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process is very challenging. This problem has hampered the progress of Janus nanostructure
research and the exploration of their applications. In this study, we generated an asymmetrical
multi-building block gold/iron oxide Janus nanostructure (JNS) to enhance photothermal effects and
display colored Brownian motion in an optical trap. JNS are formed by seed-mediated self-assembly
of nanoparticle-loaded thermo-cleavable micelles (NP-TCM), where the hydrophobic backbones of
the polymer.are disrupted at high temperatures, resulting in secondary self-assembly and structural
rearrangementsThe JNS significantly enhanced photothermal effects compared to their
homogeneous/counterpart after near infrared (NIR) light irradiation. The asymmetrical distribution
of gold andiirerrexide within JNS also generated uneven thermophoretic force to display active
colored Brownian rotational motion in a single-beam gradient optical trap. These properties indicate
that the asymmetrical JNS could be employed as a strong photothermal therapy (PTT) mediator, and

a fuel-free nanoscale Janus motor under NIR light.

1. Introduction

Janus, anisotropic, or patchy particles have long been in an interest of various applications.
Their asymmetrical structures make them appealing for diverse functions, such as surface-reducing
agents, electfonicidevices, catalysts, molecular imaging, diagnostics, and drug delivery systems™*™.
Recently, multi-building block Janus, composed of multiple nanoparticles arranged in an
asymmetrical pattern in a single entity, have been used in imaging, theranostics, and cargo
deliveries® “uThese complex Janus structures provide superior properties and have more effective

responses to exterhal stimuli compared to a single-domain Janus particle of the same size. The multi-

building block Janus benefits from the high surface-to-volume ratio’® and strong interaction among
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1 Despite the exceptional qualities of the multi-building block

metal nanoparticle building blocks
Janus particles, the approach and control process to produce these complex structures on a nano
scale are very challenging[w]. They require a high degree of control to direct the aggregate process.
Conventional.approaches for Janus nanoparticle (JP) production, such as surface masking and phase
separation, mostly yield single domain JPs on a micron scale, which have limited use for biomedical
applications™ ™, Those strategies are not suitable for fabricating nano-scale multi-building block
JPs. The mostypremising strategy for multi-building block JP formation on a nanometer scale is to
employ bottom uplself-assembly to control the location of nanoparticle distribution in block
copolymersmPrevious research has suggested that many factors significantly contribute to the
location of'nanoparticles inside micelles, such as affinities between nanoparticle-coating ligands and

[15]

polymeric micelles™, relative lengths of polymer and nanoparticle size!***”), lengths of surface

[16] [19,20]

coating of nanoparticles™, glass transition temperature of the polymer™, and solvent effects
These significant'discoveries allow researchers to control the location of nanoparticles and form

complex struétures such as nanowires, nanosheets, cylinders and vesicles 21 However, not much
research has,fecused on utilizing controlled nanoparticle location and self-assembly to fabricate a

nano-scale asymmetrical multi-building block Janus structure composed of two different inorganic

nanoparticles.

Gold (AuNP) and iron oxide (IONP) nanoparticles are the most intensively studied inorganic
nanoparticles. They show good safety profiles, biocompatibility, biodegradability, and efficacy in
cancer theranostics™*?®!. Most importantly, AuNPs and IONPs have different photothermal
conversion efficiencies. The temperature created by AUNP and IONP are different. As a result, the

gold/iron oxide JNS experiences a thermophoretic force that causes the particle to rotate. Jiang et al.

This article is protected by copyright. All rights reserved.

3



WILEY-VCH

has shown that a micron-sized gold/silica Janus can generate a spin motion under 1064 nm laser
irradiation due to self-thermophoresis of the microparticles, which can be visualized under
microscope[m. However, it is challenging to generate active motion in nano-sized Janus structures,
and even more difficult to visualize that active rotational motion. While optical trapping of Janus
Nanostructures (JNS) has been previously demonstrated, those experiments were not designed to
detect the active motion[ZS].Therefore, we intend to create an active spin motion from a nanoscale
Janus, and useg@agmodified optical trapping technique to detect the unique motion. An asymmetrical
Janus strugturé has the potential to generate active motion for electrical and biomedical

applicationst

In this;article, we report a novel fabrication of multi-building block Janus structures
composed oftwordifferent inorganic nanoparticles, AUNP and IONP, using thermo-cleavable
amphiphilic diblock copolymer to control the nanoparticle distribution and self-assembly of
nanoparticles;loaded in the thermo-cleavable micelles. To the best of our knowledge, this is, for the
first time, using.thermo-cleavable polymer to form asymmetrical Janus structures. The thermo-
cleavable amphiphilic diblock copolymer, in which the hydrophobic backbone could be cleaved apart
at high temperatures via retro Diels-Alder reaction, provides an unstable condition at high
temperatures, which encourages AuNPs and IONPs to self-assemble into multi-building block JNS by
micelle collisionfand fusion. We found that our JNS expressed strong photothermal efficiency after
near infrared (NIR) light irradiation, much stronger than that of their homogeneous counterparts,
due to thesstrenggcollective effect of their AUNPs. The NIR laser light irradiation also created a
temperature imbalance between the two different sides of the JNS, which caused the particles to

rotate, resulting inddistinct frequencies of colored Brownian motion under an optical trap. These
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unique characteristic suggest that the Au/IONP JNS could potentially be employed as for both
photothermal therapy and nanoscale Janus motors at the same time .. This is highly significant for
the future research in vivo, where the penetration of nanoparticles in a tumor mass is limited at only
the shallow layersfof the tumor around blood vessels. Our JNS can possibly overcome this problem
as they can.eradicate the cancer cells near the blood vessels and also simultaneously penetrate to

the deeper layers,of the tumor mass by self-propelled motor and mechanical sheer force® .

