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Optical trapping and fluorescence
control with vectorial structured
light

Ané Kritzinger!, Andrew Forbes? & Patricia B. C. Forbes!™

Here we functionalized micro-scaled polymer beads with nano-scaled quantum dots and demonstrate
optical trapping and tweezing, with in-situ fluorescence measurement, in an all-digital all-optical
configuration. We outline the chemistry required to facilitate this, from deactivating the optical
trapping environment to size, adhesion and agglomeration control. We introduce a novel holographic
optical trapping set-up that leverages on vectorially structured light, allowing for the delivery of
tuneable forms of light from purely scalar to purely vector, including propagation invariant flat-top
beams for uniform illumination and tailored intensity gradient landscapes. Finally, we show how this
has the potential to quench bleaching in a single wavelength trap by linear (spatial mode) rather than
non-linear effects, advancing the nascent field of optics for chemistry.

Optical trapping or tweezing describes the manipulation of nano- to micro-sized particles through momentum
transfer from tightly focused light. Optical tweezing was first demonstrated by Arthur Ashkin in 1970 with a
Gaussian beam! and half a century later this beam still dominates optical trapping experiments®. However, the
employment of structured light? (by varying the intensity, phase and polarization of light) in optical tweezers
has made it possible to not only trap but to move, rotate and direct particles. These structured light traps are a
well-established technique today*® and since most structured beams are created by means of a hologram, they
have been dubbed holographic optical tweezers (HOTs)”.

With HOTSs, an array of traps can be created to trap multiple particles simultaneously while being able to
dynamically change this array pattern, allowing for highly controlled manipulation of particles®'!. Structured
beams that reconstruct themselves after being distorted by a trapped particle (Bessel beams) have allowed for
trapping in multiple planes'?, whereas the far-field Bessel beam can be used as an optical shield assisting with
trapping in crowded environments'. Structured light beams have not only been shown to enhance the trap
strength'* but Airy beams, for example, can guide a particle along a certain trajectory enabling selective removal
of particles in a sample!™!%; with petal beams it is possible to trap particles with different refractive indices
simultaneously'” and frozen waves can increase the stability and 3D control of the trap'®. The fact that light car-
ries linear momentum is well-known and is the reason why light can trap particles, however, light can also carry
orbital angular momentum (OAM), like Laguerre-Gaussian (LG) beams. By employing these OAM carrying
beams, optical tweezers also gain rotational control of particles'®-%2.

So far HOT research has focused mainly on structured beams modulated in amplitude and phase—these are
called scalar beams. On the other hand, vector beams are structured in polarization as well, meaning they have
a spatially varying polarization pattern. Trapping with vector beams is the most recent avenue of structured
light explored in optical tweezers and has already proven beneficial to the trapping community**?*. The radially
polarized vector beam, for example, is famous for achieving the smallest spot size when tightly focused**%, this
property has been used to create stronger axial optical traps*®?’. The first vectorial HOT was demonstrated by
Bhebhe et al.?, which enabled optical trapping with a dynamic array of vector and/or scalar beams.

Using structured light in optical tweezers has made it a powerful technique, furthermore, combining this
tool with fluorescence spectroscopy made it possible to not only exert forces on a particle but also to observe
chemical and structural changes of molecules within the trap. For this reason, optical tweezers combined with
single molecule fluorescence is an invaluable and pioneering tool in biology research today**-*.. The integration
of fluorescence microscopy into optical tweezers is however not trivial, since the trapping light has an intensity
up to six orders of magnitude higher than that of excitation light used in fluorescence experiments®. The high
intensity trapping light result in photobleaching of the fluorophores, which is an irreversible process whereby
fluorophores become non-fluorescent™. Although not fully understood, photobleaching usually occurs when

!Department of Chemistry, University of Pretoria, Pretoria, South Africa. 2School of Physics, University of the
Witwatersrand, Johannesburg, South Africa. *'email: patricia.forbes@up.ac.za

Scientific Reports |

(2022) 12:17690 | https://doi.org/10.1038/s41598-022-21224-1 nature portfolio


http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-022-21224-1&domain=pdf

www.nature.com/scientificreports/

3.) Nucleation and

core growth

CdO-0A ODE

e)

Normalized fluorescence

intensity (a.u.)

. c) o Zns
Shell growth Ligand exchange 9 o
}’-\i ZnS ‘}ﬁ ZnS /-2; N )kon 1 ’
NHp

3 s Zn0,S s L-cysteine
+ — e =i — Se —i~ —> Se A(K
TOPSe . ODE, OA o s  CHOH, ™ Bead
o ¢, KOH, H,0 ’>_<

1.0

0.8

0.6

0.4

0.2

0.0

o

A

Hydrophobic core/shell L-cysteine-capped core/shell ~Tum

d)
150
A

0 P 4 6 8
Particle diameter (nm)

Frequency
>
(=]

w
IS

Core growth  Shell growth

r A \f_H

Ligand exchange core - Tmin

core - Smin

core - 10min
QD-tagged shell - 10min
bead —shell - 40min
—L-cysteine capped
--QD-tagged bead

480 520 560 600 640 680 720

Wavelength (nm)

Figure 1. Synthesis steps and salient characterization of the QDs and QD-tagged beads. (a) L-cysteine capped
CdSe/ZnS QD synthesis steps. (b) TEM image of CdSe/ZnS QDs with their corresponding size distribution; the
average diameter was 5.2 + 0.6 nm. (c) The coupling reaction of L-cysteine capped QDs to the surface of micro-
sized beads through EDC/NHS chemistry. (d) TEM images of the surface of an uncoated polymer (left) and a
QD-tagged bead (right), confirming the success of the coupling reaction. (e) Fluorescence emission of the QDs
at different times throughout the synthesis.

already excited electrons continue to absorb photons and the resulting dissociation then leads to permanent loss
of fluorescence signal**. The most popular solution to minimize photobleaching in optical tweezers is to use two
different sources—one non-resonant high intensity laser for trapping and a resonant lower intensity source for
excitation®*?>. These two sources are then separated either in space**~* or in time***. Very little research has
investigated the possibility of using structured light to assist with integrating fluorescence spectroscopy in optical
tweezers, and none to date exploits the vectorial nature of structured light, groups have only investigated using
a vortex or ‘doughnut’ trapping beam to reduce photobleaching*~**. Recently, Zhang and Milstein showed that
the photobleaching lifetime of an organic dye positioned 1 jum below the trap centre can be extended by trapping
with a vortex beam, while still using separate trapping and excitation sources®.

