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ABSTRACT  

Laser tweezers afford quantum dot (QD) manipulation for its use as localized emitters. 

Here, we demonstrate fluorescence by radiative energy transfer from optically trapped 

colloidal QDs (donors) to fluorescent dyes (acceptors). To this end, we synthesized 

silica-coated QDs of different compositions and triggered their luminescence by 

simultaneous trapping and two-photon excitation in a microfluidic chamber filled with 

dyes. This strategy produces a near-field light source with great spatial maneuverability, 

which can be exploited to scan nanostructures. In this regard, we demonstrate induced 

photo-luminescence of dye-labelled cells via optically trapped silica-coated colloidal 

QDs placed at their vicinity. Allocating nanoscale donors at controlled distances from a 
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cell is an attractive concept in fluorescence microscopy because it dramatically reduces 

the number of excited dyes, which improves resolution by preventing interferences from 

the whole sample while prolonging dye luminescence lifetime due to the lower power 

absorbed from the QDs. 

 

KEYWORDS. fluorescence microscopy, optical trapping, organic dye, quantum dot, 

radiative transfer, two-photon absorption. 

 

Laser tweezers are a powerful tool to confine and manipulate small objects from 

micrometric to nanometric sizes down to the atomic level.1 Recent applications in 

Materials Science and Biophysics include the study of gold nanoparticles,2 nanorods,3-5 

globular proteins,6 organelles,7 polystyrene spheres with8 and without emissive dyes,9 

colloidal quantum dots (QDs),10 and magnetic nanoparticles,11 to name a few. The 

versatility of this technique is not only due to its potential to exert and measure real-

time force and torque in the nanoscale, but also because it offers a flexible combination 

with other methodologies. Localized light sources can couple to sub-wavelength 

structural elements, an idea that is exploited to break the resolution limit in near-field 

optics. In this regard, laser tweezers can optically confine nanostructures, thus allowing 

their spatial manipulation in real time. 

The optical trapping of luminescent particles can be potentially used in biological 

imaging. The first approach to this application is to stimulate trapped particles using a 

secondary excitation beam.12 However, if the trapping wavelength is carefully chosen, it 

is possible to simultaneously trap and excite luminescent probes with the same laser 

beam. For example, the non-linear response in alkaline niobate (XNbO3) nanowires,8, 9 

and rare earth-based up-converting nanoparticles13-15 can be triggered by tightly focusing 

of a continuous wave (CW) infrared laser under moderate power. In a similar fashion, 

optical trapping and excitation of QDs has been demonstrated under both CW16 and 

pulsed near-infrared (NIR) laser irradiation17, 18 by a two-photon excitation (TPE) process. 
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The use of NIR CW-based optical trapping for TPE of QDs, requiring a smaller power 

density in the trap than pulsed excitation, has also been reported in recent years.10, 16, 19, 20 To 

reduce power losses due to tissue optical extinction, wavelengths within NIR biological 

windows are used. 21 This selective excitation, together with the combination of 

fluorophores in donor-acceptor configurations, allows the exploitation of energy 

transfer mechanisms. Particularly, the use of QD-dye as donor-acceptor pairs has been 

studied as a sensor for labelling, in vitro and in vivo imaging of cellular structures and 

diagnostics.22-37 The observation of efficient non-radiative energy transfer, such as Förster 

Resonant Energy Trasfer (FRET), typically implies donor-acceptor distances below 10 

nm,38-40 and fine control of the QD surface chemistry.24, 41, 42 To record the luminescent signal 

from these experiments, imaging has been mainly performed by fluorescence 

microscopy.  

