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Abstract

Composite colloidal structures with multi-functional properties have wide applications in targeted
delivery of therapeutics and imaging contrast molecules and high-throughput molecular bio-
sensing. We have constructed a multifunctional composite magnetic nanobowl using bottom-up
approach on an asymmetric silica/polystyrene Janus template consisting of a silica shell around a
partially exposed polystyrene core. The nanobowl consists of a silica bowl and a gold exterior
shell with iron oxide magnetic nanoparticles sandwiched between the silica and gold shells.
Nanobowls were characterized by electron microscopy, atomic force microscopy, magnetometry,
vis-NIR and FTIR spectroscopy. Magnetically vectored transport of these hanobowls was
ascertained by time-lapsed imaging of their flow in fluid through a porous hydrogel under a
defined magnetic field. These magnetically-responsive nanobowls show distinct surface enhanced
Raman spectroscopy (SERS) imaging capability. PEGylated magnetically-responsive nanobowls
show size-dependent cellular uptake in-vitro.
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Introduction:

The ability to create colloidal structures with control over their size, geometrical
architecture, material composition, and surface chemical functionalities are of immense
interest. Such structures have potential applications in photonicl, therapeutic drug delivery?,
and functional devices3. Composite colloids are of interest because two or more different
materials are co-localized onto the same particle and their properties can be used in a
complementary or synergistic fashion#-6. Composite colloidal structures have been
synthesized using various physical’~13 and chemicall4-1° methods. Composite colloids
consisting of silica and different polymers are currently of great interest, because they can be
readily synthesized® 20-23 consist of relatively inert materials, and are well suited as
templates for the bottom-up fabrication of more intricate architecture such as core-shell
nanostructures.

The bottom-up approach has been used to create a three layer silica-iron oxide-gold
magnetic bowls by attaching magnetite iron oxide and gold nanoparticles to a silica core,
followed by growth of gold shell over the silica?* 25, Also, hierarchical colloidal templates
with a pollen-like shape have been used to create silica whiffle balls2® and gold-silica golf
balls2”. Colloidal templates were created by electrostatic absorbance of smaller spheres
(satellites) to a larger spherical core26-31 and then the desired materials were selectively
grown on the core of these templates. Also, asymmetric silica/polystyrene colloids have
been synthesized that contains a polystyrene shell around a partially exposed silica

corel6. 20,32 or g silica shell around a partially exposed polystyrene core?1: 33. 34,

In the present study, we have used an emulsion-free method3® to create a multifunctional
gold magnetic nanobowl (AuMN). Starting with a template of silica with partially exposed
polystyrene core, we added magnetic iron oxide nanoparticles and gold on top of the
template to create a composite nanobow! with a gold exterior, a silica bowl interior, and iron
oxide particles sandwiched in the middle. Nanobowl morphology and functional properties
were evaluated by electron microscopy, AFM, magnetometry, and spectroscopy (vis-NIR,
FTIR, Raman). Using a defined magnetic field, the transport of AuMN through a porous
hydrogel was monitored at different time points. The biosensing and drug delivery potential
of the nanobowls was evaluated through surface-enhanced Raman scattering (SERS)
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detection of rhodamine B (Rho B) and 4-mercaptobenzoic acid (4-MBA) and size-dependent
cellular uptake of nanobowls /n vitro.

Results and discussion

Characterization of Nanobowl Synthesis:

Gold shell magnetic nanobowls (AuMNSs) were created by using a multistep process
summarized in Fig. 1. The process started with the synthesis of a silica/polystyrene Janus
template using Stober’s method for silica particle formation modified with the addition of
carboxylate polystyrene nanoparticles3®. The silica in the templates was then functionalized
with an amino alkoxysilane to render the silica surface positively charged. An outer shell
was grown around the template in a two-step process. The template was first seeded with
negatively charged iron oxide (IONP) and gold (AuNP) nanoparticles. Then a gold shell was
grown by reducing seeded templates in a gold chloride solution. The gold surface was
modified with polyethylene glycol to keep the particles well-dispersed. Finally, the gold-
covered templates were turned into magnetically-responsive bowls by dissolving the
exposed polystyrene in organic solvent.