2. Results and Discussion

2.1. Thermgo-cleavable polymer synthesis

The JNS were fabricated via self-assembly of nanoparticles loaded into thermo-cleavable polymeric
micelles."We first synthesized the thermo-cleavable hydrophobic backbone via Diels-Alder reaction
at 70 °CE%% Molecular weight of the hydrophobic backbone is 5,090 Da measured by GPC and then
poly ethylene oxide (PEO) molecular weight 5,000 Da was added and reacted with the maleimide
functional group'efithe hydrophobic backbone via Michael addition. The final amphiphilic diblock
thermo-cleavable polymer (Da-b-PEQ) has the molecular weight of 9,800 Da characterized by GPC
and 'H NMR«(Figure 1a, S1, S2 and S$3). This polymer acts not only as a key component to control
hydrophobic interaction between nanoparticles and the polymer itself, but also mediates the micelle
fusion. The cycloadducts in the hydrophobic backbones can be cleaved apart at or above 90 °C via
retro Diels-Alder reaction®?, as proven by *H NMR (Figure 1b and c). The data suggest that 84% of

the formed.ey€loadducts were cleaved after the polymer was treated at 100 °C for an hour (Figure
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1d). The retro Diels-Alder causes hydrophobic backbone shortening and hydrophobic-hydrophilic
imbalance, which critically affects the thermodynamic stability and triggers self-assembly of the

thermo-cleavable micelles (TCM).

2.2. Multi-building block gold/iron oxide Janus nanostructure (JNS) formation

Gold and iren/oxide nanoparticles were used to generate Janus nanostructures (JNS). Oleic acid-
capped iron oxide'nanoparticles (15 nm) (IONPs) and dodecanethiol capped gold nanoparticles (5
nm) (AuNPs) were encapsulated separately in the polymer to make IONP-loaded thermo-cleavable
micelles (FeTEM).and AuNP-loaded thermo-cleavable micelles (AuTCM) respectively. Transmission
electron microscopy (TEM) images clearly showed that nanoparticles aggregated at the center of the
micelles” hydrophobic domain (Figure 2a, 2b) due to strong interparticle Van Der Waals attractions.
TEM data suggestithat FeTCMs and AuTCMs have average core diameters of 39.6 nm and 56.6 nm
respectively (Figure S4). The hydrodynamic diameters of these two micelles are 78.82 nm and 94.88
nm, which are larger than the core diameters measured by TEM because of the interaction between
polymer andtheraqueous media (Table S1). Next, the excess molar concentrations of AUTCM were
mixed with Fel€M, subsequently mixed together with the free thermo-cleavable micelle (TCM)
seeds. This was followed by heat treatment (94 °C) to generate asymmetrical Au/IONP JNS. The
excess molar concéntration of AUTCM was used to ensure that all FeTCMs were fused with AUTCMs.
This completedsolution was purified by a magnetic separator to remove the unreacted AuTCMs. The

amount of AuNPs and IONPs in JNS could be controlled by the concentration ratios between AuTCMs
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and FeTCMs (Figure S5). Percent yield of JNS is 97.16% calculated from the feeding amount of Fe in
FeTCM. Transmission electron microcopy (TEM) (Figure 2c, d, and S6a) and scanning transmission
electron microscope high angle annular dark-field (STEM-HAADF) (Figure 2e, and S6b) images
illustrate that AuNPs and IONPs are combined together in a new single entity with a well-defined
asymmetrical nanostructure. The average core diameter of the JNS measured by TEM is 86.5 nm
(Figure S4) and hydrodynamic diameter measured by dynamic light scattering (DLS) is 100.3 nm. It is
important toinete'that JNS formed by the self-assembly approach have a relatively small size,
compared to Janus particles made by other conventional methods, which mostly yield particles in
micron-scalessingle’domains®®. We performed X-ray energy dispersive spectroscopy (XEDS) element
mapping to confirm that the JNS are composed of multiple AUNPs and IONPs in an asymmetrical
pattern (Figure 2f). The formed JNS are stable over a period of 6 months after being stored at 4 °C.
Dynamic light'seattering data indicate no large aggregation in the solution (Figure S7). To prove that
the thermo-cleavable polymer is a critical factor in the formation of our JNS, we used Polystyrene-b-
polyethylene'exide (PS-b-PEO, Mw 10,300 Da) as a control for non-thermo-cleavable micelles (non-
TCM) to encapsulate 15 nm IONPs and 5 nm AuNPs separately. This polymer cannot trigger self-
assembly to form JNS after adding PS-b-PEO seeds at high temperature. These two types of
nanoparticle-loaded micelles remained separate (Figure S8). We further ruled out the possibility that
different capping ligands of AUNPs and IONPs cause a non-specific asymmetrical structure inside of
TCM in an ihdependent manner of polymer properties and self-assembly process. First, we mixed
AuNPs and IONPs together homogeneously, then loaded them into the thermo-cleavable polymer to
form micellesshEM; STEM-HAADF imaging, and XEDS element mapping show that no well-organized

asymmetricaldNSformation occurred (Figure 2g, h, and i). Under these conditions, AuNPs and IONPs
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mixed together in micelles randomly, forming a homogeneous gold/iron oxide micelle (GMC)
without any specific pattern. These data suggest that the thermo-cleavable polymer is critical for the

self-assembly and self-reorganization processes that form our asymmetrical JNS.