In this work, we propose an alternative approach to nanoscale imaging that excludes 

the need of an extended light source: we use an optical trap to control spatially the 

donor particles and study the optical excitation and photo-luminescence (PL) by 

reabsorption of organic dyes through the TPE of optically trapped QDs encapsulated in 

a SiO2 shell, QDs@SiO2 43. This shell inhibits FRET mechanisms. Under optimized 

conditions, including CW irradiation power in the first biological window, micrometric 

displacements to the detector and spectral overlap of QD@SiO2-donor and dye-

acceptors controls the emission of dyes under low excitation intensity. Our results 

enable localized and spatially tuneable emission along micrometre ranges, which we 

herein apply to non-invasive cell imaging, a strategy that reduces dye photo-bleaching 

at long exposure times.  

 

RESULTS AND DISCUSSION 

To study the radiative energy transfer process taking place between donor QDs@SiO2 

and acceptor dyes, a dual co-propagating-beam optical tweezers system as the one 

depicted in Figure 1 was used (see experimental section for further details). Colloidal 

QDs consisted of CdSeZnS alloyed NCs with a CdS rich-core an a graded shell.43 These 
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QDs have been encapsulated in SiO2, a strategy that reduces the cytotoxicity of mainly 

Cd-based colloidal QDs44-46 at the cost of decreasing their photoluminesce quantum yield 

(PLQY). However, we reported that the right selection of capping ligands is key to 

retain the initial PLQY values.43 Silica encapsulation, in addition, hinders Förster 

Resonance Energy Transfer (FRET), a well-known mechanism between donor and 

acceptors requiring distances typically smaller than 10 nm. The size distributions of the 

QDs and hybrid nanosystems used in this work (QD527@SiO2, QD540@SiO2 and 

QD585@SiO2) are plotted in Figure 2a, where the subscripts account for the maximum 

PL wavelength. As an example, representative TEM images of QD527 before and after 

SiO2 encapsulation are displayed as insets. The size distributions show a SiO2 shell with 

average thickness of (9.0 ± 2.9) nm for QD527@SiO2, (8.3 ± 1.3) nm for QD540@SiO2 and 

of (16.9 ± 2.5) nm for QD585@SiO2.  

To analyze the radiative energy transfer process taking place between donor 

QDs@SiO2 and acceptor dyes, we have selected Rh6G and TRITC as dyes. Figure 2b 

shows the emission spectrum of the hybrid system QD527@SiO2. The PL maximum takes 

place at 527 nm, thus matching Rh6G maximum absorption around 530 nm, and the 

Rh6G in turn re-emits photons around 550 nm. The colored area shows the overlapping 

between the donor emission and the acceptor absorption. In contrast, QD585@SiO2 

emission hardly overlaps the Rh6G absorption, as depicted in Figure 2c. The longer 

emission wavelength for the smaller QD cores, see Figure 2a, is related to the specific 

composition of the QDs, as explained elsewhere.43 The re-absorption efficiency of each 

donor-acceptor pair has been quantified by means of the overlapping integral in 6838 M-

1 cm-1 for QD527@SiO2-Rh6G and 311 M-1 cm-1 for QD585@SiO2-Rh6G.47 This means that 

radiative energy transfer in QD527@SiO2-Rh6G pairs is 22 times more effective than that 

of QD585@SiO2-Rh6G pairs. QD540@SiO2-TRITC pairs also present a significant spectral 

overlap, as shown in Figure 2d. 

 



 5 

 

