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Abstract

It is highly desirable to precisely tune the molecule release rate from the surfaces of nanoparticles
(NPs), relevant to cancer therapy and single-cell biology. Here, we report an innovative
mechanism to actively tune the biochemical release rate by rotation of NPs. Plasmonic
nanomotors were assembled from NPs and applied in multiplex biochemical release and detection.
Both single and multiplex biosignals can be released in a tunable fashion by controlling the
rotation speed of the nanomotors. The chemistry and release rate of individual chemicals can be
revealed by Raman spectroscopy. The fundamental mechanism was modeled quantitatively and
attributed to the fluidic boundary-layer reduction due to the liquid convection. This work, which
explored the synergistic attributes of surface enhanced Raman scattering and
nanoelectromechanical systems, could inspire a new sensor scheme, potentially interesting for
various bio-applications.
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The great potentials of nanoparticles for biosubstance delivery have intrigued considerable
research interest owing to their controllable geometry, chemistry, and surface
functionality[]. Various nanoentities were explored for in-vivo drug delivery and cancer
therapy[!l2]. Among them, one-dimensional nanoentities, such as nanowires and nanotubes,
received special attentions, whose lengths and diameters could be controlled to the scales of
live cells and biomolecules, respectively[3]. They were applied as vehicles for transporting
biospecies, such as cytokines!l, peptidel®], enzymesl®l, and genesl™, for in-vitro
stimulation[4l. Nevertheless, it remains a grand challenge to release biosubstances attached
on nanoparticles in a tunable fashion, the feast of which could enable an in-depth
understanding of the fundamental sciences in drug delivery, single cell stimulation, and cell-
cell communicationsl4].
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Previously, pulsed electric potentials were employed to release biosubstances from patterned
microelectrodes!8], demonstrating the feasibility of electric-induced biochemical release
from nanoparticles. However, this intriguing mechanism requires complex lithographical
patterning to electrically connect nanoparticles. Recently, heat generated from optical
excitation of plasmonic nanoparticles was used for releasing gene molecules(®l. Vibrations
induced by the radio-frequency electromagnetic fields were also used to enhance the
releasing rate of drug molecules[10]l. Recently, self-propelled nanomotors were used to active
release desired ions.[!1] Acoustic-driven nanomotors were acturated inside live cells[2],
Nevertheless, it remains a daunting task to tune the molecular release rate from individual
nanoparticles with high precision while monitoring it simultaneously.

Recently, we reported an innovative type of electric-driven nanomotors assembled from
nanoscale building blocks with ultrahigh speed and fixed rotation positions. Preliminary
study demonstrates the controlled release of biochemicals from such nanomotors[3],
However, systematic study has not been conducted, which is highly desirable to understand
the fundamental mechanism. It is also of great interest to release more than one type of
molecules from the nanomotors.

In this research, we systematically investigated the concept of motorization of plasmonic
nanosensors for tuning the release rate of biochemicals, their real-time detection, and the
underline mechanism via experimentation and analytical modeling. The nanomotors, with
enhanced functionalities in both molecular sensing and actuation, were assembled from
designed plasmonic nanoparticles and patterned nanomagnets, and rotated with controlled
speed and chirality by the electric tweezers [14]. Both single and multiple analytes can be
released in a tunable fashion by the mechanical rotation of the nanomotors. The chemistry
and concentration of individual analytes were revealed simultaneously by using high-speed
micro-Raman spectroscopy. The fundamental mechanism was investigated and attributed to
the convection induced fluidic boundary-layer reduction, which quantitatively agrees with
the experimental results. To the best of our knowledge, this effect is observed and unerstood
in the micro/nanomechanical system for the first time. This research, exploring robotized
nanomotor sensors by integrating SERS[!] and NEMS, could be of interest for bio-relevant
applications [4 12.16]

The designed the nanomotor system consist of plasmonic-sensitive nanorod as rotors,
patterned nanomagnets as bearings, and microelectrodes as stators as shown in Fig. 1a. The
plasmonic naonrotor, the most critical component of a nanomotor for attaching and detecting
biochemicals, has a tri-layer structure with a core made of a Au/Ni/Au three-segment
nanowire, a layer of silica conformably coated on the nanowire core, and uniformly surface-
distributed Ag nanoparticles (NPs) synthesized on the outer surface of silica [Fig. 1a]. Here,
each layer of the plasmonic nanorotor was designed to serve for a purpose: the metallic
nanowire core can be efficiently polarized in electric fields for fast transport and rotation by
our recent invention— the electric tweezers!24l: the Ni-segment presented in the nanowire
core assists the anchorage of the plasmonic nanorotor on a pre-patterned nanomagnet into a
nanomotorl3]: and the mesoporous silica coating with densely surface-distributed Ag NPs
(~1570/um?) provides efficient absorption of molecules and their ultrasensitive Raman
detectionl7]. It is worth noting that it shows that Ag NPs are biocompatibility when their

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2016 February 16.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xu et al.

