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ABSTRACT: 

We detect by optical microscopy Au and fluorescent nanoparticles (NPs) during their motion in 

water-based medium, using an array of dielectric microspheres that are patterned in a microwell 

array template. The microspheres act as lenses focusing the light originating from a microscope 

objective into so-called photonic nanojets that expose the medium within a microfluidic channel. 

When a NP is randomly transported through a nanojet, its back-scattered light (for a bare Au NP) 

or its fluorescent emission is instantaneously detected by video microscopy. Au NPs down to 50 

nm in size, as well as fluorescent NPs down to 20 nm in size, are observed by using a low 

magnification/low numerical aperture microscope objective in bright-field or fluorescence mode, 

respectively. Compared to the NPs present outside of the photonic nanojets, the light scattering 

or fluorescence intensity of the NPs in the nanojets is typically enhanced by up to a factor ~40. 

The experimental intensity is found to be proportional to the area occupied by the NP in the 

nanojet. The technique is also used for immunodetection of biomolecules immobilized on Au 

NPs in buffer and, in future, it may develop into a versatile tool to detect nanometric objects of 

environmental or biological importance, such as NPs, viruses or other biological agents. 
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Recently considerable interest arose for high-resolution sensing systems that can detect nano-

objects and even individual molecules in liquids 1,2. Advanced optical techniques have been 

proposed for sensitive detection of nano-objects, but required high-end, expensive, and bulky 

experimental setups 3,4. If direct optical detection of NPs in liquids would be possible using a 

standard microscope, this could lead to more affordable and portable sensing applications. 

However, conventional optics only permits detecting relatively large objects, because the 

scattered light intensity decreases with decreasing size and the light collection capability of a 

standard microscope objective is limited by its numerical aperture (NA) 5. Therefore only NPs 

that are either larger than several hundred nanometers or having extremely enhanced scattering 

probability can be detected.  

While a microsphere is known to act as a focusing microlens 6,7,8,9, when it has a refractive index 

contrast relative to the fluid medium that is less than 2:1 and a diameter between several to tens 

of wavelengths (λ), a highly-focused propagating beam from the shadow-side surface of the 

microsphere is generated due to constructive interference of the light field 10,11. This beam is 

termed as “photonic nanojet” and has a sub-λ full-width-at-half-maximum (FWHM) transverse 

dimension and typically is several λ in length 11,12. A very interesting predicted property of a 

photonic nanojet is that the presence of a particle, much smaller than λ and positioned within the 

nanojet, significantly enhances back-scattering of the light through the microsphere 13,14. High-

refractive index microspheres embedded in a polydimethylsiloxane (PDMS) medium containing 

dispersed 50 nm size Au NPs confirmed a back-scattering intensity two times larger than that 

caused by the isolated microsphere itself indeed 15,16. If appropriate microspheres could be 

integrated into microfluidic devices for direct detection of objects with a dimension much 

smaller than λ, this could be of high interest for many environmental and biological sensing 

applications. 

We positioned at the bottom of a microfluidic channel an array of microspheres, which were self-
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assembled in a microfabricated Parylene-C template on a glass substrate, and illuminated the 

chip by an optical microscope for generation of the photonic nanojets in the microfluidic medium 

(see Figure 1a). Experimental details are given in the Supporting Information; briefly, 3 μm-size 

melamine microspheres were selected due to their high refractive index, low light absorbance, 

and optimum light focusing capability in water 12. We performed a finite element method (FEM) 

study on the electromagnetic wave propagation through the system and the water medium to 

investigate the light intensity distribution in the vicinity of the microlens array (see Figure 1b(i), 

details described in the Supporting Information). The photonic nanojet is developed ~1 μm above 

the top surface of the microsphere and the light intensity along the microsphere focal plane in 

Figure 1b(ii) indicates a FWHM of ~240 nm. Figure 1c depicts the working principle of our 

technique. If the size of a nano-object that transits through a photonic nanojet is smaller than 