2.3. Ball-like,and patchy secondary nanostructure formation

We furtherstudiediseed-mediated self-assembly by following similar procedures to those for JNS
formation, but using only one species of metal nanoparticles, either iron oxide or gold, mixed with
the TCM seeds.. TEM images clearly show the self-assembly process forming iron oxide ball-like
nanostructures (FeBL) with diameter ca. 74.1 nm (Figure 3a and S4). This transformed structure was
also confirmed by STEM-HAADF (Figure 3b and c). The images and density profiles of FeBL (Figure
3d) clearly indicate that the electron density was higher at the edges and lower inside the cores
because ‘nanoparticles aligned at the interface between hydrophilic PEG and hydrophobic residues
after self-assembly. Notably, the self-assembly and transformation of nanoparticle-loaded TCM
occurs regardless of nanoparticle type. We observed that self-assembly and transformation also took
place with AUTEM=TEM and STEM-HAADF images clearly show gold patchy nanostructures (AuPS)
(Figure 3e,/f, and g). The density profile also confirmed an internal void volume of AuPS with a larger
diameter than,feBL, 281.0 nm (Figure 3h). These data suggest that the self-assembly and self-
reorganizationsprocess has transformed cluster nanoparticle micelles into secondary nanostructures.
It is important to note that we did not observe self-reorganization and transformation using the
IONP-loaded in PS:b-PEO micelles with the non thermo-cleavable polymer (PS-b-PEO) seed (Figure

S9).
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2.4. Seed-mediated self-assembly process

We further investigated the mechanism of JNS and secondary structure formation. It is clear that
self-assembly and transformation are driven by thermodynamic force. Luo and Eisenberg previously
demonstrated thatian increased amount of an aqueous phase in micelle system could induce
thermodynamic.instability, leading to micelle fusion. Smaller micelles fused together and formed
larger micelles in@rder to mitigate their interfacial energy penalty®***>\. Nevertheless, micelle fusion
is quite unlikely in'the case of nanoparticle-loaded micelles. The fusion of micelles is highly
dependent on:the.polymer’s properties and the nanoparticle diameters®**”!. These NP-TCMs are
stable, becauserithelhydrophobic nanoparticles have a strong hydrophobic interaction within the
hydrophobic polymer backbone. They are very rigid and less flexible, which makes micelle fusion and
self-assembly,of.these NP-TCMs unusual. The hydrophobic attraction between the polymer
backbone itself.and the nanoparticles needs to be diminished in order to create an unstable state
and to initiate the self-assembly process for micelle fusion of these FeTCMs and AuTCMs. We
examined the mechanism of nanoparticle self-assembly by using only one species of metal
nanoparticleSandithe free TCM seeds to reduce complexity. A series of TEM images confirms that
AuTCM fused®ogether until they were stable, then underwent phase separation and structural
rearrangement. Samples for TEM were taken at the beginning of heat treatment (Figure 4a) and
two housssaftersthe heat treatment began (Figure 4b-e). When the mixture of NP-TCMs and free
TCM seeds in agueous media was exposed to the high temperature (94 °C), the hydrophobic

backbones in all micelle species subsequently cleaved apart via retro Diels-Alder reaction, resulting
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in a reduction of the hydrophobic attraction between the backbone and nanoparticles. At this stage,
NP-TCMs become unstable and relatively flexible. As a consequence, these unstable NP-TCMs fused
with free TCM seeds in the aqueous media. While one NP-TCM collides with the seed, a second NP-
TCM can alse.fuseiwith the same seed from the opposite side (Figure 4f). The free TCM not only acts
as a seed to mediate the self-assembly, but also enhances a depletion force between two NP-
TCMsP3*), This leads to structural transformation and self-assembly, forming the INS. If only one
species of NP=FCII (either AUTCMs or FeTCMs) is mixed with free TCM seeds in the system, ball-like
or patchy nanastructures will be formed instead of JNS. Although the self-assembly process is
challengingitercontrol, we were able to regulate JNS formation by varying the ratio between AuNPs
and IONPs."In‘contrast, the system without free TCM seeds failed to transform into secondary
nanostructures at a high temperature. It was observed that the hydrophobic nanoparticles were
released intortheraqueous media, where they precipitated (Figure $10). Without free TCM seeds,
there is neither@atemplate for NP-TCMs to anchor onto nor a depletant to attract NP-TCMs;

consequentlythe fusion process is not possible.

The hydrophobic chain’s changes in length under high temperature conditions are critical for
JNS formation via the self-assembly process. It has been reported that the relation between lengths
of polymerig/micélles and nanoparticle diameters is a significant factor for controlling the location of
nanoparticlesinside micelles™®"”). In general, the energy penalty increases with the increasing ratio
between nanoparticle size and the coil dimension of the polymer. Since the nanoparticles’ radius of
gyrationiislargerthan the polymer’s radius of gyration after backbone cleavage, the nanoparticles

are expelled from the matrix, and large-scale phase separation occurs®*?.
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2.5. Janus nanostructure enhances photothermal effect

We further explored how our multi-building block Janus nanostructures interact with photothermal
effect. Intriguingly,"AU/IONP JNS significantly enhance temperatures when undergoing 885 nm NIR
laser light ifradiation at low laser power, 0.45W, with low concentrations of iron (40 pug/ml) and gold
(170 pg/ml)PUporpl0 minutes of NIR light irradiation, JNS gradually increased the temperature by
20.9 °C from the'initial temperature in the cell culture media, while other controls, such as their
homogeneous gold-iron oxide micelle counterparts (GMC), gold cluster micelles (AuTCM), iron oxide
cluster micelles (FeTCM), a solution mixture of gold micelle and iron oxide cluster micelles, and cell
culture media alone, increased only 15.0°C, 12.7°C, 7.3°C, 13.4°C, and 6.1°C from the initial
temperaturerespectively (Figure 5a). Concentrations of gold and/or iron in all samples were fixed to
the same or close to their concentration in the JNS. In addition, we further tested the enhanced
photothermal effect on cancer cell. We monitored cell viability using an Alamar Blue assay when
triple negative bréast cancer cells (SUM159 cells) were treated with JNS under 885 nm NIR laser
light. The high'temperature created by the JNS resulted in lower cell viability compared to other
treatmentsiand the media control group. The cell viability of the group treated with JNS under NIR
laser light irradiation was 62.76%, while treatment using only the JNS, without NIR laser light

irradiation, displayed no toxicity, with cell viability of 92.74% (Figure 5b).

