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Running Head
Optical trapping of polymer chains

Abstract

Raman/fluorescence microspectroscopies on individual polymer chains and nanobeads
dissolved in solution will become a powerful analytical method to study molecular structure and
characteristics of them. Toward this motivation, we focused on Raman microspectroscopy for
optically trapped soft matter. A tightly focused near-infrared laser beam formed a microassembly
of thermoresponsive polymer chains such as poly(N-isopropylacrylamide) due to a local
photothermal effect and optical force. By using this method, we developed a determination
technique of the polymer concentration in the polymer microassembly. Furthermore, we
demonstrated a molecular condensation and detection technique based on the microassembly on
the plasmonic nanostructures. For this molecular condensation and detection, localized surface
plasmon play an essential role in the enhancement of optical force and a local temperature
elevation around the plasmonic nanostructures. Finally, toward novel manipulation methods of
smaller soft nanomaterials, nanostructured semiconductor-assisted (NASSCA) optical tweezers
will be introduced. In this paper, we reviewed the optical manipulation methods of polymer chains

and nanobeads and their applications toward analytical chemistry.
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Introduction

Thermoresponsive polymer chains which have both hydrophilic and hydrophobic
groups in their side chains exhibit demixing and remixing in solution. The most intensively
studied thermoresponsive polymer is poly(N-isopropylacrylamide) (PNIPAM).! An aqueous
PNIPAM solution follows the lower critical solution temperature (LCST) phase separation
behaviors and exhibit demixing from a homogeneous to an inhomogeneous condition upon
heating and remixing upon cooling. The phase separation has been widely studied by using
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static/dynamic light scattering,>® small angle neutron scattering (SANS),>!° FT-IR/Raman

1819 and so on. We have

spectroscopies,!' ™13 dielectric relaxation,'*!> NMR,!®!” calorimetry,
investigated the dynamics of phase separation by using laser T-jump method with transient
photometry and single molecular fluorescence microscopy.?’? According to such previous
studies, PNIPAM are homogeneously dissolved as hydrated coil structures below LCST. When
heated above LCST, PNIPAM undergoes a phase separation from coil to dehydrated globular
structures. Subsequently, the polymer chains undergo aggregation because of a hydrophobic
interaction, forming the phase separation into polymer-rich and water-rich microdroplets. For
such characteristic behavior, structural information on PNIPAM chains in polymer-rich
microdroplets is essential for the medical applications such as tissue engineering and drug
delivery systems.?6-30

Raman spectroscopic studies on the polymer-rich microdroplet has been reported by
Maeda et al. in 2003.>' The droplet was formed by heating a dense aqueous PNIPAM solution
(10-60 wt% corresponding to 680 mmol/L). Since the droplet with several tens of micrometers
in size was physically adsorbed on glass surface, Raman signals from the droplet was obtainable

with highly accurate positioning. However, polymer chains in the dense droplet are entangled

with each other, being no longer dilute solution. In order to provide new insight into the phase



separation behavior, another way to access the polymer-rich microdroplets in the dilute solution
is in high demand. However, since the size of droplets was only a few micrometers, these are
continuously fluctuated in solution. In such situation, it is difficult to obtain signals from the
individual microdroplets.

Thus, we focus on the optical tweezers combined with Raman microspectroscopy.
Optical tweezers, which use a tightly focused laser beam, can grab micrometer-sized objects such
as living cells, viruses, and polymer microspheres and the Nobel prize in Physics 2018 was
awarded to an investigator, Arthur Ashkin.**3” By using this technique, we have investigated
Raman microspectroscopic analysis on an optically trapped thermoresponsive polymer-rich
microdroplet,®®* providing new way to determine the polymer concentration of the
microdroplet.** Furthermore, molecular condensation and detection methods using the
hydrophobic polymer-rich microdroplets were proposed in the previous report.*! In this review,
we described optical trappings of soft matters and their analytical applications. The principle of
optical force exerted on nanomaterials will be briefly introduced. Polymer chains dissolved in
solution were optically trapped, leading to a microassembly at the focal point. By combining
Raman microspectroscopy, we can access the structural information on individual polymer-rich
microdroplets. Furthermore, to achieve an efficient optical trapping of soft nanomaterials, we
introduced recent hot topics of optical manipulation which uses plasmonic nanostructures;
plasmonic optical tweezers. Finally, we described our novel non-plasmonic optical manipulation
using nanostructured black silicon; nanostructured semiconductor-assisted (NASSCA) optical

