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1. Introduction

Precise, direct delivery of editing components to a desired 
intracellular site (Figure  1) is considered to be essential for 
emerging precision medicine and gene editing, as editing 
activities must be spatially controlled to ensure efficacy.[1] Pio-
neering works in optical trapping have demonstrated controlled 
manipulation and assembly of objects.[2] Optical manipulation 

Optical manipulation and imaging of nano-objects with nanometer preci-
sion is highly desirable for nanomaterial and biological studies due to 
inherent noninvasiveness. However, time constraints and current segregated 
experimental systems for nanoimaging and nanomanipulation limits real-
time super-resolution imaging with spatially enhanced manipulation. Here, 
an integrated nanoscopic correction (iNC) method to enable multimodal 
nanomanipulation-nanoimaging is reported. The iNC consists of a multi-
modal voltage-tunable power modulator, polarization rotator, and polarizer. 
Using the iNC, plasmonic nano-objects which are below the diffraction 
limit and which can be distinguished by direct observation without post 
processing are demonstrated. Furthermore, such direct observations with 
enhanced nanometer spatial stability and millisecond high speed are shown. 
Precise trapping and rapid rotation of gold nanorods with the iNC are demon-
strated successfully. With non-invasive post-processing free nanoimaging and 
nanomanipulation, it is anticipated that the iNC will make contributions in 
the nanomaterial and biological sciences requiring precision optics.

with imaging would be highly desirable 
for enabling precise, direct delivery of 
nano-objects carrying editing components. 
Recently, super-resolution optical imaging 
has allowed for bypassing the diffraction 
limit to observe spatial features of objects 
with exquisite detail. Super-resolution 
methods increase resolution by spectral 
separation of fluorophores, as employed 
in ground state depletion microscopy, 
stimulated emission depletion, and revers-
ible saturable optical fluorescence tran-
sitions.[3–5] Super-resolution methods 
also commonly increase resolution by 
temporal separation of fluorophores, as 
utilized in photoactivated localization 
microscopy, super-resolution optical fluc-
tuation imaging, and stochastic optical 
reconstruction microscopy.[6–8] To achieve 
spectral and temporal separation of fluo-
rophores, super-resolution imaging can 
require as many as 105 images, taking as 

long as several hours to acquire a complete image stack.[6] Such 
time constraints, as well as segregated experimental systems, 
limit integration of real-time super-resolution imaging with 
spatially enhanced manipulation. Super-resolution imaging 
combined with manipulation of nano-objects is necessary to 
open new possibilities in nanomaterial and biological studies.

Alternatively, plasmonic nano-objects[9–25] undergo elastic 
scattering processes which are energy conserving and there-
fore hold great potential as probes with an unlimited photon 
budget for real-time super-resolution. Unlike conventional 
super-resolution approaches using spectral and temporal sepa-
ration of fluorophores, the underlying principle here utilizes 
anisotropic plasmonic nano-objects which can be differenti-
ated below the diffraction limit by polarization.[26–32] How-
ever, conventional implementations to rotate the polarization 
by mechanical means introduce beam deviations and subse-
quently result in spatial errors. When spatial errors reach the 
same size order as the objects-of-interest, positional informa-
tion (nanometers) becomes obscured, limiting real-time super-
resolution capabilities.

Here, we present an integrated nanoscopic correction method 
to enable multimodal nanomanipulation–nanoimaging. The 
iNC consists of liquid crystal and fixed retarders to function 
as a multimodal voltage-tunable power modulator, polariza-
tion rotator, and polarizer. Systematic voltage control enables 
correction of beam deviations and dynamic modulation of the 
transmission polarization. The transmission polarization can 
be rapidly tuned for dynamic, high speed nanoimaging and 
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nanomanipulation. We show that the iNC can be switched 
between different modes (power modulator, polarization rotator, 
and polarizer) with nanometer spatial precision. Using the iNC, 
we demonstrate plasmonic nano-objects (gold nanorods) which 
are below the diffraction limit can be distinguished by direct 
observation without post processing. Furthermore, we show 
such direct observations with nanometer spatial stability and 
millisecond high speed. To the best of our knowledge, for the 
first time, the iNC directly visualizes segregated nano-objects 
at the nanoscale without post-processing. We successfully dem-
onstrate precise trapping and rapid rotation of gold nanorods 
with the iNC.

