was  subtracted
rom all measured spectra. The commercial instrument used was
 UV–vis-NIR spectrometer Cary 5000 (Agilent Technologies). This
nstrument is hereafter referred to as laboratory Cary spectrome-
er. The in-house set-up (Fig. 3) consisted of a broadband LED light
tors B 227 (2016) 117–127 121

source and a portable Ocean Optics QE 65,000 spectrometer, both
fibre coupled to a cuvette holder, ensuring the same measurement
conditions for each sample. For the laboratory Cary spectrometer,
the absorbance was  measured directly. For the in-house set-up with
portable spectrometer, the transmitted light was recorded using
the portable spectrometer and the absorbance was  calculated as
−log10(intensity of a sample/intensity of water), where intensity
refers to the transmitted power measured.

2.5. Fluorescence

The fluorescence of BODIPY solutions was measured using a
473 nm laser light in optical set-ups shown in Fig. 4. The fluores-
cence was measured in a cuvette (Fig. 4A) and a SCF (Fig. 4B). For
cuvette measurements the light was focussed with a 60× objec-
tive onto a 200 �m core UV–vis optical fibre (Ocean Optics) that
was connected to the cuvette holder, thereby guiding the light
to the cuvette situated in the holder (Ocean Optics). The emit-
ted light (perpendicular to the excitation light) was collected by a
200 �m multimode fibre (Thorlabs) connected to both the cuvette
holder and the spectrometer. For the SCF measurement, the light
focussed with the 60× objective was  coupled into the core of the
SCF. Back propagating emission light passed through the 60× objec-
tive, reflected from the mirrors and was  coupled by 10× objective
into the 200 �m multimode fibre (Thor labs), which guided the
collected emission light into the spectrometer.

In order to compare the achievable detection limits with
different spectrometers, either a laboratory-based, non-portable
spectrometer iHR320 (Horiba Jobin Yvon) (hereafter referred to
as laboratory Horiba spectrometer) or a portable Ocean Optics
QE65000 spectrometer was used for cuvette and SCF measure-
ments. Note that for absorption and fluorescence measurements,
the same portable spectrometer was used, but different laboratory-
based spectrometers (Cary 5000 and iHR320, respectively).

For cuvette measurements, the fluorescence of BODIPY was
measured using a 473 nm laser with 8 mW output power and an
exposure time of 4 s. For SCF measurements, the laser power was
decreased to yield similar signal intensity to that of the cuvette
results. I-BODIPY was  added in a 1:1 ratio into the aqueous solu-
tions of NP. The spectrum of the blank sample (solution of I-BODIPY
with no NPs) was  subtracted from all spectra measured for samples
containing NPs.

2.6. Quantification limit

The limit of quantification (LOQ) was used as a measure for the
minimum quantifiable concentration [43], and is defined as

LOQ = meanblank + 10 × SDblank (2)

where meanblank is the mean of the blank sample and SD is the
standard deviation of the blank sample [44], which was water
for absorption and fluorophore in water for fluorescence mea-
surement. The experimental LOQ is the lowest gold concentration
used for which the absorption or fluorescence intensity including
error is higher than the LOQ value. The theoretical LOQ is the gold
concentration value at which the corresponding absorption and
fluorescence intensity is equal to the LOQ value; the gold concen-
tration is calculated using the linear regression of the concentration
dependence of the absorption or fluorescence intensity.

3. Results and discussion
3.1. Absorption measurement of gold NPs in a cuvette

Fig. 5A shows the characteristic absorption spectrum related to
the surface plasmon resonance (SPR) of 5 nm,  20 nm and 50 nm
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Table  1
Extinction coefficient for different sizes of NPs relative to gold concentration (in ppb) and molar gold NP concentration (in mol/L).