Figure 1. Combined optical trapping and fluorescence setup. Two lasers (L1 and L2, 
red and blue paths, respectively) are collimated (CL1 and CL2, collimation lenses, 
respectively) and combined using a polarizing beam splitter (BS). The combined beam 
(purple path) is directed into a fluorescence microscope by means of two mirrors (M1 
and M2) and magnified with a beam expander (BE). A dichroic mirror (DM1) redirects 
the beams to the trapping objective (TO). Trapping experiments are performed inside a 
microfluidic chamber (MC). The PL from the optical trap focal region (green path) is 
collected by the TO, filtered from the stray laser light (F, fluorescence filter) and 
monitored (FL, focusing lens; M3, mirror; P, prism; RL1 and RL2, relay lenses) by a 
video camera (VC) and a spectrometer (S). The experiment is illuminated (blue path) by 
means of a halogen lamp (WL) and a low-NA condenser lens c). 
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Figure 2. Sample characterization. a) Size distributions of QD527, QD540 and QD585 cores 
(left group of histograms, green, yellow and orange, respectively) and silica-coated 
nanostructures, QD527@SiO2, QD540@SiO2 and QD585@SiO2 (right group of histograms, 
green, yellow and orange, respectively), measured by TEM. Solid curves represent 
Gaussian fits to the experimental histograms yielding mean and standard deviations for 
the diameters of (8.8 ± 1.9) nm, (6.48 ± 0.04) nm, (7.4 ± 2.0) nm, (26.7 ± 5.5) nm, (23.1 
± 1.0) nm and (41.1 ± 4.6) nm, respectively. Left and right insets show TEM images of 
QD527 before and after silica encapsulation, respectively; scale bars, 100 nm. 
Spectroscopic behavior of the donor-acceptor pairs used in this work: b) QD527@SiO2-
Rho 6G, c) QD585@SiO2-Rho 6G and d) QD540@SiO2-TRITC. In each case, the colored 
curve represents the normalized donor (QD) emission, the dash curve is the acceptor 
(Rho 6G or TRITC) normalized absorption and the black solid curve its normalized 
emission. The colored area shows the overlapping between the donor emission and the 
acceptor absorption. 

 

 

 

 
Behavior of the quantum dots in a low-intensity optical trap 
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To perform optical trapping experiments, QD@SiO2 were dispersed in ethanol or 

water, where the nanoparticles form small aggregates or clusters, as characterized 

elsewhere.48 The measured hydrodynamic diameter of the QD@SiO2 aggregates was 

(0.95 ± 0.49) μm, and the number of nanoparticles contained in each cluster was 

estimated in . 

Energy transfer phenomenon 

During optical trapping experiments, the lasers provide an average power of 90 mW 

in the spot corresponding to a flux of 2.8×1025 photons/cm2·s (see experimental section 

for spot dimensions). Trapped QDs show PL through TPE as previously reported.10, 16, 19, 20, 48, 

49 Under the conditions reported here, Rh6G and TRITC dyes are not optically excited 

because our photon flux is deficient for TPE of organic dyes, generally requiring 1027-

1029 photons/cm2·s provided by pulsed sources at similar wavelengths.50, 51 

As shown in Figure 3a, a trapped QD@SiO2 system can be moved in the micrometer 

range within the chamber walls by means of a micrometer drive, hence making possible 

to evaluate the emitted PL throughout several thicknesses, z, of optically active 

medium. Figure 3b and 3c, shows the modulated PL emission detected from the trap 

in a solution containing 2 µM Rh6G in ethanol for trapped QD527@SiO2 and QD585@SiO2, 

respectively, in the counter-propagating laser setup. Approaching the trap to the 

collector system (minimum 20 µm) yields higher contribution of the QD527@SiO2 

emission and lower contribution of the dye emission, in good agreement with a lower 

quantity of dye molecules in the optical path. As the trap distance to the collector 

increases (up to 140 µm), the relative dye emission intensity also increases, in good 

agreement with an increased absorbing dye volume.  
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Figure 3. PL output dependence on the distance to the coverslip, z. a) Sketch of the 
experiment: Upper panel, an optically trapped QD@SiO2 aggregate/cluster remains at a 
fixed position with respect to the collector objective while the microfluidics chamber is 
moved, as characterized by the distance between the optical trap and the front coverslip, 
z. A dye class, present in the dispersive medium at a certain concentration, re-absorbs 
the light emitted by the cluster. Lower panel, the emission spectrum collected by the 
trapping objective is a combination of the emission of the QD@SiO2 cluster and the dye, 
whose relative contribution is given primarily by the dye concentration and the distance 
z. b) and c), emission collected in the far field from an optically trapped QD cluster, 
QD527@SiO2 or QD585@SiO2, respectively, in ethanol containing 2 µM Rh6G, as a 
function of z. Black curve in b), fitting of a linear superposition of the individual PL 
emissions from the QD527@SiO2 (blue curve) and the Rh6G (red curve) according to Eq. 
(2). Black curve in c), fitting of the individual emission from the QD585@SiO2 measured 
in the fluorometer to the experimental data in the optical tweezers. d) Dependence of the 
PL intensity on the distance between the QD cluster and the front coverslip. Green dots 
represent the total PL collected signal when a QD527@SiO2 cluster is in the trap; hollow 
blue and red dots, deconvoluted QD527@SiO2 and Rh6G signals (note superposition at 
z=100 μm). Linear fits are guides to the eye. Orange dots are the collected signals when 
a QD585@SiO2 cluster is in the trap. Orange and green data are normalized by using Eq. 
(3) at z=20 µm.  
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The spectral overlap between QD527@SiO2 and Rh6G molecules (see Figure 2b) 