Page 3

concentration is below a certain thresh-hold, suggesting a window for the bio-application of
Ag NPs[28l. Au NPs could be more advantageous in terms of a higher biocompatibility,
while the Raman enhancement effect of which is generally lower than that of Ag NPs in the
visiable regimel9].

Three steps were taken to fabricate the plasmonic rotors. In brief, the multi-segment
AU/Ni/Au nanowires (300 nm in diameter) were synthesized by electrodeposition into
nanoporous templates[42 201 hefore a 70-nm-thick silica layer being conformably coated on
the outer surface of nanowires via the hydrolysis of tetraethyl orthosilicatel2X]. Next, a large
array of Ag NPs were synthesized uniformly on the surface of silica in a mixture of silver
nitrite and ammonia via catalysis of polyvinylpyrrolidone (P\VP) for 7 hours at 70°C[21],
Finally, the as-synthesized nanowire rotors were sonicated, centrifuged and washed before
redispersed in deionized (D.l.) water. The experimental details were provided in the
supporting information.

Scanning electron microscopy (SEM) confirmed the successful synthesis of the tri-layered
plasmonic rotors as shown in Figs. 1b—c. The Ag NPs, densely distributed on the rotor
surfaces, were semi-spherical with an average diameter of ~25.2+6.4 nm and density of
~1570/um2. If considering the NP junctions of less than 2 nm as the plasmonic hotspots,
where Raman signals of molecules can be substantially enhanced due to ultrahigh electric
fields generated by the coherence oscillation of conduction-band electrons[22], we found the
density of hotspots can be as high as ~1300/um2. These hotspots distributed along the
plasmonic nanorotor essentially uniformly as shown in the Raman mapping of
Rhodamine-6G (R6G) molecules (Fig. 1d, 1 uM R6G incubated with the plasmonic
nanorotor for 2 hrs before dried). Here, the Raman image was taken from a single plasmonic
nanorotor by using a confocal Raman microscope exciting at 532 nm with a step size of 250
nm and a spot size of ~1 um. The integration time of each spectrum was set at 0.5 second.
The Raman enhancement factor of such kind of plasmonic nanorotors can be estimated as
~10%0 following a method reported previously [23], one of the highest among the state-of-
the-art(24]. In the control experiment, we did SERS characterization of NB (340 nM) from a
nanorod without Ag NPs, i.e. silica coated Au-Ni-Au nanorod. No NB signal can be
detected. (See Fig. S2)

The strong Raman enhancement and high density of hotspots on the plasmonic nanorotors
are pivotal for ultrasensitive SERS detection.[150. 15¢] Using them, we can readily determine
both the chemistry and concentration of multiple molecules simultaneously with Raman
spectroscopy. Nile blue (NB) and R6G, two commonly used SERS probes, were employed
for the demonstration purpose due to their large Raman scattering cross-sections and wide
biological applications[?°]. A series of R6G and NB in D.I. water suspension were incubated
with the plasmonic nanorotors for 30 min. Then the Raman spectra were collected by using
a Raman microscope equipped with 532 and 632.8 nm lasers. It was shown that the Raman
intensity monotonically increased with the concentration of NB (or R6G), from which, one
can quantitatively determine the concentrations of analytes (Fig. S1a—€). Note that we
measured multiple plasmonic nanorotors deposited on the substrate to obtain the average of
Raman intensity for each concentration. The detection is highly sensitive that the time-
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dependent absorption of biomolecules (NB, 50 nM) to their surfaces can be monitored,
which shows a monotonic increase before reaching a saturation plateau at ~70 sec (Fig. S1f).

More importantly, the structure of the plasmonic nanorotor was carefully designed for
robotization. The hanomotors consist of the plasmonic rotors serving as nanomotor rotors
and patterned nanomagnets as bearings (a thin film stack of Au (100 nm)/Ni (80 nm)/Cr (6
nm), 1 um in diameter) (Fig. 1a). To assemble such nanomotors, we employed the electric
tweezers— a recently developed nanomanipulation technique that can align and transport
nonspherical nanoentities with a precision of at least 300 nm [142 261 The randomly
suspended plasmonic nanorotors were manipulated in both the X and Y directions. The
transport velocity increased linearly with the applied DC voltages (Fig. 2a). When the
plasmonic nanorotors were in the vicinity of the nanomagnets, they were swiftly attracted
and assembled on the nanomagnets due to the magnetic attraction. Then, a rotating electric
field was generated by four AC electric voltages with sequential 90° phase-shift applied to
the quadruple microelectrodes, which compelled the assembled nanomotors into rotation
(Fig. 1a, Figs. 2b, Video S1).