Size of NPs Extinction coefficient determined
using laboratory spectrometer:

Extinction coefficient determined
using portable spectrometer:

Extinction coefficient published in
the literature:

(a)  NP concentration in
mol/L

(a) NP concentration in
mol/L

(a) NP concentration in
mol/L

(b)  Gold concentration in
ppb

(b) Gold concentration in
ppb

5 nm (a) 5.9 ± 0.04 × 106 L/(mol cm)  (a) 5.1 ± 0.08 × 106 L/(mol cm)  (a) 8.6 × 106 L/(mol cm) [33]
(b) 7.8 ± 0.04 × 10−6/(ppb cm)  (b) 6.6 ± 0.1 × 10−6/(ppb cm)  (a) 7.2 × 106 L/(mol cm) [32]

20 nm (a) 6.3 ± 0.01 × 108 L/(mol cm) (a) 5.2 ± 0.2 × 108 L/(mol cm) (a) 8.78 × 108 L/(mol cm) [33]
(b) 1.3 ± 0.002 × 10−5/(ppb cm)  (b) 1.07 ± 0.04 × 10−5/(ppb cm)  (a) 5.4 × 108 L/(mol cm) [32]

50 nm (a) 1.8 ± 0.008 × 1010 L/(mol cm)  (a) 1.5 ± 0.02 × 1010 L/(mol cm)  (a) 1.0 × 1010 L/(mol cm) [32]
(b) 2.4 ± 0.01 × 10−5/(ppb cm)  (b) 2.01 ± 0.02 × 10−5/(ppb cm)  (a) 0.8 × 1010 L/(mol cm)* [31]

* Measured for 40 nm gold NPs.

Table 2
The length of the fibre required to measure certain concentration of gold using stationery spectrometer.

Fibre length required to detect 100 ppb of gold 

Gold  concentration that can be measured with 1 m fibre length 

Fig. 8. Fluorescence spectrum measured in cuvette using laboratory spectrometer
at  50 min  incubation of different concentrations of 5 nm gold NPs in water with
6
c

g
C
5
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s
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t
[
y

[32,33] report molar concentration of gold NPs. In order to com-
0  nM I-BODIPY. The peak at 510 nm (marked with black line) depends on the gold
oncentrations used.

old NPs for the same gold concentration and using laboratory
ary spectrometer. The peak maximum shifted from 514 nm for

 nm NPs, through 519 nm for 20 nm NPs to 526 nm for 50 nm NPs.
PR peak of NPs made of different metal is shifted significantly,
.g. silver NPs 10–395 nm,  20–400 nm,  50–420 nm [45]. Thus, this
ethod enables selective detection of gold NPs of defined size

nd shape. Fig. 5B shows the surface plasmon resonance peak of
he same NPs using portable spectrometer. The peak maximum
hifted from 518 nm for 5 nm NPs, through 520 nm for 20 nm NPs to
27 nm for 50 nm NPs. The shift towards longer wavelengths with

ncreasing NP size is related to the differences in the frequency of
urface plasmon oscillations of the free electrons [46]. The increase
n absorbance with NP size is attributed to the enhanced mean free
ath of the electrons in the larger NPs [32]. This increase leads to

ower LOQ for larger NPs.
Fig. 6 shows the concentration dependence of the peak

bsorbance for 5 nm,  20 nm and 50 nm gold NPs in cuvette
easured using laboratory Cary spectrometer (Fig. 6A) and

ortable spectrometer (Fig. 6B). The peak absorption increases lin-
arly with gold concentration, which indicates that gold NPs obey

he Lambert-Beer law. This result is consistent with the literature
47]. The experimental LOQ (lowest measured gold concentrations
ielding peak absorbance values above the LOQ) are 71 ppb for 5 nm
5 nm NPs 20 nm NPs 50 nm NPs

66 m 39 m 21 m
6600 ppb 3900 ppb 2100 ppb

NPs, 49 ppb for 20 nm NPs and 24.5 ppb for 50 nm NPs for the lab-
oratory Cary spectrometer and 492 ppb for 5 nm NPs, 369 ppb for
20 nm NPs and 184 ppb of 50 nm NPs for the portable spectrometer
(Fig. 7A). For the laboratory Cary spectrometer, the LOQ decreases
by a factor of 10 as the NP sizes increases from 5 nm to 50 nm,
while for the portable spectrometer this decrease is a factor of 3.
Compared to the laboratory spectrometer, measurements with the
portable spectrometer result in an approximately 7 times higher
LOQ for all analysed sizes of NPs. This is attributed to differences
in the optical set-ups, and is suggested to be related to coupling
of the light into the sample and from the sample to the detector,
optimised coupling optics and minimal noise due to double Littrow
monochromator [21] which enable maximal level of light through-
put and thus lower value of LOQ (5.25 × 10−4) compared to the
in-house set-up with portable spectrometer (3.35 × 10−3).