modifies donor far-field spectra by radiative energy transfer because a fraction of the 

photons emitted in the spectral overlapping region do not reach the collector. 47 

Likewise, fluorescent far-field spectra lineshapes from the dyes are modified by energy 

homotransfer, which takes place among Rh6G molecules due to spectral overlapping of 

Rh6G absorption with its own emission.52 Since both the fraction of photons emitted 

from the QDs that are re-absorbed by the dyes and the dye inner filter effect depend on 

acceptor concentration, these phenomena cause negligible distortions of both the 

QD@SiO2 and Rh6G far-field spectra for a low number of dye molecules in the 

solution. This is in fact what we observe in the experimental data of Figure 3b, where 

the overall collected spectrum can be approximated by the sum of the pure emissions 

from the QDs@SiO2 and the dyes (blue and red deconvoluted spectra in Figure 3b), 

respectively. More in depth, Figure 3b shows that the output emission lineshape 

measured in the optical tweezers setup, I(λ, z), can be fitted to a linear superposition of 

the individual spectra of the QD527@SiO2 and the Rh6G to a high quality: 

 
where IQD and Idye are the intensity spectra obtained in bulk (ensemble-average) 

measurements in a fluorometer (for QDs@SiO2 and the dye, separately) and A(z) and 

B(z) are fitting parameters that account for the relative contribution of each emitter to 

the far-field signal.  

The comparative experiment for QDs585@SiO2 is shown in Figure 3c. In this case, a 

relatively constant PL emission spectrum is collected regardless of the distance from the 

trap to the collector system since inappreciable radiative energy transfer is taking place. 

Consequently, for this case of QD585@SiO2, equation (2) reads I(λ) ≈ I585.  

Figure 3d shows the total collected intensities for QDs@SiO2 in 2 µM Rh6G in 

ethanol as a function of the distance z. In this graph, the total collected intensity of a 

trapped QD@SiO2 cluster in the presence of Rh6G has been normalized to the initial 

total intensity at z = 20 µm, 
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so that their behavior, together with those from the deconvoluted signals I527 and IRh6G, with 

z can be compared. Again, in the presence of 2 µM Rh6G the intensity does not depend 

on z for the QD585@SiO2 system because of the small spectral overlap (orange dots, 

Figure 3d).The I(λ) decrease when the QD527@SiO2 cluster separates from the coverslip 

(green dots) may be due to photodynamic bleaching.48  

Deconvoluted signals for QD527@SiO2 in a 2 µM Rh6G ethanol solution show that the 

intensity from the QD527@SiO2 component strongly attenuates also in the far field 

(hollow blue dots). On the other hand, the reemitted signal from the Rh6G component 

(hollow red dots) increases with the distance, which is expected due to the increasing 

number of dye molecules that fill the gap from the QD cluster to the coverslip as z 

grows. However, this growing trend with z is not very pronounced for a total 

concentration Rh6G 2 µM, which almost saturates the overall collected far-field signal 

in the spectrometer. In relative terms, the Rh6G contribution to collected emission 

varies from 31% to 65% for distances between 20 and 140 µm to the collector system, 

respectively. At 140 µm, since only a small contribution of the QD527@SiO2 is apparent, 

it can be concluded that at this distance the ratio donor-acceptor contribution is 

optimized for the given QD527@SiO2-dye pair concentration. Thus, micrometric control 

over the trap distance allows fine-tuning and optimization of the emission wavelength 

and intensity for either partial or practically total radiative energy transfer. 