The rotation is a result of the induced electric torque (Te) generated from the interactions
between the polarized plasmonic nanorotors and the external AC electric field[140. 271 where
Te~ E2. The E2 dependence of the rotation speed (@) counts for its V2 dependence in Fig.
2c. In addition to the applied voltage, the speed of the nanomotor sensors can also be
optimized by the applied AC frequency, where the highest value obtained at 50 kHz in the
range of 10 to 100 kHz (Fig. 2d). As a result, the nanomotor sensors can be successfully
synthesized, assembled, and actuated with high sensitivity for biochemical detection and
controllability in mechanical rotation.

Next, we investigated the applications of nanomotors for tuning the biochemical release and
the involved fundamental mechanisms. Both the releases of single (NB) and multiplex
biochemicals (mixture of NB and R6G) were studied. The molecules were functionalized on
the surface of the plasmonic nanorotors by incubation followed by redispersion in D.I. water
[supporting information]. Immediately after the dispersion, the plasmonic nanorotors were
quickly assembled into nanomotors and rotated (Video S1). The distribution of molecules on
the surface of nanomotors can also be directly imaged and videotaped detected by the
ultrasensitive high-speed CCD camera at a frame rate of 24 f/s from their Raman images
(Fig. 2e and Video S2). In the study of molecule release of NB, the rotation speed of
nanomotors was precisely controlled from 195 rpm to 75 rpm at 17 to 10 V (Video S3). The
molecule release rate from the surface of the rotating nanomotor was monitored and
recorded simultaneously by using a high-speed Raman spectroscopy operating at 0.5
spectrum/s (Figs. 3a—b). The release of molecules (340 nM NB) from the surface of a
rotating nanomotor (126 rpm) can be detected for a long duration, e.g. 30 min, as shown Fig.
S4. The molecule release from a static nanomotor is also shown in Fig. S5.

It was found that, regardless of the rotation speed or the molecular species, the concentration
of molecules measured with the Raman spectroscopy decreases with time monotonically.
Note that only those molecules attached on the surface of the nanomotor sensors can be
detected, due to the significant plasmonic enhancement from the Ag NPs. Also the
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molecular concentration on the surface of nanomotors was much higher than that in the bulk
solution. As a result, a net molecular mass flow can be established from the nanomotor
sensors to the bulk solution, consistent with the monotonic concentration decrease as
observed in the Raman spectroscopy.

This phenomenon can be modeled by using the Nernst diffusion-layer theory, which is
widely used to understand phenomena involving solid-liquid interfaces[28l. According to this
theory, at the interface of a solid surface and a suspension medium, a stationary liquid layer
is formed with a thickness of 1. Within such a stationary layer, the transport of mass
between the solid surface and bulk liquid, such as molecules or ions, can only occur by the
passive diffusion in the direction of the chemical gradient. Out of such a region, liquid
convection dominates, which can actively pump molecules to the outer boundary of the
stationary layer. If the concentration of the analyte molecules at the layer boundary is
approximated to be the same as that in the bulk solution, a static concentration gradient can
be established across this stationary diffusion layer as shown in Fig. 5. According to the
Fick’s diffusion laws, the time dependence concentration of molecules on the surface of
nanomotors (C) can be calculated as:

’

Cc=C e *irc, )

where C’ = C; — Cyp, C; is the initial concentrations of NB on the surface of nanomotors, Cy
is the concentration of NB in the bulk solution, and k (unit of 1/second) is the molecule
release rate. The value of k is proportional to D/, where D is the diffusion coefficient of the
NB molecules. From Eq. (1), we can readily determine the rate of molecule release when the
nanomotor sensors were rotated at different speeds (w). Here, at each rotation speed, the data
points was fitted according to Eg. (1) by using Origin software with the initial C; given as
the as-measured values (Fig. 3a-b). Interestingly, the molecule release rate (k)
monotonically increased with the rotation speed with a power-law dependence of k ~ %51
(Fig. 3c). It is highly direable to understand the governing mechanism of such a relation. We
attribute the mechanism to the stationary diffusion layer reduction as a result of the liquid
convection due to the rotation of nanomotors. According to the classical boundary layer
theory33, a flow with a speed of v passing on a flat surface can result in the thinning of the
stationary layer next to the solid surface due to fluidic convection promoted by the flow,
whereas the thickness of the stationary layer follows the relation of A~Rg0-5 ~ 705 [29],
Given the molecular release rate of k~ D/A ~ 1/ and the fluidic velocity (V) proportional to
the rotation speed () of nanomotor sensors (v~ @), it can be readily known that <~ Vo,
which quantitatively agrees with our experimental observation of k ~ %21 (Fig. 3c).
Moreover, we note that the theory for the rotating disk electrode (RDE) system, studied
extensively in electrochemistryl28], further supports our understanding, which indicates that
the transport of ionic masses to a rotating disk electrode increases with the rotation speed of
the electrode with a power-law dependence of 0.5 [28. 301,

It is also important to know whether the applied AC electric (E) fields could directly alter
the molecule release rate27P]. A control experiment was performed on a stationary
nanomotor functionalized with NB molecules. The AC rotating E-fields (17 V, 20 kHz)
were turned on and off alternately for multiple times, while the molecular release was
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monitored simultaneously. The molecular release rate remained unchanged when the E-field
was either on or off, which suggests that the AC E-field has negligible effect on molecule
release rate (Fig. S3). This experiment was repeated many times to confirm the observation.