In.order.to.induce cell death by photothermal therapy (PTT), the temperature must be
higher than 41°C to unfold proteins and trigger cell death signaling'****\. Therefore, good
photothermal contrast agents with high photo-conversion efficiency are necessary. These agents

must be able tessignificantly increase the temperature of the surrounding environment under low
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NIR laser power (45481 This is very important for ideal in vivo PTT, since low laser power has a minimal
effect on surrounding normal tissues but effectively kills the cancer cells. It is noteworthy that the
surface of JNS are covered by hydrophilic poly ethylene oxide (PEQO) polymer. Though the
hydrophobje,backbone cleavage, the PEO remains intact. This makes JNS become stealthy and
prevents protein absorption on the surface of JNS resulting in the reduction of phagocytosis by
macrophages in vivo. Notably, our JNS demonstrate high photothermal efficiency at low laser power
compared toitheirhomogeneous counterparts. JNS clearly demonstrate overall higher absorption
from 400 -900/nm (Figure S11). JNS may have “collective effects” by presence of multiple AuNPs in
close proximityforhigher PTT as described in literature!®”. Specifically, there are two mechanisms of
interactionsbetween AuNPs for the heating process: (1) accumulative effect of AuNP confined in
JNS. The aceumulative effect in AuUNPs has been reported by Gorotov, et al (Nanoscale Res Lett,
2006) resultingiimithe strong temperature enhancement™*®. This effect stems from the addition of
heat fluxes of multiple AuNPs. Our JNS show absorption at An.x 1.61-fold stronger than the gold-iron
oxide homogeéneous micelles counterparts (GMC) at the same concentration of Au and Fe. (2). The
Coulomb effectiissgenerated from the interaction among AuNPs in the JNS, which is also supported
by literature reported by Zhang et al (Optic express, 2012)"*%. As a result, we observed a red shift
from 504 nm to 520 nm of JNS compared to GMC. The insertion of IONPs between AuNPs in GMC
hinders the accumulative and the Coulomb effect of AuNPs. Therefore, GMC could not fully take
advantage of the collective effect. These data suggest that the structural arrangement of

nanoparticles plays.a crucial role in photothermal effect of secondary structures.
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2.6. Janus nanostructures display colored Brownian motions under a single-beam gradient optical

trap

Since our JNS’s strticture is asymmetrical, with AuNPs on one side and IONPs the other, the two sides
have different photothermal efficiencies as well®*?!, The absorption of laser light by AuNPs and
IONPs on the,surface of the JNS creates an uneven temperature gradient. Therefore, the JNS
experiencesiathefmophoretic force that causes the structure to rotate (Figure 6a). To validate this
behavior and quantitate the rotation frequency, we employed an optical trap to monitor individual
JNS for thistactiverrotational motion at the focus of a NIR laser (A = 830 nm). Incorporating back-
focal-plane‘interferometry (BFPI), this technique permits ultra-sensitive tracking and

characterization of trapped sub-micron particles as recently applied to HIV-1 virions in culture

media®®.

Powerspectra from individually trapped particles are analyzed such that the laser alone is
used as a baseline control (Figure 6b). Our data reveals that optically trapped JNS particles (N = 209)
show a distinct peak at 0.5-3 kHz in their power spectra (Figure 6¢c and d). The presence of these

peaks, i.e.,@pparent ‘colors’ in the thermal noise™"!

, isin sharp contrast to the power spectra
displayed bythemogeneous polystyrene or silica nanoparticles when they were trapped under
identical conditions"?. As a consequence, a typical Lorentzian fitting for these power spectra
yielded bad fits, as indicated by the systematic deviations between the power spectra and the best
fitted curveseverlaid on the spectra. As a matter of fact, these peaks are absent in all symmetric

nanostructure controls including AUTCMs (N = 50) (Figure 6e) and FeTCMs (N = 75) (Figure 6f),

respectively. For these power spectra, the Lorentzian fitting provides an adequate description for
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the data over the entire frequency range that we have investigated (1- 30 kHz). Because these
power spectra were recorded in the plane that is perpendicular to the laser beam axis (z-axis in
Figure 6a), the presence of the peaks along both x- and y-axis in this plane indicate that a population
of JNS displays periodic rotational motions in the focal plane at a frequency between 0.5-3 kHz,
which deviate from the typical Brownian motions, but consistent with the rotation of these particles
with a major frequency between 0.5-3 kHz as driven by the local temperature gradient. The colors
of thermal heisesift Brownian motions has been demonstrated previously for microscopic particles
under strong trapping conditions®™, which results from the correlated motions between a trapped
particle andthessurrounding solvent molecules®, or the so-called hydrodynamic memory effects.
The apparent colors in thermal noise that we observed here for the JNS particles must have a
different origin. First of all, these JNS are more than tenfold smaller in diameter than microspheres

|[53]

used by Franoschiet al~~'. Particles of this size are very weakly trapped, as we showed

(50521 "3Ad as a result, the effect of hydrodynamic memory is small. The absence of these

previously
peaks in the symmetric particles we used as a control further supports this notion, and argues that it

is the asymmetryawithin the JNS particles that gives rise to this phenomenon.

