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Abstract
Two-photon photoluminescence (TPPL) emission spectra of DNA-gold nanoparticle  (AuNP)

monoconjugates  and  corresponding  DNA-linked  AuNP dimers  were  obtained  via  photon

time-of-flight  spectroscopy  (PTOFS).  This  technique  is  combined  with  two-photon

photoluminescence  fluctuation  correlation  spectroscopy  (TPPL-FCS)  to  simultaneously

monitor the optical and hydrodynamic behavior of these nano-assemblies in solution, with

single particle sensitivity and microsecond temporal resolution. In this study, the AuNPs have

an average core diameter of 12 nm which renders their dark-field plasmonic light scattering

too weak for single-particle imaging. Moreover, as a result of lack of plasmonic coupling in

the dimers, the optical extinction, scattering and photoluminescence spectra of the DNA-gold

nanoparticles do not show sufficient difference to distinguish between monomers and dimers.

TPPL-FCS  successfully  addresses  these  bottlenecks  and  enables  the  distinction  between

AuNP monomers  and  AuNP dimers  in  solution  by  measurement  of  their  hydrodynamic

rotational and translational diffusion.
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Introduction
Deoxyribonucleic acid (DNA) is a versatile building block for the nanoscale engineering of

nanoparticle-based materials.[1] Since the introduction of thiolated oligonucleotides as linkers

for  gold  nanoparticle  assembly,[2,3] various  potential  applications  of  oligonucleotide-

functionalized nanoparticles in nanomedicine,[4] metamaterials[5] and nanoelectronics[6] have

been  investigated.  Plasmonic  gold  nanoparticles  exhibit  specific  optical  and  electronic

properties depending on their size, shape and arrangement.[7] Thus, their assemblies could be

described as 'plasmonic  molecules'[8,9] with  adjustable  response  correlated  to  their  unique

structures. 

Conceptually,  nanoparticle  dimers  are  the  simplest  example  of  assembled  structures  of

nanoparticles.  They  have  been  extensively  studied  as  sensors  or  plasmonic  rulers  using

absorbance  or  scattering  spectroscopy.[10–12] However,  a  key  disadvantage  of  these

spectroscopic  methods  is  that  they  cannot  effectively  detect  the  interactions  between  the

nanoparticles when the interparticle distance is too large or when the particles are too small in

size. The localised surface plasmon resonance is progressively damped out for small particles

(<30 nm) which drastically decreases their light scattering response; such particles may be

considered 'weakly plasmonic'. For instance, at the plasmon resonance peak maximum, 20

nm gold nanospheres (AuNP) scatter less than 1% of the incident photons.[13]

For biomedical applications of gold nanoparticles, it is particularly important to get a better

understanding of their interactions with cells and complex biological structures. This requires

the ability to track their location and distribution in these systems.[14] Often, the method used

to image and track gold nanoparticles in cells is dark field microscopy, which has recently

been extended to hyperspectral[15] and SERS[16] imaging. These imaging methods, which rely

on plasmon-assisted light scattering, are hampered by the lower limit on the size of metal

nanoparticles they can detect.

Here  we  demonstrate  an  alternative  method  for  tracking  DNA  oligonucleotide-coated

nanoparticles in liquid media by combining multiphoton-excited emission spectroscopy and

fluctuation correlation spectroscopy (FCS). Whereas multiphoton-excited photoluminescence

fluctuation correlation  spectroscopy of  individual  luminescent  silicon nanoparticles[17] and
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individual  gold  nanoparticles[18] have  been  reported,  the  applicability  of  FCS to  analyze

multiparticle assemblies has not yet been explored. 

In the present work, two-photon photoluminescence (TPPL) emission spectra of DNA-gold

nanosphere assemblies are obtained via photon time-of-flight spectroscopy[19,20] (PTOFS). We

show that  two-photon-excited  emission  spectroscopy detects  plasmonically  small  (12  nm

average  diameter)  gold  nanospheres  with  single-particle  sensitivity,  since  it  probes  their

localized surface plasmon resonance spectrum. We also extend the TPPL spectroscopy to

two-photon photoluminescence fluctuation correlation spectroscopy (TPPL-FCS), yielding a

sensitive  measurement  that  simultaneously  probes  the  plasmonic  spectroscopy  and  the

hydrodynamics of nano-assemblies.  Our work opens interesting opportunities for detection,

imaging and in situ characterization of molecularly linked nanoparticle assemblies. This may

offer a new optical read-out mode for nanoparticle-based nucleic acid detection.

Results and discussion
The  experiments  were  carried  out  on  various  well-defined  12  nm  AuNP-DNA

monoconjugates  and corresponding linked AuNP dimers. Through monofunctionalization of

gold nanospheres with four different single-stranded DNA (ssDNA) strands we generated

four "monomers": AuNP-A, AuNP-B, AuNP-C and AuNP-D. Two DNA-linked dimers were

then obtained by hybridisation of the complementary DNA sequences,: the 'short-link' dimer

AD (26 base-pair  (bp)  interparticle  distance)  and the 'long-link'  dimer BC (146 bp).  The

collection of 4 AuNP-monoconjugates and 2 dimers is schematized in Figure 1.
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Figure 1. Single-stranded DNA-gold nanosphere monoconjugates (AuNP-A, AuNP-B, AuNP-

C, AuNP-D), and the corresponding DNA-linked dimers with interparticle links of 26 ('short
link' AD) resp.  146 bp ('long link' BC). DNA base sequences can be found in the Supporting

Info.