Here we demonstrate optical trapping and tweezing with vectorial light for the control of fluorescent particles.
The fluorescent particles used in this study are semiconducting nanocrystals known as quantum dots (QDs).
We first discuss in detail the chemistry to create QD probes, from QD synthesis to their coupling to micro-sized
polymer beads for trapping. Our functionalized micro-scaled polymer beads with nano-scaled quantum dots
are then introduced to a novel holographic optical trapping set-up that leverages on vectorially structured light,
allowing us unprecedented control in tailoring the gradient forces and intensity profiles within the trap. We
demonstrate this with the delivery of tuneable forms of light from purely scalar to purely vector. As an illustra-
tive example of the power of our set-up and approach, we create a propagation invariant vector flat-top beam
and show its potential to reduce photobleaching in a single wavelength trap by linear (spatial mode) rather than
non-linear effects, with exciting prospects in exploring structured light for chemistry.

Results

CdSe/ZnS core/shell QDs were prepared using the hot-injection colloidal synthesis method followed by a ligand
exchange reaction to functionalize the surface with L-cysteine. A schematic of the synthesis process followed is
shown in Fig. 1a (see "Materials and methods" for detail). The TEM image of the hydrophobic QDs and their size
distribution in Fig 1b show that the QDs had an average diameter of 5.2 + 0.6 nm. To create fluorescence probes
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Figure 2. Optimisation steps when preparing the QD-tagged beads. (a) TEM images of purified (left) and
crude (right) L-cysteine capped CdSe/ZnS QDs. (b) Fluorescence intensity recovery of L-cysteine capped CdSe/
ZnS QDs over five days. The photo insets show the appearance of the sample under UV-light on certain days.
(c) The TEM image on the left shows a QD-tagged bead uniformly coated with QDs, whereas insets 1-3 show
QD-tagged beads when some synthesis steps were not carried out optimally. In inset 1 the excess EDC was not
removed before adding the QDs, inset 2 shows the reaction done with magnetic stirring as opposed to ultra-
sonication and inset 3 shows the deformation of the polymer beads due to the presence of acetone.

that can be trapped with the optical tweezer setup, these QDs were coupled to micro-sized polymer beads as
shown in Fig. 1c. Well-known and widely used EDC/NHS chemistry was used to bond the QDs to the surface
of the beads. The carboxyl groups present on the surface of the commercial polystyrene beads reacted with the
primary amine group of the L-cysteine ligands on the QDs to form a covalent bond between the bead and the
QD. TEM images of the surface of an uncoated commercial polymer bead and a QD-tagged bead are compared in
Fig. 1d. The uncoated polymer bead had a smooth surface whereas the surface of the QD-tagged bead had a rough
or ‘fuzzy’ appearance from the QD coating, confirming the success of the coupling reaction. The normalized
fluorescence intensity of QDs at different times during the synthesis is shown in Fig. le. Longer growth time for
the CdSe core and CdSe/ZnS core/shell QDs lead to larger particles (smaller bandgap) and therefore a red-shift
in the fluorescence emission wavelength was observed. The ligand exchange reaction also caused a red-shift in
the emission wavelength. After the coupling reaction, however, a slight blue shift was observed. In order to detect
the fluorescence emission of the QD-tagged beads in the optical tweezer setup, the fluorescence light had to pass
through a dichroic mirror that transmits light with wavelengths of 582-825 nm. To ensure most of the emission
peak is longer than 582 nm, the QDs were grown to have a fluorescence peak maximum of 595 nm or longer.

The importance of optimising some of the synthesis steps when preparing the QD-tagged beads are high-
lighted in Fig. 2. Firstly, the purification of the L-cysteine capped QDs can be time consuming, but is a crucial
step in order to have a monodispersed and impurity free QD sample and consequently a uniform QD coating
on the polymer beads. In Fig. 2a, the appearance of purified L-cysteine capped QDs is shown on the left, here
individual QDs are visible, whereas a TEM image of crude L-cysteine capped CdSe/ZnS QDs before purification
is shown on the right. The crude sample is clumped together with many impurities between the QDs so that
no individual QD can be seen. The large surface area of QDs provides organic impurities with much space for
attachment, therefore the need for rigorous purification.

After purification and drying of the L-cysteine-capped CdSe/ZnS QDs, their fluorescence intensity was
quenched. However, after some time the fluorescence intensity recovered when they were redispersed in water
as shown in Fig. 2b. This figure shows the recovery of the fluorescence over a period of 5 days; the first meas-
urement was taken directly after the purified QDs were redisperesd in water. This quenching phenomenon
can be explained by the research published by Noh et al.*. In this work they showed that the fluorescence of
water-soluble CdSe QDs quenched when the QDs formed aggregates. Similarly, we know that the L-cysteine
capped QDs exhibit hydrogen bonding and tend to clump together. Thus the L-cysteine QDs possibly formed
aggregates when concentrated which resulted in the fluorescence quenching. When they were redispersed in
water the aggregates dispersed and the fluorescence emission recovered. To ensure the fluorescence signal from
the QDs was recovered and stable, the QDs were stored in deionized water for several days before performing
the coupling reaction.
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Figure 3. (a) Propagation of a scalar flat-top beam simulated using the flattened Gaussian beam approach.