While @ptical trapping of JNS has been previously demonstrated, those experiments were not
designed todétéet.active motion'*®. Our observation, however, is supported by work from Jiang et
al. examining'self-thermophoresis of gold/silica Janus microparticles under 1064 nm laser
irradiation®". It is worth noting that these asymmetrical JNS nanoparticles are more challenging to
trap thanssymmetrical nanoparticles, due to the active spin motion. Although a portion of the
current JNS sample,exhibited a peak in the power spectra, the data are reproducible over multiple

experiments. Moreover, the frequency for this periodic motion is also reasonable for a particle of
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this size in a single-beam gradient optical trap[ssl. Previous studies using polystyrene and gold
nanoparticles subjected to circularly polarized light were able to achieve speeds up to 6 Hz and
several kHz, respectively, the latter at a laser power of <50 mW and A = 830 nm ®®*”). Furthermore,
at these rotation speeds corresponding to high thermophoretic forces, it was predicted that the
ability to optically trap JNS becomes strongly inhibited, leading to particle escape. This is a
common occurrence during current trapping experiments, which suggests that a larger population of
JNS may actuallyséxhibit active rotational motion than what we were able to stably trap and measure

here.

3. Conclusion

We have génerated an asymmetrical multi-building block Janus nanostructure (JNS) by employing a
novel self-assembly approach that utilizes a thermo-cleavable polymer to control the location and
self-assemblysofinanoparticles. The data suggest that the asymmetrical JNS enhance photothermal
effect and provideuneven thermophoretic force under NIR light, which generates active colored
Brownian spin motion. These properties of the asymmetrical JNS could be used as both a strong
photothermal mediator and a fuel-free nanoscale Janus motor under NIR light, which provides
superior fupctionsiin the future compared to particles that have only either photothermal properties
or rotational'motion alone. JNS can simultaneously induce cancer cells death by increasing local
temperature and potentially penetrate deeper in a tumor mass by the active rotational motion.
These tworproperties make our JNS unique and possible to use in the future for cell manipulations,

tissue penetrationienhancement, and cargo deliveries®* ",
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4. Experimental Section

Synthesis of difurfuryl adipate (DFA): Difurfuryl adipate was synthesized using the previously
published methed®”. Briefly, 5.5 mmol adipoyl chloride was added dropwise to 11 mmol furfuryl
alcohol with'axfew dreps of triethanolamine (TEA) in dichloromethane. The reaction was carried out
at 0 °C for 3;hours under nitrogen atmosphere. The product was purified by silica gel column
chromatographyzeluted with petroleum ether and ethyl acetate (2:1). The final product was brown
viscous liquid®The chemical structure was confirmed by "H NMR spectroscopy (Varian 400 MHz) in

dichloromethane (DCM)-d;and tetrachloro ethane (TCE)-d..

Synthesis of cleavable hydrophobic backbone polymer, Diels-Alder polymer (DA): The DA
polymer wasisynthesized from difufuryl adipate (DFA) and bismaleimido diphenyl methane (BMD)
monomers'folloWing previous literature®*®*. An equimolar of DFA and BMD was mixed in TCE and
the reaction was carried out at 70 °C for 7 days. The viscous yellow liquid was precipitated by excess
petroleumretherand pale yellow powder was obtained. The powder was dried out under vacuum
conditions. Thesfinal product was characterized by "HNMR spectroscopy in TCE-d,. Molecular weight

of DA was measured by gel permeation chromatography (GPC).

Cycloadduct conversion: In order to determine the percentage of cycloadduct conversion,
DFA and BMD were reacted at 70 °C for 48 hours to induce Diel-Alder reaction. Retro Diels-Alder
occurred atg@00°Ciand lead to the cycloadduct cleavage. The percentage of cycloadduct conversion
was caléllatedfrom the area under the peaks appearing in *H NMR at 5.32 ppm and 7.43 ppm
respectively. They indicated cycloadducts in the hydrophobic backbone and furan rings in the

starting material.respectively.
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% Conversion = {AUC at 5.32ppm / [AUC at 5.32 ppm + AUC at 7.43 ppm]} x 100

Synthesis ofithermo-cleavable polymer (DA-b-PEQ) via Michael addition: The excess molar
concentration of thiol-methoxy polyethylene oxide, molecular weight 5,000 Da (SH-mPEOQ), was
added into the solution of DA polymer (1.5:1 molar ratio) in DCM with a few drops of TEA. The
solution was kept under stirring for one night and the product was precipitated into petroleum
ether. The polymetstructure was confirmed by "H NMR spectroscopy. Molecular weight was

determined by GPC.

Synthesis:ofil ONPs: 15 nm IONPs were synthesized using a previously reported method™®.
Briefly, a mixture’of 0.890 g FeO(OH),19.8 g oleic acid and 25.0 g 1-octadecene in a three-neck flask
were heated under stirring to 200 °C under N,. 30 minutes later the temperature was set at 220 °C
for 1 h, thensthe;temperature was increased gradually to 310 °C (20 °C/5 minutes) and kept at this
temperatureiforiddh. The solution became black when the temperature was increased to 320 °C and
kept at this'temperature for 1 h. After the reaction was completed, the reaction mixture was cooled

and thepAanocrystals were precipitated by adding chloroform and acetone.

Au/IONP Janus nanostructure (JNS) formation: FeTCM (2.7 nM), AuTCM (0.2 uM), and DA-b-
PEO (10.0 wW1) were mixed together at room temperature. The solution was subsequently heated at
94 °C for 3 hours'in a dry bath. The obtained JNS were centrifuged twice to remove free polymer
seeds. The NS solution was kept at 4 °C in the magnet separator (EasySep, USA) for one night to

removeunreacted AUTCM.
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Synthesis of FeBL and AuPS secondary nanostructures: To form iron oxide ball-like
nanostructures (FeBL), FeTCM (0.54 nM) were homogeneously mixed with TCM seeds (0.2 uM) at
room temperature. The formation of the ball-like structures was carried out at 95 °C for 2 hours in a
dry bath. Then the solution was centrifuged to remove free TCM seeds and the pallets of ball-like
nanostructures were redispersed in Milli Q water. To form gold patchy nanostructures (AuPS),
AUTCM (0.4 uM),was mixed with free TCM seeds (10.0 uM). The solution was heated at 94 °C for 3

hours in a heatgblock and purified by centrifugation. The final products were stored at 4 °C.