Optical extinction and scattering spectra

The linear  optical  extinction spectra  of  all  ssDNA-AuNP monoconjugates  and the DNA-

linked  AuNP dimers  were  very  similar  in  shape,  displaying  the  well-known  plasmonic

resonance near 520 nm for 12 nm AuNP  (Figure 2). The short-link dimer AD and long-link

dimer BC did not show any significant alteration of the plasmon resonance band compared to

the monomers.  This  is  illustrated by the position of the extinction maximum, which was

consistently found to be at 521 nm (Table 1). 
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Figure 2. Normalized extinction spectra of ssDNA-gold nanoparticle monoconjugates
and their resulting DNA-linked dimers in aqueous solution, average gold core diameter
12 nm. Top: short-link dimer AD; Bottom: long-link dimer BC. There is virtually no
difference in the extinction spectra of the monomer AuNP and the dimers. 

From the similarity of the extinction spectra between monomers and dimers, we infer that

there are no significant plasmonic interactions between the constituent gold nanospheres in

the dimer.  The absence of significant plasmonic interaction indicates that the interparticle

distance in both types of dimers (AD and BC) is too large for such interaction to occur. It has

been demonstrated that such plasmonic interaction critically depends on the interparticle gap

and also on the nanoparticle diameters.[21–24] Jain et al.[21] found that the fractional wavelength

shift  of the plasmon band in homodimers depends on the particle diameter  and the

surface-to-surface gap  

(1)

In the present study we used 12 nm gold nanospheres. Using the above formula, we estimate

that  interparticle  gaps  beyond  half  that  distance  (6  nm)  lead  to  undetectable  plasmonic

interactions.
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Table 1.  Spectroscopic data. Linear optical extinction and scattering maxima (λmax
ext

resp.  λmax
sca  ),  and scattering yield at  the  wavelength  of  maximum scattering  cross

section  (φsca
max).  Wavelength  of  maximum two-photon  photoluminescence   (TPPL)

emission ( )

extinction scattering TPPL 
(λexc 800 nm)

λmax
ext 

[nm]
λmax

sca 

[nm]
φsca

max

[nm]

AuNP-A 521 542 3 x 10-3 538

AuNP-D 521 542 3 x 10-3 539

'short-link' dimer AD 521 546 4 x 10-3 547

AuNP-B 521 546 4 x 10-3 539

AuNP-C 521 541 3 x 10-3 533

'long-link' dimer BC 521 545 5 x 10-3 550

In addition to light extinction, nanoparticles (NP) and NP assemblies display light scattering

properties depending on their shape, size, and core material. Light scattering provides further

information  on  the  plasmonic  properties  of  the  objects.  As  described  previously,[13,23] a

corrected  light  scattering  spectrum  of  a  nanoparticle  solution  can  be  obtained  in  a

conventional  right-angle  fluorimeter  configuration  using  white  light  as  the  illumination

source, and correcting the raw sample light scattering spectrum   using the spectrum

of a Ludox reference sample  according to Equation (2),

 (2)

Sufficiently diluted Ludox is a good light scattering reference since it is a perfect Rayleigh

scatterer.[25] In order to account for batch-to-batch variations in the Ludox concentration, the

Ludox reference sample is characterised by an optical density parameter  such that each of

their extinction spectra is described by Equation (3). 

(3)

While the corrected light scattering spectrum  has the spectral shape of the scattering

cross section spectrum and does not depend on any instrumental parameters, its intensity still
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depends on the nanoparticle concentration, which is usually not precisely known for purified

nanoparticle solutions. Here, we propose to normalize the corrected light scattering spectrum

using the Ludox density parameter  and the optical density OD of the nanoparticle sample

at the wavelength  where its scattering  is maximal (Equation 4).

(4)

It can be readily shown that   reproduces the shape of the light scattering cross

section spectrum  , and that its  maximum gives the scattering (quantum) efficiency

 at that wavelength. 

(5)

We  call  this  the  quantum-efficiency  normalized  light  scattering  (QENLS)  spectrum.  It

describes the intrinsic light scattering behavior of the nanoparticle in solution, independent of

concentration, specific illumination or spectrometer properties. It allows light scattering of

different nanoparticles to be compared directly, both in terms of the spectral shape and the

scattering efficiency.

As  stated  above,  the  concentration  independence  is  interesting  for  nanoparticle

characterization, since it is often difficult to precisely know the concentration of nanoparticle

sample  preparations.  Moreover,  QENLS  spectra  may  be  obtained  theoretically  from  the

scattering and extinction cross section spectra, calculated using analytic[26] or numerical[27–32]

electromagnetic  models.  This  allows  for  a  direct  comparison  between  experiment  and

theoretical models and helps to establish structure-property relationships for these plasmonic

assemblies.