tweezers. 4%

Methods



According to Newton’s third law, light refracted on a small particle exerts optical force
F on the particle due to a change in the momentum of light. In the Rayleigh scattering regime
(particle radius r << light wavelength 1), optical force F on the nanoparticle can be approximately
obtained by the sum of three forces; a gradient force Firag, an absorption force Fays, and a scattering
force Fia (Fig. 1(a)). The absorption and scattering forces are repulsive forces that carry the

particle along the light propagation:*++3
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Where ¢, is the dielectric constant in vacuum, a is the complex polarizability of the particle
obtained from Clausius-Mossotti relation, nn, is the refractive index of the surrounding medium,
I is the intensity of laser light, ¢ is the speed of light, and k is the unit vector in the direction of
propagation of the light. The gradient force Fgrq is an attractive force that pulls the nanoparticle

in the focal point of laser light:

1
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Fgrad = Re[a] VI (3)

In the Rayleigh regime, gradient force overcomes both scattering and absorption forces
because of small polarizability of a nanoparticle, leading to the optical trapping of nanoparticles.
However, for the stable trapping, the potential energy U of the gradient force overcomes the
thermal energy kg7 (ks is the Boltzmann constant and 7 is the absolute temperature; at room
temperature, kg7 ~ 4.1 x 102! J), because a nanoparticle is continuously fluctuated by Brownian
motion (Fig. 1(b)). Equation 3 describes three important points for the stable trapping of a
nanoparticle: (i) according to polarizability, the refractive index of the medium is smaller than
that of trapping target, (ii) the grip (trapping strength) of optical tweezers becomes stronger with

increasing laser light intensity /, (iii) stable optical trapping becomes harder with decreasing the



particle radius r (|U| « 73). For instance, Hosokawa et al. reported optical potential U for 100 nm
sized polystyrene nanospheres with a tightly focused laser beam.*® They experimentally
determined the potential to be 105 kg7 when a near-infrared laser beam (A = 1064 nm, P = 300
mW) was tightly focused in water with a high-numerical aperture objective lens (N.A. = 1.25).
Fig. 2 sows the optical setup for microspectroscopic studies on optically trapped
polymer chains. A continuous wave (cw) laser beam (A = 1064 nm) was used for optical trapping,
being tightly focused into the sample solution through a high numerical aperture objective lens of
an inverted optical microscope. To obtain spectroscopic signals from the trapped nanoparticles, a
cw visible laser beam was coaxially introduced into the microscope. The signals were detected
with a charge-coupled device (CCD) camera equipped with a polychromator. The details have
been already described in elsewhere. By using such optical setup, we demonstrated optical
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trapping of soft nanomaterials such as proteins, amino acids,*® poly(lactic-co-glycolic acid)

PLGA,*"»? and so on.

Results & Discussion
Optical trapping of polymer chains

Optical tweezers were mainly used for non-contact and non-destructive manipulation of
micrometer-sized objects such as living cells, polystyrene microsphere, and so on. In 1990s,
several research groups have reported optical tweezers for polymer chains dissolved in solution.
Table 1 shows representative trapping targets reported in literatures.>*>° In general, since polymer
chains in solution held in a partially extended state, their polarizability is quite small in
comparison with that of a rigid microsphere. Consequently, a tightly focused laser beam with high
laser intensity is required for trapping them. For instance, Rubinsztein-Dunlop et al. found
molecular weight dependence of optical trapping by using a poly(ethylene oxide) (PEO) aqueous

solution.> They determined a minimum laser power required for the stable optical trapping of



PEO to be 0.29 W (Mv = 900,000) and 0.53 W (Mv = 300,000), respectively. However, PEO with
Mv=100,000 was never trapped even though they used intense laser beam (0.70 W). These results
were good agreement with theoretical calculation of optical force exerted on PEO.