The theoretical LOQ can be determined from the extinction
coefficient. The decadic extinction coefficient (Fig. 7A, Table 1)
was determined as the slope of the linear regression of the peak
absorbance as a function of gold concentration using the labora-
tory spectrometer (Fig. 6A) and the portable spectrometer (Fig. 6B).
In accordance with the different LOQ values obtained by the two
spectrometers used, high certainty in the regression was obtained
for data collected with the laboratory spectrometer (R2 = 0.999),
whereas larger variation was found for the portable spectrometer
(R2 = 0.996 for 5 nm,  R2 = 0.976 for 20 nm and R2 = 0.998 for 50 nm
NPs). The extinction coefficient increases with the size of the NPs
(Fig. 7B) as reported by others [31–33]. This relationship is inde-
pendent of the capping agent and solvent used for the gold NPs
[33]. Using the extinction coefficients, the gold concentrations that
yield peak absorbance values equal to LOQ can be calculated. These
theoretical values of LOQ are compared with the measured values
of LOQ in Fig. 7A. The trends of experimental and theoretical LOQs
are similar. However, the difference between the values decreases
with increasing size of the NPs. The experimental values measured
with the both spectrometer are approximately 1.3–2.2times higher
than theoretical values. The discrepancy between theoretical and
experimental values is related to fewer number of data points mea-
sured as well as included error bars for the determination of the
experimental LOQ.

The extinction coefficient values shown in Fig. 7B were calcu-
lated for the concentration of gold in ppb. Note that other papers
pare the extinction coefficient values measured in this work with
those reported in the literature, we  also calculated the extinc-
tion coefficients for molar concentration of gold NPs. The values
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Table  3
Summary of LOQs achievable with different methods for gold concentration (ppb) and NP concentration (pM).

Method Sample
container type

NP diameter
(nm)

Spectrometer Theoretical LOQ of gold
concentration (ppb)

Experimental LOQ of gold
concentration (ppb)

Experimental LOQ  of
NP concentration (pM)

Absorption Cuvette 5 Laboratory Cary 32 71 93
Portable 310 492 647

20  Laboratory Cary 27 49 1.0
Portable 271 369 7.58

50  Laboratory Cary 14 24.5 0.03
Portable 132 184 0.24

Fluorescence Cuvette 5 Laboratory Horiba 50 74 97.3
Portable 64 74 97.3

20  Laboratory Horiba 260 369 7.6
Portable 369 492 10.1

50  Laboratory Horiba 1020 1200 1.6
Portable 674 1200 1.6

Fluorescence Fibre 5 Laboratory Horiba 28 74 97.3
Portable 39 74 97.3

20  Laboratory Horiba 338 492 10.1
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Portable 

50  Laboratory Horiba
Portable 

f extinction coefficient of gold NPs [L/(mol cm)] reported here for
he two different types of spectrometers are similar, and they are
n the same order of magnitude to those reported in the literature
31–33].

.2. Absorption measurement of gold NPs in suspended core fibre

Considering the best case scenario of 100% coupling efficiency
nd negligible fibre loss, the fibre length (d) necessary to measure

 given peak absorbance value of gold NPs can be calculated based
n the Beer–Lambert law: [48]

 = A ∗ In10
ε ∗ C ∗ ˚

(3)

here A is the peak absorbance, ε is the decadic extinction coef-
cient, C is the gold concentration and  ̊ is the power fraction of

ight in the sample (i.e. in the filled holes in the case of SCF). Alter-
atively, Eq. (3) can be used to calculate the concentration that can
e measured at the detection limit for a certain fibre length. The
xtinction coefficients determined for the cuvette measurements
sing a laboratory spectrometer (Table 1) were used for the cal-
ulations. The power fraction for the cuvette is 100% as the whole
eam overlaps with the sample. However, it is much lower for SCF
s only a small fraction of the guided light is located outside of the
lass core and in the holes. Only this fraction of the light is avail-
ble for absorption measurement. The power fraction in the holes
f the SCF with 1.5 �m core was calculated to be 1% via determining
he difference between the loss of the fibre filled with water and
he loss of the fibre filled with gold NP solution, and then divid-
ng the difference by the loss value of the corresponding cuvette