Figure 3 shows the QENLS spectra of the purified ssDNA-AuNP monoconjugates and DNA-

linked dimers in pure water.  The scattering efficiency is  low, below 1%, as expected for

'plasmonically small' gold nanoparticles. While the scattering by the nanoparticles is weak, it

can still be discerned in the light scattering spectrum by the plasmon-resonant band near 540

nm. We emphasize that these spectra are obtained from diluted bulk solutions in cuvettes

using a bright white light source and are not single-particle spectra. The measurement of this

weak scattering is relatively sensitive to even minor quantities of scattering impurities and
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tiny air bubbles. Care was taken to avoid these, by careful filtration and also by letting the

samples rest and equilibrate before measurement. 

Figure 3. Quantum-efficiency normalized light scattering (QENLS) spectra of ssDNA-
AuNP  monoconjugates  and  their  corresponding  DNA-linked  dimers  in  aqueous
solution. Top: AD dimer; Bottom: BC dimer. 

The experimental scattering efficiencies at the scattering maximum are included in Table 1,

and are between 3 x 10-3 and 5 x 10-3. A simple, idealized-model calculation on isolated 12

nm diameter perfect gold nanospheres in a medium of refractive index 1.33 (water) using Mie

theory (see Supporting Information) yields 2 x 10-3, which is close to the experimental values.

The experimental values are marginally higher than the theoretical values, due to the particle

size distribution, deviations from spherical shape, and the local refractive index of the ligand

shell. These are not taken into account by the simple theoretical model. The Mie calculation

further confirms the spectral shape of the QENLS spectrum (Supporting Information, Figure

S5).  This  demonstrates  the relevance of the QENLS spectrum for the characterization of

plasmonic nanostructures in solution.

There  is  very  little  difference  in  the  light  scattering  by  the  DNA-linked  AuNP dimers

compared with the 'monomer'  ssDNA-AuNPs monoconjugates. Similarly to the extinction
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spectra, the scattering spectra do not show any distinct features that would indicate strong

plasmonic interaction between the nanoparticles in these dimer structures. The DNA linkers

create interparticle distances which are too large for such plasmonic interactions to occur. As

discussed above, plasmonic interactions critically depend on the interparticle distance and the

plasmonic properties of the particles.

Microfluidic measurement of diffusion coefficients

In order to ensure that the absence of changes in the extinction and scattering spectra was not

due  to  unexpected  dissociation  of  the  dimers,  we  studied  the  diffusion  behavior  of  the

nanoparticle dimers in solution. We modified our previously described[33] microfluidic method

for measuring diffusion coefficients to include a spectroscopic flow cell. The method is based

on measuring the (lateral) diffusive mass transfer of analyte from the analyte solution to the

pure solvent while both liquids are flowing side-by-side in parallel  laminar flow inside a

(rectangular) microfluidic channel. Both liquids are injected continuously, at equal volumetric

flow rates, and the measurement is done at steady-state. 

This  method  is  different  from the  more  well-known  Taylor  Dispersion  Analysis  (TDA),

which is also based on microfluidic laminar flow. TDA has been used for instance to measure

diffusion coefficients of small molecules,[34] polymer particles,[35] and inorganic nanoparticles.
[36]   In TDA, a short plug of analyte solution (ideally, a 'delta' pulse) is injected into solvent

flow pumped through a long capillary tube (0.5 ... 5 m, typically). The injected analyte pulse

broadens as a result of the combination of Fickian diffusion and the Poiseuille flow velocity

profile in the (cylindrical) tube.[37]  The effective diffusion of the analyte is longitudinal, along

the axis of liquid flow. The broadening analyte peak (which approaches a Gaussian shape for

long  enough  tube  lengths)  is  measured  using  typical  chromatographic  detectors  (UV

absorbance flow cell, fluorescence, refractive index, conductivity), and analysis of its shape

gives the diffusion coefficient. Measurement times are several tens of minutes.

In contrast to TDA, the diffusion of the analyte in the present microfluidic measurement takes

place perpendicularly to the axis of liquid flow. It is a steady-state technique with continuous

injection of both the analyte solution and the pure solvent. The length of the microfluidic co-

flow channel is 5 cm, which is short compared to the length of the capillary in TDA. The

typical measurement times are of the order of a minute, altough the present set-up requires
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additional time to reach a stable steady-state before measurement due to dead volume and

pump instabilites. The NP solution and the solvent are in contact and in parallel laminar flow

at a specified flow rate in the central channel of microfluidic 'H'-circuitry (see Supporting

Info),  allowing  NPs  to  diffuse  laterally  from the  NP solution  flow  to  the  solvent  flow.

Extending  the  original  work,[33] we  developed  an  improved  analysis  protocol  in  which

diffusion  coefficients  are  directly  determined  from  individual  optical  extinction

measurements at selected flow rates using the spectrometric flow cell. This new protocol is

described in the experimental section.