FWHM, only a portion of the illuminating light is back-scattered (see Figure 1c(i)). With 

increasing size of the nano-object, the intensity of the scattered light increases, until the object 

back-scatters all light gathered by the microsphere, when its size equals FWHM (see Figure 

1c(ii)). For even bigger objects (see Figure 1c(iii)), the retro-reflected light recorded by the 

microscope does not further increase and the signal saturates. In our experiments, the largest NPs 

we used were 400 nm Au and 460 nm fluorescent NPs (see further), both sizes being well above 

the FWHM of the nanojet. By using an array format for the microlenses, the same NP can be 

transported through a sequence of photonic nanojets placed in the same flow stream. The optical 

signal obtained from a row of lenses is then easily correlated to unambiguously prove the transit 

of even a single moving NP. Another advantage of using an array is that a larger region of the 

microfluidic channel is probed, which is advantageous for detecting low NP concentrations. 

First the potential of our technique in bright-field microscopy was investigated by detecting Au 

NPs, as they are important in chemistry, physics and biology 17,18,19. Au NPs in the 50-400 nm 

range were dispersed in de-ionized water and introduced into the microfluidic channel at a flow 

velocity of ~10 μm/sec. Figure 2a(i,ii) show that the presence of a 400 nm or 200 nm Au NP in 
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the nanojet results in a back-scattered light intensity that is significantly enhanced with respect to 

that of a NP outside of the nanojet (see also Movie 1 of the Supporting Information). Figure 2(iii-

v) show the results obtained from 100 nm, 80 nm and 50 nm Au NPs, respectively; direct optical 

microscopy (without the microspheres) cannot resolve these NPs. Figure 2a(vi) is a plot of the 

experimental back-scattered light intensity as function of the NP size, indicating an initial rise 

followed by a saturated behavior. The full curve plots the ratio between the area of the maximum 

cross section of an Au NP (=π·RNP
2, with RNP the radius of the NP) and the transverse focal area 

of the nanojet (=π·r2, r=FWHM/2=120 nm, as obtained from the simulation in Figure 1b), 

essentially confirming the detection principle of Figure 1c. For comparison, the signal from a 400 

nm and 200 nm Au NP moving outside of the microsphere region was plotted in Figure 2a(vi), 

and, when using the microsphere, a signal enhancement factor of ~40 and ~8 was observed for a 

200 nm and 400 nm Au NP, respectively (the latter value is smaller because the NP is larger than 

the nanojet (see Figure 1c(iii)). The details on the data processing to obtain these enhancement 

factors are described in the Methods. 

We further tested our technique by using calibrated polystyrene fluorescent NPs with emission 

wavelength λem = 515 nm (see Figure 2b). NPs with size from 20 nm to 460 nm were dispersed 

in phosphate buffered saline (PBS)-Tween 20 (0.5% v/v) solution and introduced into the 

microfluidic channel. Figure 2b(i-v) show the experimental results for NPs with diameter of 460 

nm, 190 nm, 110 nm, 46 nm, and 20 nm, respectively. When a fluorescent NP passed through a 

photonic nanojet, its fluorescent excitation was highly enhanced (see also Movie 2 of the 

Supporting Information). For the used flow conditions, the NPs were typically exposed to the 

strong optical field in the nanojet for 20 milliseconds. Thanks to the use of a microsphere, a 

signal enhancement factor of ~44 and ~6 was observed for a 190 nm and 460 nm fluorescent NP, 

respectively (details on the data processing are described in the Methods). The fluorescent 

emission of the NPs was extremely bright, so that NPs with 20 nm in diameter could be still 

distinguished when passing through a nanojet, as the fluorescent emission filter efficiently 
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removed the excitation light and fluorescence at wavelengths other than λem. Figure 2b(vi) is a 

plot of the experimental fluorescent emission intensity as function of the NP size, indicating an 

initial rise followed by a saturated behavior, and compared to the same model as in Figure 2a(vi). 