(b) Propagation of a vector flat-top beam showing the unchanging flat-top profile. The peak intensities were
normalized to better visualize the propagation invariance of this beam. (c) Intensity profile as & changes showing
the evolution from a vortex to a flat-top to a Gaussian beam. The profiles of the vector beam at critical o values
are shown in the bottom panel with the vortex beam at @ = 0, the vector flat-top beam at @ = 0.5 and the
Gaussian beam at @ = 1.

On the left of Fig. 2b a TEM image of a QD-tagged bead with a uniform QD coating is shown, whereas insets
1-3 show QD-tagged beads when some synthesis steps were not carried out optimally. Inset 1 shows a QD-tagged
bead when the excess EDC was not thoroughly removed before adding the QDs. The unreacted EDC activated
not only the carboxyl groups on the beads but also the carboxyl groups of L-cysteine on the QDs. These acti-
vated QDs then reacted with each other to form large aggregates. Inset 2 shows the uneven QD coating when
the coupling reaction was carried out with magnetic stirring. The amount of QDs on the surface of this bead
ranged from almost nothing on the one side to large clumps on the other, however performing the reaction in an
ultra-sonic bath greatly improved the uniformity of the QD coating (as shown on the left). Lastly, we would like
to point out the importance of carefully studying the system under investigation before attempting a synthesis.
Even though acetone proved to be an excellent solvent for purification of the QDs, in the QD-bead system this
solvent caused the polymer beads to deform as shown in inset 3; only distilled water was thus used for purifying
the QD-tagged beads.

Vectorial holographic optical tweezer. Here we demonstrate a vectorial HOT by focusing on vector
flat-top beams. This beam is beneficial for optical trapping of fluorescent particles since it provides uniform exci-
tation illumination, it is a propagation invariant beam and has a steep intensity gradient (meaning it can produce
a strong optical trap), while having a lower peak intensity to reduce photobleaching.

Vector flat-top beams. An ideal flat-top beam has a uniform intensity profile and falls to zero at the edges.
However, in the laboratory only approximations to a flat-top beam can be created; some approximations include
the super-Gaussian, flattened Gaussian and Fermi-Dirac beams*>*. The major drawback of all these approxi-
mations is that their intensity profile varies as they propagate, the flat-top intensity profile is only obtained at a
certain plane after which the profile changes quite drastically as shown in Fig. 3a. The quick change in profile
makes optical delivery of the flat-top profile at the tightly focused trapping plane extremely difficult. A beam
that can simply be focused through the objective onto the sample and keep its profile is much more ideal—this
is achieved by vector flat-top beams. Vector flat-top beams are propagation invariant since they are created by
the superposition of two eigenmodes of free-space; the propagation of a vector flat-top beam is shown in Fig. 3b.

A vector flat-top beam is obtained through the (vector) addition of a Gaussian and a vortex beam*. The field
is therefore given by

Urr = \/&LGgéH + 1= (XLG(I)éV , (1)
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Figure 4. Comparing the gradient force of a Gaussian and vector flat-top beam. (a) The relationship between
the relative gradient force and power of a Gaussian and vector flat-top beam. (b) The intensity profiles
corresponding to a Gaussian beam having the same power, gradient force and intensity as a vector flat-top beam.

where LG/, refers to the Laguerre-Gaussian (LG) modes with p the radial index and [ the azimuthal index. LG is
thus the Cfaussian beam and LG} the vortex beam. A vector beam is formed by the addition of orthogonal scalar
fields with uniform polarization, here the Gaussian beam has horizontal polarization éy and the vortex beam
vertical polarization éy. In Eq. (1), a factor « was introduced to weigh the two scalar beams, meaning any field
from a vortex when o = 0 to a Gaussian beam when « = 1 can be generated; with the vector flat-top at equal
weighting of @ = 0.5. The evolution of the vector beam as « changes is shown in Fig. 3c along with the beam
profiles at the critical « values (¢ = 0,0.5and 1). The LG[IJ field takes the well-known form*®

I
! 3 ! 1 (Vo m( 2r? )
FRE0D = i+ w (w(z)) P\ v
x expli(|l| + 2p + D (2)] explilp] (2)
ikr? r2
X exp [‘mz)} exp [_ WZ(Z)} ,

[ 2
where LI‘,” is the associated Laguerre polynomial, w(z) = woy/1 + <§) , W is the Gaussian beam radius,

) is the

2
ZR = % is the Rayleigh range, R(z) = z (1 + (27“)2> is the radius of curvature and ¥ (z) = arctan(
Gouy phase.
Here we (theoretically) compare the vector flat-top beam to a Gaussian beam to determine in what aspects
flat-top beams are superior to Gaussian beams (and vice versa). The intensity of the vector beam can generally
be written as the sum of the intensities of the Gaussian and vortex beam (with some polarization requirements)

Z
ZR

Lyector = O5|LG8|2 + (1 - a)lLG(l)lzx (3)

where the vector flat-top intensity is obtained by setting & = 0.5 and the Gaussian intensity by « = 1.

The gradient force (or trap strength) of a beam is proportional to the intensity gradient of the beam,
Fyraq = cVI*7!. Since only the relative forces of the vector flat-top and Gaussian beam are important, ¢ = 1can
be assumed such that

Forad = VI. (4)

Therefore, if the intensity profile of a beam is known, its gradient force can easily be calculated.