The diffusion coefficients obtained through microfluidic measurement are listed in the first

column of Table 2. Compared to small molecules, the diffusion of the gold nanoparticles is at

least one order of magnitude slower; this requires very low flow rates in our set-up. We found

that these were difficult to stabilize and prolonged times were necessary to reach a stationary

state  after  changing  the  flow rate.  This  explains  the  large  error  bars,  which  particularly

handicaps the determination for dimer-BC. The stability of the microfluidic measurement can

be  improved  by  further  temperature  stabilization,  use  of  pressure-driven  flow instead  of

syringe pumps and reduction of dead volume by integrating the observation flow cell in the

microfluidic structure.

In  spite  of  this  experimental  difficulty,  we  observe  that  the  diffusion  coefficient  of  bis-

sulfonato(phenyl)-phenylphosphine  (BSPP)-coated  AuNPs  was  in  line  with  the  value

expected for a 13 nm diameter sphere (12 nm core + 0.5 nm ligand shell), using the Stokes-

Einstein-Sutherland relation, i.e.  3.8 x 10-11 m2 s-1. Moreover, we observed that ssDNA-AuNP

monoconjugates  have  a  significantly  lower  diffusion  coefficient  than  BSPP-AuNP.  The

diffusion coefficient is further reduced in the case of a dimer.
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Table 2. Translational diffusion coefficients from microfluidics and from TPPL-FCS.
Temperature was 298 K.

microfluidics TPPL-FCS

D (m2 s-1) D (m2 s-1)

AuNP-BSPP 4.1 (±1.3) x 10-11 n.m. 

AuNP-A 2.0 (±0.8) x 10-11 2.3 (±0.2) x 10-11

AuNP-B n.m. 2.0 (±0.1) x 10-11

AuNP-C n.m. 2.3 (±0.2) x 10-11

AuNP-D n.m. 2.2 (±0.2) x 10-11

short-link dimer AD n.m. 1.6 (±0.1) x 10-11

long-link dimer BC 0.6 (±0.5) x 10-11 1.1 (±0.3) x 10-11

n.m. = not measured

Two-photon photoluminescence

The  DNA-linked  AuNP dimers  cannot  readily  be  distinguished  from  the  ssDNA-AuNP

monoconjugates when steady-state light extinction and scattering spectroscopies are used.

Straightforward detection of the dimers is further complicated by their weak light scattering.

Microfluidic  measurement  of  diffusion  coefficients  does  indeed  distinguish

(hydrodynamically) between monomer and dimer, but this requires a separate experiment.

Below, we will  show that  the intrinsic multiphoton-excited luminescence from the AuNP

monomers and dimers in solution provides a more sensitive and rapid "one pot" method for

detecting and characterizing such samples. 

Upon excitation of the nanoparticle solutions with 100 fs pulses of 800 nm light from a Ti-

saphhire laser (80 MHz repetition rate, 4.5 mW average power on the sample, 60x NA 1.2

water immersion objective), an upconverted emission band is observed in the 450-700 nm

range. This emission is attributed to two-photon excited photoluminescence (TPPL).[18,38,39]

The TPPL of all monomers and dimers studied was similar, in terms of spectral shape and in

terms of intensity. This was always in the same order of magnitude, varying by less than a

factor of 2. Small differences in TPPL emission intensity between samples were observed, but

these were not characterized and studied in detail.

In Figure 4 we  show the TPPL spectra for the DNA-linked AuNP dimers, obtained using

photon  time-of-flight  spectroscopy[18,20] (PTOFS).  The  TPPL emission  was  a  broad  band

peaking  near  540  nm,  and  reproduced  the  spectral  shape  of  the  linear  light  scattering
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spectrum. Such spectral similarity between photoemission and  resonant light scattering is a

general observation with plasmonic nanostructures.[20,40,41]

 

Figure  4. Two-pĥoton  photoluminescence  spectra  from  DNA-linked  dimers
(concentration 3.5 nM in water,  excitation:  800 nm,  80 MHz,  100 fs  pulses).  The
dotted  lines  are  the  corresponding  linear  light  scattering  spectra,  scaled  for
comparison.

The  mechanisms  underlying  light  emission  by  plasmonic  nanostructures  are  still  under

debate,  both  for  Stokes  ('one-photon  excitation')[20,40,42,43] and  anti-Stokes  upconversion

('multi-photon  excitation')[14,18,44] emission  which  have  been  observed  for  plasmonic

nanostructures. The TPPL mechanism has been far less studied in comparison to one-photon

excited photoluminescence (OPPL). Similarly to OPPL, the resemblance of the luminescence

spectra with the corresponding scattering spectra suggests that the mechanism is plasmon-

mediated. In a first step, a two-photon absorption process excites an electron from the d-band

to the sp-band. Two models have been suggested for the mechanism of photon emission. In

the first model, the emission results from the interband electron-hole recombination, which is

amplified at  the frequencies of the surface plasmon.[45,46] In the second one, luminescence

originates from the radiative intraband deexcitation of the surface plasmons.[47,48]

