
ORIGINAL ARTICLE

Tweezing and manipulating micro- and nanoparticles by
optical nonlinear endoscopy

Min Gu, Hongchun Bao, Xiaosong Gan, Nicholas Stokes and Jingzhi Wu

The precise control and manipulation of micro- and nanoparticles using an optical endoscope are potentially important in biomedical

studies, bedside diagnosis and treatment in an aquatic internal organ environment, but they have not yet been achieved. Here, for the

first time, we demonstrate optical nonlinear endoscopic tweezers (ONETs) for directly controlling and manipulating aquatic micro- and

nanobeads as well as gold nanorods. It is found that two-photon absorption can enhance the trapping force on fluorescent nanobeads by

up to four orders of magnitude compared with dielectric nanobeads of the same size. More importantly, two-photon excitation leads to a

plasmon-mediated optothermal attracting force on nanorods, which can extend far beyond the focal spot. This new phenomenon

facilitates a snowball effect that allows the fast uploading of nanorods to a targeted cell followed by thermal treatment within 1 min. As

two-photon absorption allows an operation wavelength at the center of the transmission window of human tissue, our work demonstrates

that ONET is potentially an unprecedented tool for precisely specifying the location and dosage of drug particles and for rapidly

uploading metallic nanoparticles to individual cancer cells for treatment.
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INTRODUCTION

Micro- and nanoparticles, including dielectric and fluorescent beads

and metallic nanorods, when they are functionalized, are usually

immersed in the fluid of a human body in many biomedical applica-

tions.1–8 They normally move without control, which reduces their

functionality and efficiency, for example, in the treatment of diseases

using drug particles4 and in diagnosis based on the specificity of fluo-

rescent particles for labeling particular molecules.9 Optical tweezing is

a useful technique for the non-contact and non-invasive manipulation

of small particles in fluid.1–3,10–13 However, current optical tweezing

instruments are based on a bulky bench-top microscopy system, where

a high numerical-aperture (NA) microscope objective is used to ge-

nerate a tight focus for inducing a large gradient trapping force.10–13

Such a bulky objective limits the working distance and prevents optical

tweezing from in vivo applications, especially inside an internal organ

of a human body.

On the other hand, optical endoscopy, employing a small probe, can

enter a human body for in vivo operation14–17 and has been success-

fully used to guide a myriad of diagnostic and therapeutic procedures.

In addition, scanning optical endoscopy can precisely locate a focus

spot to any position within a large operating volume.6,15 However, the

low NA of a small probe significantly reduces the gradient force in the

focus, which prevents us from efficiently tweezing micro- and nano-

particles. To overcome this major hurdle, we have adopted a low

NA optical endoscope15 where a near-infrared ultrashort pulsed beam

is used to induce two-photon absorption. Two-photon absorp-

tion allows the use of illumination wavelengths at the center of the

transmission window of human tissues, greatly reducing the photo-

toxicity, which is one of the most challenging problems in photother-

mal therapy. We show that tweezing and manipulating micro- and

nanobeads and nanorods can be achieved using two-photon excita-

tion. In particular, the localization induced by the two-photon absorp-

tion of fluorescent nanobeads and nanorods can enhance the trapping

force by 3–4 orders of magnitude. Importantly, for tweezing nanorods,

a snowball effect can occur, in which a large number of nanorods

distant from the focal spot can be pushed toward the focus due to

the strong absorption caused by the surface plasmon resonance of the

nanorods. Our numerical analysis reveals that the physical mechanism

for the observed snowball effect should be the optothermal attracting

force originating from the dynamic increase in the environmental

temperature around the trapped nanorods within the focus. Finally,

we apply the snowball effect to thermally treat a targeted cell dispersed

together with nanorods in water.

METHODS AND MATERIALS

The experimental demonstration for tweezing and manipulating

micro- and nanobeads is carried out in a fiber-optical nonlinear endo-

scope comprising a microprobe, a double-clad fiber and a control unit

connected to a computer.15 To observe the tweezing performance, we

use a He–Ne laser and a CCD camera. The trapping efficiency is

calculated by measuring the maximum velocity at which a trapped

particle escapes using the equations provided in the Supplementary

Information (Equations (1) and (2)). To reveal the mechanism of the

snowball effect, we perform a numerical simulation on the temperature
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variation around the focal spot in which the nanorods are trapped. The

simulation is based on the finite-difference time-domain (FDTD) soft-

ware from Lumerical to calculate the electric field enhancement sur-

rounding a gold nanorod at its longitudinal resonance wavelength. The

FDTD simulation is generalized to include the thermal conversion and

the conduction process in water. This physical process is modeled by

the Green’s function approach (see Supplementary Information).