In order to confirm the effectiveness of every step in the bowl synthesis process, changes in
morphology at each step was visualized by electron microscopy imaging. The first step
consisted of an one-pot reaction to form negatively-charged (-=31.06 + 2.39 mV) silica/
polystyrene Janus templates (Fig. 2A). Modification of the Janus templates by an (3-
aminoethylamino)propyl-trimethoxysilane (AEAPTMS) resulted in a positive surface charge
as measured by zeta potential (+14.58 + 2.17 mV). This allowed for the electrostatic
attachment of negatively-charged 15 nm-sized IONP (-34.09 + 3.31 mV) and gold-amine
bonding by 3-5 nm-sized AuNP. IONPs were modified by the manufacturer (Ocean Nano,
see Experimental for more details) with a strong negative surface charge. AUNPs were
synthesized from the reduction of chloroauric acid (HAuCl,) with
tetrakis(hydroxymethyl)phosphonium chloride (THPC) in aqueous sodium hydroxide
solution (pH >10). THPC both reduces the gold salt into small gold nanoparticles and serve
as a neutral stabilizing agent (zeta potential, 1.21 +1.62 mV). TEM images of well-washed
IONP-AUNP coated templates show dense surface coverage of both the larger IONPs and
the smaller AuNPs (Fig. 2B).

A combination of nanoparticle attachment order and pH played a critical role in attaining
dispersed and densely attached templates. In order for the seeded templates to remain
dispersed in solution, a rapid reversal of charge is required when using electrostatic
assembly methods. Amine modified templates would often aggregate when solely in the
presence of IONPs. Manufacturer supplied IONPs were at a sub-saturation concentration
and thus neutralized the surface change (zeta potential typically, —10 to +10 mV) rather than
completely reversing it. We reasoned that it was necessary to perform seeding with both
IONP and gold at the same time, because the gold seeding concentration was sufficiently
high to reverse the surface charge and stabilize the seeded templates. By adjusting the ratio
of IONPs and Janus templates, the amount of IONPs on the Janus template can be further
increased if needed.

Nanoscale. Author manuscript; available in PMC 2018 December 16.
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Another important factor in our nanobow! synthesis was pH, because the gold seeding
solution was synthesized in basic pH condition and remained at highly basic (pH>9). At
such high pH values, aminated templates were generally neutral due to deprotonation of the
majority of amines on the silica surface. Addition of IONPs into the seeding solution did not
lower the pH significantly and attempts to seed in these conditions resulted in heavy
agglomeration. Adjustment of the seeding solution to pH 7-8 with the addition of small
amounts of 10 mM HCI to the IONP/gold solution resulted in non-agglomerated templates
and successful seeding of both IONP and gold as evident in TEM image (Fig. 2B). In
addition colloidal stability is further confirmed from zeta potential measurements showing
highly negatively charged IONP-AuUNP coated template (-=30.45 + 3.31 mV).

A complete shell was formed by suspending the IONP-AUNP coated templates in a HAuCl,
plating solution and reducing the gold onto the templates (Fig. 2C). After formation of the
gold shell, the gold-plated Janus template was suspended in thiolated polyethylene glycol
(PEG) solution for 24 hours and then transferred to a solution of THF for another 24 hr to
dissolve polystyrene (Fig. 2D). The composite magnetically-responsive nanobowls are a
deep teal color when suspended in solution (Fig. 2E) and were magnetically attracted to the
side wall of the container (Fig. 2F).