However, recent work[49] suggested that the term 'photoluminescence' should not apply, as in

the case of plasmonic structure displaying very small interparticle gaps, the light emission

might  originate  from an inelastic  scattering process.  Such a  process  would be similar  to

Raman scattering, with the difference that hot electrons in the gradient plasmon field mediate

the  energy  exchange,  instead  of  the  vibrations  that  fulfill  this  role  in  'standard'  Raman
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scattering. The theoretical model from that work predicts a 100-fold increase in (one-photon

excited)  light  emission  going  from monomer  to  dimer,  which  is  not  in  agreement  with

experimental  observations  where  monomers  and  dimers  display  similar  light  emission

intensities.[42,43] Interestingly, the authors do suggest interband-mediated photoluminescence

(PL) to be operative in monomeric plasmonic particles.

Agnostic about the exact photophysical mechanism, we choose to refer to the upconverted

light  emission  observed  under  multi-photon excitation  conditions  as  "two-photon  excited

photoluminescence" (TPPL). This is also the term most regularly used in recent literature to

refer to this phenomenon. However, we do acknowledge that "upconverted light emission"

may be a more fitting and general term.

A particularly attractive feature of the confocal measurement of TPPL in our set-up is the

possibility to simultaneously obtain information on the hydrodynamics of the particles by

analyzing the TPPL intensity fluctuations in the confocal volume due to Brownian motion,

i.e. performing TPPL fluctuation correlation spectroscopy (TPPL-FCS). TPPL-FCS is similar

fluorescence correlation spectroscopy,[50–53] but instead of (monophotonic) fluorescence it uses

the  multi-photon  excited  light  emission  from  the  plasmonic  structures  for  probing  the

dynamics of the confocal volume. Excitation of the intrinsic luminescence of the plasmonic

structure is a useful alternative to the introduction of molecular fluorescent tags [54–56] in the

structures. One-photon excited photoluminescence FCS has recently been applied to study the

hydrodynamics of gold nanorods via their instrinsic photoexcited light emission.[41]

Typical TPPL-FCS results for a ssDNA-AuNP monoconjugate and the corresponding DNA-

linked AuNP dimer are shown in Figure 5. The autocorrelation curves of the TPPL intensity

in the confocal observation volume clearly display different  shapes between the AuNP-B

monoconjugate and the AuNP dimer. 
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Figure 5.  TPPL-FCS (excitation 800 nm, 4.5 mW). Top and middle: TPPL intensity
autocorrelation curves for ssDNA(B)-AuNP monoconjugate and long-link dimers BC,
and fit  using translational  and rotation-translational  diffusion,  respectively.  Bottom:
best  fits  for  monomer  and  dimer  TPPL autocorrelation,  rescaled  to  enable  direct
comparison, demonstration the longer translational time of the dimers and the presence
of a rotational component at short time lag.

The autocorrelation data for ssDNA-AuNP monoconjugates can be described using a model

involving only translational diffusion (Eqn. 6), assuming a 3D Gaussian beam. 

(6)

The translational diffusion time constant  is directly related to the diffusion coefficient 

and the lateral waist of the observation volume , i.e.    in the case of two-

photon  excitation.  Furthermore,   with   being  the  longitudinal  waist  of  the

observation volume.  N is the mean number of particles diffusing simultaneously inside the

excitation volume. Calibration of the focal volume using Rhodamine 6G in water gives =
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225 nm and q = 0.075. The diffusion coefficients obtained from TPPL-FCS are listed in Table

2.

We found that the autocorrelation data for both dimers AD and BC requires a model including

a  rotational  term,  described  by  rotational  time  constant   (Eqn.  7),  which  can  also  be

expressed by the rotational diffusion coefficient .[57] 

(7)

The rotational diffusion coefficients were found to be  = 7 (±0.8) x 104  s-1 for dimer-AD,

and   = 5.5 (±0.8) x 104  s-1  for dimer-BC.  There is much noise on the autocorrelation at

very short time lags. This results in a sizeable uncertainty on the time constant for rotational

diffusion.  However,  in  combination  with  the  observation  of  a  longer  diffusion  time,  the

appearance of this rapid rotational contribution demonstrates the hydrodynamic difference

between ssDNA-AuNP monoconjugates and DNA-linked dimers, due to their different sizes.

The  values  for  the  rotational  diffusion  coefficients   and  the  translational  diffusion

coefficients   obtained  from  TPPL-FCS  may  be  compared  to  theoretical  model  values

calculated for nanorods with diameter d = 12 nm and length L = 33 nm (AD) or L = 74 nm

(BC),  respectively. Following the hydrodynamic model by Tirado et al.[58] the expressions of

the translation diffusion coefficient and of the rotation constant  are:

(8)

(9)

The calculation yields  = 2 x 10-11 m2 s-1 and  = 7 x 104 s-1 for "AD-like" nanorods, and

 = 1.3 x 10-11 m2 s-1 and  = 1.4 x 104 s-1 for "BC-like" nanorods. These values are in the

same order of magnitude and display the same trends as those experimentally obtained for the

dimers  (Table 2), despite the rough approximation related to the shape of the object. The

agreement with the simple model is better for AD dimer than for BC dimer. The former has

the shortest linker between the two nanospheres, which may explain the better agreement.

