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Abstract

A highly sensitive and fast-response array of sensors based on gold nanoparticles, in combination
with pattern recognition methods, can distinguish between the odor prints of non-small-cell lung
cancer and negative controls with 100% accuracy, with no need for preconcentration techniques.
Additionally, preliminary results indicate that the same array of sensors might serve as a better
tool for understanding the biochemical source of volatile organic compounds that might occur in
cancer cells and appear in the exhaled breath, as compared to traditional spectrometry techniques.
The reported results provide a launching pad to initiate a bedside tool that might be able to screen
for early stages of lung cancer and allow higher cure rates. In addition, such a tool might be used
for the immediate diagnosis of fresh (frozen) tissues of lung cancer in operating rooms, where a
dichotomic diagnosis is crucial to guide surgeons.
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1. Introduction

Recent statistics have estimated that in Europe in 2004, nearly 2.9 million new cases of
cancer were diagnosed and the disease caused over 1.7 million deaths, with lung cancer as
the most common form of cancer diagnosed and of cancer death in both men and
women.[1:2] The statistics also show that the current five-year ultimate survival rate for lung
cancer patients is 15%, but the expected survival rate is >70% if the cancer is discovered
when still localized.[3 Unfortunately, only 16% of lung cancer is discovered when it is still
in the localized stage and the disease is curable.[2:3] The statistics warn that this figure will
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continue to rise and that the need exists to consider priorities for cancer control, especially
techniques having the maximum effect.

Efforts to identify early detection methods for lung cancer are now at an exciting stage.l3]
Serious efforts are being made to assess the role of computed tomography (CT) imaging as a
screening technology,[#>! although still without proven efficiency. Moreover, even after
definitive therapy without any evidence of disease, early local recurrence might be detected
by a routine bronchoscopy for non-small-cell lung cancer (NSCLC)[®! in 4% of patients
treated surgically. Currently, the diagnostic steps for lung cancer include an invasive
procedure that yields a tissue specimen, such as cytology and/or histology. By having a
tissue specimen, one can specify and tailor therapy according to the histology type, mutation
analysis, specific staining (such as for epidermal growth factor receptor, EGFR), and other
specifications. However, such procedures are invasive, expensive, and might delay therapy.
Moreover, they are not free from complications; for example, up to 2.5% complications and
0.5% mortality occur for mediastinoscopyl”! and 0.3% major complications for
transbronchial needle aspiration bronchoscopy.[8] In addition, the sensitivity of such tests is
limited to39%dueto small nodule size and difficult access.[8]

One of the most challenging assignments in NSCLC is tracking early disease recurrence,
even with very early disease (stage 1A), as up to 27%of patients would die as a result of their
disease within five years.[®] In a recent cohort, Peled et al. found 4% of early (one year)
recurrence by routine bronchoscopy in patients that otherwise had been misdiagnosed due to
lack of evidence for disease at the time of bronchoscopy.[®] Therefore, a noninvasive, highly
sensitive test, such as detecting characteristic volatile organic compounds (VOCs),[10.11]
would be extremely valuable. Such a tool, in a headspace setting, might also be valuable in a
laboratory setting, such as for immediate diagnosis of fresh-frozen sections in operating
rooms, where a dichotomic diagnosis is crucial for guiding the surgeons with their ongoing
surgery.

In this study, we use seven NSCLCs as a pure model for defining the odor print of
NSCLCs.[22] For our purposes, the use of cell lines and not tumor tissues could exclude any
stromal effect and increase test specificity by detecting the distinctive VOCs that might
define NSCLCs. The usage of lung cancer cells has been described recently in the literature.
Zhang and coworkers sampled different kinds of lung cancer cells derived from cancerous
tissues and other lung-related diseases, but were able to identify and isolate only four VOCs
as lung cancer biomarkers.[*3] Also, Filipiak and co-workers tested VOCs from lung cancer
cell line CALU-1 in vitro, and by using gas chromatography—mass spectrometry (GC-MS)
were able to identify 60 compounds that are common both to the specific cell line and to the
growth medium. They pointed out which compounds are produced by the cells and which
are consumed, since the headspace was tested as a function of time.[24] These GC-MS-based
results are promising but the accuracies are not yet high enough to be clinically useful. The
benefits of theGC-MS systems include their sensitivity and ability to detect specific VOCs
and measure their relative concentrations. The downside is that GC-MS is expensive,
requires relatively high expertise to use, and the breath contents need to be captured and
preconcentrated before being transported to the devices. Consequently, these systems are not
ideal as point-of-care tests.