Masuhara et al. first demonstrated optical trapping of PNIPAM in which pyrene was
labeled as a fluorescence molecular probe.*®>” Pyrene-labeled PNIPAM in an aqueous solution
exhibits excimer emission at high concentration both inter- and intra-polymer aggregation of
polymer chains. A tightly focused laser irradiation trapped the polymer chains, leading to the
microassembly formation at the focal point of laser beam. Fluorescence microspectroscopy of the
microassembly indicated the increment of excimer emission as laser irradiation time. They
discussed the formation mechanism caused by photothermal effect by water and optical force.

The detail of the trapping mechanism will be described later.

Optical tweezers for PNIPAM combined with confocal Raman
microspectroscopy

We investigated structural analysis of optically trapped PNIPAM with confocal Raman
microspectroscopy.*’ Fig. 3(a) shows bright field microscopic observation during optical trapping
of PNIPAM (2.5 mmol/L, Mw 150,000) by using a 1064 nm laser beam (0.19 W). With the start
of near-infrared laser irradiation, a micrometer-sized particle was formed at the focal point. With
irradiation time, the size of particle became gradually larger up to 10 um in diameter. Turning off
laser irradiation, the particle was immediately dissolved in solution. The particle size increased
with laser power. However, below 0.12 W, we have never observed any trapping signals.

We successfully obtained the Raman spectrum of the single particle. Fig. 3(b) shows the
Raman spectrum in the high wavenumber region (2800 — 3800 cm™) corresponding to the CH
stretching modes of the PNIPAM main chain (2800 — 3050 cm™) and those of the OH stretching

modes (3100 — 3800 cm™). With increasing the near-infrared laser power, the Raman scattering



intensity of CH stretching modes increased because of the increment of PNIPAM concentration
in the microparticle. Fig. 3(c) shows the expanded Raman spectra in the 2850 — 3050 cm™! regions.
The intensity ratio between Raman bands at 2925 and 2944 cm™!, which were ascribed to the
asymmetric CH stretching modes, sensitively reflected the hydration/dehydration of polymer
main chain. The inversed intensity ratio from the optically formed PNIPAM microparticle means
that PNIPAM in the microparticle took a dehydrated globule state. This result was further
supported by the Raman microspectroscopic studies below 1600 cm” on the PNIPAM
microparticle previously described in elsewhere.*

Here, we discussed the trapping mechanism of PNIPAM. A near-infrared laser beam at
1064 nm was tightly focused into a PNIPAM aqueous solution, exerting optical force on the
polymer chain and leading to the local temperature elevation by light absorption of H>O. Since
water has an absorption band at 1200 nm corresponding to an overtone of the OH stretching mode,
temperature rises around the focal point by a photothermal effect. The quantitative evaluation of
the temperature elevation is still under debate. For instance, Ito et al. applied fluorescence
correlation microspectroscopy for the quantitative analysis.®® They determined the temperature
elevation to be 23 £ 1 K by 1064 nm laser irradiation at 1 W. Such local temperature elevation is
enough to induce phase separation around the focal point. The optical force exerted on the
dehydrated polymer chains, leading to the optical trapping of them at the focal point. The trapped
polymer chains aggregates with each other due to hydrophobic interaction, resulting in the

formation of a single PNIPAM-rich microdroplet at the focal point.

Determination method of polymer concentration in PNIPAM polymer-rich
microdroplet with optical tweezers

By using optical tweezers combined with Raman microspectroscopy, we can determine

the polymer concentration of a single polymer-rich microdroplet.** We obtained Raman scattering



intensity ratio between the CH stretching modes of the PNIPAM main chain (2800 — 3050 cm™)
and those of the OH stretching modes (3100 — 3800 cm™) from the droplet. Using standard lines,
we determined the polymer concentration in a droplet. Fig. 3(d) shows the near-infrared laser
intensity dependence of the polymer concentration of the microdroplet. Below 0.12 W, a
microdroplet was never formed because weak optical force and low temperature elevation. For
instance, a polymer concentration of the microdroplet formed in a 3.6 wt% PNIPAM aqueous
solution was determined to be ca. 37 wt% at 0.12 W of laser power, suggesting that a microdroplet
held abundant water molecules even above LCST. As increasing laser power, the concentration
became higher up to 60-70 wt%. This result would be caused by an optical force and a
photothermal effect. To shed further light on the mechanism, optical trapping of PNIPAM in heavy
water (D,0) would provide grateful information. Since heavy water is transparent at 1064 nm,*
we discussed it only by an effect of optical force.*® In D,O, Raman microspectroscopy suggested
that a PNIPAM microparticle formed by optical force took a dehydration structure.