Synthesis‘of homogeneous Au/IONP micelles (GMC): Oleic acid coated-IONPs (1mg) and
dodecanethiol AuNPs (1 mg) were dissolved together in THF and subsequently added into 20 mg of
DA-b-PEO solttiontin THF under stirring. The resulting solution was slowly dropped into water under

vigorous agitation. The product was purified twice by weight-separated centrifugation.

Characterization of nanoparticle: NP-loaded TCM, secondary structures, and JNS samples for
TEM imagingawere prepared by the solvent evaporation method. Briefly, the solution (5 pL) of each
sample were dropped onto carbon-coated copper TEM grids and allowed to dry overnight. TEM
images were acquired on a transmission electron microscope (TEM, Phillips CM-100, 60 kV).
Scanning transmission electron microscopy (STEM) and X-ray energy dispersive spectroscopy (XEDS)
were performed using Jeol JEM-2010F, operating at 200 kV with a double tilt holder. Images and size
distributions were analyzed by ImageJ software from NIH and Gatan digital micrograph software.
Hydrodynamic diameters were measured by using Malvern Zeta Sizer Nano S-90. Concentrations of
Fe and Au were quantified by Inductively Coupled Plasma - Optical Emission Spectroscopy (ICP-OES)
(Perkin-Elmer Optima 2000 DV). The samples were digested in aqua regia overnight before

measurement. Percent yield of JNS was calculated by the equation shown below.
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% yield of INS = [Amount of Fe in JNS x 100]/ Amount of Fe in FeTCM

Photothermal effect and cell viability assay in triple negative breast cancer cells (SUM-159):
The cells were cultured in a 5% CO, environment in F12 media (Invitrogen, Carlsbad, CA)
supplemented with 5% fetal bovine serum (Fisher Scientific, Pittsburgh, PA), 1% antibiotic—
antimycotic (lnvitrogen, Carlsbad, CA), 5 pg/ml insulin (Sigma-Aldrich, St Louis, MO), 1 pg/ml
hydrocortisone (Sigma-Aldrich, St Louis, MO), and 4 pg/ml gentamicin (Invitrogen, Carlsbad, CA).
3x10°cells wereseeded in 96 well-plates overnight. The cells were incubated with JNS (0.17 mg/ml of
gold and 0.04'mg/ml of iron), AUTCM (0.17 mg/ml of gold), FeTCM (0.04 mg/ml of iron), GMC (0.17
mg/ml of gold and!0.03 mg/ml of iron), solution mixture of AUTCM (0.17 mg/ml of gold) and FeTCM
(0.04 mg/mimefiren), or cell culture media alone for 2 hours. The cells were irradiated using a NIR
laser (885 nm, 0.45'W, spot size 5x8 mm?, MDL-1I- 885, OPTO Engine LLC, Midvale, UT) for 10
minutes. The temperature of the solutions was measured using a thermal camera (FLIR, Boston,
MA). Nanoparticles were removed immediately after PTT and the cells were incubated overnight.
Alamar blue (BIO-RAD, Raleigh, NC) was added to each well and incubated for 4 hours before

fluorescent cell viability measurement at Excitation: 540 nm and Emission: 590nm.

Optical trapping of JNS: A custom-built optical tweezers instrument incorporating a tapered
amplifier diode laser at 830 nm (SYS-420-830-1000, Sacher LaserTechnik LLC, Germany) was used for
trapping AUTCM, FeTCM, and JNS samples. Briefly, the trapping laser was focused to a diffraction-
limited spot using a,60X water-immersion objective (Nikon, Melville, NY) with a numerical aperture
of 1.2. The lasempower was 130.8 mW at focus throughout the experiments, which were conducted

at 20 + 0.2 €rSamples were diluted 10-fold in distilled water and separately injected into a
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microfluidic chamber of our construction. The optical trap is initially stationary, allowing individual,
diffusing nanoparticles to be passively captured. Brownian motion of trapped particles was recorded
with BFPI at 62.5 kHz for 10 s for the two axes that are perpendicular to the z-axis, i.e., the laser
beam axis aleng the direction of beam propagation. This scan was repeated four times. Fitting of the
corresponding power spectra in MATLAB (The Mathworks, Natick, MA) was done as previously
described®._ If the particle still remained in the optical trap after all scans were completed, it was

released andwagnew particle was trapped after sufficient time had elapsed.

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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Figure 1. a)JfA'synthesis scheme of DA-b-PEO amphiphilic diblock thermo-cleavable copolymer. An
equimolar of DFA"and BMD was mixed in tetrachloro ethane and the reaction was carried out at 70
°C for 7 days:, Thesmolecular weight of the polymer was 5,090 Da. Then SH-mPEG was conjugated
with the maleimide terminus of the hydrophobic backbone via Michael addition and yielded the final
product with the molecular weight of 9,800 Da. b) A cartoon picture representing the thermo-
cleavable polymer and the hydrophobic backbone cleavage after high temperature exposure. c) *H
NMR of the hydrophobic backbone at different time points and temperatures: freshly prepared
(top), 48 hoeurs:after 70 °C heat treatment (middle), and 1 hour after 100 °C heat treatment. It clearly
shows that the.cycloadducts peak at 3.09 and 5.32 ppm increase after polymerization via Diels-Alder
reaction at 70 °C for 48 hours. However, these peaks disappear after the temperature increases to
100 °C for an‘hour. This indicates the cycloadduct disruption via retro Diels-Alder. d) 84% of the
cycloadducts'were cleaved after being treated at 100 °C for an hour. The data suggest that the
backbone cleavage is very efficient after one hour of high temperature exposure.
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Too rm . 100 nm

