
Analyst

PAPER

Cite this: Analyst, 2020, 145, 2586

Received 11th November 2019,
Accepted 23rd January 2020

DOI: 10.1039/c9an02262g

rsc.li/analyst

Metabolic mapping with plasmonic nanoparticle
assemblies†

Nguyen H. Le,a Gang Ye,b Chun Peng b,c and Jennifer I. L. Chen *a

A rapid and simple methodology for the biomolecular analysis of single cells and microenvironments via a

stick-and-peel plasmonic sensing platform is reported. Substrate-bound assemblies of plasmonic gold

nanoparticles linked by reconfigurable oligonucleotides undergo disassembly upon target binding.

Changes in the light scattering intensity of thousands of discrete nanoparticle assemblies are extrapolated

concomitantly to yield the mapping of local target concentrations. The methodology is completely free

of labelling, purification and separation steps. We quantified the intracellular ATP levels for two ovarian

cancer cell lines to elucidate the differences and cellular distribution, and demonstrated the potential of

the stick-and-peel platform for mapping the microenvironment of a 2D heterogeneous surface. The por-

table and economical analytical platform may broaden the affordability and applicability of single-cell

based analyses and enable new opportunities in clinical care such as on-site molecular pathology.

Introduction

Molecular analyses at the single-cell level provide insight into
cellular heterogeneity. These analyses elucidate the distri-
bution of genomic, transcriptomic, proteomic and metabolo-
mic levels in individual cells and enable the investigation of
cell-to cell variations that are unattainable using common bio-
chemical ensemble assays. The ability to probe cellular hetero-
geneity may lead to better disease diagnosis, prognosis and
treatment1–5 by enabling the differentiation of subpopulations
of disease-causing cells, the discovery of biochemical pathways
and mechanisms, and the monitoring of the efficacy of thera-
peutic intervention. Technologies for performing molecular
and chemical analyses at the single-cell level include fluo-
rescence- or mass-spectrometry-based techniques6–11 coupled
with flow cytometry,12–14 capillary electrophoresis15–17 or
optical microscopy,18–20 in which the biomolecules of interest
are labelled. They require complex instruments, centralized
laboratory and personnel with expertise, and are often costly
and time-consuming. Developing economical and portable
analytical platforms for the rapid detection of biomolecules in
single cells and microenvironments may broaden the afford-

ability of such analyses and bridge the gap between fundamen-
tal biomedical research and clinical applications.

Sensing platforms based on single plasmonic nano-
structures can detect targets near the vicinity of the particles,
and thus have the potential to provide quantitative analysis of
volume-limited samples such as single cells. Detection is
achieved via a spectral shift or a change in the intensity of the
scattered light, arisen from the reconfiguration of multi-nano-
particle assemblies.21–26 Plasmonic nanostructures such as
dimers21,23,24,27–29 and clusters30–33 have been developed for
monitoring biomolecular interactions, including enzymatic
activities32,33 and binding of nucleic acids;34,35 however the
direct quantification of intracellular biomolecules from indi-
vidual cells has not been achieved.

Our recent work demonstrated the detection of metabolites
such as ATP using aptamer-linked core-satellite gold nano-
particle (AuNP) assemblies.22 ATP is the energy molecule and
plays an important role in various processes that occur in
living cells, such as muscle contraction, phosphorylation and
active transport of ions, glucose, and amino acids. The level of
ATP infers the state of cellular metabolism, and is explored as
an indicator of heightened chemoresistance of cancer cells36

and tumorigenesis.37–39 ATP is conventionally detected via che-
miluminescence of the luciferase enzyme,40,41 an ensemble
assay that is affected by pH, oxygen, and the concentrations of
the enzyme, cation, and the luciferin substrate. The analysis of
ATP at the single-cell level has been performed via a FRET
technique using engineered proteins, such as donor (mseCFP)
and acceptor (mVenus) fluorescent proteins linked by an ATP-
binding peptide subunit,42 or a specially designed single fluo-
rescent protein quencher.43 The challenges with quantitation,
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protease sensitivity and photobleaching, combined with the
need for protein engineering make the methodologies inac-
cessible to researchers in the broad scientific community.