 

In order to extend our results to physiological media and improve fluorescence 

detection, we performed experiments using different concentrations of the dye 

tetramethylrhodamine (TRITC) in deionized water excited by the QD540@SiO2 clusters in 

the co-propagating lasers setup. This dye has a PLQY around 0.28,53 much lower than 

that of Rh6G, around 0.95.54 For operational convenience, the experiments in this 

instrument were carried out from z=100 µm to the front surface, and consequently 
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results were normalized to the initial intensity at that distance according to Eq. (3). 

Figure 4a, top panel, shows the spectrum evolution when a trapped QD540@SiO2 cluster 

is moved from z=100 µm to z=10 µm the front surface in a microfluidics channel filled 

by a 6.25 µM TRITC in in deionized water. Because of the relatively high dye 

concentration in this trapping configuration, the TRITC emission dominates the 

collected spectrum, which remains unchanged within the entire z range, as shown in the 

corresponding lower panel. To detect changes in the emission lineshape, Figure 4b, 

top panel, TRITC concentration was lowered to 12.2 nM. As depicted in the bottom 

panel of this figure, TRITC contribution varies from almost 100% when the QD540@SiO2 

system is positioned at z=100 µm to 88% when it is displaced to z=10 µm. Contribution 

from QD540@SiO2 becomes more apparent at even lower concentrations, as represented 

in Figure 4c, top panel, at 2.7 nM TRITC. In this case, TRITC relative intensity varies 

from 91% to 59% as the QD540@SiO2 cluster is moved between z=100 µm and z =10 µm, 

as shown in the corresponding lower panel. Thus, not only the micrometric control over 

the trap distance allows optimization of the emission wavelength and intensity (as 

shown in Figure 3), but also the relative concentration of the dye for a given trapped QD 

system. 
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Figure 4. PL signal as a function of dye concentration. Top panels, emission collected 
in the far field from an optically trapped QD540@SiO2 cluster in DI water containing a) 
6.25 µM, b) 12.2 nM and c) 2.7 nM of the dye TRITC as a function of z. Black curves, 
fitting of a linear superposition of the individual PL emissions from the QD540@SiO2 
(blue curves) and the TRITC (red curves) according to Eq. (2). Bottom panels, 
corresponding dependence of the PL intensity collected in the optical tweezers on the 
distance between the QD cluster and the front coverslip. Black dots represent the total 
collected signal when a QD540@SiO2 cluster is in the trap; hollow blue and red dots 
correspond to deconvoluted QD540@SiO2 and TRITC PL signals, respectively. Linear fits 
are guides to the eye. Black data are normalized by using Eq. (3) at z=100 µm. 
 

 
 

Excitation of dye-labeled cells 

The aforementioned methodology can be followed to excite dye-labeled structures in 

a cell. In this case, the dye molecules are positioned within a cell instead of being 

dispersed in the medium. Jurkat-cells, whose proteins were nonspecifically labeled with 

Alexa Fluor 546 after membrane permeabilization, were used (see experimental). A 
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sketch of the experimental procedure is presented in Figure 5. Jurkat-cells were 

deposited on the bottom surface of the microfluidic chamber, where QD540@SiO2 clusters 

were dispersed, trapped and moved around the Jurkat-cell area in order to obtain the 

emission from the labelled proteins. This system allows precise micrometer 3D position 

control of the QD540@SiO2 system, which can be located anywhere around or above the 

Jurkat-cell, thus collecting luminescence from different zones.  