Figure 2. TEM images of Janus Nanostructures (JNS). a) The TEM images of the original FeTCM and b)
AUTCM before heat treatment. c) A TEM image of multi-building block Au/IONP JNS after self-
assembly procéss. d) A high magnification TEM image and a cartoon picture show an asymmetrical
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structure of JNS. e) A STEM-HADDF image of INS and f) XEDS element maps of JNS confirm an
asymmetrical pattern of INS. g) TEM, h) STEM, and i) XEDS images of homogeneous dodecenethiol-
coated AuNPs and oleic-coated IONPs loaded in TCM show a random pattern of Au/IONP mixture in
micelles{GMC)

0 20 40 60 80
Distance (nm)

100 200 300 400
Distance (nm)

Figure 3. The TEM images of secondary structures. a) and e) represent TEM images of FeBL and
AuPS after'self-assembly of FeTCM and AuTCM respectively. b) and f) demonstrate STEM-HADDF
images of FeBL and AuPS at low magnifications. c) and g) are STEM-HADDF images of FeBL and AuPS
at high magpnifications with a color heat map. d) and h) show density profiles of FeBL and AuPS,
implying thatynanoparticles aligning at the polymer interface rather than inside the core.
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Figure 4. TE ges and scheme of self-assembly process. a) TEM image of AUTCM at high
magnification. ample was taken at the beginning of heat treatment. b) - d) Series of TEM
images i Itiple AUTCMs fusion process. e) TEM image demonstrating internal phase

separationjand structural rearrangement to form secondary structures. Scale bars from (a-e) are 100
nm. f) SHMgram demonstrates the transformation mechanism from cluster micelles to
muIti—buililmjanus or ball-like nanostructures. First, a FeTCM collides with free TCM seed.
Simultane

<

ther AUTCM can also collide with the same seed from the opposite direction and
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subsequently fuse together, resulting in self-reorganization to form JNS. If only one kind of NP-TCMs
is used, ball-like or patchy structures will be formed instead of JNS.
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Figure 5. JNS enhances photothermal effect. a) Graph shows photothermal effect of different types
of nanoWS significantly enhances the temperature after NIR laser light irradiation at 885
nm for 10 minutes comparing to other structures. The asterisk shows significant difference, P-value <
0.05. b) Pe of SUM-159 cell viability with and without photothermal treatment in different

types of nahopa “The asterisks show P-value < 0.05.
I I

Author Manuscr
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Figure 6. JNS displays colored Brownian motions in a single-beam gradient optical trap. a) A

hypothetical cartoon to illustrate the local temperature imbalance around a single JNS particle,
which drivésithe'fotation of the particle at the focal plane. b) Power spectra for laser-only collected
along x- and y-axis.” c-d) Representative power spectra for JNS particles displaying rotational motion
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in the optical trap. The best Lorentzian fits for each spectrum are overlaid, resulting in reduced
szalues of 1.31 (red inc), 1.33 (purpleinc), 1.21 (red in d) and 1.20 (purple in d), respectively. e-f)
Representative power spectra for AuTCMs and FeTCMs in the optical trap, respectively. The best
Lorentzian fits for each spectrum are overlaid, resulting in reduced XZ values of 1.11 (red in e), 1.11
(purple in €)71.10red in f) and 1.11 (purple in f), respectively. For panels b-f, the power spectra
along x-axisiare shown in cyan while the power spectra along y-axis are shown in blue. The fits for
spectra along x-axis are shown in red while the fits for spectra along y-axis are shown in purple. The
xy plane is the focal plane that is perpendicular to beam axis z.

Janus nanostructures (JNS) is developed by a seed-mediated self-assembly method of gold and
iron oxide nanoparticles loaded in thermo-cleavable micelles. JNS exhibit an excellent
photothermal'effect compared to homogenous counterparts due to collective effect on the gold
nanoparticle’hemisphere. This creates temperature imbalance on JNS resulting in the rotation of
particles and,displaying color Brownian motion in an optical trap.

Keyword: Janus motor, thermo-cleavable polymers, optical tweezers, Diel-Alder reaction,
thermophoresis

Kanokwan Sansanaphongpricha, Michael C DeSantis, Hongwei Chen, Wei Cheng, Kai Sun, Bo Wen,
and Duxin Sun*

Multi-Building Block Janus Synthesized by Seed-mediated Self-Assembly for Enhanced
Photothermal Effects and Colored Brownian Motion in an Optical Trap
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Supporting Information

Multi-Building Block Janus Synthesized by Seed-mediated Self-Assembly for Enhanced
Photothermal/Effects and Colored Brownian Motion in an Optical Trap

Kanokwan Sansanaphongpricha, Michael C. DeSantis, Hongwei Chen, Wei Cheng, Kai Sun, Bo Wen,
and Duxin Sund®

Materials. Furfuryl alcohol (98%), triethanolamine (TEA, 99%), dioxane (99.5%, extra dry), and1,1,2,2
tetrachlore,ethane (TCE,9 8.5%) were purchased from Acros Organics (USA). Petroleum ether
(certifiedA€CS grade), and dichloromethane (DCM, certified ACS grade) were purchased from Fisher
Scientific (USA). Iron oxide (lll) (FeO(OH), hydrated, catalyst grade, 30—50 mesh), oleic acid (technical
grade, 90%), =octadecene (technical grade, 90%), ethyl acetate (anhydrous, 99.8%), tetrahydrofuran
(THF, anhydrous 99.8%), adipoyl chloride, bismaleimido diphenyl methane (BMD), and dimethyl
sulfoxide (DIMS0Q;99.5%) were purchased from Sigma-Aldrich (USA). TCE-d,, and DCM-d, for '"HNMR
analysisswas purchased from Cambridge Isotope Laboratory (USA). Thiol methoxy polyethylene oxide
5KDa (SH-mPEG) was purchased from NanoCS (USA). Polystyrene-b-polyethylene oxide (PS-b-PEO),
Mw 10,300 Da used as non thermo-cleavable micelles was purchased from Polymer Source (Canada).