Herein, we report an array of 18 molecularly modified gold nanoparticles (Au NPs) in
combination with a pattern recognition method that can sense and identify patterns of
odorant molecule(s), such as VOCs emitted from seven different types of NSCLC, with no
need for preconcentration of the lung cancer biomarkers. The molecules surrounding the Au
NPs are of the same chemical groups as the VOCs emitted from the NSCLC, and thus show
high sensitivity to biomarkers of lung cancer cells. This will help to identify and
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discriminate between lung cancer cells and their medium of growth by using principal
component analysis (PCA).[1%]

2. Results and Discussion

GC-MS analysis identified 350-400 different VOCs that had been either synthesized or
catabolized in at least one cell line. The compounds that were chosen for both the NSCLCs
and the medium were those with >0.08% of the total amount detected by GC-MS. However,
forward stepwise discrimination analysis identified 40 common VOCs that appear in >85%
of NSCLCs and of the control medium. The common compounds were mostly nonpolar C—
C,3 hydrocarbons. Further forward stepwise discrimination analysis revealed 15 VOCs that
appear in all NSCLCs but not in control states (Figure 1). The wide spectrum of compounds
detected in our study could be attributed to the effect of solid-phase microextraction (SPME)
fibers on the extraction of VOCs. The SPME fiber that we used consisted of
polydimethylsiloxane (PDMS), which extracts via absorption with analytes dissolving and
diffusing into the bulk of the coating, and PDMS/ divinylbenzene (DVB) and PDMS/
Carboxen (CAR), which “retain” highly volatile solvents and gases.

Based on the GC-MS/SPME data presented in Figure 1, the headspace of cancerous cells
included saturated and unsaturated hydrocarbons, benzene derivatives, and oxygen-
containing compounds. Most of these compounds have been proven to be connected to
cancer through oxidative stress and byproducts of reactive oxygen species (ROS)-inducing
processes. It is hypothesized that there is a persistent oxidative stress in cancer cells. For
example, it was found that in cancer cells there is a high level of one of the major
oxidatively modified DNA base products in vivo, 8-PH-dG, which is known to be formed by
radicals. Moreover, it is reasonable to suppose that membrane lipids near the ROS
generation site are the most severely damaged.[1¢] Saturated hydrocarbons that are known to
be metabolites of lipid peroxidation!*”] and were found in the headspace of the cancer cells
support that hypothesis.

Based on these results we designed and used an array of 18 chemiresistors for detecting the
headspace of NSCLC and a control medium. In this configuration, each sensor is widely
responsive to a variety of odorants.[18] Hence, each analyte yields a distinct signature from
the array of broadly cross-reactive sensors.[18] Pattern recognition algorithms can be applied
to the multidimensional set of signals, obtained simultaneously from all the sensors in the
array, to yield information about the identity, properties, and concentration of the vapor
exposed to the sensor array. Figure 2 shows a scheme of the constituent sensors. The
functionalities of Au NPs were chosen, based on the GC-MS analysis presented in Figure 1,
as having structures similar to the lung-cancer-related biomarkers to maximize the
sensitivity to the target analytes. Chemiresistors based on functionalized Au NPs combine
the advantages of organic specificity with the robustness and processability of inorganic
materials.[1%] Au NPs stabilized with thiolated molecules have strong covalent bonds to the
sulfur group and, thus, tailor the surface properties of the NPs. Also, sensors of Au NPs that
are mostly coated with hydrophobic functionalities are almost insensitive to water and hence
are particularly suitable for breath testing, since exhaled breath contains ~80% relative
humidity. A sensor’s high sensitivity to water, as is the case for carbon-nanotube (CNT)
sensors, decreases its ability to detect lung cancer.[20]

Prior to exposure to the sample headspace, we examined the response AR/ Ry, (where A,
typically ~1 MQ, is the baseline resistance of the sensor in the absence of analyte and AR is
the baseline-corrected steady-state resistance change upon exposure of the sensor to analyte)
of each sensor to some representative lung cancer biomarkers (as identified by GC-MS).
The biomarker concentrations were £;/~,=0.0001-0.05, where £, and £, are the partial
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pressure and vapor pressure of the analyte at room temperature (21 °C), respectively. We
found that the sensors’ response was rapid upon exposure to the simulated vapor analyte,
fully reversible upon switching back to purified dry air, responsive to a wide variety of
concentrations, and showed a satisfactory signal-to-noise ratio, typically larger than 10:1.
The sensors indicated a detection limit in the order of a few ppb (see representative
examples in Table 1), beyond the concentration level of most volatile (cancer) fingerprints
that appear in NSCLC.[21]