For the vector flat-top beam to be useful for trapping fluorescent particles, it must have a similar trap strength
as a Gaussian beam but a lower peak intensity to possibly reduce photobleaching. To test when this is true, the
average gradient force (Fgmd) over the whole area of the beam, A, was considered

= ngmd dA
Fgmd = W . (5)

More relevant is the ratio of the average gradient force of the flat-top (FT) to the Gaussian (G) beam

_ Fer

y = o (6)

so that at y = 1the average gradient force of the flat-top and Gaussian beams are equal and at y > 1the vector
flat-top has a stronger trap strength.
The ratio, y, was calculated at different relative powers of the Gaussian and vector flat-top beams and plotted

in Fig. 4a. This figure, therefore, shows how the relative gradient forces of the two beams change when adjusting
the power. Three special cases are indicated on the graph with the corresponding intensity profiles shown in
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Figure 5. An illustration of the experimental setup of a vector holographic optical tweezer. The insets show
the experimentally generated vortex and Gaussian beams that were combined to form the vector flat-top beam.
The multiplexed hologram that was encoded on the SLM to generate a Gaussian and vortex beam with different
propagation angles is shown in the top panel. The bottom panel shows the cross-section of an experimentally
generated flat-top beam in the near and far field. Theoretical cross-sections are presented in green with the
experimental data points in black.

Fig. 4b: the vector flat-top beam along with Gaussian beams that have (1) the same power, (2) the same gradient
force and (3) the same peak intensity as the flat-top are plotted. Firstly, in the instance when the power of the
two beams are equal, y = 0.75, meaning the Gaussian beam is a stronger trap (blue line). This is expected, since
even though the intensity gradient of the vector flat-top is steeper, the high intensity peak of the Gaussian beam
negates this effect. Secondly, for the two beams to have the same average gradient force (y = 1), the Gaussian
beam must have 75% of the power of the vector flat-top beam (green line). Lastly, when the two beams have the
same peak intensity, that is when the power of the Gaussian is half that of the flat-top beam, then the flat-top
beam trap is 1.5 times stronger than the Gaussian beam trap (orange line). Most relevant is the case when the
two beams have the same gradient force; here it is clear that when the vector flat-top beam and the Gaussian
beam have the same trap strength (or gradient force), the peak intensity of the vector flat-top is lower than the
Gaussian beam. This means that the vector flat-top beam can be used to trap a particle with the same strength
but with a lower peak intensity than the Gaussian beam.

Vector HOT setup. 'The experimental setup of the vector holographic optical trap is illustrated in Fig. 5. An
expanded and collimated Gaussian beam with a wavelength of A = 532 nm was used to illuminate the screen of
a reflective spatial light modulator (SLM, Holoeye Pluto, Germany). To create a vector flat-top beam, a Gauss-
ian (LGg) and a vortex beam (LGé) with different propagation angles were created with the SLM (the insets
show the 2D intensity profiles of experimentally obtained beams). The multiplexed grey-scale hologram that was
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encoded on the SLM using complex amplitude modulation, is shown in the top panel, with the different grat-
ings of the two beams as insets. The Gaussian and vortex beams were separated using a D-shaped mirror (D-M)
in order to direct the beams to a polarizing beam splitter (PBS) where they were interferometrically combined.
The unwanted zeroth and higher orders were removed by spatial filtering before the PBS. A half wave plate
(HWP) was added in the path of one beam to change its polarization from horizontal to vertical, to allow for
the superposition of orthogonal polarized beams. The vector flat-top beam was therefore obtained after the PBS;
the bottom panel shows the cross-section of an experimentally obtained flat-top beam in the near and far field.

The reflection of light from a dichroic mirror (DM) is slightly different for horizontally and vertically polarized
light. In order to ensure that the DM did not change the profile of the vector beam (given that its performance
varies slightly for the orthogonal polarizations), a quarter wave plate (QWP) at 45° was added in the path of
the vector beam to change the polarization of each beam to circular, meaning the two beams making the vector
light have the same ‘amount’ of vertical and horizontal polarization and the DM will have the same effect on
both (the beam profiles with and without the QWP are shown in Supplementary Fig. S1). The 4f-system (lenses
L1 and L2) was included to ensure the generated beam reached the back aperture of the objective lens. The high
NA objective lens O focused the beam to create the optical trap in the plane of the sample.

The sample consisted of either 2 jum polystyrene beads (sample used for obtaining trap stiffness) or QD-tagged
polystyrene beads (fluorescent sample) supported between a cover slip and microscope slide. Untreated glassware
contains silanol groups (Si-OH), which make the surface of the glass hydrophilic, causing polar compounds to
adsorb to the surface through hydrogen bonding. In this study, the polystyrene beads and the QD-tagged beads
contained polar groups on their surfaces. Thus, due to these groups, the beads became immobilized on the surface
of untreated glass which caused a problem when attempting to trap the particles. To solve this, the glassware
(microscope slides and cover slips) was deactivated before assembling the samples. Deactivation of the glassware
increased its hydrophobicity and prevented the unwanted adsorption of polar compounds. Deactivation was
achieved by reacting the glassware with dimethyldichlorosilane (DMDCS).

An inverted microscope setup was implemented with a DM reflecting the laser light into the objective while
letting the fluorescence and illumination light pass through. The same laser was used for both trapping and
excitation. In order to simultaneously observe trapping and fluorescence emission from the sample, the imag-
ing/detection system was set up such that blue light was used to illuminate the sample which was transmitted
by the notch DM, reflected by the longpass DM and imaged to a CCD camera. The fluorescence emission (red
beam) from the sample was transmitted by both DMs to be detected by an avalanche photodiode (APD, a single
photon detector). This sensitive photon detector was necessary to detect the fluorescence coming from a single
QD-tagged bead. Since the DMs are not 100% effective, extra color filters were inserted to ensure no light from
the trapping laser reached the camera or APD.

Even though this study focused on creating vector flat-top beams, this setup can be used to generate any
arbitrary vector beam by simply superimposing different scalar beams. For example, adding two vortex modes,
LG} and LG, !, will create radially and azimuthally polarized vortex beams.