As described above, optical tweezers combined with Raman microspectroscopy will be
powerful analytical method for the thermoresponsive polymer chains dissolved in solution.
However, the optical force dramatically decreases with decrease of trapping target sizes. In order
to demonstrate optical trapping of smaller nanoparticle, localized surface plasmon has attracted

much attention.

Plasmonic optical tweezers

According to the equation (3), EM field of incident light should become higher to
amplify an optical force. Recently, localized surface plasmon (LSP) provides a new way for the
efficient optical trapping of nanoparticles.®'%® LSP of noble metallic nanostructures leads to an
enhancement effect of resonant light, resulting in the increase of the optical force exerted on the

nanomaterials around the plasmonic nanostructures. Following early demonstrations, plasmonic



optical trapping (POT) has undergone rapid growth. We have demonstrated plasmonic optical
tweezers for nanoparticles such as quantum dots,®” polystyrene nanospheres,®®® J-/H-
aggregates,”” DNA,”"7? and polymer chains.”® Furthermore, we applied POT of PNIPAM for
molecular condensation and microspectroscopic detection as described in the next section. POT
has three advantages in comparison with the conventional optical tweezers (Fig. 4): (1) laser light
intensity required for the stable optical trapping becomes lower because of enhancement effect of
localized surface plasmon, (2) the diffusive motion of a trapped nanoparticle is tightly restricted
in the plasmonic nanospace, which is smaller than the diffraction limit of light, and (3) POT has
potential for the combination of other plasmonic applications such as highly sensitive

7980 and photochemical reactions.®!® In this review, we focused

spectroscopies,’*’® biosensors,
on the POT of PNIPAM chains and analytical applications of it for molecular condensation and

detections.

Plasmonic optical trapping of PNIPAM

As a plasmon nanostructure, we used a gold nanopyramidal dimer array on a glass
substrate.®**° This plasmonic nanostructure is fabricated by an angular-resolved nanosphere
lithography method. A resonance extinction band appeared in the near-infrared region (700 ~ 1000
nm). Accordingly, the electric field of incident near-infrared light was enhanced up to 10* times
between the nano-gaps (|E*/|Eo|* ~ 10%); gap-mode LSP. The optical system is almost the same as
in Fig. 2, but the laser light at A = 808 nm instead of 1064 nm was used for LSP excitation.

Fig. 5(a) shows bright-field observations during POT of PNIPAM.” A plasmon
excitation light was loosely focused on the gold nanopyramidal dimer array, leading to the a
PNIPAM microassembly formation only inside the excitation area. Stopping the excitation, the
microassembly dissolved in solution. In order to study the trapping behavior, we carried out

fluorescence microspectroscopic analysis on POT of PNIPAM labeled with a fluorescence
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molecular probe (Fig. 5(b)), whose fluorescence was sensitive to the surrounding polar
environment. The maximum wavelength of the fluorescence changes a blue shift by decreasing
polarity of a surrounding medium because of an intramolecular charge transfer. As expected, the
fluorescence wavelength exhibits a blue shift by phase separation. The fluorescence intensity
during POT of PNIPAM (red line in Fig. 5(c)) became higher than that without POT (black line),
meaning that local concentration on the plasmonic nanostructures increased because of the
formation of PNIPAM microassembly. Furthermore, we found that the fluorescence spectrum
slightly showed a blue shift (Fig. 5(c)), suggesting that plasmon excitation results in the
enhancement of optical force and phase separation. This behavior is caused by a photothermal
effect upon plasmon excitation. We carefully estimated the temperature elevation during plasmon
excitation by means of fluorescence correlation microspectroscopy to be 8.0 = 1.0 K at 1.0
kW/cm? of plasmon excitation. Furthermore, we evaluated the spatial gradient of temperature
around plasmon excitation area to be 0.5 K/um. This temperature elevation with huge temperature
gradient should induce thermal convection and thermophoresis.