Figure 3 shows a typical response of three of our sensors to the headspace of NSCLC and
the control medium. Again, the response was rapid (limited by the 10-s response time of our
vapor-delivery system), completely reversible, and very well reproducible for both NSCLC
and the control medium. The sensors showed either a decrease in resistance (ten sensors) or
an increase in resistance response (eight sensors). The physical mechanism responsible for
the electronic response of NP films to analyte exposure is still subject to controversy. It is
well known that the response of chemiresistors made from metal-core NPs and capping
monolayers can be either positive (increased resistance) or negative (decreased resistance).
These changes could be attributed to one or both of the following mechanisms: 1) swelling,
which may increase the resistance due to an increased interparticle tunnel distance; or 2) an
increase in the permittivity of the organic matrix surrounding the metal cores may decrease
the resistance due to a reduction of the potential barriers between the metal cores, thereby
decreasing the tunneling decay constant.[22:23] |n this study, we did not monitor the Au NP
film morphology!?2 or the effect of Au NP size and/or electrode dimensions.

The response to the headspace samples of the 18-sensor array was analyzed by using PCA.
This results in the largest variance between sensor values from the first principal component
(PC1) and produces decreasing magnitudes of variance from the second (PC2) to the third
principal component (PC3), etc. Figure 4 shows PC1, PC2, and PC3 for each sample that
accounted for >90% variance. Each data point corresponds to a breath sample. No overlap
for the NSCLC and the control patterns is seen, and the clusters were separated with 100%
success. Note that clear discrimination was achieved with the sensor array without
preconcentration or dehumidification of the cell line sample. This is a marked improvement
from our recently demonstrated ten-sensor array based on organically functionalized CNTs,
which required adequate pretreatment of a mixture of representative VOCs for clear
distinction.[20] Experiments with a wider population of NSCLCs to distinguish thoroughly
between the different NSCLCs are under way.

A diagnostic tool that is based on an array of Au NP sensors could include, among other
things, inexpensive, noninvasive early detection. Such a tool might narrow the number of
the cohort to be investigated, which in turn could lead to an efficient algorithm. In addition,
early diagnosis will increase cure rates, especially in lung cancer. Good discrimination
ability is important for investigating patients with lung nodules. These patients need invasive
assessment as the first step in their evaluation. Therefore, a reliable array of sensors might
spare unnecessary thoracic procedures as well as increase the benefits of those actually
performed. Another example is the postoperative setting. A reliable breath test will be able
to assure complete tumor resection versus recognition of residual tumor that leads to post-
operative need for radio/chemotherapy, a capability that might improve overall survival
rates in early stage disease.[24]

To put these results in a wider perspective, we examined whether there is a relation between
the PCA patterns of the examined (NSCLC and control) cell lines and equivalent states in
exhaled breath.[25] Towards this end, exhaled alveolar breath was collected in a controlled
way from 40 lung cancer patients (stage 4 and stage 3) and 56 healthy subjects who had not
ingested coffee or alcohol for 1 and 12 h, respectively, by using the offline method
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recommended by the ATS/ERSI2¢] (see Reference [27] for details on the collection process
of exhaled breath). None of the cancer patients had received chemotherapy and/or other
cancer treatment prior to the breath testing. The 40 healthy controls were chosen to match
the lung cancer study group in age and lifestyle. In a typical experiment, signals from an
array of nine sensors (from the 18 applied for cell lines) were collected for 5 minin a
vacuum, followed by 5 min of breath exposure then another 5 min of the vacuum
environment.[25] The cycles were typically repeated 3-5 times to test reproducibility.