2. Results and Discussion

2.1. Spatially Enhanced Nanoimaging by iNC

Integrated nanoscopic correction is necessary to enable real-
time super resolution imaging. For this purpose, we built a 
fully integrated active control system comprised of a series of 
liquid crystal (LC) and fixed retarders allowing for multimodal 
operations (Figure 2). As a first step, the iNC was operated in 
the polarizer mode to image plasmonic nano-objects. In this 
operation mode, the output Stokes parameters of the iNC can 
be theoretically calculated from the following Mueller matrix as
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where [I, Q, U, V]T is the output Stokes vector, [Is, Qs, Us, Vs]T = 
[1, 1, 0, 0]T is the input Stokes vector of linearly polarized light, 
and δ1 and δ2 are the phase retardations of the LCs. Following 
Equations  (1) and (2), the retardance was simulated. Theoret-
ical results confirmed the behavior of the iNC was identical to 
that of a linear polarizer (Figure S2, Supporting Information). 
To experimentally characterize the polarizer performance, the 
phase retardations, δ1 of LC1 and δ2 of LC2 were controlled by 
applying voltages, VLC1 and VLC2. As the phase retardations were 
dependent on the applied voltages, we experimentally meas-
ured the exact polarization directions at each applied voltage. 
The dependence of the applied voltages on the transmission 
polarization axis θ showed linearity from 0° to 180° (Figure 2). 
We then placed the iNC after a linear polarizer (Figure S4, Sup-
porting Information). The angle α between the transmission 
axes of the iNC and the linear polarizer was initially set to be 
orthogonal. The polarizer mode was achieved by simultane-
ously tuning both phase retardations δ1 and δ2, which depend 
on the applied voltages, VLC1 and VLC2. When we tuned both 
VLC1 (3.05  to 11.9  V) and VLC2 (3.58  to 11.6 V)  of the iNC, the 
transmission intensity Itrans was directly proportional to cos(2α). 
Matching with Malus’s law, experimental results demonstrated 
the iNC operation was identical to that of a linear polarizer 
(Figure 2). To experimentally characterize the temporal perfor-
mance (Figure S5, Supporting Information), actuation voltages 
corresponding to perpendicular (off-state) and parallel (on-
state) polarization were applied. The iNC demonstrated a rapid 
turn-on and -off response time of 25 and 50  ms, respectively 
(Figure 2), showing potential for rapid imaging. To image plas-
monic nano-objects, the iNC was aligned in the detection path. 
As a representative model of plasmonic nano-objects, we used 
gold nanorods due to the asymmetric geometry and enhanced 
scattering as a result of the collective oscillation of electron 
density at the the metal dielectric interface. For imaging single 
gold nanorods, the applied voltages VLC1 and VLC2 were rapidly 
modulated to switch the transmission polarization from par-
allel to perpendicular. As a result, the scattering intensity of a 

Figure 1. Ultraprecision imaging and manipulation is enabled by integrated nanoscopic correction (iNC). a) Precise delivery of nano-objects to a 
desired intracellular location can be enabled by real-time super resolution imaging combined with precise, active control. Spatially enhanced nanoim-
aging without postprocessing by the iNC allows for integration with optical manipulation (i). The iNC enables spatially enhanced nanomanipulation 
of nano-objects (ii). b) The iNC has multiple modes of operation. The iNC in the polarizer mode for spatially enhanced nanoimaging (i). The iNC in 
the power modulator mode (ii) and polarization rotator mode (iii) for spatially enhanced nanomanipulation.
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gold nanorod was periodically modulated between bright and 
dark states over time (Figure 2).