Various characterization modalities were used to confirm the completion of different steps of
the synthesis process. First, after the Janus templates were formed, the surface of the Janus
templates was modified with AEAPTMS and confirmed by FTIR analysis (Fig. 3). The
FTIR spectrum showed peaks that correspond to primary amines at 1500 and 3600 cm™2. In
addition, the siloxane and silylhydride bonds were seen more prominently at 1100 and 2100
cm™1, respectively. Second The absorbance measurements of the gold nanobowls showed the
formation of absorbance peak at 840 nm, indicative of a gold shell around a silica core3®
(Fig. 4A). In addition, the magnetic hysteresis of the particles was measured with a vibrating
sample magnetometer and the particles were found to be slightly ferromagnetic (Fig. 4B).
The saturating magnetization for the magnetic gold shell nanobowls was between 0.4-0.6
emu/g. The 15 nm IONPs were usually superparamagnetic at the 15 nm size, but in this
particular case, the composite particles appeared to have retained some ferromagnetic
character with a noticeable hysteresis. This is attributable to the measurement being
performed on a dry powder3®. Third, the Vis-NIR absorbance measurements of the gold
nanobowls showed the formation of absorbance peak at 840 nm, indicative of a gold shell
around a silica core3” (Fig. 4B). Spectrums recorded for gold seeding solution showed a
characteristic absorbance peak around 550 nm. This peak started to shift as it was absorbed
onto the silica surface of the Janus templates. Finally the peak around 840 nm around both
gold shell covered templates and PEG-AuMN has not changed. This indicates the gold shell
has not been adversely affected by the presence of the PEG.

Wide-field SEM images, AFM, and DLS of the gold-plated Janus templates and nanobowls
showed the monodispersity of the nanobowls (Fig. 5 and S1). The PEGylated gold plated
templates showed individual particles formed a complete gold shell over the external silica
surface (Fig. 5A). After removal of polystyrene by THF, dark holes in the gold shells
appeared indicating removal of the polystyrene and no noticeable changes in dispersity were
noted (Fig. 5B). DLS particle sizing before THF revealed two peaks at 266 nm and 669 nm
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of the sample (Fig. 5C, green). Particle sizing after THF (Fig. 5C, red) showed a slight
increase in diameter of the two peaks (279 nm, 765 nm) when compared to pre-THF
measurement (Fig. 5C, green). The 266 and 279 nm peaks in both curves of Fig. 5C
represented approximately 80% of the population and matched well with the diameter of to
individual nanobowls in SEM images (Fig. 5A-B). The larger diameter peaks corresponded
to some aggregates that were also visible in SEM images of pre-THF gold Janus templates
(Fig. 5A) and post-THF nanobowls (Fig. 5B). A paired two-sample t-test on the two DLS
curves showed that the two populations are not statistically different (p<0.05) from each
other.

Magnetic Transport

We then verified the ability of the nanobowls for directed transport under a magnetic field by
acquiring time course images of their passage through porous hydrogels in PBS under a
permanent magnetic field over a span of 52 hr (Fig. 6). A cylindrically shaped gelatin-
methacrylate-co-N-acryloyl 6-aminocaproic acid hydrogel (Fig S2) with approximately 50
micron-sized pores was laid on its side in a glass vial containing PEGylated nanobowls in
PBS and a strong rare earth magnet at one end of the glass vial. PEGylated magnetically-
responsive nanobowls over the time course were attracted toward the magnet and the
infiltration of the particles in the hydrogel was visualized as teal tint within a previously
clear gel. The gel became progressively more teal colored over the time (Fig. 6A-E). On
closer examination, a front of particles was seen infiltrating the porous hydrogel from the
right to the left side (toward the magnet) and becoming more diffuse in the gel as time
progressed (Fig. 6F—H). This suggests a potential use of the nanobowls for magnetically
controlled delivery through soft tissues. An arrow in Fig. 6 F—H indicates the direction and
movement of nanobowls towards the left side of each image.