To demonstrate the trapping capability of a nonlinear optical endo-

scope, we perform optical tweezing by placing an optical nonlinear

endoscopic probe into water in which micro- and nanobeads or gold

nanorods are immersed (Figure 1). The details of the probe can be

found elsewhere6,15 or in the Supplementary Information. Figure 1

shows the experimental set-up of optical nonlinear endoscopic

tweezer (ONET), including a microprobe, a length of double-clad

fiber and a control unit connected to a computer.6,15 For the obser-

vation of the trapping performance, the light from another light beam

(a He–Ne laser) is scattered by the tweezed particles immersed in water

and visualized by a CCD camera through magnification by a 403/

NA50.6 dry objective lens. A bandpass filter (FF01-750 SP-25;

Semrock, Inc. 3625 Buffalo Road, Suite 6 Rochester, NY 14624) is

employed to block the pulsed beam of the nonlinear optical endoscope

from reaching the CCD camera. The dielectric beads are from

Polybead (Polysciences, Inc., 400 Valley Road Warrington, PA

18976), and the fluorescent beads are from Fluoresbrite Yellow

Green Microspheres (Polysciences, Inc.). The preparation and the

properties of the gold nanorods are detailed in Supplementary Fig. S1.

RESULTS AND DISCUSSION

First, we demonstrate the trapping capability of a nonlinear optical

endoscope at the low NA focusing condition. It is experimentally

shown that both dielectric and fluorescent beads of diameters between

100 nm and 25 mm can be trapped and manipulated by ONET

(Supplementary Figs. S2 and S3). While the control of large fluorescent

beads by ONET is demonstrated in Supplementary Fig. S2b1–b4,

Figure 2 shows the simultaneous two-photon excitation and tweezing

of fluorescent beads of diameters 5 mm and 100 nm by the low NA

optical nonlinear endoscope probe. It can be seen that fluorescence is

generated when the ultrafast pulsed laser beam hits a fluorescent

microbead (Figure 2a2) and that the fluorescing bead is subsequently

trapped (Figure 2a3). By moving trapped fluorescent beads, we can

arrange them into a letter ‘B’ (Figure 2a4 and Supplementary Movie 1).

The dependence of the fluorescence intensity on the trapping power on

a logarithmic scale fits a straight line (Supplementary Fig. S1b) with a

gradient of 1.97, showing that the fluorescence from the bead is ge-

nerated through two-photon absorption. Similarly, Figure 2b1–2b4

demonstrate that fluorescent nanobeads of diameter 100 nm, trapped

by two-photon absorption, can be arranged into a semicircle shape (see

Supplementary Movie 2).