Our previous work established core-satellite AuNP assem-
blies for the selective detection of ATP over ADP and AMP.22 As
with most other chip-based sensors, we detected the target in
the bulk sample such as the lysate of an ensemble of cells. In
this work, we derived the methodology for detecting at ultra-
low volume down to a single cell and for mapping the mole-
cular distribution in microenvironments. We optimized the
conditions for localizing the lysate of individual cells near the
assemblies and established the method of extrapolating the
local concentration based on the signal change of discrete
nanoparticle sensors. We analysed the distribution of ATP
levels of two ovarian cancer cell lines and showed that the
average results corroborate the bulk measurements. In contrast
to most single-cell technologies that aim to produce big data
and complete “omics”, our work presents alternative opportu-
nities to enable cost-effective, user-friendly and rapid vali-
dation of biomolecules of interest with high spatial resolution.

Results and discussion
Principle of detection at the single-cell level

Nanoparticle clusters were fabricated via a layer-by-layer, DNA-
directed self-assembly of satellite AuNPs around core AuNPs.
We employed an ATP-aptamer and a partial complement as
the linkers. The aptamer undergoes structural changes upon
binding of ATP,44–46 leading to the dehybridization of the
linkers, the disassembly of the structure and the decrease in
the scattering intensity (Scheme 1a). To investigate the concen-
tration of ATP in cells, we sandwiched the nanoparticle
sensors, which were anchored on an elastomeric substrate,
with cells cultured on an adherent cover slip in the presence of
microlitres of lysis buffer (Scheme 1b).

The initial work showed that the entire sensing area
decreases in intensity as the expunged ATP binds to the nano-
particle assemblies throughout the substrate. In the analysis of
two ovarian cancer cell lines, SKOV3.ip1 47 and HEY,48 the scat-
tering intensity decreased more significantly for SKOV3.ip1

(Fig. 1a vs. b) than HEY (Fig. 1c vs. d) cells; however no local
intensity change corresponding to lysates from individual cells
was achieved. Next, we incorporated glycerol and optimized its

Scheme 1 (a) Gold nanoparticle assemblies supported on a flexible substrate disassemble in the presence of ATP due to conformational changes in
the DNA-aptamer linker. (b) Stick-and-peel approach for the detection of ATP from a single cell achieved by localizing the expunged cell content
near the nanoparticle assemblies.

Fig. 1 Darkfield images of AuNP assemblies for sensing ATP: before (a)
and after (b) the exposure to SKOV3.ip1 cells lysed without the addition
of glycerol; before (c) and after (d) the exposure to HEY cells lysed
without the addition of glycerol; and before (e) and after (f ) the
exposure to a SKOV3.ip1 cell lysed in the presence of 20% glycerol.
Samples were placed in contact with cells for 30 min. A local decrease
in the scattering intensity of the nanoparticle assemblies overlapping the
location of the cell seen in (e) is observed in (f ). Scale bar: 10 μm.

Analyst Paper

This journal is © The Royal Society of Chemistry 2020 Analyst, 2020, 145, 2586–2594 | 2587

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
M

ar
is

i 2
02

0.
 D

ow
nl

oa
de

d 
on

 1
5/

09
/2

02
4 

00
:2

5:
00

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9an02262g


concentration in the lysis buffer (Fig. S1†) to increase the vis-
cosity and decrease the diffusion of biomolecules while main-
taining the ability to disassemble the clusters. Fig. 1e and f
show the darkfield images of the nanoparticle assemblies
before and after lysing using buffer containing 20% glycerol.
We observed an overlap of locations between the cell and of
decreased scattering intensity in the darkfield image. It
suggests that the diffusion of small molecules, such as ATP,
can in fact be confined to the vicinity of the cell and detected
by nanoparticle assemblies within minutes.

Morphology of nanoparticle assemblies

We characterized the morphology of the nanostructures at
locations overlapping and away from the cells. Fig. 2a shows a
low-magnification darkfield image and Fig. 2b and c show the
representative SEM images of the nanostructures found at
locations away from the cells and directly in contact with the
cells, respectively. The assemblies that are far away from the
cells remain large with >40 particles in the core-satellite struc-
ture (Fig. 2b). In contrast, the assemblies in contact with the
cells show variations in size and structure (Fig. 2c and S2†).
The disassembled structures exhibit a small number of satel-
lite nanoparticles (ca. 6 to 20), while some dispersed single
AuNPs and a few larger aggregates were also observed in the
cell area (Fig. S3†).