AuMN as SERS plaform

We examined the application of gold/silica nanobowls as SERS platform for the detection of
specific molecules. Rhodamine B (Rho B) and the most common non-resonant analyte, 4-
mercaptobenzoic acid (4-MBA) were used as Raman-reporters in order to evaluate SERS
capabilities of the AuMNSs. The Raman enhancement effect can be maximized when the
frequency of the excitation laser approach the resonance frequency of the localized surface
plasmon in metallic nanoparticles38. The magnitude of the improvement of the Raman signal
was estimated throughout the enhancement factor (EF), which was calculated based on the
following equation3:

BF = (Ugprs/Nout! (lRsNvol)

where /sgrsand N rare the intensity of the Raman signal and the number of the Raman
reporter molecule in the scattering volume for the SERS sample respectively. N, ,and /s
represent the average number of molecules in the scattering volume and the intensity of the
Raman signal respectively for the probe molecule without AUMNS.
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Fig 7 shows the Raman spectra of both Rho B and 4-MBA used as probe molecules, in the
presence and in absence of the AuMNSs. The presence of the nanobowls significantly affects
the Raman signal of the Rho B with no shift of the peaks position of the normal sample.
Figure 7A shows that the SERS phenomenon is dominated by at least six peaks located at
621, 1201, 1277, 1358, 1505 and 1648 cm™~2, which corresponds well to those reported for
the Rho B in previous work%: 41, The EFs were found to be around 10°-108 (Table S1),
which is similar to the published work with other nanoparticles*2. In order to better evaluate
the SERS property of these AUMNSs, we used a non-resonant sample as probe molecule.
Raman spectra were obtained in similar conditions for 4-MBA molecules in the presence or
in absence of AUMNSs. A number of peaks appear in SERS measurements compared with the
4-MBA alone, which were previously reported for 4-MBA in other SERS nanoparticles®3
Five peaks located at 805, 1102, 1138, 1291 and 1597 cm™1 were used to estimate the EF.
The EF was estimated to be ~10° (Table S2). These results reveal the good SERS capability
of these AuUMNS, which make this nanostructure suitable for a very sensitive analytical
sensing.

In vitro incubation of AuMN

Before incubation with cells, PEG-AuMNs were modified with a FTIC-silane conjugate. In
order to provide easy visualization under fluorescence microscopy (Fig S3), FITC was
reacted with APTES in anhydrous ethanol in order to create FITC-silane conjugate. Then
FITC-silane was added to a THF solution containing AUMN in order to react. Fluorescence
microscopy was used to confirm FITC-silane attachment to the interior of the bowl. Figure
S2 shows FITC-PEG-AuMN particles on a glass slide at different concentrations.

FITC-PEG-AuMNSs uptake and their cellular response were examined in WPMY-1 normal
human prostate and LNCaP cancerous human prostate cell lines. The AUMN were
introduced at different initial concentrations and incubated with the cells for varying lengths
of time up to 24 hours. Overall the cells exhibited a dose dependent response to AUMN
particles. At the lower concentration measured (0.001 mg/mL) no cellular toxicity is
observed in either cell line even after 24 hr. (Fig. 8 A and C). At the highest concentration
measured (0.1 mg/mL), approximately 60% of cells were still alive after 2 hr in both cell
lines. After 24 hours, only 50% of cells were alive in the WPMY-1 cell line and about 30%
were still alive in LNCaP cells group. Merged phase contrast-fluorescent images show cell
uptake in WPMY-1 (Fig. 8B) and LNCaP (Fig 8D) cells as well.

In vitro cellular uptake of AUMNSs was also evaluated by atomic force microscopy
(AFM)44. 45 For the /n vitro uptake analysis, WPMY-1 cells were incubated with
PEGylated- gold nanobowls for 2 hours. PEG is usually used to reduce the macrophage
uptake and prolong nanoparticles circulation half-life*. Earlier studies suggested that
PEGylation increased nanoparticle stability and improved their cellular