It should be noted that both the exact position of a NP within a nanojet and its flow velocity in 

the microfluidic channel potentially can induce variations in the detection signal (see Supporting 

Information). In our experiments, in order to avoid these variations, only the images in which the 

NPs in the nanojets showed maximum intensities were used for data processing. In this case, the 

NPs were aligned at the minimum transverse dimension of the photonic nanojet and the velocity 

of these particles was set to 10 µm/s, so that a variation in the detection signal was only due to 

NPs with different sizes or optical properties. 

We then demonstrated the potential of our technique for immunofluorescent detection. A general 

advantage of using nanomaterials in an immunoassay is their high specific surface, enabling the 

immobilization of significant amounts of ligands (antibodies) that can specifically interact with 

receptors (antigens) in the sample 20. Within the group of noble metal NPs, Au NPs are mostly 

used for biosensor applications 20,21 due to their biocompatibility and their relatively simple 

production and modification 22. We functionalized Au NPs of different size with a monolayer of 

6-mercaptohexanoic acid via thiol linkages. The thus functionalized Au NPs were conjugated 

with biomolecules via peptide bonds using N-ethyl-N’-(3-dimethylaminopropyl)carbodiimide 

hydrochloride and N-hydroxysulfosuccinimide as mediators. Details on the experimental 

protocol of Au NPs modification and biomolecular conjugation are described in the Supporting 

Information. Briefly, two experimental protocols were performed, first Atto488-labeled biotin 

was covalently linked with surface-modified Au NPs (see Figure 3a(i)), and secondly we 

performed an one-site immunoassay by conjugating surface-modified Au NPs with normal 

mouse IgG, followed by exposure to AlexaFluor647-labeled anti-mouse IgG detection antibodies 

(see Figure 3b(i)). For the two assay protocols, the conjugated Au NPs showed an enhanced 

fluorescence, when the functionalized Au NPs were transiting through a nanojet. For example, 
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the light intensity profiles along the cross section of the fluorescent Au NPs present in and 

outside of a nanojet are shown in Figure 3a(ii-iii) and 3b(ii-iii), respectively. These results 

indicate that the detection of biomolecules with weak optical signal intensities can be very 

efficiently enhanced indeed by the microlens array due to the highly amplified fluorescent 

excitation field in the photonic nanojet.  

In conclusion, we achieved the detection of NPs with a size far below the classical diffraction 

limit in a microfluidic device by using a conventional bright-field and fluorescence microscope. 

In contrast to optical detection-based analytical techniques, such as those that use laser excitation 

and light scattering, which demonstrated detection of NPs in a solution down to a size of 30 nm 4, 

our technique does not rely on complex experimental setups and has the ability to easily 

distinguish individual NPs and do live counting of these NPs by using a standard microscope set-

up. The microscope objective was used in combination with a dielectric microsphere array to 

generate an array of photonic nanojets. When NPs were transported by a flowing medium 

through a nanojet, their light scattering or fluorescence intensity was typically enhanced by a 

factor ~40. We also verified that immunocomplexes formed on Au NPs can be detected via this 

method. Overall, as the intensity of the scattered or fluorescent signal generated by the NP in the 

nanojet depends on the size of the NP, size-dependent detection of nano-objects in a solution 

might be envisaged in future. Also for the used flow conditions, the typical transit time of a NP 

through a photonic nanojet is ~20 millisecond, which allows rapid detection of a representative 

number of NPs by the ability of detecting many single transit events. In future, slower flow rates 

or application of a smaller translational velocity of the microsphere array with respect to a 

sample might result in longer measurement times for detecting even smaller NPs or weaker 

fluorescent signals. Therefore, we believe that our technique that dynamically exploits the unique 

properties of a photonic nanojet could evolve in a tool to detect a wide class of nano-objects, 

such as proteins, viral particles, or for monitoring synthesis and aggregation processes on a 

molecular level. 
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METHODS 

We used carboxyl-functionalized melamine microspheres (Sigma-Aldrich, 3 μm in diameter, 

standard deviation < 0.1 μm) as the microlenses. The microsphere array was realized by 

fabricating first a Parylene-C well template on a glass substrate by standard cleanroom processes. 