This result indicates that the hybridised DNA linker is indeed rigidly extended between the

components of the structure.
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The combined theoretical and experimental results on the translational diffusion coefficient of

ssDNA-AuNP monoconjugates and DNA-linked AuNP dimers illustrate that  the diffusion

coefficient of elongated objects (L = 33 nm and L = 74 nm for a width of 12 nm) cannot be

estimated simply from the Stokes-Einstein equation using the long axis as the hydrodynamic

radius, but requires more elaborate hydrodynamic models. In the same vein, it has recently

been shown that attaching a single long rigid rod-shaped DNA molecule (68 bp, 23 nm) to a 6

nm diameter nanosphere leads to only a small  increase in effective hydrodynamic Stokes

radius  (3.2  nm  to  5.8  nm),  well  below  the  additional  length  provided  by  the  rod-like

molecule.[59]

It is interesting to compare the translation diffusion coefficients obtained through  TPPL-FCS

and  microfluidics  (Table  2).  The  two methods  agree.  The  trend  in  diffusion  coefficient

between ssDNA-AuNP monogconjugates and DNA-linked AuNP dimers, and the order of

magnitude of the coefficient, are reproduced by the microfluidic measurement. It should be

noted that there is a large uncertainty on the microfluidic data, in particular for dimer-BC,

which was measured at very low flow rates.

Beyond  this  direct  comparison  of  the  determination  of  hydrodynamic  radii  by  the  three

different  measurements  described  here,  we  can  also  look  at  studies  of  gravitational

sedimentation[60–62] and analytical centrifigation[59,63–65] of nanoparticle solutions. These also

yield  insight  in  the  hydrodynamic  behaviour  of  nanoparticles.  Recently  we  studied  the

gravitational sedimentation of a DNA-linked dimer of 13 nm AuNPs.[62] This dimer has a

structure similar to dimer BC, but a slightly different DNA linkage was used. At 277 K, we

obtained D = 0.58 x 10-11 m2 s-1 , which, taking into account the change in viscosity of the

water, would correspond to  D = 1.1 x 10-11  m2 s-1 at 298K; this is in agreement with the

values obtained by TPPL-FCS and microfluidics. In addition to the diffusion coefficient, such

measurements yield the sedimentation coefficient, which also critically depends on particle

shape.[59]

Conclusion
TPPL combined with PTOFS and FCS provides a sensitive method to detect and characterize

even the 'weakly plasmonic' assemblies studied here which do not efficiently scatter light and

whose plasmonic spectra do not show a clear difference between monomeric species and

17 / 27



dimeric assemblies. In contrast to linear optical spectroscopy, which is carried out in typical

spectroscopic cell volumes (3 mL), TPPL is measured in a small confocal volume, typically

in  the  sub-picolitre  range,  the  entire  sample  being  a  droplet  (~  50  µl).  Such a  confocal

configuration is compatible with detection in capillaries, such as those found in microfluidics

or analytical chromatography.

For  the  type  of  DNA-linked  gold  nanosphere  dimers  studied  in  this  work,  it  is  the

hydrodynamic behavior measured using TPPL-FCS which carries the relevant information

that allows monomeric and dimeric objects to be distinguished. The monomers and dimers

were measured separately, after gel electrophoresis. It should be noted that it may be difficult

to  detect  the  simultaneous  presence  of  monomers  and  dimers  in  a  sample  of  unknown

composition using either the microfluidic method or TPPL-FCS. Without prior knowledge on

the diffusivity of either the pure monomer or the pure dimer, noise on the measurements will

often lead to satisfactory fits to the data with single-component models and a single average

diffusion coefficient. However, when prior knowledge about the behaviour of one component

is available, changes in the measurements relative to the measurement of the pure component

can then be interpreted in terms of a multi-component model indicating the presence of an

additional species. Also, for series of samples of different monomer-to-dimer ratios one may

be able to build global models, where all data are analyzed using the same set of diffusion

coefficients for the different species. 

In  this  context,  it  is  of  interest  to  envisage  extension  to  even  more  complex  samples

consisting  of  several  populations  of  NP  assemblies.  Whereas  microfluidic  diffusion

experiments  have  as  yet  only  addressed  analysis  of  solutions  containing  mixtures  of

molecules and nanoparticles with large differences in diffusion coefficients,[66–68] work in FCS

has  explored  the  analysis  of  samples  containing  several  sizes  of  nanoparticles,[69–71] and

demonstrated the possibility of distinguishing different populations of objects within a single

sample. The success of such analyses is affected by experimental noise, and depends on the

availability of  a priori knowledge on the sample composition that can be included in the

model for fitting the data.  Identification of different populations in FCS and microfluidic

experiments may be greatly facilitated if differences in optical spectra exist between these

popuations,  such  as  demonstrated  earlier[23] for  mixtures  of  monomers  and  dimers  with
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different spectral response. For the present set of samples, however, such spectral distinction

is not possible.