Based on these effects (optical force, thermophoresis, and thermal convection), we
proposed the formation mechanism of PNIPAM microassembly. Local temperature elevation
around the excited plasmonic nanostructures induces phase separation of PNIPAM, leading to the
formation of polymer-rich microdroplets. Such microdroplets are optically trapped, since optical
force becomes stronger as the trapping target size gets larger. Thermal convection supports POT
by supplying the polymers from outside to inside of the plasmon excitation area. Thus, POT of
PNIPAM forms a hydrophobic microassembly on a plasmonic nanostructures. For the detail of
the formation mechanism, we will focus on a spatial temperature profile during POT in future

studies.
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Molecular condensation and detection by using PNIPAM microassembly

We applied POT of PNIPAM for the condensation of organic molecules sparsely
dissolved in aqueous solution (Fig. 6(a)). Fig. 6(b) shows fluorescence spectrum of rhodamine B
(RhB) condensed in a PNIPAM microassembly formed on plasmonic nanostructures.*!
Fluorescence intensity with plasmon excitation became 140 times higher than that without
plasmon excitation because of molecular condensation. Considering the distribution coefficient
Kpoly of polycyclic aromatic hydrocarbons between PNIPAM and aqueous solution (Kpely =
[solute]poly/[solute]soltion = 10*~10%), the fluorescence enhancement mainly results in the increase
of RhB concentration in the microassembly. Fig. 6(c) shows a temporal profile of the fluorescence
intensity monitored at 576 nm in the molecular condensation process. Since the rapid
microassembly formation within 1 second, the fluorescence detection also responds quickly. We
succeeded in the RhB detection at the nano-molar level (1.0 x 10~ mol/L). This method also
condensed and detected other fluorescent molecules such as crystal violet and acid red 88.
Furthermore, we demonstrated Raman measurements of chlorophenols condensed in the PNIPAM
microassembly. Since such condensation is dependent on hydrophobic properties between
analytes and polymer chains such as the polymer concentration, molecular weight, chemical
structures of side chains. This work will become a powerful method to detect a variety of organic

molecules.

Nanostructured semiconductor-assisted (NASSCA) optical tweezers

While POT has great advantages over the conventional optical tweezes, some problems
should be for further development: (1) a severe fabrication process of fine-shape plasmonic
nanostructures with high reproducibility and uniformity over large area, (2) a material cost
because of the usage of gold and silver, and (3) temperature elevation. In particular,

thermophoresis induced by photothermal effect is hardly negligible because it frequently prevents
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stable POT. In 2017, we developed novel non-plasmonic optical manipulation method using
nanostructured black silicon (B-Si);?'® nanostructured semiconductor-assisted (NASSCA)
optical tweezers.*? Crozier et al. have recently reported the optical trappings of polymer
nanospheres using silicon nano-antenna.’” These methods have great potential for the non-
plasmonic optical manipulation method of nanomaterials. In the last part of this review, we briefly
introduced NASSCA optical tweezers. There are nanoneedles on the surface of B-Si which can
amplify the incident light by a factor of ca. 5 due to multiple light scattering. Although the
enhancement effect (|E|*/|Eo|*) of B-Si is much smaller than that of plasmonic nanostructures (10%),
the trapping efficiency (stiffness) of NASSCA optical tweezers overcomes that of POT due to
reduction of photothermal effect.

Fig. 7(a-d) shows representative fluorescence micrographs during NASSCA optical
trapping of polystyrene nanospheres (diameter 500 nm) on a B-Si surface (Fig. 7(¢)).** We used
commercially available fluorescent dye-doped polystyrene nanospheres (Invitrogen™, F8813).
Since the dye molecules in the nanospheres have an absorption band around 505 nm and an
emission band around 515 nm, we can obtain fluorescence micrographs with a mercury lamp. The
Turning on laser light irradiation (A = 808 nm, 320 kW/cm?), polystyrene nanospheres were
trapped one by one, leading to the assembly formation of the nanospheres with irradiation time.
When the turning off the irradiation, the nanospheres were released and dissipated in solution.
Furthermore, we found the regular packing of numerous polystyrene nanospheres with lower laser
powers (10~20 kW/cm?) (Fig. 7(f)).”> We believe that NASSCA optical tweezers with the
intriguing behaviors promises an interesting new avenue exploiting the manipulation of

nanomaterials beyond POT.