Trapping with vector flat-top beams. The motion of a free particle and a particle trapped with a vector flat-top
beam were monitored for 5 min. The trajectory and the distribution of these particles’ position in the Y-direction
are shown in Fig. 6a. The particle position was tracked using the CCD camera and all image analysis was done
in Matlab. From this figure, it is clear that the free particle underwent random Brownian motion and in 5 min
moved over 7.33 pm (in the Y-direction). The trapped particle was, however, confined to move only 0.44 pm
during the analysis time, which proves successful optical trapping with a vector flat-top beam.

The slight movement of the particle inside the trap is due to thermal noise pushing it out of the trap and the
optical force drawing it back in. By monitoring this movement, the trap strength could be determined using the
equipartition method which relates the trap strength to the position variance of the trapped particle®® (details
given in the Supplementary Information). The motion of a trapped bead was tracked for 5 min, taking a position
measurement every second. Five beads were trapped for each power measurement (measured after the objective
lens) at which the trap stiffness was determined. The average trap stiffness at each power is plotted in Fig. 6b with
the error bars being the standard error. The linear relationship between the laser power and the trap stiffness is
evident from this graph. The insets show the trajectory of the trapped particle at increasing powers of 30 uW,
120 wW and 300 uW.

Tailoring the trap. In Fig. 7 the tuneability of the vector HOT is demonstrated by changing the trapping beam
from purely scalar Gaussian and vortex beams to their vectorial combination; here we also demonstrate the effect
of trapping with different beam sizes. In the top row the theoretical profiles (plotted in color) of the trapping
beams are shown and are in good agreement with the experimental data (presented in black).

The optical trapping force a particle will experience (due to a focused beam) depends on the beam size relative
to the particle. In the theory presented earlier, the average gradient force of the beam was determined by integrat-
ing over the total area of the beam. The particle will, however, only experience this total force if it intercepts the
entire beam; which is true when the beam at the trap is smaller than the particle size. This was the case for the
trapped beads in the middle row of Fig. 7, here 2 um beads were trapped with a beam diameter of 1.8 um. The
bottom row shows the movement of a bead in an optical trap where the beam is larger (3.1 wm) than the bead.
The beam size was determined by imaging the back reflection of the beam from the sample slide. As mentioned
previously, the dichroic mirrors are not 100% efficient, therefore the trapping beam was partly transmitted and
imaged to the CCD camera. The camera was calibrated using the known diameter of the 2 um beads in the sam-
ple. For the small traps, the movement of the bead was concentrated at the centre of all the beams with a little
more movement in the flat-top beam and even more in the vortex beam. Harmonic oscillation could be assumed
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Figure 6. Optically trapping a 2 um particle with a vector flat-top beam. (a) Trajectory and probability density
(in the y-direction) of a free particle and a particle trapped with a vector flat-top beam, monitored for 5 min.
The free particle exhibits Brownian motion and moves over 7.33 jum whereas the trapped particle’s movement
is restricted to only 0.44 pm. (b) Vector flat-top trap stiffness (in the x-direction) at different laser powers.

The insets show the trajectory of a trapped particle at increasing powers of 30 WW, 120 wW and 300 p W,
respectively.

and the trap stiffness (calculated with the equipartition method) is reported for these traps. The movement of
the bead in the large Gaussian trap was also centred but less stiff than for the small Gaussian trap. The centre
of the particle trapped in the large vortex beam, stayed in the ring of the beam since this is where the intensity
gradient and consequently the trapping force exist, movement along the ring of the beam was mainly due to
Brownian motion. Lastly, the movement of the bead in the large flat-top trap was more uniform, corresponding
to the uniform beam profile (only a gradient force exists at the edges of the beam). From these plots it is clear
that the size and type of beam have a great influence on the strength and properties of an optical trap.

Photobleaching effect. The vector flat-top beam can be generated to have the same gradient force as the
Gaussian beam, but with a 25% reduced peak intensity (refer to Fig. 4). This property of flat-top beams can be
exploited to reduce photobleaching in optical traps. Moreover, if flat-top beams are generated with the same
power as Gaussian beams, they have a 50% reduced peak intensity, with only a minimal loss of gradient force
(trap strength) especially at low trapping powers (as shown experimentally in Supplementary Fig. S3). Fig. 8
shows the average fluorescence emission of three QD-tagged beads trapped with a Gaussian or a flat-top beam,
with a power of 60 #W in a single wavelength trap (with the standard error represented by the shaded area). The
fluorescence signals were normalized and background subtracted (detail in Supplementary Fig. S4). For both
traps the fluorescence of the particle reduced upon entering the trap; the photobleaching half-life (7) of each
particle was determined by fitting an exponential function f(t) = Aexp(—t/7t) + C to the fluorescence signal
(see Supplementary Fig S5 for fitted functions and R? values). The average photobleaching half-life (+ standard
deviation) of a QD-tagged bead in a Gaussian trap was determined to be 14 + 3 s and the half-life in a vector
flat-top trap 20 * 3 s, which is a 43% increase in the photobleaching half-life.

Discussion and conclusion
Although the application of optical trapping and tweezing in biophotonics and physics is very well established,
its use in chemistry is far less developed. Here we introduce the full vectorial nature of light in enhancing light-
based chemistry within a novel holographic trap using custom made QDs as our example. We point out that
the combination of QD bead-based fluorescence assays and optical tweezers has been used for the detection of
analytes such as prostate-specific antigen, the H5N1 and H7N9 avian influenza virus genes with high sensitiv-
ity and detection limits as low as 1.0-2.0 pM*-%°. The QD probes synthesized in this work, therefore, have the
potential to act as sensors inside the optical tweezer setup for the detection of analytes (like environmental
pollutants®*~®) with increased sensitivity, an exciting future prospect.