Next the microspheres were suspended in a patterning solution with pH of 2, made by mixing 

PBS buffer with HCl (25% original, 0.2% v/v in PBS). A droplet of the patterning buffer was 

transported over the microwell array for 10 patterning cycles (1 cycle = 1 passage of the droplet). 

A microsphere loading efficiency >99% was achieved. The glass substrate was then ready for 

clamping to a PDMS half-channel, which was replicated from a SU-8 structure that was 

fabricated on a silicon wafer. A 5:1 mixture of PDMS prepolymer and curing agent (Dow 

Corning) was cast over the SU-8 mold and cured at 70 °C for overnight. Then the PDMS replica 

was peeled off from the mold, resulting in a microfluidic half-channel with a height of 20 μm, a 

width of 800 μm and a length of 24 mm. Two polymethylmetacrylate plates were used to clamp 

the PDMS replica and the glass chip with the Parylene-C microwell array containing the 

microlenses. 

Bare Au NPs in citrate buffer (Sigma-Aldrich) were diluted in de-ionized water, and calibrated 

yellow-green fluorescent (excitation at 505 nm/emission at 515 nm, Molecular Probes) NPs were 

dispersed in PBS-Tween 20 (0.5% v/v) buffer into the same concentration of 1 × 105 

particles/mL. All solutions were introduced into the microfluidic channel at a flow velocity of 

~10 μm/sec by a neMESYS syringe pump (Cetoni, Germany) for ~ 30 min. A sample amount of 

~ 300 nL was used in each experiment. After the conjugation of biomolecules on the Au NPs 

(details described in the Supporting Information), the fluorescent molecule-conjugated Au NPs 

were spiked in PBS buffer and introduced into the microfluidic channel with the same flow 
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velocity and amount of sample used for all experiments. During the sample preparation 

procedure, the stock solutions of the Au NPs are mixed thoroughly by a rotary mixer before 

being diluted with DI water in successive steps into a final concentration of 1 × 105 particles/mL. 

Therefore, for all Au NPs, the stock solution is at least diluted 1900 times. Therefore the amount 

of citrate buffer in the final sample solution is minor. 

An Axiovert S100 (Carl Zeiss) inverted microscope, equipped with a 20× objective with NA of 

0.22 (Zeiss Objective LD EC Epiplan-Neofluar 20×/0.22 DIC M27, 422452-9900), was used for 

illumination and signal detection. The microscope was configured with a mercury vapor arc lamp 

(X-Cite 120, Carl Zeiss) and appropriate fluorescent filter sets. Image acquisition and light 

detection were achieved using a CCD camera (ORCA-C4742-80ER, Hamamatsu Photonics). The 

integration time for recording an image was set to 20 milliseconds, which was determined by the 

flow velocity (~10 μm/sec) and the FWHM of the photonic nanojet (~240 nm). This integration 

time was just long enough to record the signal intensity of the NP during its full transit at the best 

focused part of the nanojet. 

The normalized light intensity data of Figure 2a(vi) and 2b(vi) for the Au and fluorescent NPs 

situated in the nanojet were obtained by integrating the intensity over the microsphere area in 

presence of a NP and subtracting the integrated intensity from the same area when no NP was 

present, followed by normalization of this background-corrected integrated intensity by the 

background-corrected integrated intensity of a 400 nm Au NP or a 460 nm fluorescent NP located 

in the nanojet, respectively. For the experimental points obtained for the Au and fluorescent NPs 

situated outside of the microsphere area, the normalized light intensity is obtained in a similar 

way, but normalization is still done by the integrated light intensity of a 400 nm Au and 460 nm 

fluorescent NPs situated in the nanojet, respectively. The signal enhancement factors of the 400 

nm and 200 nm Au NPs, as well as of the 460 nm and 190 nm fluorescent NPs were obtained by 