Detection based on individual nanostructures

We exploited the scattering intensity from individual nano-
structures for the quantification and mapping of ATP levels. As
we established previously, the scattering intensity obtained

from the darkfield image was found to correlate with the inten-
sity measured spectroscopically.22 We can thus extrapolate the
detection signal of hundreds of assemblies all in the field of
view rapidly based on image processing and obtain the local
concentration of ATP using a concentration-dependent cali-
bration curve. However, in single-nanostructure analysis,
differences in the morphology of the nanoparticles yield vari-
ations in the optical properties. A darkfield microscopy image
therefore consists of thousands of assemblies that are variable
in scattering intensity which do not follow a universal cali-
bration curve. Fig. 3a shows the dependence of the scattering
intensity on the logarithmic concentration of ATP for 4
selected assemblies, overlaid with the average values obtained
from all of the assemblies captured in the entire image. A plas-
monic AuNP assembly with a high initial scattering intensity
shows a steeper dose–response compared to that with a low
initial scattering intensity. The calibration curve has the
general form I = mC + b, where I is the scattering intensity, C is
the log concentration of ATP in mM, m is the slope, and b is
the y-intercept. Upon examining >200 assemblies, we found
that the slope and y-intercept of the calibration curve in the
working range linearly depend on the initial scattering inten-
sity, as shown in Fig. 3b and c. These parameters can be calcu-
lated based on the fits in Fig. 3b and c, where m = −0.18I0 +
6.82 and b = 0.50I0 + 13.7. As a result, the calibration curve for
each nanoparticle assembly can be determined based on its
initial scattering intensity. The concentration-dependent
relationships show that the sensing performance varies
depending on the size of the aggregate, with detection limits
of 0.05–0.20 mM for assemblies with scattering intensities
ranging from 100 ± 10 to 200 ± 10 counts (Table S1†).
Moreover, the sensitivity of larger assemblies is greater than
two-fold of the smaller assemblies, as indicated by the slope of
the calibration response.

Quantification and distribution of ATP levels

We examined over a hundred cells using the nanoparticle
assembly sensing platform. Fig. 4 shows the darkfield
microscopy images of a single SKOV3.ip1 and HEY cell on top
of the nanoparticle assemblies (Fig. 4a and b), and gray-scale
images of the sensors before (Fig. 4c and d) and after (Fig. 4e
and f) being in contact with the corresponding lysed cells. The
local decrease in the scattering intensity of the assemblies
nearby the cells is significantly more prominent for SKOV3.ip1
(Fig. 4e) in comparison to HEY (Fig. 4f). We analysed the
changes in the scattering intensity of individual nano-
structures and applied their respective calibration equation to
obtain the concentration of ATP localized at each assembly.
We then used an image interpolation method to map out the
concentration of ATP between the nanostructures which were
anchored a few micrometers apart. Fig. 4g and h show the con-
centration maps of ATP from a single SKOV3.ip1 and HEY cell
corresponding to Fig. 4a and b, respectively. The concentration
of expunged ATP reaches as high as 50 mM locally for the
SKOV3.ip1 cell, whereas it is lower for the HEY cell. The intra-
cellular ATP levels of bacterial E. coli and human HeLa cells

Fig. 2 Characterization of assemblies after single-cell assay. (a)
Darkfield image of assemblies with the locations overlapping cells out-
lined in black boxes. SEM images of nanostructures away from the cells
(b) vs. directly in contact with the cells (c).

Paper Analyst

2588 | Analyst, 2020, 145, 2586–2594 This journal is © The Royal Society of Chemistry 2020

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
M

ar
is

i 2
02

0.
 D

ow
nl

oa
de

d 
on

 1
5/

09
/2

02
4 

00
:2

5:
00

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9an02262g


have been reported to be few millimolars using FRET-related
techniques.42,49–51 The high concentration we obtained could
be due to the evaporation of the small volume of lysis buffer,
which concentrated the cell contents. It is also possible that
the fluorescence-based studies achieved a saturation of signal
at a concentration of ∼10 mM.

To obtain the total amount of ATP per cell, we integrated
the concentration map over the sensing volume, which was
estimated to be 500 nm in height over the area of interest. The
distributions of the intracellular ATP content for SKOV3.ip1
and HEY cells from the analyses of 110 and 60 cells, respect-
ively, are shown in Fig. 5. When fitted to Gaussian distri-
butions, the intracellular ATP of SKOV3.ip1 cells is centred at

5.53 fmole compared to 0.40 fmole for HEY cells, resulting in
a 13.8-fold difference. On the other hand, the average value of
ATP for SKOV3.ip1 is 11.6-fold higher than HEY cells.