Dodecanethielfunctionalized gold nanoparticles (5nm) were purchased from Nanoprobes (USA).
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Cl

Furfuryl alcohol Adipoyl chloride

3h,0°C, N, DCM, TEA

D\/O X
° ")
Difurfuryl adipate (DFA)
Figure S1. A'synthesis scheme of DFA monomer. DFA was synthesized from furfuryl alcohol and

adipoyl chloride in DCM with a few drops of TEA under nitrogen atmosphere at 0°C for 3 hours. DFA

was characterized/by 'H NMR (400 MHz, TCE-d,) 6 7.43 (d, J = 2.0 Hz, 2H), 6 6.41 (d, J = 2.8Hz, 2H), 6
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6.37 (dd, J; = 3.6Hz, J, = 2.0Hz, 2H), 5.04 (s, 4H), 2.34 (p, J. = 7.2 Hz, J, = 3.2Hz, 4H), 1.63 (t, J = 3.4 Hz,

4H).
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Figure S2. *H NMR of hydrophobic backbone Diel-Alder polymer (a), bismaleimido diphenyl methane
(BMD) (b), and difurfuryl adipate (DFA) (c). BMD and DFA covalently form cycloadducts as shown in

'H NMR at 6.7:80(d, J = 8 Hz, 4H), 6 7.19 (d, J = 8 Hz, 4H), 6 6.55 (d, J = 6.4 Hz, 2H), 6 6.43 (d, J = 5.6

This article is protected by copyright. All rights reserved.

36



WILEY-VCH

Hz, 2H), 6 5.32 (s, 2H), 6 4.91 (d, /= 13.2 Hz, 2H), 6 4.47 (d, J = 13.2 Hz, 2H), 6 4.04 (s, 2H), 6 3.09 (d, J

=5.6 Hz, 2H), 6 3.02 (d, J = 6.4 Hz, 2H), § 2.34 (m, 4H), 6 1.63 (m, 4H). The asterisk (*) indicates a

Ipt

solvent peak.
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Figure $3. Thempereent of cycloadduct formation in the polymer was calculated from *H NMR of
hydrophobic backbone Diel-Alder polymer at 5.32 ppm and 7.43 ppm at different time points of
polymerization. The polymerization happens quickly at the first 48 hours of the reaction and almost

constant after 7 days.
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Figure S4. Cor eters and size distributions of NS, AuTCM, AuPS, FeTCM and FeBL measured by

TEM an y Image J.
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Hydrodynamic Diameter (nm) Polydispersity index (PDI)

cript

93.82 0.35
wcm 78.82 0.22
c™M 94.88 0.24
S 100.30 0.12
Table S1. @hows hydrodynamic diameters and polydispersesity index of TCM seed, FeTCM,

AuTCM ch sample was measure in triplicate by using Malvern Zeta sizer with disposable

cuvettes diameters of micelles measured by DLS are larger than the diameter of micelles

Vi

measured by TEM because of the interaction between the media and the polymer coating

nanopartic

[

Autho
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Figure S5. TEM images show the different number of AUNP and IONP and structural differences of

1

JNS forme ferent ratios of AUTCM and FeTCM. The percentage of AUNP in AuTCM was

varied as ind din the Figure. 1% and 5% of AUTCM yielded uncompleted JNS and FeBL were

0,

found in th t after purification. While 20% AuNP in AUTCM show over excessive AuNP that

1

are unr CM and free TCM resulting in releasing single AuNPs and cause precipitation.

{

10% AuNP in AUTCM represent the optimal JNS nanostructures as there is neither unreacted AuNP

L

nor FeBL a in TEM images.

A
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Figure S6. a)andb)' represent a TEM and STEM-HADDF image of JNS showing that multiple AuNP
and IONP are combined together as a single entity regardless of their orientation under the TEM and
STEM. Darkemtinyrdots under TEM image and brighter spots under STEM image indicates AuNPs. The

big grey spherestinder TEM image and dark sphere under STEM represent IONPs.
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Figure S7. atajindicate JNS are stable over a period of 6 months after being stored at 4 °C.

¢

There is no change in hydrodynamic diameter.

e
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-

Figure S8. images of the mixture of 5 nm AuNPs encapsulated in non-TCM (PS-b-PEQ) and 15

nm IONPs non-TCM before (a) and after (b) 3 hours of high temperature treatment with

free no . The data suggest that there was no JNS formation. These two types of NP-TCMs

remaine ed in the solution. Scale bars are 100 nm.
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Figure S9. TEIVhimages of FeTCMs before (a) and after (b) heat trigger. Morphological transformation
of FeTCM i observed under TEM. The cluster FeTCMs can undergo self-assembly and form

FeBL. (c) ag (d) show TEM images of nonFeTCMs before and after heat trigger respectively. No

structur. ation was observed.

i
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Figure S10. (a)Top panel shows that IONPs were released from the micelles and precipitated in the
aqueousmedia..The amount of precipitation is inversely proportional to the amount of free TCM

seeds. (b)The. bottom chart shows percentage of iron precipitation released from the micelles at

0.4-

0.3 — JNS
_ — GMC
(]

. 0.2+
o

0.1-

0.0

400 500 600 700 800 900
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different'weight ratios of the TCM seed with the fixing amount of IONPs (1mg).

Figure S11.AAbsorption spectrum of JNS and GMC at the same concentration of Au and Fe. JNS show
overall strongemabsorption than GMC. The maximum absorptions of JNS and GMC are 520 nm and

504 nm respectively.
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