easurement.
Setting the measured power at the output of a fibre filled with

ater as 100%, we consider a decrease in transmission to 95%
t the output of the same fibre filled with gold NP solution as
he smallest transmission decrease that can be detected repro-
ucibly. The corresponding absorbance value for this transmission
ecrease (A = log10(100/95) = 0.0223) is considered to be the LOQ.
herefore, this value was used to calculate either the fibre length
o detect 100 ppb gold concentration, or the gold concentration
hat can be detected with 1 m of fibre (Table 2). These calcula-
ions demonstrate that for a LOQ of 100 ppb gold, fibre lengths

f tens of metres are required. However, such fibre lengths are
mpractical due to long filling time. Using a shorter fibre length
f 1 m increases the gold LOQ to >1 ppm. These best case scenario
alculations indicate that absorption measurement with such an
8 246 5.05
5 738 0.97
0 492 0.65

SCF having relatively low power fraction (∼1%) in the holes can-
not be used for field deployable sensors to detect sub-ppm gold
concentrations.

The power fraction in the holes of a SCF increases with
decreasing core size [42]. Therefore, use of SCF with smaller core
size promises higher sensitivity due to enhanced light-matter over-
lap. However, core sizes <1 �m lead to increasing fibre loss and
decreasing coupling efficiency unless more sophisticated coupling
arrangements are used such as tapered couplers [41].

3.3. Fluorescence measurement in cuvette for detection of gold
NPs

Fluorophore I-BODIPY resulted in a fluorescence peak at 510 nm
in the presence of gold NPs, whereby the intensity of the peak
increased with increasing concentration of gold NPs in the solution
(Fig. 8). The observation of such a fluorescence peak is consis-
tent with the results reported by Park et al. for a similar BODIPY
derivative [28]. Using the laboratory spectrometer and cuvette
measurements, we investigated the impact of incubation time and
BODIPY concentration on the fluorescence intensity and hence the
LOQ of 5 nm,  20 nm and 50 nm gold NPs.

Fig. 9 shows the impact of incubation time on the fluorescence
intensity. For 20 nm and 50 nm gold NPs and all gold concentra-
tions investigated, the peak fluorescence intensity increased until
approximately 50 min  and then saturated, indicating that after
50 min  equilibrium for the transformation of I-BODIPY into H-
BODIPY was  reached. For 5 nm gold NPs even after 60 min  no clear
saturation was observed, indicating that the reaction rate for small
NPs (5 nm)  is slower than that for larger NPs (20 nm,  50 nm). The
higher concentration of 5 nm gold NPs for the same weight ratio
compared to the larger NPs (Table 3) requires longer time for the
interactions between the NPs and the fluorophore. Due to the time
dependence, the fluorescence intensity of the samples should be
measured at the same incubation time, preferably after 50 min  of
incubation.

The investigations of a range of BODIPY concentrations
(1 nM–500 nM)  revealed that 60 nM was optimal as the fluo-
rescence intensity was  the highest (data not shown). Thus, for
I-BODIPY concentration of 60 nM and incubation time of 50 min,
the gold concentration dependence of fluorescence intensity was

measured in cuvette using laboratory spectrometer (Fig. 10A) and
portable spectrometer (Fig. 10B) for 5 nm,  20 nm and 50 nm gold
NPs. The experimental LOQ of these measurements are depicted
in Fig. 11. The LOQ of cuvette measurements using a portable
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Fig. 9. Impact of incubation time on the fluorescence intensity for a range of gold
c
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Fig. 10. Dependence of the fluorescence intensity at 510 nm on the gold concen-
tration for 5 nm,  20 nm and 50 nm gold NPs at 50 min of incubation with 60 nM
I-BODIPY measured in cuvette using (A) laboratory spectrometer and (B) portable
spectrometer.

Fig. 11. LOQ for different sized gold NPs in a cuvette based on fluorescence mea-
surements using 50 min  incubation time and 60 nM I-BODIPY concentration for
laboratory and portable spectrometer.
oncentrations measured in cuvette using laboratory spectrometer and 5 nm (A),
0 nm (B) and 50 nm (C) NPs mixed with 60 nM I-BODIPY.

pectrometer was found to be identical to that using a labora-
ory spectrometer for 5 nm (74 ppb) and 50 nm (1200 ppb) NPs and
lightly higher for 20 nm NPs (492 ppb and 392 ppb, respectively).
he same or similar LOQ achieved for fluorescence studies using
wo different spectrometers is related to the same optical set up,
nd thus the same amount of laser light coupled into the sample
nd the same method of collection of fluorescent light measured.