Our study shows that TPPL of small AuNPs is bright enough not only to detect and image

AuNPs but also to study their spectral and hydrodynamic properties. We anticipate that this

may find application in NP-based nucleic acid detection. 

Experimental details

Synthesis and purification of ssDNA-AuNP monoconjugates and DNA-
linked dimers

A schematic illustration of the route to make DNA-gold nanoparticle monomers and dimers is

shown in Figure  S1  (Supporting  Information).  In  summary,  four  solutions  of  DNA-gold

nanoparticle  monoconjugates  were  prepared  by  mixing  bis-sulfonato(phenyl)-

phenylphosphine (BSPP)-coated AuNPs with one of the four thiolated ssDNA in a 1:1 ratio.

These  were  subsequently  purified  by  gel  electrophoresis.  The  different  ssDNA

oligonucleotides  are  labeled  A,  B,  C,  D.  The  DNA sequences  are  shown in  Supporting

Information,  Table  S1.  The  DNA-gold  nanoparticle  monoconjugates  were  then  mixed  to

create nanoparticle dimers through DNA hybridisation of the complementary oligonucleotide

strands (A + D resp. B + C).[72] Agarose gel electrophoresis was used to purify the samples.

This resulted in solutions of AuNP-dimer with a short (26 bp) DNA link (dimer-AD) and

AuNP-dimer  with  a  long  (146  bp)  DNA  link  (dimer-BC).  The  synthetic  details  and

characterization of the purified nanoparticles are given in the Supporting Information.

Optical spectroscopy

Optical  spectroscopy was  carried  out  at  ambient  temperature  (298 K)  on air-equilibrated

samples  contained  in  standard  1  cm  quartz  or  plastic  fluorescence  cuvettes.  UV-visible

extinction  spectra  were  measured  using  an  optical  fiber-based  system  (Ocean  Optics)

incorporating a CCD spectrometer (USB4000-VIS-NIR) and a tungsten-halogen light source

(LS1, 6.5 W, 3100 K) equipped with a BG34 colour correction filter. 

Light  scattering  measurements  were  performed  according  to  the  methodology  that  we

described  previously.[13,20,23] The  method  uses  a  right-angle  configuration,  measuring  only
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light scattered around 90°, assuming that the angular distribution of light scattering by the

samples and the reference is identical. This is valid for gold particles smaller than about 100

nm.[73] The sample solutions were illuminated with white light (LS-1 tungsten-halogen light

source). The scattered light was collected at a fixed angle of 90°, and analysed using a back-

thinned CCD spectrograph (Ocean Optics QE65000). All samples were diluted such that the

optical  density  remains  well  below 0.05.  A solvent  background  was  subtracted  from all

recorded spectra, and the background-subtracted raw spectra were corrected using Ludox as

the  perfect  Rayleigh  scatterer.[25] In  the  present  work,  the  light  scattering  spectra  were

normalized such that  the maximum has the value of the scattering quantum yield at  that

wavelength, as explained above.

The  Ludox  reference  sample  consisted  of  the  supernatant  of  a  Ludox  SM30  (Aldrich)

suspension centrifuged for 1 h at 9700 x g, which was diluted 200 times in 0.05 M NaCl.  For

each measurement series, three Ludox reference samples were prepared, and each reference

sample  was  characterised  using  its   value,  by  fitting  the  function

 to  the  experimental  Ludox  extinction  spectrum.  The  baseline

value  enables for correction for very small differences in baseline, but should be very close

to zero. If this is not the case, a new reference sample is prepared. Finally, it was verified that

all three Ludox samples gave identical scattering spectra, in both shape and intensity. The

average  value of the three Ludox samples was used.   

Where appropriate, the extinction and scattering spectra were smoothed using the Whittaker-

Eilers (WE) algorithm[74] to reduce noise and bring out the spectral shape more clearly. The

WE smoother, which conserves both spectral shape and peak intensity and is simpler and

more  efficient  than  the  Savitsky-Golay[75] filter,  was  programmed  in  Python  using  the

scientific 'numpy' and 'scipy' libraries[76] (see Supporting Information).

Microfluidic measurement of diffusion coefficients

The microfluidic measurement of diffusion coefficient is based on the microfluidic 'H-filter'.
[77] We  adapted  our  previously  described  microfluidic  method  for  measuring  diffusion

coefficients[33] to include a spectroscopic flow cell (SMA-Z-10 Ultem, FIAlab Instruments,

Seattle WA, USA) which was used to measure the optical extinction spectrum using the fiber-
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coupled spectrometer  cited above. The long (1 cm) path length of the flow cells  enables

precise measurement of optical density (OD), even at low concentrations. 