Spatially enhanced nanoimaging can be achieved by modu-
lating polarization using the iNC (Figure 3). We imaged single 
nano-objects (gold nanorods) over a range of polarization θ 
from 0° to 180°. When a mechanically rotated polarizer was 
used to rotate the polarization from 0° to 180°, the Airy patterns 
of the imaged nano-objects followed a spiral trace (red curve) 
exhibiting a sin(θ/2) behavior due to beam deviations arising 
from rotating optics. In the magnified images, a red arrow indi-
cates its center at 175°, and a red cross-hair indicates its center 
at 0°. Each nano-object was displaced due to beam deviations. 
In contrast, the iNC corrects for beam deviations. With the iNC, 
we observed the Airy patterns of the imaged nano-objects fol-
lowed a straight trace (blue line). For each nano-object, a blue 
arrow indicates its center at 175°, and a red cross-hair indicates 
its center at 0°, showing positions of nano-objects remained 
the same with the iNC. For quantitative characterization, the 
root-mean-square deviation (RMSD) of each pixel was calcu-
lated between the intensity of the pixels at different polarization 

directions and a fitted sinusoidal function. With a mechanically 
rotated polarizer, large RMSD was observed due to beam devia-
tions and subsequent loss of spatial information from finite 
CCD sampling. Conversely, we observed small RMSD with the 
iNC, indicating successful correction of beam deviations. When 
spatial errors (1300  nm) reach the same order of magnitude 
as the diameter of the Airy patterns (full width half maximum 
FWHM = 850 nm) as well as the pixel size (170 nm), positional 
information is substantially obscured and direct visualization 
of the proximal nano-objects from their far-field Airy patterns 
becomes infeasible.

Correction of beam deviations by the iNC gives rise to accu-
rate and precise spatial information, allowing us to directly 
observe and distinguish segregated Airy patterns of proximal 
nano-objects without post image processing (Figure  3). With 
beam deviations corrected, a single nano-object remained at the 
same position as the polarization was modulated by the iNC. 
With beam deviations corrected for proximal nano-objects, 
positions of Airy patterns corresponding to positions of each 
nano-object emerged as the polarization was modulated by 

Figure 2. The iNC enables spatially enhanced nanoimaging of nano-objects. a) Conceptual schematic of the iNC integrated into a transmission dark-
field microscope for nanoimaging (see Supporting Information). DFC, darkfield condenser; Ob, objective; DC, dichroic mirror; FR1, fixed retarder; LC1, 
liquid crystal retarder; FP, fixed polarizer; LC2, liquid crystal retarder; FR2, fixed retarder; CCD, charge coupled detector. b) The iNC in the polarizer 
mode: Transmission intensity versus angle α across wavelengths λ following Malus’s Law (i). Angle α is between the transmission axes of the device 
and a fixed linear polarizer. The iNC operation chart showing iNC in the polarizer mode (ii). c) Graph of actuation voltage VLC1 for LC1 (green) (i). Graph 
of actuation voltage VLC2 for LC2 (blue) (ii). Graph of response time of the iNC in the polarizer mode, where ton is the turn-on response time and toff is 
the turn-off response time (iii). d) Images of a gold nanorod at varying transmission polarization using the iNC (i). Scale bar: 470 nm. Polar diagram 
of scattering intensity as a function of transmission polarization by the iNC at peak wavelength 650 nm (ii).
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the iNC. To investigate the precision of iNC, we varied the dis-
tance between proximal nano-objects and compared with meas-
urements by scanning electron microscopy. As the distance 
between proximal nano-objects was varied, we directly observed 
distances between Airy patterns exactly corresponded to the dis-
tances measured by scanning electron microscopy (Figure S6,  
Supporting Information). We also varied the orientation of 
proximal nano-objects and found that individual Airy patterns 
can be directly differentiated by their far-field images, ena-
bling positional information to be ascertained in agreement 
with scanning electron microscopy (Figure S6, Supporting 
Information). We highlight direct observations without post-
processing is made possible by correcting beam deviations 
below the size of Airy patterns. Such direct observations have 

the potential to accelerate the acquisition of super-resolution 
images.