he consistent LOQ is also reflected in the similar LOQ obtained for
oth spectrometers (0.015 for laboratory spectrometer and 0.032
or portable one). The experimental values are lower than the
theoretical values presented in Table 3 due to the range of analysed
concentrations. The theoretical values lie between the experimen-
tal concentrations that are just below and just above the LOQ.
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Fig. 12. Fluorescence spectra of an SCF filled with I-BODIPY and I-BODIPY with 5 nm
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Fig. 13. LOQ for the three different sizes of gold NPs (5 nm,  20 nm, 50 nm) measured
in  an SCF using (A) laboratory spectrometer and (B) portable spectrometer.
old NPs recorded with high resolution spectrometer. The peak at 510 nm (marked
ith black line) depends on the gold NP concentrations used.

.4. Fluorescence measurement in fibre for detection of gold NPs

Fig. 12 shows the fluorescence spectra of SCF filled with I-
ODIPY and different gold concentrations of 5 nm gold NPs after
0 min  incubation time with 60 nM I-BODIPY using laboratory spec-
rometer. These fluorescence spectra indicate that measurements
n an SCF yield similar results as for measurements in a cuvette.

The gold concentration dependence of the fluorescence inten-
ity in an SCF was measured using different NP sizes at 50 min
ncubation time with 60 nM I-BODIPY for both laboratory and
ortable spectrometers (Fig. 13). The experimental LOQs for these
easurements are: laboratory spectrometer—74 ppb for 5 nm
Ps, 492 ppb for 20 nm NPs, 738 ppb for 50 nm NPs; portable

pectrometer—74 ppb for 5 nm NPs, 246 ppb for 20 nm NPs and
92 ppb for 50 nm NPs. The results demonstrate that the LOQ in
he SCF are similar for the two spectrometers used, which is con-
istent with the fluorescence measurements in the cuvette. There is
ome difference between the LOQ using the laboratory and portable
pectrometers for 20 nm NPs (492 ppb and 246 ppb, respectively)
nd 50 nm NPs in fibre (738 ppb and 492 ppb, respectively) and
o difference for 5 nm NPs (74 ppb). As explained above, simi-

ar LOQ regardless of the type of spectrometer used is related
o the same optical set up used for the measurements and is
eflected in similar value of spectrometer LOQ (0.059 for the labo-
atory spectrometer and 0.025 for the portable spectrometer). The
xperimental values differ from the theoretical values presented
n Table 3 due to the range of analysed concentrations and error
ars.

.5. Fluorescence measurement: Impact of gold NP size on LOQ

Both cuvette and fibre studies show that the LOQ of fluores-
ence measurements decreases with decreasing gold NP size. This
henomenon is attributed to the different number of gold NPs in
amples with the same gold concentration. For example, for the
ame gold concentration of 74 ppb, the NP concentration is higher
or 5 nm NPs (97 pM)  compared to 50 nm NPs (0.097 pM). The cat-
lytic effect of gold NPs is expected to increase with increasing
mount of NPs in a certain sample volume as then more gold NPs
ould be available to react with I-BODIPY. Conversion of the mea-

ured LOQ in molar concentration of gold NPs (Table 3) reveals that

he LOQ in fact decreases with increasing gold NP size. The conver-
ion also shows that for all NP sizes the molar NP concentration at
OQ is considerably smaller than that of I-BODIPY, which is con-
sistent with the gold NPs acting as catalyser for the reaction of
I-BODIPY to H-BODIPY.

The lower LOQ for 50 nm NPs measured in SCF compared to
cuvette measurement is attributed to the interactions between gold
NPs and the silica core of the fibre. For small NPs the repulsion forces
are stronger than for bigger NPs [49]. It means that 50 nm NPs attach
to the fibre core and interact with light longer than 5 nm NPs do,
resulting in decreased LOQ in a fibre in contrast to cuvette.

Park [28] reported that BODIPY allows detection of gold NPs
at NP concentrations as low as 500 pM (around 30 nm). We  mea-
sured lower gold NP LOQ for all three NP sizes investigated, e.g.
for measurements in an SCF using a laboratory spectrometer:
97.3 pM for 5 nm NPs, 10.1 pM for 20 nm NPs and 0.97 pM for 50 nm
NPs. One possible reason for the difference in the LOQ  between
Park’s and our results is the 17 times lower concentration of I-
BODIPY used in our work. Other possible reasons are that we
used a different derivative of I-BODIPY (lack of 3,5-bis(2-(2-(2-
methoxyethoxy)ethoxy)ethoxy group on phenyl ring) as well as
water as a solvent instead of ethanol:water 1:1 v/v.