Plan PC1 versus PC2 of Figure 4 shows the multidimensional A R/ A, data set of cancerous
breath and healthy breath.[28] No overlap is seen between the clusters of lung cancer and
healthy breath, and the clusters were separated with 100% success (see also Reference [25]).
The two-dimensional (2D) patterns of lung cancer breath showed a partial overlapping with
the projected (PC1 vs. PC2) patterns of NSCLC. On the other hand, the 2D patterns of
healthy breath showed a partial overlapping with the (PC1 vs. PC2) patterns of the control
medium. The observed overlapping between the clusters of cell lines and actual breath
samples provides clear evidence for the correlation between the biochemical processes
appearing in (or in the vicinity of) the cancer cells and the VOCs appearing in exhaled
breath, consistent with the recent GC-MS results of Wojciech et al.[?1] This finding
indicates that an array of Au NP sensors can be used (after further modifications) as a highly
sensitive, simple-to-use tool for understanding the biochemical background of endogenous
compounds appearing in exhaled breath, both for healthy persons and those suffering from
certain diseases such as lung cancer. In this context, the ability to distinguish between
different individual biomarkers (see also References [2029]), as well as between different
mixtures (or patterns) of biomarkers, with no need for preconcentration techniques might
allow more precise and more robust data than those obtained from GC-MS in combination
with preconcentration techniques. This argument is supported by the fact that the latter
technique cannot account for all the VOCs present in the headspace or exhaled breath
samples, because a preconcentration technique can be thought of as a solid-phase method
that extracts only part of the analytes present in the examined phase and afterwards desorbs
only part of the extracted analytes.

3. Conclusions

We have identified 40 common VOCs that appear in >85% NSCLCs and in the control
medium and 15 VOCs that appear only in NSCLC, but not in the control medium. Based on
this knowledge, we fabricated an array of highly sensitive, simple-to-use, and inexpensive
cross-reactive sensors and exposed them to NSCLC and the control medium. Analysis of the
responses from the array of sensors using PCA showed 100% separation between the
clusters of NSCLC and the control medium, without using any preconcentration technique.
Success in this endeavor would ultimately provide a launching pad for initiatives for
immediate diagnosis of fresh (frozen) tissues of lung cancer in operating rooms, where a
dichotomic diagnosis is crucial for guiding surgeons during surgery. The same array may
also aid in understanding the biochemical pathway of VOCs from cancer cells to the exhaled
breath, without any exclusion, in contrast to traditional methods such as GC-MS in
combination with preconcentration techniques, which account for only part of the VOCs in
the headspace of cell lines or samples of exhaled breath. From the clinical perspective, a
noninvasive, highly sensitive bedside tool has many uses in early detection, therapy
evaluation, screening, and therapy direction. Moreover, such a tool in the tissue headspace
setting might support immediate decisions taken by surgeons operating on lung cancer
patients. The combination with GC-MS would contribute to understanding whether the
source of the VOCs is the tumor cells, their microenvironment, or results from the host
response to the tumor. However, such understanding has yet to be fully investigated.
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4. Experimental Section

Collection of headspace emitted from the cells

Seven NSCLCs of adenocarcinoma were grown in a 100-mm cell-culture dish to 95%
confluency (7 x 108 cells) using a medium under standard conditions (RPMI 1640 medium
+10% fetal bovine serum; 5% CO» environment). A medium with the same incubation time
and conditions but without cells served as a control in duplicate. The cell lines were Calu3,
H1650, H4006, H1435, H820, H1975, and A549.

Analysis of headspace by GC-MS

Collection of headspace VOCs was carried out with the Ultra Il SKC system with
Chromosorb 106 as sorbent. All seven cell lines were analyzed by GC-MS (Figure 2).
Collected headspace from the NSCLCs and from the control medium (also using the Ultra Il
system) was transferred to a thermal desorption device made of stainless steel. The sorbents
were heated to 270 °C and at the same time were exposed to a SPME fiber of DVB/CAR/
PDMS (purchased from Sigma—Aldrich) for preconcentration. The extracted fiber in the
manual SPME holder was inserted into the injector of the GC column, which was set to
270°C in the splitless mode. The oven temperature profile was 40 °C for 4 min, 5 °C min~1
to 140 °C, held for 4 min, 5 °C min~1 to 250 °C, held for 4 min. An H5-5MS capillary
column (5% phenyl methyl siloxane; 30 m in length, 0.25 mm internal diameter, 0.25 pm in
thickness) was used. The column pressure was set to 8.22 psi, and the initial flow was 0.8
mL min~1. Eventually the molecular structures of the VOCs were determined via the
Standard Modular Set.