2.2. Spatially Enhanced Nanomanipulation by iNC

Super-resolution imaging integrated with manipulation of 
nano-objects should advance dynamical studies. Optical trap-
ping of plasmonic nano-objects has been extensively dem-
onstrated,[33–37] however, not in the context of real-time 
super-resolution. The iNC integrates trapping and manipula-
tion of plasmonic nano-objects using the power modulator 
mode (Equations  (3) and (4)) and polarization rotator mode 
(Equations (5) and (6)), respectively.

Figure 3. Nanometer spatial stability of the iNC facilitates direct observation below the diffraction limit. a) Images over transmission polarization using 
a conventional polarizer, and images over transmission polarization using the iNC. b) Magnified images using a conventional polarizer, and magnified 
images using the iNC (i). RMSD using a conventional polarizer versus the iNC. Scale bar: 1 μm (ii). c) Graph of spatial deviation over transmission 
polarization for a conventional polarizer versus the iNC. d) Conceptual schematic of direct observation below the diffraction limit by spatial stability 
of the iNC (i). SEM comparison of single versus multiple nanorods. Scale bar: 125 nm. Corresponding images  over transmission polarization. Scale 
bar: 500 nm (ii). SEM  of distance variation. Scale bar: 125 nm. Corresponding images over transmission polarization. Scale bar: 500 nm (iii). SEM of 
angle variation. Scale bar: 125 nm. Corresponding images over transmission polarization. Scale bar: 500 nm (iv).
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Theoretical results show the power modulation mode can 
be achieved in a linear regime (Figure S7, Supporting Informa-
tion) while the polarization rotator mode can rotate the polari-
zation state of light with respect to the retardance (Figure S8, 
Supporting Information). To experimentally demonstrate the 
iNC in the power modulator mode, we placed the iNC after a 
fixed linear polarizer and increased VLC1 from 3  to 5.5 V  and 
fixed VLC2 at 3.3 V  (Figure S9, Supporting Information). By 
tuning VLC1, the transmission power intensity can be adjusted. 
Figure 4b-i shows the transmission power intensity (I) changes 
by varying VLC1 at constant VLC2 = 3.3 V across a range of wave-
lengths λ. As I increased with VLC1, a linear response was 
observed between VLC1  = 3.8  and 4.8 V.  This consistent linear 
response of I was obtained regardless of the wavelength of inci-
dent light from 630 to 690 nm which allows for compatibility of 
the iNC with nano-objects of varying sizes and geometries. To 
experimentally demonstrate the iNC in the polarization rotator 
mode, the iNC was then positioned between two fixed linear 
polarizers (Figure S10, Supporting Information). To operate 
in the polarization rotator mode, VLC1 was fixed and VLC2 was 
varied. We constructed a calibration curve of polarization rota-
tion angle ξ as a function of different voltages VLC2 from 3.3 to 
11.4 V.  The calibration curve in Figure  4b-ii was consistent 
across wavelength for versatility with various nano-objects.

With the iNC in the power modulation mode, beam devia-
tions can be corrected for spatially enhanced optically trap-
ping. We first characterized the real-time performance of the 
iNC in the power modulator mode. To detect the position in 
real-time, the iNC was placed after a quadrant position detector 
(Figure S11, Supporting Information) and we measured turn-
on and turn-off response times of 25 and 50  ms, respectively 
(Figure 4c). We were able to rapidly adjust the trapping power 
in 50  ms, allowing for rapid optical trapping manipulation. 