biocompatibility*”: 48. As seen in AFM images (Fig. 8E—H), after 2 hours of incubation, the
magnetic nanobowls were distributed heterogeneously into the cytoplasm in a size-
dependent manner. Larger nanobowls were located on the cell periphery (Fig. 8G, blue
circles), whereas smaller nanobowls appeared to be endocytosed into the cytoplasm (Fig.
8G, black circles). These results are consistent with previous observations that endocytosis
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of colloids is primarily related to size, shape and surface properties of nanostructure*®: 50,
AFM images of WPMY-1 cells treated with magnetic gold nanobowls show the presence of
spots in the treated cells (Fig. 8H). The diameter of the nanobowls (denoted by spots in Fig.
8H) located inside the cells is 274+3 nm, similar to the size obtained from AFM of the
magnetic gold nanobowls by themselves (Fig. S3) and the size distribution of magnetic gold
nanobowls in DLS (Fig. 5). Typically, a total of 43 spherical nanoparticles per cell were
observed. No significant changes in the normal morphology of the WPMY-1 cells or visible
nanoparticles aggregation were observed after 2 hours of incubation of magnetic nanobowls
in a 0.001 pg/ml dilution. The presence of larger (275 nm diameter) nanobow!ls in the
cytoplasm suggests that even large nanobowls can eventually be endocytosed. In addition we
have demonstrated previously that the Janus template diameter can be controlled®! and
correspondingly the nanobowls can also be controlled as well. The mechanism of such
cellular uptake, though important is beyond the scope of this manuscript.

Although not studied in this work, nanobowls can be used as a drug delivery vehicle by
putting a biocompatible cap on the bowl, including liposomes®2, chitosan®3, and PLGAS4.
For conditional and controlled release of the therapeutic agent from the bowl, such a cap
could be released by specific interaction with nucleic acid molecules®®-53, enzymatic
processes, or environmental triggers like temperature and pH. Existing delivery systems
usually have pores or open surfaces that allow passive and/or continuous release of their
loads (imaging contrast molecules or therapeutic agents)** 55, Our nanobowls can be used
for a magnetically-guided delivery and controlled on-demand release of imaging contrast
molecules and therapeutic (theranostic) agents.

Conclusion

In conclusion, we have synthesized magnetic gold nanobowls using an asymmetric silica/
polystyrene Janus template. The template was covered by small iron oxide nanoparticles
coated with a gold shell. However, since gold only covered the silica and not the
polystyrene, the symmetry of the shell is broken. This provides access to the interior of the
bow! once the polystyrene is dissolved. Such a nanobowl has many advantages such as its
interior volume for storage, differential functionalization with gold (exterior) and silica
(interior) to allow simultaneous imaging in optical and near infra-red optical range, and
magnetically guided targeted transport of the theranostic materials due to its embedded iron
oxide nanoparticles. Present experimental evidence revealed a distinct SERS capability and
size-dependent /n vitro cellular uptake of our magnetically-guided nanobowls. These
advantages make them an attractive candidate as a theranostic (therapeutics and diagnostics)
nano carrier/vehicle. We believe that our gold nanobowls will have multiple robust and
effective useful future applications for storing drug and imaging contrast molecules as
depots for increase bio-availability and long term controlled release as well as for guided
delivery to specific tissues and organs, including commonly inaccessible brain tissue, small
organs such as pancreas and multi organs diseases such as cancer.
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Experimental

Materials:

Carboxylate modified polystyrene (PS-COOH) spheres (100 nm 2.7% in water) were
purchased from PolySciences. Tetrakis(hydroxymethyl) phosphonium chloride(THPC, 80%
in water) sodium hydroxide(NaOH,10M), and chloroauric acid trihydrate (HAuCl,-3H,0
99.9%) were purchased from Aldrich. Potassium carbonate (K,CO3), formaldehyde (37%)
and ammonium hydroxide (NH3OH, 29.79%) were purchased from Fisher Scientific.
Anhydrous Ethyl alcohol (EtOH) was purchased from JT Baker. (3-
Aminoethylamino)propyl-trimethoxysilane (AEAPTMS), anhydrous isopropanol,
tetrahydrofuran (THF), O-(2-Mercaptoethyl)-O’-methylpolyethylene glycol (10 kDa,
mPEG-SH) was purchased from Sigma. Deionized (DI) water used in samples was produced
using a Millipore Advantage A10 system with a resistance of 18.2 MQ. Phosphate buffered
saline (PBS, 1x) was purchased from Corning.