Synthesis of functionalized Au NPs

Monolayer-capped 5-nm Au NPs were synthesized by the two-phase method[3%:31] with
some modifications.[31:32] Dodecanethiol, decanethiol, 1-butanethiol, 2-ethylhexanethiol,
hexanethiol, fer--dodecanethiol, 4-methoxytoluenethiol, octadecanethiol, 3-methyl-1-
butanethiol, dibutyl disulfide, 3-mercaptopropionate, 2-mercaptobenzyl alcohol,
octadecylamine, 2-mercaptobenzoxazole, and 11-mercapto- 1-undecanol were used as
organic capping layers. To synthesize the above-mentioned Au NPs, AuCl,~ was first
transferred from an aqueous HAuUCIy - xH,0 solution (25 mL, 31.5mw) to a toluene solution
by the phase-transfer reagent tetraoctylammonium bromide (TOAB; 80 mL, 34.3mw). After
the organic phase was isolated, excess thiol was added to the solution. The molar ratio of
thiol to HAuCly - xH,0 was varied between 1:1 and 10:1 depending on the kind of thiol, to
prepare a monodispersed solution of Au NPs with an average size of 5 nm. For example, the
molar ratios of Au to thiol were 10:1 and 1:1 for dodecanethiol- and butanethiol-capped Au
NPs, respectively. After vigorous stirring of the solution for 10 min, an aqueous solution of
reducing agent NaBH, was added in large excess (25 mL, 0.4 v, ice-cooled). The reaction
occurred on stirring at room temperature for at least 3 h, which produced a dark brown
solution of the thiol-capped Au NPs. The resulting solution was subjected to solvent
removal in a rotary evaporator, followed by multiple washings with about 300 mL of
ethanol.[!1] For further purification, the solutions were released from excess free molecules
by using the Millipore system at 55 psi air pressure. Au NPs capped with 2-
mercaptobenzoxazole, 3-mercaptopropionate, 3-methyl-1-butanethiol, and 11-mercapto-1-
undecanol were synthesized by the ligand-exchange method from preprepared hexanethiol-
capped Au NPs. In a typical reaction, excess of incoming thiol, 2-mercaptobenzoxazole (7
Hg), was added to a solution of hexanethiol-capped Au NPs in toluene (3 mg mL™1, 5 mL).
The solution was stirred constantly for a few days to allow full ligand conversion. The
resulting solution was subjected to solvent removal in a rotary evaporator. The NPs were
purified from free thiol ligands by repeated extractions.

Small. Author manuscript; available in PMC 2012 June 06.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Barash et al. Page 7

Design of an array of sensors

An array of sensors was designed by combining 18 different chemiresistors of Au NPs. Ten
pairs of circular interdigitated Au electrodes were deposited by electron-beam evaporation
on a piece of device-quality silicon wafer capped with 300 nm thermal oxide. Figure 2
shows a schematic illustration of the device. The outer diameter of the circular electrode
area was 3000 pm; the gap between two adjacent electrodes and the width of each electrode
were both 20 pm. The functionalized Au NPs were dispersed in a suitable solvent by
sonication and drop-cast onto the electrodes. While still coated with solution, the substrate
was blown dry with N,. This process was repeated several times to yield the desired
resistance of about 1 MQ. The device was dried at ambient temperature for 2 h and then
baked overnight at 50 °C in a vacuum oven.

The headspace of the NSCLC samples was analyzed using the sensor array described above.
The sensors were mounted into a custom polytetrafluoroethylene (PTFE) circuit board inside
a stainless-steel test chamber with a volume of less than 100 cm3. The sampling system
delivered pulses of breath and ambient air in sequence to the sensors. Alternatively, the
chamber could be evacuated. Each sensor of the array underwent a reversible change in
electrical resistance when exposed to a vapor or analyte. The responses were unique because
of the chemical diversity of the sensor materials. An Agilent multifunction switch 34980
controlled by USB was used to select the active sensor and measure the corresponding
resistance at a given time. The entire system was computer controlled. Three analyses, at
minimum, were performed on the headspace of each NSCLC sample.

Response measurements from an array of Au NP sensors

All seven NSCLCs were analyzed by an array of sensors using Chromosorb 106 as sorbent
material. Collected headspace from the NSCLCs and from the control medium was
transferred to a thermal desorption device made of stainless steel. After 30 min of heating
the sorbent at 270 °C, the headspace was exposed to the sensor array. Five minutes of
vacuum were followed by 5 min of sample exposure; this procedure was repeated three
times to obtain three cycles for each sample. Using PCA,[1%] data collected from the array of
sensors (meaning the change in resistivity in all 18 sensors) was translated into a unique
pattern classifying the cancerous cells and the control medium in a three-dimensional plot.
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Figure 1.