We performed comparative ensemble measurements to
determine the ATP levels of the two cell lines. Similar numbers
of SKOV3.ip1 and HEY cells were seeded separately; after
16 hours, the number of cells was counted again and HEY
cells were observed to grow 2.7 times faster than SKOV3.ip1.
The cell lysates were analysed using two bulk methods – the
luciferase assay and the nanoparticle assemblies without the
addition of glycerol (as in Fig. 1a–d). We obtained a 3.0-fold
difference in the ATP levels between the two cell lines based
on the analysis of the entire darkfield image containing the

Fig. 3 Deriving the calibration parameters for individual assembly. (a) The dependence of scattering intensity on the logarithmic concentration of
ATP for 4 selected assemblies (red, blue, orange and green) and the average of 268 assemblies (black). The values of y-intercept (b) and slope (c) of
the calibration curves for 268 assemblies with respect to the initial scattering intensity, showing the linear dependency.
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nanoparticle assemblies,22 in line with the 2.9-fold difference
determined by the luciferase assay (Fig. S4†). When the faster
growth rate and the greater number of HEY than SKOV3.ip1
cells in the ensemble measurements are taken into account,

the difference of ATP levels between SKOV3.ip1 and HEY is
∼8.7-fold, in agreement with the single-cell analysis.

Control experiments

We carried out control experiments in which the ATP-aptamer
linked nanoparticle assemblies were exposed to the lysis buffer
alone and the non-targeting assemblies were exposed to lysed
cells. These control experiments show negligible changes in
the scattering intensity of the assemblies (Fig. S5†), suggesting
that neither the lysis buffer nor other cellular species lead to
the cleavage of the linker. Additionally, since the sensing sub-
strate was rinsed and imaged separately, there was negligible
optical interference from the cell debris. As an additional
control, we tested the response of the ATP-aptamer linked
nanoparticle assemblies to SKOV3.ip1 cells treated with an
ATP-depleting reagent. The alkylating agent, 3-bromopyruvate
(3BP), is a potent inhibitor of GAPDH enzyme in the glycolysis
process that can lead to cell death;36,52 its effect on the ATP
production of the cells was confirmed using the luciferase
assay (Fig. S6†). The scattering intensity of the nanoparticle
assemblies before and after exposure to the ATP-depleted cells
again remains similar (Fig. S5†). Hence all three control experi-
ments yielded indistinguishable concentration maps. The find-
ings support that the disassembly arises from the binding of
ATP and there is no interference or false positives from other
lysed cellular species.

Fig. 4 Detection of ATP from a single cell based on the scattering intensity of discrete AuNP assemblies. Darkfield images of a single SKOV3.ip1 cell
(a) and HEY cell (b) sandwiched on top of the nanoparticle assemblies. Grayscale darkfield images of the assemblies before (c and d) and after (e and
f) the contact with the lysed cells for 30 min. Local concentration maps of ATP from a single SKOV3.ip1 (g) and HEY (h) cell based on the changes in
the scattering intensity and the calibration curve of individual assembly. Scale bar: 10 μm.

Fig. 5 Distributions of the expunged intracellular ATP content for
SKOV3.ip1 cells (red) and HEY cells (blue) from the analysis of 110 and 60
cells, respectively. The fits are Gaussian distributions.
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Sensing of heterogeneous 2D surfaces

Lastly, we demonstrate the potential of the sensing platform
for mapping out the target in a 2D microenvironment. We pat-
terned a substrate with linear arrays of ATP via microcontact
printing.53 The parallel stripes of ATP are ∼1 µm wide and
∼13 µm spaced apart as shown in Fig. 6a inset. Fig. 6a and b
show the darkfield scattering images of the nanoparticle
assemblies before and after being in contact with the ATP-pat-
terned substrate in a minimal amount of glycerol-containing
buffer. The scattering intensity decreases congruently at
locations of ATP, although the dissolution and diffusion of the
molecules yielded disassembly across a wider area (∼6 µm)
than the ATP pattern.

Conclusions

In summary, we developed both the experimental and data
processing methods for quantifying local concentrations of
analytes using discrete plasmonic AuNP assemblies. The label-
free methodology is rapid and cost-effective without any separ-
ation or purification step. The stick-and-peel approach for ana-
lysing expunged metabolites with nanoparticle sensors fabri-
cated on a separate substrate circumvents the need for trans-
porting nanoparticles inside cells, where the rate and mecha-
nisms of endocytosis can be variable or altered depending on
cell biology. The ability to quantify the target concentration at
a micron-scale further paves the way for mapping of the local
environment and heterogeneity of complex biological samples
such as tissue and tumor slices. When combined with a porta-
ble smartphone-based microscope and cloud-based data pro-
cessing and analysis, the sensing platform may facilitate on-
site molecular pathology without personnel of expertise. By

modifying the DNA-linkers in the plasmonic nanoparticle
assemblies for various biomarkers, our sensing platform may
provide alternative opportunities in biodiagnostics and
advances in personalized healthcare.