 

Figure 5. Sketch (not to scale) of the indirect excitation of a dye-labeled cell. A laser 
trapped QD540@SiO2 cluster is positioned in the vicinity of a labelled Jurkat-cell with 
Alexa Fluor 546, immobilized on a glass substrate. PL emission from the trapped 
QD540@SiO2 system excites the adjacent labelled structure. The PL emission from the 
trap and surrounding areas is collected through the trapping objective (not shown). 

 

 

Figure 6 shows the spectra collected from the trap and surrounding regions at 

several positions of the QD540@SiO2 system with respect to the Jurkat-cell. When the 

QD540@SiO2 system is trapped far (~10 µm) from the Jurkat-cell (Figure 6a), the 

emission lineshape equals that of QD540@SiO2 in the spectrofluorometer. The same 

lineshape is collected even when the QD540@SiO2 is approached to the Jurkat-cell up to a 

few microns (Figure 6b). A contribution from Alexa Fluor 546 is clearly observed when 

the QD540@SiO2 cluster is in the vicinity of the Jurkat-cell membrane (Figure 6c). 

Interestingly, this contribution was appreciable when the particles were placed at 

distances comparable to the size of the laser focus, around 1 μm. The QD@SiO2 system 

that was moved even closer to the cell membrane got irreversibly stuck to it. 

Furthermore, if the QD540@SiO2 is trapped above the cell (i.e. focusing the trapping laser 
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and collecting the luminescence through the cell), Alexa Fluor 546 emission dominates 

the recorded signal, as shown in Figure 6d. 

 
Figure 6. Emission spectra from labeled cells. Brightfield microscopy images and 
collected spectra (black curves) from a QD540@SiO2 cluster trapped a) ~10 µm away 
from the Jurkat-cell, b) close (a few microns) to the labelled Jurkat-cell membrane, c) in 
the vicinity (within 1-μm) of the Jurkat-cell membrane and d) above the whole Jurkat-
cell structure. The optical trap position roughly matches the reticle center. Red curves 
represent in all cases the emission of the original QD540@SiO2, as measured in a 
spectrofluorometer.  

 

 

 

CONCLUSIONS  

We demonstrate PL of organic dye molecules through the optical trapping of silica-

encapsulated QDs under CW excitation by means of two photon excitation and further 

radiative energy transfer. This reabsorption mechanism is clearly discernible at 
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relatively low dye concentrations. Our experiments evidence that, (i), the spectral 

overlap between QDs emission and dye absorption, (ii), the QD/dye relative 

concentration and, (iii), the influence of trap position in the collection of the far-field 

spectra allow a tunable final emission wavelength and intensity. An important feature of 

our approach to excite fluorescent molecules by optically trapped QDs is that the energy 

transfer phenomenon, despite its low efficiency, is so effective that fluorescence can be 

collected in the far-field at relatively low concentrations of the dye molecules. This 

versatile approach is useful for spectroscopy and imaging in biological environments 

with near-field selectivity, as supported by several facts: firstly, silica encapsulation 

discards resonant energy transfer, reduces cytotoxicity and allows experiments in 

aqueous media. Secondly, the use of CW near-infrared excitation sources limits 

biological damage. Finally, the low efficiency of this energy transfer promoting 

remotely controlled dye-emission prevents strong dye photobleaching effects thus 

enabling long-time experiments. 

The spatial maneuverability of a point-like light source provided by optical tweezers 

offers an alternative to fluorescence imaging since it introduces the diffraction limit-

breakage concept from near-field optics in live microscopy. In this regard, we envision 

a high potential for our results to increase resolution and non-invasiveness in live 

microscopy since it is still possible, on the one hand, to reduce the donor concentration 

down to one single luminescent nanoparticle in the trap and, on the other hand, to 

optimize collection optics to track signals from very low amounts of highly-localized 

dye molecules in a cell.  