dividing the thus obtained normalized light intensity from a NP in the nanojet by that obtained 
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from a NP out of the nanojet. 
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Figure 1. Schematic illustration of the optical detection of NPs. (a) Dielectric microspheres are 
patterned in a microfabricated well template on a glass substrate and an optical microscope with 
low-NA objective is placed beneath the thus formed microlens array. Illumination light from the 
objective is focused by each microlens into a photonic nanojet having a sub-diffraction limit 
beam width. When a NP, randomly dispersed in a water-based medium, is transported through a 
nanojet, its back-scattered light is instantaneously detected via the microscope objective. (b) 
FEM simulation of the light propagation through the glass substrate, the Parylene-C well 
template and the dielectric microspheres in water medium. (i) 2D simulation showing the 

photonic nanojet emerging from the microspheres (=400 nm); (ii) intensity distribution along 

the dashed line in (i), showing a FWHM of the nanojet of 240 nm. (c) Detection principle of the 
scattered/emitted light from a NP transported in a PDMS microfluidic structure. (i) The NP is 
smaller than the transverse dimension of the photonic nanojet and part of the illumination light is 
back-scattered; (ii) the NP has the same size of the photonic nanojet and all of the light focused 
by the microsphere is back-scattered; (iii) the NP is bigger than the nanojet and the back-
scattered light is not further enhanced. 

 

 

Figure 2. Detection of Au and fluorescent NPs during their motion through a nanojet. (a) 
Backscattering intensity from Au NPs under white-light illumination. (i-v) Microscopic images 
(left column) and intensity profiles along the dashed lines in the left panels (right column) for Au 
NPs of decreasing size. Due to their size, Au NPs of 400 nm (i) and 200 nm (ii) are also 
detectable when they are outside a nanojet, and their intensity profile is plotted on the 
corresponding right panels too. (vi) Back-scattered light intensity of Au NPs, positioned within 
and outside of a nanojet, as function of the NP size and normalized by the intensity of the 400 nm 
Au NP in the nanojet. The full curve corresponds to a simple geometrical model, in which the 
back-scattered light is proportional to the area of a NP placed in the nanojet; this area is limited 
to and normalized by the simulated cross-section of the nanojet. Points represent the average 

from 20 measurements, error bars the variance. (b) Emission at em=515 nm of fluorescent NPs 

when excited at a wavelength of ex=505 nm. (i-v) Microscopic images (left column) and 

intensity profiles along the dashed lines in the left panels (right column) for fluorescent NPs of 
decreasing size. Fluorescent NPs of 460 nm (i), 190 nm (ii), and 110 nm (iii) are also detectable 
when they are outside a nanojet, and their intensity profile is plotted on the corresponding right 
panels too. (vi) Fluorescent intensity of the NPs, positioned within and outside of a nanojet, as 
function of the NP size and normalized by the intensity of the 460 nm fluorescent NP in the 
nanojet. The full curve corresponds to a geometrical model, in which the fluorescent intensity is 
proportional to the area of a NP placed in the nanojet; this area is limited to and normalized by 
the simulated cross-section of the nanojet. Points represent the average from 20 measurements, 
error bars the variance. 
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Figure 3. Fluorescent detection experiments using Au NPs. (a) Direct detection of Atto488-
labeled biotin spiked in PBS. (i) Schematic conjugation protocol of the biotin to functionalized 
Au NPs. (ii,iii) Microscopic images (left column) and intensity profiles along the dashed lines in 
the left panels (right column) for fluorescently labeled Au NPs of 400 nm and 200 nm, 
respectively. These particles are also detectable when they are outside a nanojet, and the latter 
intensity profile is plotted on the corresponding right panels too. (b) Detection of mouse IgG on 
functionalized Au NPs using AlexaFluor647-labeled anti-mouse IgG detection antibodies, all 
spiked in PBS. (i) Schematic two-step conjugation protocol for detection of mouse IgG by 
functionalized Au NPs. (ii,iii) Microscopic images (left column) and intensity profiles along the 
dashed lines in the left panels (right column) for fluorescently labeled Au NPs of 400 nm and 
200 nm, respectively. These particles are also detectable when they are outside a nanojet, and the 
latter intensity profile is plotted on the corresponding right panels too. 
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