Janus template formation:

In a 250 mL glass vial with a magnetic stir bar, we added, in order, 7 mL DI water + 40 mL
isopropanol alcohol + 13 mL of ammonium hydroxide. We then added 40 mM TEOS (550
uL) and 1 mL PS-COOQH spheres at the same time while the solution stirring and allowed to
stir for 2 hrs. The actual formation of the Janus template happened rather quickly; within the
first 15-20 minutes of the reaction. The solution was then transferred to a centrifuge tube
and centrifuged for 5 min @ 500 g to separate out agglomerated particles from lighter
particles. The pellet was disposed of while the supernatant was transferred to a fresh
centrifuge tube and centrifuged again at 3221 g for 15 minutes to settle the single particles.
The supernatant was washed twice in 30 mL DI water and resuspended in 20 mL of
anhydrous ethanol.

Preparation of gold seeds:

In 54 ml of water 50 L of 10M sodium hydroxide was added and stirred well. In a separate
container, 1 ml of water and 12 pL of 80% THPC were added to the original solution and the
reaction was stirred for 5 min before 1.5 ml of chloroauric acid (10 mg/mL) was added. The
solution was stirred for another 30 min at room temperature and incubated at 4°C for 24
hours before use.

Gold plating solution:

50 mg of K,CO3 was dissolved in 47 mL of DI water and stirred for 5 minutes. 3 mL of
chloroauric acid (10 mg/mL) was then added to the stirring solution. The gold solution was
initially light yellow and became clear after 30 min of stirring. Afterwards, the gold
hydroxide solution was incubated for 24 hr at 4°C before use.

Janus template surface modification.

Asymmetric Janus templates were functionalized with amines by placing Janus templates
into a solution containing 20 mL of anhydrous ethanol and 40 pL of AEAPTMS (final:
0.2 %v/v). The solution was stirred at 60°C for 2 hrs. The amine functionalized Janus
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templates were washed 3 times in ethanol and resuspended in 5 mL of anhydrous ethanol.
The particles are the transferred to a glass vial and dried under vacuum under mild heating
overnight.

Attachment of iron oxide and gold nanoparticles to Janus templates.

5 mg of dried amine modified Janus templates were weighed out and dispersed 1 mL of
water with sonication as needed. 200 L of 10 nm iron oxide solution was added to 1 mL of
THPC-gold seed solution. The pH was adjusted to 8 by using sodium hydroxide or
hydrochloric acid before adding the 1 mL of amine modified Janus templates into solution.
The combined solution was allowed to tumble overnight, allowing proper time for
attachment gold and iron oxide nanoparticles. The attached particles were then washed 3
times in water and a dark red pellet was redispersed in 2 mL of water.

Gold plating:
Gold and iron oxide seeded Janus templates (1 mg) were added into well-stirred solution of
gold plating solution (5 mL), deionized water (4 mL) and 10 mM sodium citrate (1 mL).
Then 26 uL of 37% formaldehyde was added to the solution and stirred for approximately 5
minutes. The solution proceeded from clear to pink to a greenish-blue during this time. The
final solution had a dark green tint. Gold plated templates were then washed once and
centrifuged at 2000g for 10 minutes before being resuspended in 1 mL of water.

PEGylation protocol:

50 mg of MPEG-SH (10 kDa) was dissolved in 1 mL of water and added to a 1 mL solution
of gold shell Janus templates. The solution was allowed to tumble overnight before washing
twice at 2000 g for 10 minutes.