 

METHODS 

Synthesis and characterization of colloidal QDs 

The synthesis and further SiO2-coating of alloyed CdSeZnS QDs in microemulsion 

has been performed according to our previous report.43 Three different QD samples have 

been used in this work, namely: QD527@SiO2, QD585@SiO2 and QD540@SiO2, the first 

subscript corresponding to their wavelength photoluminesce (PL) maxima. Ethanol or 
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deionized water (Type 1 Ultrapure reagent grade water purification system; Wasserlab) 

dispersions of QD@SiO2 have been sonicated before being flowed in a microfluidic 

chamber for the optical trapping experiments. Absorption and PL spectra were recorded 

in a Cary 50 spectrophotometer (Varian) and a spectrofluorometer (Horiba Jobin Yvon 

Fluoromax-4), respectively. QDs and QD@SiO2 morphology were observed by 

transmission electron microscopy (TEM). Average size values were obtained from the 

TEM images, measuring at least 50 nanoparticles per sample.  

Dye preparation 

For trapping experiments, 2 μM solutions of rhodamine 6G (Rh6G) in ethanol from 

Sigma Aldrich (R4127) were prepared using aliquots from a 10 μM stock solution. The 

Rh6G concentration was verified from the absorption coefficient measured in the 

spectrophotometer (Cary 50, Varian). A 0.05 mM stock solution of 

tetramethylrhodamine (TRITC) in deionized water was prepared and further diluted in 

the same way than the Rh6G solutions.  

Optical tweezers setups 

A dual co-propagating-beam optical tweezers system was used (see Figure 1). In 

this setup, two 845-nm diode laser beams were combined into the same optical path by 

a NIR polarizing beam splitter. The resultant beam was focused by a microscope 

objective (Olympus UPLSApo, 60X; NA=1.2) inside a single-channel micro-fluidics 

chamber. This incident, combined beam overfills the objective back focal plane, thus 

using its total NA and increasing the trapping efficiency in this co-propagating 

configuration. The system was mounted in a commercial inverted fluorescence 

microscope (Zeiss Axiovert 135M). Luminescence from the optical trap was collected 

in reflection through the corresponding imaging camera port available in the microscope 

and analyzed by means of a spectrometer (Ocean Optics USB2000+). 

Alternatively, some experiments were performed in a dual counter-propagating laser 

setup, wherein the size of the trapped particle can be elucidated by means of Thermal 

Noise Analysis or Stokes’ test.55 The beam waist diameter was estimated in 1.3 μm. The 
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setup was modified in order to register the PL signal. Light generated in the trapping 

area is collected for analysis through one of the trapping objectives and redirected to a 

spectrometer (Ocean Optics USB2000+).  

Home-made micro-fluidic chambers consisted of a NescoFilm (AZWELL, inc. 

Osaka, Japan) laser-imprinted channel sandwiched between two 0.1-µm thick 

microscopy cover-slides. Channel width was about 150 µm and slightly varied from 

chamber to chamber. The micro-fluidic chamber could be displaced between the 

objectives by a micrometric screw. By default, the optical trap was generated halfway 

between the coverslip walls in the micro-fluidic chamber, regardless of the setup. 

 

Cell culture and labelling 

Jurkat T-cells cells were grown in RPMI medium (Gibco) supplemented with 10% fetal 

bovine serum (FBS, Hyclone) and penicillin-streptomycin (Sigma) in a 37°C humidified 

incubator with ~5% CO2. Global protein staining was carried out as follows: Jurkat cells 

were fixed with 4% Paraformaldehyde in PBS for 10 minutes at room temperature. 

Then, cells were permeabilized with 0.5% Triton X100 in PBS for 10 minutes at room 

temperature. The staining was performed by incubating permeabilized cells with Alexa 

Fluor 546 carboxylic acid, succinimidyl ester at 10 nM, which stains specifically amino 

groups in cellular proteins.  

Cell probing studies  

T-cells were flowed in a microfluidic chamber and deposited on the bottom cover slip 

surface. QD540@SiO2 clusters were dispersed in Ca2+-free PBS (from Sigma-Aldrich) and 

injected in the microfluidic chamber through a different dispenser tube for optical 

trapping experiments. 
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