Using an optical fibre decreases twice the LOQ for 50 nm NPs
in comparison to measurements in a cuvette. This observation pro-
vides insight into the behaviour of the gold NPs and the fluorophore
in different sensing chambers. Apart from the influence of the opti-
cal fibre on the LOQ, it also provides other benefits such as potential
remote sensing and low volume of the sample, which is especially

important for real world applications.
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.6. On-site gold detection

The LOQ for gold using current portable devices, such as a
ortable XRF (LOQ of 10 ppm) [23] is significantly above back-
round (average crustal abundance of 1.3 ppb) [20] and above
conomic grades (∼0.5–8 ppm) [21,22]. Thus, measuring the con-
entration of gold at the drill rig requires low LOQ and a
ortable set-up. The results shown here demonstrate that gold
oncentrations at ppb level usually detected using laboratory
ased spectrometer can be detected using portable spectrometers
Table 3). The LOQs for gold reported here are also well below
conomic values, and shows the potential in being able to detect
nomalous gold concentrations that are significantly above back-
round (average crustal abundance) and within the range of what
ould be desired for measuring gold in an exploration environ-
ent. However, the size of the NPs needs to be considered. Portable

uorescence analysis would give lower LOQ for small NPs, and the
bsorption method would allow lower LOQ of larger NPs. A fast
ethod of synthesis of NPs of desirable size from drilling fluid will

e the subject of the future paper.
Biological studies could also benefit from the portable detec-

ion of gold. Gold NPs 10–15 nm has been shown to pass through
lood–brain barrier [18]. The accumulation of gold NPs as low as
ew ng/g (ppb) of animal has been shown e.g. in blood, bone and

uscle [18]. These gold NP concentrations are within the detection
ange achievable with the methods described in this paper. Gold
Ps conjugated with ligands such as antibody that binds specifically

o a target, e.g. protein or cancer cell, could be collected with a blood
ample or tissue biopsy and centrifuged to separate tissue from NPs.
uick analysis would lead to faster diagnosis of proteopathies or
arcinogenesis.

. Conclusion

The LOQ of gold NPs of different sizes has been defined for both
bsorption and fluorescence measurement methods using cuvette
nd SCF as well as laboratory and portable spectrometers for gold
oncentration in ppb and molar NP concentration in pM (Table 3).

The absorption LOQ in a cuvette measured with a laboratory
ary spectrometer was 7 times lower (dependent on NP size) than
hat measured with a portable spectrometer, which correlates with
he approximately four times lower mean of blank sample (water)

easured for the laboratory spectrometer. Absorption measure-
ents in a SCF are impractical due to the long fibre length required

or sub-ppm LOQs.
In contrast to the absorption method, the LOQ of the fluores-

ence method was approximately the same for both the laboratory
oriba and the portable spectrometer. This observation is related

o the similar LOQ determined for both spectrometers. Our results
uggest that LOQ values for laboratory Horiba and portable spec-
rometers are similar, while the laboratory Cary spectrometer
llows the most sensitive analysis. However, note that the spec-
rometers were used in different set-ups and different types of
lank samples were used. Comparing cuvette and SCF measure-
ents, the LOQ was almost two times lower in the SCF for 50 nm
Ps, but comparable for 5 nm and 20 nm NPs. It can also be noted

hat absorption method allows achieving lower LOQ than fluores-
ence in SCF for 50 nm NPs.

Considering gold concentration, larger NPs result in lower
bsorption LOQs but higher fluorescence LOQs. Conversely, consid-
ring gold NP concentration, bigger NP size leads to lower LOQs for

oth the absorption and the fluorescence methods.

The gold concentration based LOQs determined in this work
sing portable spectrometer demonstrate that a portable set-up
an be used for on-site estimation of the presence of gold NPs.

[
[

[

tors B 227 (2016) 117–127

However the size of the NPs needs to be taken into account. Portab-
ility is an option for fluorescence analysis of gold NPs with low LOQ
especially for small NPs (5 nm), while absorption measurement
enables lower detection of larger NPs (50 nm).
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