It is important to point out that two-photon absorption leads to a

pronounced difference in the trapping efficiency’s dependence on the

diameter between dielectric and fluorescent beads, particularly for

nanobeads (Figure 2c). In the case of dielectric beads, the trapping

efficiency under the low NA illumination condition decreases when

their size is reduced, which is consistent with the previous observation

for high NA objective trapping.18 Because the NA of nonlinear optical

endoscopy is low, the trapping efficiency of dielectric beads is approxi-

mately 4.231026 for nanobeads of diameter 100 nm, and no trapping

can be achieved when the trapping power is less than 35 mW. The

difference of the trapping efficiency between the two types of beads

becomes smaller as the size of the particles increase. The trapping

efficiency for dielectric beads of diameter 25 mm approaches the value

predicated by the ray optics model,18 while the trapping efficiency for

fluorescent beads of the same size is slightly decreased because the focal

spot of the laser beam is much smaller than the bead, and only a small

fraction of the bead volume is excited. The trapping efficiency of

fluorescent beads of diameter 10mm is approximately five times higher

than the trapping efficiency of dielectric beads of the same size because

the two-photon absorption under the low NA objective occurs within

an interaction cross-section of the microbeads larger than the scatter-

ing cross-section, due to the greater surface-to-volume ratio. This

effect becomes more pronounced when the size of the beads is reduced

to 100 nm, in which case the trapping efficiency of the fluorescent

nanobeads is approximately 0.01, which is four orders of magnitude

higher than the trapping efficiency of dielectric nanobeads of the same

size. The two-photon absorption-enhanced trapping force on the

fluorescent nanobeads can facilitate the tweezing of multiple nano-

beads within the focal region of a low NA objective, as depicted in

Supplementary Fig. S3, which has not been demonstrated by a high

NA objective.19–21

The discovery of the two-photon absorption-enhanced trapping

efficiency of fluorescent nanobeads by low NA ONET is particularly

significant when ONET is applied to gold nanorods, which show a

strong two-photon absorption cross-section7,22 and have been widely

used as contrast agents for cancer diagnosis and treatment.7,22,23 Thus,

we use ONET to trap gold nanorods with an absorption peak at

wavelength 800 nm (see Supplementary Information). Figure 3a1–

3a4 shows that single gold nanorods can be pushed and moved by

the trapping beam while they experience Brownian motion

(Supplementary Movie 3). The trapping efficiency of a single nanorod

is 1.531023, about three orders of magnitude higher than the trap-

ping efficiency of a single dielectric bead of diameter 100 nm

(Figure 2c). This difference results from the surface plasmon-induced
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Figure 1 Schematic diagram of ONETs for manipulating and controlling micro-

and nanobeads and gold nanorods. An optical nonlinear endoscopy probe is

delivered into a container in which micro- and nanobeads and nanorods are

dispersed in water. Tweezing is visualized by a CCD camera and a He–Ne laser.

ONET, optical nonlinear endoscopic tweezer.
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field enhancement and is consistent with the recent theoretical pre-

diction that takes into consideration the photothermal force.24 Like

absorptive fluorescent nanobeads, nanorods can be pushed toward

the first dark ring of the Airy spot. As a result, multiple nanorods

can be trapped within the dark ring, as seen in Supplementary

Fig. S4, which is similar to the previous observation of trapping gold

nanobeads.25–27

However, the surface plasmon resonance of gold nanorods within

the trapping beam results in a unique feature of ONET as the concen-

tration of gold nanorods increases. Figure 3b1–3b4 and Supplementary

Movie 4 show the snowball effect of ONET as the concentration of gold

nanorods increases to 103 per nanoliter. The following interesting fea-

tures are observed. First, not only can nanorods near the focal spot be

trapped in the focal region but also those from a position up to 4–5

times the radius of the Airy spot,28 which leads to a strong increase in

the number of trapped nanorods within the focal region. The trapped

gold nanorods can be dragged by the trapping beam. Second, the area

in which the gold nanorods are attracted increases with time. The

number of trapped nanorods and the critical radius R of the area where

nanorods start to move toward the trapping beam are depicted as a

function of the trapping time in Figure 3c. Third, for a given time, the

moving speed of the gold nanorods within the trapping area is depen-

dent on the radial position (Figure 3d), peaking at the dark ring of the

trapping beam and decreasing with distance from the dark ring. For a

given radius, the moving speed increases with the trapping time

(Figure 3d).