In conclusion, we have demonstrated an optical tweezer setup that uses vectorial light to trap and control
QD fluorescent probes. We outlined the chemistry involved to functionalize micro-sized polymer spheres with
QDs, highlighting the importance of size, adhesion and agglomeration control. The versatility of the vector HOT
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Figure 7. Movement of beads trapped with a Gaussian, vortex and vector flat-top beam when the beam size
is smaller than the particle (small beam trap) or larger than the particle (large beam trap). The bead had a 2
pm diameter, the small trap had a beam diameter of 1.8 um and the large trap a diameter of 3.1 pm. The trap
stiffness (+ standard deviation) for the small beam traps are reported (unit: pN/iwm).
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Figure 8. The average photobleaching of three trapped QD-tagged beads in a Gaussian and flat-top beam trap
at a trapping power of 60 pW (the shaded area represents the standard error). Longer photobleaching lifetimes
were observed for the fluorophores in the flat-top beam trap as compared to the Gaussian beam trap. The inset
shows the experimental profiles of the trapping beams.
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was demonstrated by switching between scalar and vector beams and trapping particles with different beam
sizes. By trapping with a propagation invariant vector flat-top beam, we demonstrated the potential of reducing
photobleaching in a single wavelength optical trap by simply tailoring the intensity gradient landscape.

Materials and methods

Chemicals. Cadmium oxide (CdO), octadec-1-ene (ODE), oleic acid (OA), trioctylphosphine oxide
(TOPO), selenium (Se), zinc oxide (ZnO), sulfur (S), L-cysteine, N-(3-dimethylaminopropyl)-N’-ethylcarbodi-
imide hydrochloride (EDC), N-hydroxysuccinimide (NHS), methanol and acetone were purchased from Sigma
Aldrich (USA). Chloroform, ethanol and potassium hydroxide (KOH) were purchased from Associated Chemi-
cal Enterprises (South Africa). Argon gas baseline 5.0 from Afrox (South Africa) was used. Deionized water used
during the syntheses was from an in-house Drawell Eco-Q deionized water system (China). Invitrogen™ 2 um
carboxyl functionalized latex beads were purchased from Thermo Fisher Scientific (South Africa).

Quantum dot synthesis.  Firstly, selenium (0.30 g Se, 1.94 g TOPO and 25 ml ODE), zinc (0.21 g ZnO, 10
ml OA and 15 ml ODE) and sulphur (0.087 g S, 10 ml OA and 15 ml ODE) precursor solutions were prepared.
These solutions were stirred at 40 °C for 5 hr to ensure thorough mixing. The QD synthesis setup included a
three-necked round bottom flask fitted with a condenser, thermometer and an argon gas inlet positioned on a
heating mantle. The whole reaction was done under argon conditions. 1.3 g CdO, 50 ml ODE and 30 ml OA were
added to the flask and stirred vigorously at 260 °C until a colourless solution formed indicating the formation
of the Cd-OA complex. The Se-precursor was added to the flask (25 ml) and nucleation and core growth were
allowed to proceed for 15 min at a temperature of ~ 240 °C. The epitaxial ZnS shell growth around the core was
initiated by adding 10 ml of the Zn-precursor, and swiftly thereafter 10 ml of the S-precursor to the core solution.
Shell growth was left to proceed for 40 min at a temperature of 240 °C. After 40 min the reaction was cooled to
room temperature. The QDs were purified with methanol by centrifugation which then yielded the hydrophobic
CdSe/ZnS QDs capped with OA and TOPO.

A ligand-exchange reaction was carried out next to functionalize the surface of the CdSe/ZnS QDs with
L-cysteine in order to make them hydrophilic. A solution of 4.4 g KOH, 60 ml MeOH and 3 g L-cysteine was
prepared and placed in an ultrasonic bath for 10 min to ensure all the L-cysteine dissolved. The hydrophobic
CdSe/ZnS QD solution was suspended in chloroform and added to the L-cysteine solution. Deionized water
was slowly added to the mixture while stirring at room temperature which changed the transparent orange solu-
tion to milky. After an hour of stirring, the solution was left to stand overnight to ensure complete separation
of the organic and aqueous phases. The L-cysteine capped QDs, now in the aqueous phase, were purified by
centrifugation with ethanol (x4) and acetone (x2). Rigorous purification was necessary to remove the excess
organic compounds from the surface of the QDs to achieve a monodispersed QD solution with no agglomerates.
The absorbance and FTIR spectra of the QD-products are shown in Supplementary Fig. S6 and S7, respectively.

Coupling reaction. To couple the L-cysteine-capped QDs to micro-sized polymer beads, 2.5 ml of EDC
(0.1 M) and 2.5 ml NHS (0.1 M) were added to 50 ul of the polymer beads (diluted in 1 ml water) and stirred
for 30 min in an ice bath to activate the carboxylic acid groups on the beads. Excess EDC was removed by cen-
trifugation with deionized water. After centrifuging, the activated beads were redispensed in 4 ml water and 3
mg of QDs was added. The coupling reaction was left to proceed in an ultrasonic bath for 2 h to ensure even
coating of the QDs on the beads. The coupled product was purified by centrifugation with water (x3) and stored
in deionized water in the fridge. The FTIR spectra of the QD-tagged beads are shown in Supplementary Fig. S8.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author upon
reasonable request.