To optically trap plasmonic nano-objects (gold nanorods), we 
placed the iNC in the trapping beam path (Figure  4). Tuning 
VLC1 allowed for different trapping powers, resulting in dif-
ferent trapping stiffness. Using the iNC, we modulated the 
trapping beam power from 30 to 90  mW. To achieve highly 
stabilized particle trapping, the trapping force must over-
come Brownian motion, since Brownian motion is dominant 
in solution. The position of the nano-object was measured by 
acquiring a distribution of positional probability using a quad-
rant position detector. We observed that higher trapping powers 
(90  mW) resulted in narrower spatial distributions, indicating 
more stable trapping. With beam deviations corrected, we also 
directly measured the spatial distribution of the positions of the 
nano-object as the trapping beam power was modulated from 
30 to 90 mW. It can be seen that the distribution of the posi-
tions decreased as the power increased (Figure  4c, left inset). 
Notably, the mean positions remained the same as the trapping 
beam power was modulated from 30 to 90 mW (Figure 4c, right 
inset), showing there was no deviation of the trapping beam 
using the iNC. These results support successful correction of 
beam deviations by the iNC for spatially enhanced optical trap-
ping. Rapid rotation of the trapped plasmonic nano-objects 
(gold nanorods) can be then achieved using the polarization 
rotator mode of the iNC. In this mode, the iNC showed a turn-
on response time of 23  ms and a turn-off response time of 
72  ms (Figure  4d). To rotate trapped plasmonic nano-objects, 
the iNC was placed in the trapping beam path. The nano-object 
will tend to align along the light incident polarization due to 
the transferring of angular momentum from the light to the 
nano-object. Thus, the trapped nano-object rotates following the 
polarization direction. By varying VLC2 from 3.3  to 11.4 V,  the 
linearly polarized trapping beam changed its polarization direc-
tion, causing the trapped nano-object (gold nanorod) to rotate. 
Using a polarizer/analyzer technique, the intensity of scat-
tered light from a nanorod after a fixed analyzer was recorded 
with CCD. We observed that the intensity was lowest when the 
nanocrystal rotated to the position perpendicular to the ana-
lyzer and highest when the nanocrystal fully aligned with the 
analyzer (Figure 4d). Taken together, these results demonstrate 
precise trapping and rapid rotation of plasmonic nano-objects 
by the iNC. The iNC could be used in other applications[33–37] 
where spatially enhanced nanoimaging and nanomanipulation 
of plasmonic nano-objects may be beneficial.

3. Conclusion

In conclusion, we demonstrated a multimodal iNC for spatially 
enhanced nanoimaging and nanomanipulation. To operate the 
iNC in the polarizer mode, both VLC1 and VLC2 were tuned. To 
operate in the power modulator mode, VLC1 was tuned and VLC2 
was fixed. To operate in the polarization rotator mode, VLC1 was 
fixed and VLC2 was tuned. We demonstrated spatially enhanced 
nanoimaging by the iNC. Using the iNC in the polarizer mode, 
we showed that correction of beam deviations enabled direct vis-
ualization of proximal plasmonic nano-objects below the diffrac-
tion limit without post-processing. Such direct observations have 
the potential to accelerate the acquisition of super-resolution 
images to allow for integration with optical manipulation. We 
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Figure 4. iNC enables spatially enhanced nanomanipulation of nano-objects. a) Conceptual schematic of the iNC integrated into a transmission dark-
field microscope for nanomanipulation (see Supporting Information). DFC: darkfield condenser, Ob: objective, DC: dichroic mirror. (detection path) 
FR1: fixed retarder, LC1: liquid crystal retarder, FP: fixed polarizer, LC2: liquid crystal retarder, FR2: fixed retarder, CCD: charge coupled detector. (trapping 
beam path) FRm1: fixed retarder, LCm1: liquid crystal retarder, FPm: fixed polarizer, LCm2: liquid crystal retarder, FRm2: fixed retarder. b) The iNC in 
power modulation mode: Graph of transmission intensity as a function of actuation voltage VLCm1 across wavelengths λ (i). The iNC in the polariza-
tion rotator mode: Graph of polarization rotation angle ξ as a function of actuation voltage VLCm2 across wavelengths λ (ii). c) The iNC operation chart 
showing the iNC in the power modulation mode (left). Graphs of actuation voltage VLCm1 for LCm1 (green) and actuation voltage VLCm2 for LCm2 (blue). 
Graph of response time of the iNC in the power modulator mode, where ton is the turn-on response time and toff is the turn-off response time. Images 
of the trapping beam as power P was modulated from 30 to 90 mW by the iNC (right). Probability of spatial position of a trapped nanorod measured 
using QPD as power P was modulated by the iNC. Scale bar: 620 nm. Left inset shows distribution of the positions decreases as power increases. Right 
inset shows mean positions at each power level overlap. d) The iNC operation chart showing the iNC in the polarization rotator mode (left). Graphs 
of actuation voltage VLCm1 for LCm1 (green) and actuation voltage VLCm2 for LCm2 (blue). Graph of response time of the iNC in the polarization mode, 
where ton is the turn-on response time and toff is the turn-off response time. Conceptual schematic showing the iNC rotates the polarization direction 
of the linearly polarized trapping beam, and the resulting trapped nanorod rotates following the polarization direction (right). Graph of scattering 
intensity of a rotating nanorod over time.
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demonstrated spatially enhanced nanomanipulation by the iNC. 
Using the iNC in the power modulator mode and polarization 
rotator mode, we showed that correction of beam deviations 
resulted in precise trapping and rapid rotation of plasmonic 
nano-objects. This method can be applied to any nano-object 
exhibiting polarization anisotropy. In the future, the iNC can 
be applied to nano-objects of a variety of materials[13,38,39] and 
geometries.[40–42] This work opens the way for real-time super-
resolution imaging integrated with active control.