The next question is whether the above mechanism is applicable to the release of multiplex
biochemicals. To address this question, we functionalized the nanomotor sensors with a
mixture of NB and R6G, rotated them from 240 to 130 rpm at 18 to 14 V, 50 kHz, and
collected the time-dependent Raman signals of both analytes. Since each type of molecule
has its unique Raman spectrum, the chemistry as well as the concentration of each analyte
on the surface of nanomotors can be determined simultaneously (Fig. 4a—c). By employing
the same fitting method used for the single chemical release, we determined the release rate
(k) of each biochemical at different rotation speed (w). Both showed linear increment with »
with a power-law dependence of 0.52 and 0.53 for NB and R6G, respectively (Fig. 4d). The
results demonstrated that the release of multiplex biochemicals has the dependence of k ~
91, same as that of single analyte release, which suggests that the aforediscussed model
used for single moelcule release can be applied to understand the multiplex release.
Moreover, we note that the release rate of NB (k: 0.0076 ~ 0.0123 s71) in the multiplex
release system is consistently higher than that obtained as a single analyte (k: 0.0017~0.0044
s71). This could be attributed to the higher concentration and release rate of R6G molecules
in the multiplex sample, where the dominating R6G could assist the detachment of NB
molecules from the nanomotor sensors during its release and thus increased the release rate
of NB. Here, a much higher concentration of R6G is necessary in the mixed sample
(R6G:~20 uM, NB:~ a few nM) in order to obtain signals from both molecules on a similar
level, which could be due to the much poorer attachment of R6G to Ag NPs than that of NB.

In summary, we investigated a new mechanism for tuning the release rate of biochemicals
from the surface of nanoparticles via controlled mechanical rotation. The investigation was
carried out by both experimentation and analytic modeling. We synthesized, assembled and
rotated plasmonic nanomotors for this study. The kinetics of molecules release from the
nanomotors was monitored by high-speed Raman spectroscopy. Both single and multiple
analytes can be released at desirable rates by controlling the rotation speeds of nanomotors.
The release rate shows a power-law dependence of approximately 0.5 with the rotation
speed. The fundamental mechanism can be attributed to the convection-induced thickness
reduction of the diffusion layer, which agrees with the experimental results quantitatively.
To our best knowledge, such an effect is observed on micro/nanoscale devices for the first
time. The nanomotor sensors could be potentially interesting for various bio-relevant
applications, such as tunable biochemical release in an in-vitro setting, although great efforts
should be spent to work out the technical details and demonstrations. This research could
potentially inspire a new device scheme of robotized SERS sensors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(a) Schematic diagram of a rotating nanomotor sensor releasing molecules. (b) Scanning

electron microscopy (SEM) images of a plasmonic nanorod for the nanomotor rotor made of
a three layer structure with a Au-Ni-Au nanowire as the core, a silica coating, and a dense
layer of Ag nanoparticles on the outer surface of silica, (c) a higher magnification SEM
image shows the dense Ag nanoparticles grown on the silica. (d) Raman mapping of 1 uM
R6G dispersed on a plasmonic nanomotor rotor showing essentially uniform SERS intensity
on the surface.
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nanomotor functionalized with NB imaged in the Raman mode. Note that the objective of
the inverted microscope is underneath the rotating nanomotor. Thus the Raman image of the
middle of the plasmonic nanomotor was blocked by the magnetic bearing. (Scale bar: 10
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Figure 3.
Tunable release of biochemical by the mechanical rotation of nanomotor sensors. (a)

Concentration of NB versus time at different rotation speeds. (b) Representative Raman
spectra of R6G every 1 min at each rotation speed. (c) The release rate monotonically
increases with the rotation speed with a power-law dependence of 0.51
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Figure4.

Tunable release of bi-analytes [NB (a) and R6G(b)] functionalized on the same nanomotor
by the rotation speed. (c) Representative Raman spectra of NB and R6G every 1 min at each
rotation speed. (d) The release rates of both analytes of NB and R6G monotonically increase

with the rotation speed with a power-law dependence of 0.52 and 0.53, respectively.
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Figureb5.

Schematic diagram of the model of the diffusion boundary layer next to the surface of the
nanomotor sensors. (small spheres: biochemical molecules; big spheres: Ag NPs)
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