Nanobowl| Formation:

Nanobowls were formed by dissolving the exposed polystyrene in gold plated templates.
The 2 mL of gold was centrifuged and re-suspended in 2 mL of ethanol before being
transferred into a glass centrifuge vial containing 10 mL of THF. The solution was allowed
to stir overnight before washing and re-suspension in 2 mL of water.

Nanobowl! formation/FITC-silane attachment:

Freshly PEGylated particles were synthesized in a manner as described above. Fluorescein
isothiocyanate (FITC, Sigma) and aminopropyltrimethoxysilane (APTES, Sigma) were
suspended together in 1 mL of ethanol and tumbled together over night in the dark.
Afterwards the FITC-APTES conjugate solution was added to the 4mL of THF and 1 mL of
PEGylated gold-iron oxide-silica-polystyrene particle suspended in water. Again the
magnetic gold nanobowls are formed while the FITC-APTES is attached to the bowl of the
particle. The particles were then washed in water 3 times in 10 mL water and centrifuged at
2000 g for 5 minutes each time. The particles were then resuspended in 2 mL of water
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Synthesis of gelatin-methacrylate-co-N-acryloyl 6-aminocaproic acid (GelMA-co-AG6ACA)
porous hydrogels:

FTIR:

SEM:

DLS:

Gelatin-methacrylate (GelMA) and N-acryloyl 6-aminocaproic acid (A6ACA) were
synthesized as previously described 26 57, GelMA-co-ABACA porous hydrogels were
prepared by using polymethylmethacrylate (PMMA) porogen leaching method. Cylindrical
polypropylene mold was filled with 65 mg of PMMA microbeads (Bangs Laboratories,
diameter: 165 pm). 60 pl of a precursor solution containing 15% (w/v) GelMA and 9.25%
(w/v) ABACA as well as a photoinitiator of 0.3% (w/v) Irgacure 2959 was cast into the
PMMA-packed mold and photopolymerized under 365 nm UV light for 10 min. The porous
hydrogels were obtained by dissolving PMMA microspheres in acetone for 3 days. The
porous hydrogels were equilibrated in PBS and cut into a cylindrical shape with diameter
and thickness of 5 mm and 2 mm, respectively, prior to the introduction of magnetic
nanobowls.

Fourier transform infra-red measurements were carried out with an Alpha series (Bruker)
FTIR spectrometer equipped with a single reflection attenuated total reflectance module.
Colloidal suspensions were dried under vacuum and the resulting sample was placed in the
FTIR. 32 signals were acquired in transmittance mode and averaged to produce a spectrum.

SEM samples were prepared by spreading out 20 uL of sample into four to five spots on an
aluminum SEM post and allowed to air-dry. Images were taken on a FEI XL30 with an FEI
Sirion column to enable higher resolution with an accelerating voltage of 15 kV. SEM
imaging was carried out to examine a porous structure of the freeze-dried hydrogels. The
pore diameter of the hydrogels in the dried state was estimated from 10 pores of each of
three SEM images (n=30) using ImageJ. The data are shown as mean + standard errors.

Hydrodynamic size of the nanobowls was averaged over 5 measurements for each sample
with a Particle size analyzer (Brookhaven Instrument Corp., Zetaplus/BI-PALS). Two
different sets of samples were measured: samples before the removal of polystyrene from the
template and samples after removal of Polystyrene from the template. The nanobowls were
sonicated for at least five minutes to make sure that they were well dispersed in the solution.
Then the samples were diluted by at least 100 fold in DI H,O, in order to prevent the
agglomeration of the nanobowils.

Zeta Potential Measurement:

Zeta Potential was measured with a Zeta potential analyzer (Brookhaven Instrument Corp.,
Zetaplus/BI-PALS) for the following five sets of samples: silica/polystyrene template,
AEAPTEMS maodified Janus template, IONP, AuNPs, and IONO-AuUNO coated template.
The samples were diluted 100 fold in DI H,O and the Zeta potential of individual samples
was measured over five 5 runs and then averaged. The averaged zeta potential for each
samples are reported in the Results and Discussion section.
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Samples were prepared by placing a holey carbon coated TEM grid on a sheet of blotting
paper. 20 uL of sample was added to the grid and allowed to sit for 15 min to allow the
sample to adsorb. The sample was quickly dried using another sheet of blotting paper. The
TEM grid was allowed to dry before imaging. The TEM grids were loaded into the sample
holder of a JEOL 1200 EX Il TEM operating at 60 kV and images were acquired using a
Gatan Orius 600 digital camera.