Received: 1 August 2022; Accepted: 23 September 2022
Published online: 21 October 2022

References
. Ashkin, A. Acceleration and trapping of particles by radiation pressure. Phys. Rev. Lett. 24, 156 (1970).
. Volpe, G. et al. Roadmap for optical tweezers. arXiv preprintarXiv:2206.13789 (2022).
. Forbes, A., de Oliveira, M. & Dennis, M. R. Structured light. Nat. Photonics 15, 253-262 (2021).
. Yang, Y., Ren, Y., Chen, M., Arita, Y. & Rosales-Guzman, C. Optical trapping with structured light: A review. Adv. Photonics 3,
034001 (2021).
. Otte, E. & Denz, C. Optical trapping gets structure: Structured light for advanced optical manipulation. Appl. Phys. Rev. 7, 041308
(2020).
. Grier, D. G. A revolution in optical manipulation. Nature 424, 810-816 (2003).
. Dholakia, K. & Cizmar, T. Shaping the future of manipulation. Nat. Photonics 5, 335-342 (2011).
. Curtis, J. E., Koss, B. A. & Grier, D. G. Dynamic holographic optical tweezers. Opt. Commun. 207, 169-175 (2002).
. Chapin, S. C., Germain, V. & Dufresne, E. R. Automated trapping, assembly, and sorting with holographic optical tweezers. Opt.
Express 14, 13095-13100 (2006).
10. Woerdemann, M., Alpmann, C., Esseling, M. & Denz, C. Advanced optical trapping by complex beam shaping. Laser Photonics
Rev. 7, 839-854 (2013).
11. Malik, K. S. & Boruah, B. R. Optimal trap velocity in a dynamic holographic optical trap using a nematic liquid crystal spatial light
modulator. J. Opt. 24, 034004 (2022).
12. Garcés-Chavez, V., McGloin, D., Melville, H., Sibbett, W. & Dholakia, K. Simultaneous micromanipulation in multiple planes using
a self-reconstructing light beam. Nature 419, 145-147 (2002).

v =N =

O 0 N

Scientific Reports |

(2022) 12:17690 | https://doi.org/10.1038/s41598-022-21224-1 nature portfolio



www.nature.com/scientificreports/

13.
14.

15.
16.
17.
18.
19.

20.
. Arzola, A. V., Chvatal, L., Jakl, P. & Zemanek, P. Spin to orbital light momentum conversion visualized by particle trajectory. Sci.

22.
23.

24.
25.

26.
27.
28.
29.

30.
31.

32.
33.
34.
35.
36.

37.
. Chen, Z., Cai, Z., Liu, W. & Yan, Z. Optical trapping and manipulation for single-particle spectroscopy and microscopy. J. Chem.

39.
40.

41.
42.

43.
44.

45.

54,
55.
56.

57.

Zhao, Q. et al. Trapping and manipulation of single cells in crowded environments. Front. Bioeng. Biotechnol. 8, 422 (2020).
Shahabadi, V., Madadji, E. & Abdollahpour, D. Optimized anti-reflection core-shell microspheres for enhanced optical trapping
by structured light beams. Sci. Rep. 11, 1-10 (2021).

Baumgartl, J., Mazilu, M. & Dholakia, K. Optically mediated particle clearing using airy wavepackets. Nat. Photonics 2, 675-678
(2008).

Suarez, R. A, Neves, A. A. & Gesualdi, M. R. Optical trapping with non-diffracting airy beams array using a holographic optical
tweezers. Opt. Laser Technol. 135, 106678 (2021).

Liang, Y., Su, Y., Li, ]. & Yang, C. Optical trapping of rayleigh particles based on four-petal gaussian vortex beams. JOSA A 39,
1378-1384 (2022).

Suarez, R. A., Ambrosio, L. A., Neves, A. A., Zamboni-Rached, M. & Gesualdi, M. R. Experimental optical trapping with frozen
waves. Opt. Lett. 45, 2514-2517 (2020).

Friese, M. E., Nieminen, T. A., Heckenberg, N. R. & Rubinsztein-Dunlop, H. Optical alignment and spinning of laser-trapped
microscopic particles. Nature 394, 348-350 (1998).

Padgett, M. & Bowman, R. Tweezers with a twist. Nat. Photonics 5, 343-348 (2011).

Rep.9,1-7 (2019).

Zhou, Y. et al. Rotating of metallic microparticles with an optimal radially polarized perfect optical vortex. J. Opt. 24, 064003
(2022).

Rosales-Guzman, C., Ndagano, B. & Forbes, A. A review of complex vector light fields and their applications. J. Opt. 20, 123001
(2018).

Quabis, S., Dorn, R., Eberler, M., Glockl, O. & Leuchs, G. Focusing light to a tighter spot. Opt. Commun. 179, 1-7 (2000).

Otte, E., Tekce, K. & Denz, C. Tailored intensity landscapes by tight focusing of singular vector beams. Opt. Express 25, 20194-20201
(2017).

Moradi, H., Shahabadi, V., Madadi, E., Karimi, E. & Hajizadeh, F. Efficient optical trapping with cylindrical vector beams. Opt.
Express 27, 7266-7276 (2019).

Michihata, M., Hayashi, T. & Takaya, Y. Measurement of axial and transverse trapping stiffness of optical tweezers in air using a
radially polarized beam. Appl. Opt. 48, 6143-6151 (2009).

Bhebhe, N., Williams, P. A., Rosales-Guzman, C., Rodriguez-Fajardo, V. & Forbes, A. A vector holographic optical trap. Sci. Rep.
8, 1-9 (2018).

Choudhary, D., Mossa, A., Jadhav, M. & Cecconi, C. Bio-molecular applications of recent developments in optical tweezers. Bio-
molecules 9,23 (2019).

Corsetti, S. & Dholakia, K. Optical manipulation: Advances for biophotonics in the 21st century. J. Biomed. Opt. 26, 070602 (2021).
Hashemi Shabestari, M., Meijering, A. E., Roos, W. H., Wuite, G. J. & Peterman, E. ]. Recent advances in biological single-molecule
applications of optical tweezers and fluorescence microscopy. Methods Enzymol. 582, 85-119 (2017).

van Dijk, M. A., Kapitein, L. C., van Mameren, ]., Schmidt, C. F. & Peterman, E. ]. Combining optical trapping and single-molecule
fluorescence spectroscopy: Enhanced photobleaching of fluorophores. J. Phys. Chem. B 108, 6479-6484 (2004).

Diaspro, A., Chirico, G., Usai, C., Ramoino, P. & Dobrucki, J. Photobleaching. In Handbook of Biological Confocal Microscopy,
690-702 (Springer, 2006).