Experimental
Reagents and materials

Colloidal gold nanoparticle solutions were purchased from BBI
Solutions. Anhydrous ethanol and 2-propanol were purchased
from Commercial Alcohol, and water used for all experiments
was purified using a Millipore system. Methoxy poly(ethylene-
glycol)succinimidyl valerate (mPEG-SVA, MW = 5000 g mol−1)
was obtained from Layson Bio Inc. Triton X-100 was obtained
from BioShop Canada Inc. Polydimethylsiloxane (PDMS –

Sylgard 184) was purchased from Dow Corning Corporation.
3-Aminopropyl trimethoxysilane (APTMS) was purchased from
Sigma-Aldrich. Oligonucleotides were obtained from
Integrated DNA Technologies.

DNA sequences:
ATP-targeting assemblies:
Seq. 1: 5′-T GAC ACC TTA AAA AAA AAA-S-3′
Seq. 2: 5′-ACC TGG GGG AGT ATT GCG GAG GAA GGT GTC

ACA AAA AAA AAA A-S-3′
Control assemblies:
Seq. 3: 5′-S-TCT CAA CTC GTA CGC ATG ATT GTT TTC AAT

CAT GCG CGA AAG ATC CTG AAT GCG-3′
Seq. 4: 5′-S-AAA AAA AAA ACG CAT TCA GGAT-3′

Fabrication of assemblies on a substrate

The methodology was adapted from our previous work.22

Briefly, an APTMS-functionalized PDMS substrate was used to

Fig. 6 Darkfield images of AuNP assemblies before (a) and after (b) the contact with ATP patterned on a substrate for <1 min. The brightfield reflec-
tance image of the microcontact-printed ATP is shown in the inset of (a). Scale bar: 10 μm.
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anchor the core nanoparticles of 60 nm. Volumes of 10 μL of
0.01 M phosphate buffer (PB), 1 M NaCl and 0.1% sodium
dodecyl sulfate (SDS) and 10 μL of 10 μM seq. 1 were added to
the substrate containing core AuNPs. The solution was mixed
gently using a pipette tip. The substrate was then placed in a
water-saturated container for 2 hours to allow the thiolated
DNA to attach to the core AuNPs. The sample was rinsed with
Milli-Q water and dried with nitrogen. The excess amino
groups on the substrate were passivated with 5 mM mPEG-SVA
in 0.1 M bicarbonate buffer (pH = 8.2). After passivation for
4 hours, the sample was washed with Milli-Q water and dried
with nitrogen. The substrate containing seq. 1-functionalized
core AuNPs was incubated in PB containing 0.3 M NaCl until
layer assembly.

The colloidal AuNPs functionalized with seq. 1 and seq. 2
were prepared using the standard salt-aging procedure.54 To
assemble the first layer of satellite AuNPs (30 nm) on the core,
a volume of 20 μL of ATP-aptamer (seq. 2) functionalized
AuNPs was incubated with core AuNPs on the substrate in 0.01
M PB, 0.3 M NaCl and 0.01% SDS for 1 hour. The solution was
then removed and the sample was washed at least 3 times with
a 0.01 M PB, 0.3 M NaCl solution. To assemble the second
layer of satellite particles, seq. 1 DNA-functionalized AuNPs
were added to the existing core-satellite (1 layer) sample on the
substrate for 1 hour. The solution was removed and the sub-
strate was washed with buffer. The procedure was repeated
with alternating DNA-functionalized AuNPs to build the multi-
layer core-satellite structures. The clusters were incubated in
the buffer of 0.01 M PB, 0.3 M NaCl till sensing experiments.