The measurement is based on determining the extent of the diffusive mass transfer from the

flow of nanoparticle solution to the flow of pure solvent, which are continuously injected at

separate  inputs  of  the  microfluidic  circuit  (Supporting  Information,  Figure  S6)  and flow

parallel after meeting at a 'T'-junction, enabling diffusive mass transfer to occur. At the end of

the interaction zone, the flow is split in two by another 'T'-junction (thus constituing an 'H'-

filter circuit). The extent of diffusive transfer between the two flows can be determined from

the gain in OD of the exiting solvent flow (which will carry the subscript "B"), and/or from

the loss in OD from the exiting nanoparticle solution flow (subscript "A"). We measured the

OD of  the solvent  flow,  .  The extent  of  diffusion   is  defined here  in  terms  of  the

concentrations of nanoparticles in the flows exiting the H-filter,  and  (their sum is equal

to the injected nanoparticle concentration). For a measurement of the concentration at exit

"B", we have Equation 10.

(10)

Note that this definition is (slightly) different from the definition  in our initial work;[33] the

present definition leads to  in case of no diffusive transfer occurring, and to  for

diffusive  transfer  being  complete.  The  overall  concentration  of  the  injected  nanoparticle

solution ( ) was measured by stopping the injection of the pure solvent, causing only the

pure nanoparticle solution to exit at both exits and traverse the flow cell. On the other hand,

when injecting only pure solvent, the baseline for the extinction measurement was recorded.

At a given volumetric flow rate (m3 s-1; this is the sum of the two entering flow rates), we

can theoretically calculate the extent of diffusion   for a given diffusion coefficient  . For

this,  it  is  convenient  to convert  the flow rate into a (device-independent)  measure of the

interaction time,   (Equation 11),  using channel  length  ,  channel  width  ,  and channel

height .

(11)

21 / 27



Using  the  analytic  solution  of  the  diffusion  equation,[33] we  obtain  Equation  12  for  the

presently defined . This sum has to be evaluated numerically. For sufficiently large values of

 the series converges rapidly, in which case only a few terms are needed for a reliable

result (sometimes even only the first term).[33]

(12)

When  has experimentally been measured at a certain specified flow rate ,  can be found

by solving  for D. This needs to be done numerically, for example using

the secant method, since there is no direct inverse expression for  Equation 12. (When only

the first term of the series in  Equation 12  is significant, there is a direct analytic inverse

expression, but this feature is not used here.)

The experimental flow rates were chosen such that the measured  was in the range 0.1 ... 0.7.

For each sample, several determinations of   were carried out, at various flow rates over

several  days,  giving  access  to  the statistical  uncertainty on the  diffusion coefficient.  The

connection of the flow cell to the microfluidic system introduced a sizeable dead volume,

which resulted in long times for the reading of the OD to stabilize, in particular at low flow

rates.  Drift  and fluctuations  during this  time contribute to  the relatively large confidence

interval.  The  temperature  was  close  to  298K,  but  fluctuated  somewhat  (±2  K)  during

measurement.

The microsystem used had an interaction channel of height 140 µm, width 200 µm and length

50  mm.  The  precise  microfluidic  circuit  is  shown in  the  Supporting  Info.  Prior  to  each

experiment the system was washed with Milli-Q water (200 µL) at a flow rate of 4 µL/min.

Milli-Q water (Entry B) and the sample studied (Entry A) were introduced in the microsystem

using two syringes (d= 2.5 mm) mounted on individual syringe pumps. The system was left

to stabilize for one hour at the flow rate selected for each experiment (typically between 1 x 2

µl/min and 10 x 2 µl/min).

Two-photon excited photoluminescence (TPPL)

The set-up for TPPL has been described previously.[20] Briefly, the experiments use a scanning

stage confocal microscope. They are performed in air and at ambient temperature in a droplet
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of sample deposited on a clean coverslip. The sample is illuminated by a a titanium-sapphire

femtosecond  laser  (wavelength  800  nm,  80  MHz  repetition  rate,  100fs  pulse  duration)

through a high numerical aperture water-immersion objective (N.A.=1.2, 60x Nikon). The

luminescence of the particles diffusing inside the excitation volume is collected by the same

objective  and is  directed  to  a  50% fiber  coupler  after  passing  through a  dichroic  mirror

(Semrock FF720SDiO1). Matching between the collected beam profile and the fiber core is

ensured by a telescope. The collected light is filtered by a short pass filter (Semrock FF016-

680/SP) to remove the residual laser light.  

One fiber of the coupler is directly connected to an avalanche photodiode. This path allows

detecting the bursts of luminescence of the freely diffusing particles. A long additional fiber

(length 100 m) is inserted in the path of the second fiber before the signal is detected by a

second avalanche photodiode.  This path is devoted to the spectral analysis of the bursts of

luminescence  by  the  photo  time-of-flight  method as  already described previously. [19,20] In

PTOFS, the photons that travel into the long fiber have a transit time that depends on their

wavelength according to the chromatic dispersion in the long fiber. As a result, the light flash

that is detected by the APD connected to this path is stretched and the profile of the output

signal is directly related to the spectrum of the incoming flash. The recording of the temporal

traces of the emitted photons uses a time-correlated single photon counting. The correlation

function used for FCS and the spectra of the data are derived by post processing with home-

made software. 
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