Before we illustrate the physical mechanism for the dynamic snow-

ball effect, it should be pointed out that the distance between the

nanorods in Figure 3 is a few micrometers, and thus no coupled

plasmonic resonance occurs.29 In addition, the power density of the

trapping beam in Figure 3 is three orders of magnitude lower than the

threshold of generating nonlinear polarization in gold nanoparticles

trapped by a high NA objective.30 Our experiment also fundamentally

differs from the photothermal trapping of dielectric microparticles

induced by high-power direct laser heating in water.31 Our observa-

tions are directly related to the field enhancement caused by the

surface plasmon resonance of gold nanorods under two-photon

absorption by a low power beam and the subsequent environmental

temperature increase caused by heating the nanorods trapped within

the focal region. In that sense, our approach is entirely different from

the trapping mechanism based on the optical radiation pressure with a

negligible temperature gradient force.32

Our numerical analysis is based on the generalized FDTD simu-

lation (Supplementary Information). In Figure 3e, we present the

electric field around a nanorod illuminated by a focused wave at wave-

length 800 nm, showing an enhancement factor up to 3400. Such a

high field enhancement facilitates the nanorod absorption, the heating

of the water and the generation of optothermal force beyond the focal

region. In the experimental condition for the snowball effect shown in

Figure 3, Figure 4a shows that the numerically simulated dependence

of the number of gold nanorods trapped in the focus as a function of

time is proportional to the cubic power of the trapping time, agreeing

well with the experimentally measured dynamic process. The trapped

nanorods then absorb a large amount of the energy from the trapping

beam, which is converted to heating in the medium (water in the

current case) around the focal region and then to temperature increase

in the surrounding medium. Figure 4b (also see Supplementary

Fig. S5) reveals the temperature increase at different locations away

from the trapping beam focus as a function of the number of trapped

gold nanorods. It is shown that the temperature increase can be above

60 K with fewer than 300 nanorods trapped in the focus.

Accordingly, the temperature gradient rises (shown in Supplementary

Fig. S6), which results in a net optothermal force toward the focus

(Figure 4c). It is noted that to attract a nanorod located 5 mm away
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from the focal region, approximately 5 s are required to build up a

pronounced temperature gradient, whereas for a nanorod 10 mm away,

the required trapping time is 18 s. This prediction quantitatively matches

the experimental observations. This optothermal process becomes sig-

nificantly more pronounced when the number of trapped gold nanorods

becomes large (Figure 4d). The optothermal attracting force arising from

the temperature gradient can be large enough to overcome the Brownian

motion even at a distance 4–5 times the radius of the Airy spot

(Figure 4c and 4d). It is demonstrated that with 250 gold nanorods

trapped at the focus, the net photo-thermal force at a place 10 mm away

from the focus center can reach 0.45 fN, which is approximately the

threshold to overcome the Brownian motion of the gold nanorods and

leads to the observed snowball effect. The trapping of absorptive nano-

particles at the dark ring of the focused laser beam can also be explained

by the optothermal effect. When a large number of absorptive nanopar-

ticles have been trapped near the center of the focal region, the heat

produced by the absorption can push the temperature near the focal

region high enough to produce a repulsive optothermal force, pushing

the nanoparticle away from the center of focus. At the same time, the

strong electromagnetic field in the focal center pulls the nanoparticles

toward the central region. The balanced trapping position at an equi-

librium state is very near the dark ring of the Airy spot.

Our numerical prediction that the increase in temperature DT in

water around the focal region can be above 60 K (Figure 4b) implies

that the snowball effect generated by the two-photon-induced surface

plasmon resonance of the gold nanorods trapped by ONET is poten-

tially promising for individual cell treatment. Although gold nanorods

have been widely used for cancer therapy, the specification of gold

nanorods for targeting cancer cells is limited by the biofunction tech-

nique, requiring more than 6 h to upload the nanorods to the cancer

cells.23 Such a long uploading time may induce the risk of complica-

tions and increase costs and recovery times for the treatment.

Supplementary Fig. S7 demonstrates that ONET could upload the

gold nanorods to a targeted cell within 1 min through the snowball
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effect. Because our ONET design is based on an optical endoscopy

probe connected by a length of fiber, the snowball effect occurring

during the course of trapping gold nanorods could be induced within

an internal hollow organ for fast individual cell treatment.

CONCLUSIONS

In this study, we have demonstrated the trapping capabilities of

ONET, particularly under two-photon absorption. It has been shown

that either aquatic micro- and nanobeads or gold nanorods can be

controlled and manipulated efficiently by the ONET device, even

though it is equipped with a low-NA probe. Due to their large

cross-section, two-photon absorption can enhance the trapping force

on fluorescent nanobeads by up to four orders of magnitude com-

pared with the dielectric nanobeads of the same size. The two-photon

absorption of the gold nanorods induces an efficient thermal energy

conversion, which creates a significant optothermal force to attract

nanorods far beyond the laser focal region. This feature allows for the

fast loading of a large amount of gold nanorods at a specific target

location and the subsequent killing of the cancerous cells. It is import-

ant to recognize that the two-photon absorption allows the use of a

near-infrared source at wavelength 800 nm, which is at the peak of the

transmission window of the tissue environment, effectively reducing

the photodamage in the surrounding tissue outside the targeted

region. More importantly, the ‘snowball effect’ enables the dynamic

control of the concentration of gold nanorods at the targeted region,

greatly reducing the risk factor of loading highly concentrated photo-

sensitizers to achieve a similar photothermal effect. Overall, the ONET

device provides a new optical instrument for future in vivo biomedical

studies and diagnosis.
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