Average abundance ratio of the 55 volatile biomarkers identified with SPME-aided GC-MS.
Forty common VOCs were found in the headspace of NSCLCs and the control cell lines, at
distinctly different concentration mixtures. VOCs 41-55 were found only in the headspace
of NSCLC samples.
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Figure 2.

Schematic representation of the experimental procedures used in this study. The process
includes: 1) collecting the headspace of cell lines with sorbent tubes; 2) desorbing the VOCs
trapped by the sorbent tube; and 3) analyzing the VOCs by GC-MS and 4) by an array of
Au NP sensors in combination with pattern recognition methods. The sensors were formed
by successively drop-casting solutions of the molecularly modified NPs onto ten pairs of
preprepared Ti/Au interdigitated electrodes. The left-hand inset in the schematic of the
sensors shows a transmission electron microscopy (TEM) image of the NPs. The length of
the TEM image is 120 nm. The right-hand inset shows films based on molecularly modified
Au NPs. In these films, the metallic particles provide the electrical conductivity and the
organic film component provides sites for the sorption of analyte (guest) molecules. In
addition to their role as an adsorptive phase, the presence of well-defined organic spacers
(i.e., capping molecules)allows control over the interparticle distance, and thereby enables
nearly uniform interparticle distances to be obtained in the composite films. This allows
controlled signal and noise levels to be achieved.[33]
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Figure 3.

Typical responses, AR/ R, of a) 2-mercaptobenzoxazole (circles) and 2-
mercaptobenzoxazole with 1% carbon black (squares) upon exposure to the headspace of
NSCLC (filled symbols) and to control medium (empty symbols), as representative
examples of sensors having positive responses, and of b) decanethiol (rhombuses) upon
exposure to the headspace of NSCLC (filled symbols) and control medium (empty symbols),
as representative examples of sensors having negative responses. The gray lines of the x axis
indicate that the sensors are under vacuum. Sensors that exhibit higher responses to NSCLC,
as compared to control cell lines, indicate that the detected patterns of VOCs are those
generated by the cancer cells.[?1] Sensors that exhibit higher responses to control cell lines,
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as compared to control NSCLC, indicate that the detected patterns of VOCs are those

consumed by the cancer cells.[?1] The chemical nature and concentration of the generated
and consumed VOCs can be seen in the GC-MS results presented in Figure 1.
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PCA of the multidimensional AR/R, data set of NSCLC and control medium. The results
yield well-defined clusters for both states, thus allowing fast and reliable examination of
lung cancer diagnosis. For the sake of comparison, the PCA results of the multidimensional
A RIR, data set collected (using nine of the sensors applied in this study) from the exhaled
breath of patients with primary stage 3 and stage 4 lung cancer and from the exhaled breath
of healthy people are presented on the PC1 versus PC2 projection layer. PCA is a statistical
method to effectively reduce the multidimensional data space to its main components, to
allow convenient visualization of the differentiation ability of the sensor array. PCA
determines the linear combinations of the sensor values so that the maximum variance
between all data points can be obtained in mutually orthogonal dimensions.
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Table 1

Typical resistance response, A R/ R, of a sensor based on Au NPs functionalized with fert-dodecanethiol, 2-

ethylhexanethiol, and decanethiol upon exposure to vapors of trimethylbenzene at different concentrations.
The sensors were responsive to a wide range of concentrations ranging from tens of ppb to hundreds of ppm.

AR/R, [%]

Concentration [ppb]  Tert-dodecanethiol-capped Au NPs  Decanethiol-capped Au NPs  2-Ethylhexanethiol-capped Au NPs

1000+100 25+2 1.2+0.2 8.1+15

900 + 50 4+1 0.32£0.02 15+0.2

500 + 50 21+05 0.24 +£0.02 0.7+£0.1
300 + 50 1.7+£05 0.11+0.02 0.42 £0.05
200+ 20 1.2+0.2 0.09 +0.02 0.23+0.05
100+ 20 06+0.1 0.07 £0.02 0.14 £0.02
50+ 20 03+0.1 0.05+0.02 0.08 £0.01
10+5 0.05+0.01 0.02 +£0.02 0.021+0.01
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