Ma, G. et al. Simultaneous, hybrid single-molecule method by optical tweezers and fluorescence. Nanotechnol. Precis. Eng. 2,
145-156 (2019).

Bustamante, C. J., Chemla, Y. R, Liu, S. & Wang, M. D. Optical tweezers in single-molecule biophysics. Nat. Rev. Methods Primers
1, 1-29 (2021).

Chuang, C.-Y., Zammit, M., Whitmore, M. L. & Comstock, M. J. Combined high-resolution optical tweezers and multicolor
single-molecule fluorescence with an automated single-molecule assembly line. J. Phys. Chem. A 123, 9612-9620 (2019).

Lang, M. J., Fordyce, P. M. & Block, S. M. Combined optical trapping and single-molecule fluorescence. J. Biol. 2, 1-4 (2003).

Phys. 157, 050901 (2022).

Brau, R. R,, Tarsa, P. B., Ferrer, J. M., Lee, P. & Lang, M. J. Interlaced optical force-fluorescence measurements for single molecule
biophysics. Biophys. ] . 91, 1069-1077 (2006).

Lee, S.-H. Optimal integration of wide field illumination and holographic optical tweezers for multimodal microscopy with ultimate
flexibility and versatility. Opt. Express 26, 8049-8058 (2018).

Jeftries, G. D. et al. Using polarization-shaped optical vortex traps for single-cell nanosurgery. Nano Lett. 7, 415-420 (2007).
Pollari, R. & Milstein, J. N. Accounting for polarization in the calibration of a donut beam axial optical tweezers. PLoS ONE 13,
0193402 (2018).

Zhang, Z. & Milstein, J. Extending the photobleaching lifetime in the presence of an optical tweezers by wavefront engineering. J.
Opt. 22,095301 (2020).

Noh, M. et al. Fluorescence quenching caused by aggregation of water-soluble cdse quantum dots. Colloids Surf., A 359, 39-44
(2010).

De Silvestri, S., Laporta, P., Magni, V. & Svelto, O. Solid-state laser unstable resonators with tapered reflectivity mirrors: The super-
gaussian approach. IEEE J. Quantum Electron. 24, 1172-1177 (1988).

. Gori, F. Flattened gaussian beams. Opt. Commun. 107, 335-341 (1994).
. Bhebhe, N., Rosales-Guzman, C. & Forbes, A. Classical and quantum analysis of propagation invariant vector flat-top beams. Appl.

Opt. 57, 5451-5458 (2018).

. Rosales-Guzman, C. & Forbes, A. How to Shape Light with Spatial Light Modulators (SPIE Press, Berlin, 2017).
. Neuman, K. C. & Block, S. M. Optical trapping. Rev. Sci. Instrum. 75, 2787-2809 (2004).
. Bartlett, P. & Henderson, S. Three-dimensional force calibration of a single-beam optical gradient trap. J. Phys.: Condens. Matter

14, 7757 (2002).

. Harada, Y. & Asakura, T. Radiation forces on a dielectric sphere in the rayleigh scattering regime. Opt. Commun. 124, 529-541

(1996).

. Gieseler, J. et al. Optical tweezers—from calibration to applications: A tutorial. Adv. Opt. Photon. 13, 74-241 (2021).
. Cao, D. et al. Dual-component gene detection for H7N9 virus—the combination of optical trapping and bead-based fluorescence

assay. Biosens. Bioelectron. 86, 1031-1037 (2016).

Cao, D. et al. Multiple optical trapping assisted bead-array based fluorescence assay of free and total prostate-specific antigen in
serum. Sens. Actuators, B Chem. 269, 143-150 (2018).

Li, C.-Y. et al. Fluorescence detection of H5N1 virus gene sequences based on optical tweezers with two-photon excitation using
a single near infrared nanosecond pulse laser. Anal. Chem. 88, 4432-4439 (2016).

Nsibande, S. A. & Forbes, P. B. Fluorescence detection of pesticides using quantum dot materials-a review. Anal. Chim. Acta 945,
9-22 (2016).

Montaseri, H. & Forbes, P. B. Molecularly imprinted polymer coated quantum dots for fluorescence sensing of acetaminophen.
Mater. Today Commun. 17, 480-492 (2018).

Scientific Reports |

(2022) 12:17690 | https://doi.org/10.1038/s41598-022-21224-1 nature portfolio



www.nature.com/scientificreports/

58. Adegoke, O. & Forbes, P. B. L-cysteine-capped core/shell/shell quantum dot-graphene oxide nanocomposite fluorescence probe
for polycyclic aromatic hydrocarbon detection. Talanta 146, 780-788 (2016).

Acknowledgements

The authors would like to thank Dr Valeria Rodriguez-Fajardo for her assistance with image analysis and the
optical setup as well as Dr Sifiso A Nsibande for his help with the initial quantum dot synthesis. This work is based
on the research supported in part by the National Research Foundation of South Africa (Grant number: 122136).

Author contributions
A.K. conducted the experiments, A.F. and PB.C.E. supervised the project. All authors assisted with data inter-
pretation and reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-21224-1.

Correspondence and requests for materials should be addressed to PB.C.E
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:17690 | https://doi.org/10.1038/s41598-022-21224-1 nature portfolio


https://doi.org/10.1038/s41598-022-21224-1
https://doi.org/10.1038/s41598-022-21224-1
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Optical trapping and fluorescence control with vectorial structured light
	Results
	Vectorial holographic optical tweezer. 
	Vector flat-top beams. 
	Vector HOT setup. 
	Trapping with vector flat-top beams. 
	Tailoring the trap. 

	Photobleaching effect. 

	Discussion and conclusion
	Materials and methods
	Chemicals. 
	Quantum dot synthesis. 
	Coupling reaction. 

	References
	Acknowledgements