Conclusion
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We conclude this review with description of the perspectives of nanostructure-assisted
optical tweezers. Conventional optical tweezers combined with Raman microspectroscopy will
provide new analytical method for a polymer-rich microdroplet of thermoresponsive polymer
chains, which is continuously fluctuated in a dilute polymer solution above LCST. However,
optical force of the conventional optical tweezers is frequently not enough to trap soft matter. To
overcome this limitation, plasmonic optical tweezers has been growing continuously since the
early 2000s. During plasmon excitation, nanoparticles were efficiently trapped on the plasmonic
nanostructures. For POT applications, soft matter such as proteins, DNA, and polymer chains,
will be attracted because plasmonics has widely used in the field of chemistry and biosensors. We
found that POT of PNIPAM led to the formation of a phase-separated microdroplet on the
plasmonic nanostructures. The hydrophobic microdroplet can act as a platform to condense and
detect the sparsely distributed organic molecules in solution. This novel analytical method will
become a versatile tool by combining conventional plasmonic ultra-highly sensitive
spectroscopies such as surface enhanced Raman spectroscopy (SERS). However, a photothermal
effect by plasmon excitation frequently hinders the stable optical trapping of soft nanomaterials
because of thermophoresis and thermal convection. A hot topic on optical manipulation is the
non-plasmonic silicon nanostructure-assisted optical manipulation. We developed NASSCA
optical tweezers for capturing polystyrene nanospheres, led to the 2D photonic like
microassembly formation of the nanospheres. We offer an outlook on the future directions of such
nanostructure-assisted optical tweezers to be the protein crystallization, the nanoparticle sorting,
photonic crystal fabrication, and so on. We believe that plasmonic optical tweezers and NASSCA
optical tweezers will become a useful manipulation tool for nanoparticles and smaller
macromolecules as conventional optical tweezers have been proven to be a valuable

micromanipulation tool.
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Table 1. List of optically trapped polymer chains with optical tweezers.

Polymer chains Ref.
poly(N-vinylcarbazole) and its derivatives 53,54
poly(ethylene oxide) 55
poly(N-isopropylacrylamide) and its derivatives 38, 40, 56,57
poly(vinyl methyl ether) 39
polyfluorene 58,59
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Fig 3. (a) Bright-field optical micrographs of a single phase-separated polymer-rich droplet
formed by optical tweezers. (b) Raman spectra of the droplet at 0.12 W (red), 0.19 W (green), and
0.25 W (blue) of near-infrared laser power together with that of 2.5 mmol/L aqueous PNIPAM
solution. (c) Expanded spectra of Fig. 3(b) for a 2850-3050 cm ! region. PNIPAM concentration

in a phase-separated polymer-rich droplet as a function of near-infrared laser power and solution
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Fig. 4 Schematic illustrations of (left) conventional optical tweezers and (right) plasmonic

optical tweezers. Reprinted with permission from ref 63. Copyright 2014 American Chemical

Society.
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Fig. 5 (a) Bright-field optical micrographs during plasmonic optical trapping (POT) of
PNIPAM. (b) Chemical structure of PNIPAM labeled with a fluorescence molecular probe. (c)
Fluorescence spectra during POT (red) together with that without POT. Reprinted with permission

from 73. Copyright 2012 American Chemical Society.
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Fig. 6 (a) Schematic illustration of molecular condensation and detection by using PNIPAM
microassembly formed by POT. (b) Fluorescence spectrum of Rhodamine B with (red) and
without plasmon excitation (black). (c) Representative time profile of the fluorescence intensity.

Reprinted with permission from 41. Copyright 2017 American Chemical Society.
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Fig. 7 (a-d) Fluorescence micrographs during NASSCA optical trapping of polystyrene
nanospheres (500 nm in diameter) at 320 kW/cm? of laser intensity. (¢) a SEM image of B-Si.
Reprinted with permission from 42. Copyright 2017 Nature Springer. (f) Laser intensity
dependence of NASSCA optical trapping of the nanospheres. Reprinted with permission from 43.
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