4. Experimental Section
Nanoimaging: A darkfield microscope (IX73, Olympus) was 

configured with a dry condenser (U-DCD, Olympus), a 50× objective 
(LMPLFLN50XBD, Olympus), a CCD camera (ORCA II, Hamamatsu), 
and the iNC (Supporting Information) in the detection path. Both 
VLC1 and VLC2 were tuned from 3.05 to 11.9 V  and from 3.3  to 11.4 V 
synchronously to modulate the polarization from 0° to 175° in 5° 
increments. An image was taken at each increment.

For comparison, a linear polarizer (LPVISE200-A, Thorlabs) was 
placed between the output of the microscope and the camera as a 
standard, mechanical case. The linear polarizer was manually rotated 
180° in 5° increments. An image was taken at each increment.

The images were taken at the same transmission polarization angles. 
In both cases, the CCD camera was placed ≈50  mm after the optical 
elements. The location of the nanorod (center of the Gaussian beam) on 
the images was determined by Trackmate in ImageJ Fiji.[43,44] The tracking 
detector was set to be LOG (Laplacian of Gaussian) for Gaussian beam 
detection.

The iNC was actuated automatically using a function generator 
(Instek, AFG2225) and DAQ board (NI, PCI6733) with periodically 
changing voltage levels. Each actuation period consisted of 25 voltage 
levels (3.05 to 11.9 V  and 3.3  to 11.4  V) corresponding to polarization 
angles from 0° to 170° s with 7° intervals. For a single period, each 
voltage level lasted 250 ms.

Nanomanipulation: An optical trapping system was configured with 
a 830 nm cw Ti:Sapphire laser (Spectra Physics 3900s) and a darkfield 
microscope (Olympus IX73) outfitted with a 60× water immersion 
objective (Olympus LUCPLFLN60XPH) and the iNC in the illumination 
path. With the iNC in the power modulation mode, the position of an 
optically trapped gold nanorod (100  nm × 30  nm) was measured by 
placing a QPD (PDQ80A, Thorlabs) at the conjugate back focal plane 
of the objective. The spatial position was measured at three different 
transmission powers (30, 60, and 90 mW) before the beam entered the 
objective. The spatial position probability function was calculated by 
fitting the measured voltages to a probability density function, followed 
by integration over a finite step size.

With the iNC in the polarization rotator mode, single gold nanorods 
(100  nm × 30  nm) suspended in water were trapped using the optical 
trapping system. By applying VLC2 from 3.3 to 11.4 V while VLC1 was held 
constant at 3.3 V, the polarization rotation angle was rotated from 0° to 175° 
repeatedly to rotate the nanorod (two cycles lasting ≈72 s). A fixed linear 
polarizer was placed at the detection port of the microscope to modulate 
the gold nanorod intensity to avoid depolarization effects at the sample 
plane.[45,46] The scattering signal of the nanorod was then captured by a 
CCD (Thorlabs 1645C). The intensity of the nanorod at different rotational 
orientations was obtained by averaging the center pixels of the nanorod 
images with an ROI slightly larger than the FWHM of the Gaussian pattern.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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