Cell culture and lysis experiments

SKOV3.ip1 and HEY cells were obtained and cultured as pre-
viously reported.55 Briefly, SKOV3.ip1 cells were maintained in
McCoy’s culture media (Sigma-Aldrich, Oakville, ON, Canada),
supplemented with 10% fetal bovine serum (Gibco
Thermofisher, Burlington, ON, Canada). HEY cells were cul-
tured in DMEM (GE HyClone, Logan, UT, USA) containing
10% fetal bovine serum. Cells were regularly checked to make
sure they were free of mycoplasma contamination. They were
re-seeded on the cell culturing coverslips (Sarstedt, Newton,
NC, USA) and grown for 16 h. For bulk measurement, similar
numbers of the cells of SKOV3.ip1 and HEY were seeded; for
single-cell experiment, the number of seeded HEY cells was
reduced to obtain a similar confluency (∼50%) for both cell
lines after 16 h of growth. For the control experiment with an
ATP-depleting reagent, SKOV3.ip1 cells were incubated with
3-bromopyruvate at the specified concentrations.

A volume of 5 μL lysing buffer containing 0.01 M PB, 0.15 M
NaCl, 0.02% Triton X-100 and 20% (v/v) glycerol was placed on
the PDMS substrate containing the nanoparticle assemblies.
The coverslip with cells was rinsed with 0.01 M PBS, dried and
immediately placed gently on the PDMS substrate. After
30 minutes of incubation to ensure completion of cell lysis,
the coverslip was removed and the PDMS substrate was
washed with buffer (0.01 M PB, 0.15 M NaCl) and placed on a
clean coverslip for imaging. The darkfield images of nano-

particle assemblies were captured before and after the sand-
wich assay in buffer.

Patterning and mapping of ATP on a cover slip

An APTMS-functionalized cover slip was used as the substrate
for microcontact printing of ATP patterns. A diffraction grating
(GR1325-07106, 75 lines per mm, Thorlabs) hydrophobized
with trichloro(1H,1H,2H,2H-perfluorooctyl)-silane was used as
the master. The PDMS precursor mixture was cast on the
master grating, followed by evacuation for 30 minutes. The
PDMS replica was then cured in an oven at 60 °C for 8 hours.

A concentration of 20 mg mL−1 ATP solution was prepared
in ethanol. The ATP solution was then transferred on a PDMS
stamp using a cotton swab and the stamp was placed on the
silanized cover slip with a weight of 5 grams. After 5 minutes,
the PDMS stamp was peeled off and the coverslip was used
immediately for experiment.

The patterned ATP on the coverslip was placed in contact
with the AuNP assemblies anchored on PDMS for less than
one minute with 2 μL of buffer containing 0.01 M PB, 0.15 M
NaCl, and 20% (v/v) glycerol. The darkfield images of nano-
particle assemblies were captured before and after the sand-
wich assay in buffer.

Darkfield imaging and analysis

Nanostructures in the sample area (100 × 100 µm2) were visual-
ized using a Nikon TE-2000U inverted microscope fitted with a
darkfield condenser and 60× objective. The microscope was
connected to a CCD camera (Jenoptik) and darkfield images
were captured at an integration time of 200 ms.

The darkfield images were overlaid and converted to an
8-bit JPEG grayscale that expresses the intensity on a scale
from 0 to 255. For the analysis of individual assembly, the
coordinates of the center of the assemblies were identified by
using the Localizer toolkit in Igor; this can also be achieved
using common bio-imaging analysis software such as
CellProfiler. The intensity of the surrounding 81 pixels for
each assembly was averaged and corrected by the background
intensity. Nanoparticle assemblies with an average initial
intensity between 50 and 200 were used for sensing experi-
ments. The intensity has an arbitrary unit.

The concentration maps were generated using the Voronoi
image interpolation function in Igor. Briefly, a matrix contain-
ing the coordinates of the assemblies and the extrapolated ATP
concentrations from the calibration curve was established. A
3D surface representation was then processed via the triangu-
lation of the xyz data using Voronoi interpolation.

ATP luminescence assay

The luminescence ATP detection assay was purchased from
Abcam. SKOV3.ip1 and HEY cells were grown in 96-well plates
at 37 °C for 12–16 hours. A volume of 50 μL of detergent was
added to the wells and the plate was shaken for 5 minutes to
lyse the cells. A volume of 50 μL of substrate solution was
added in the dark. The microplate was shaken for an
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additional 10 minutes. The luminescence was measured using
a microplate reader.

Scanning electron microscopy

A Quanta FEG 250 electron microscope operating at 10.0 kV in
low vacuum mode was used. The approximate location of the
AuNP assemblies near a lysed SKOV3.ip1 cell was identified by
conductive ink markings at the edge of the PDMS. A collage of
darkfield optical images was captured for correlating the struc-
tures found in the SEM.
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