Vibrating Sample Magnetometer:

The sample was dried in glass vial under vacuum and placed in a vibrating sample
magnetometer (Quantum Design) to measure the magnetic behavior at 300 K.

SERS measurement:

Raman spectra were obtained using a Jobin Yvon/HORIBA LabRam Raman spectrometer
integrated with a confocal microscope. Raman Spectra were collected in the range from 600
to 1800 cm~1 with an accumulation time of 30 seconds using a 633 nm diode laser.

AFM Nanoparticles characterization:

A multimode Nanoscope (Vecco Instruments) was used in tapping mode to characterize the
AuMNSs under ambient conditions, using a cantilever with a spring constant of 48 N/m. A
clean mica substrate was coated with a drop of Poly-I-Lysine (0.01%) for 2 minutes and
rinsed with ultrapure distilled water, and dried. 50 mg of hanobowls was deposited in the
mica substrate during 15 minutes at room temperature. Samples were washed with ultrapure
water and dried. AFM images were recorded in 50, 20 and 3 um scan areas for the particles
size distribution.

Fluorescent visualization of the in vitro uptake of magnetically-responsive nanobowls after
incubation with human WPMY-1 and LNCaP cells:

WPMY-1, a human prostate cell line, and LNCaP, a human carcinoma line, were used to test
cell viability upon exposure to FITC-PEG-AuMN for increasing amounts of time. WPMY-1
and LNCaP were obtained from the American Type Culture Collection (ATCC CRL-285).
WPMY-1 and LNCaP cells were cultured using Dulbecco’s Modified Eagle’s Medium
(DMEM, Gibco) containing 5% of fetal bovine serum (FBS, Gibco) at 370C in humidified
atmosphere of 5% of CO». Cells were grown in 60 mm petri dishes to reach a confluence of
70-80%. For imaging, WPMY-1 and LNCaP were treated with FITC conjugated, pegylated,
AuUMN:Ss in a Phosphate-buffered saline (PBS, Corning) solution at different concentrations
(0,0.001, 0.01, 0.1 mg/mL). After different time intervals (0,2,4, 24 hr), cells were washed
with PBS, further fixed using 0.4% glutaraldehyde (Sigma) for 5 minutes, and washed with
PBST (PBS with 5% of Tween-20) solution three times. 3 ml of PBS was added afterwards.
Additionally WPMY-1 and LNCaP cells were exposed to same concentrations of FITC
conjugated, pegylated AUMNs (0, 0.001, 0.01, 0.1 mg/mL) and times (0, 2, 4, 24 h) were
assayed for cell viability with the MTT assay (ThermoFisher). MTT absorbance
measurements were made in triplicate to arrive at average cell viability.
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AFM Visualization of the in vitro uptake of magnetically-responsive nanobowls after
incubation with human WPMY-1 cells

WPMY-1 cells were growth and prepared as described for the fluorescence microscopy.
Atomic force microscopy (AFM) images were obtained using a Bioscope AFM integrated
with a Zeiss Axiovert 135TV inverted light microscope, using the Nanoscope3 software.
Imaging of WPMY-1 treated and untreated cells was performed in PBS using the contact
mode AFM. Cantilevers with nominal spring constant (k) of 0.02 N/m were utilized for
imaging height and deflection modes. Images in scan area of 50 and 15 mm were recorded
in 512 pixels format.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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-0 L X

Janus Amine IO/Au Gold Removing
Template  Modification Attachment Plating PS Core

Fig. 1. Schematic of magnetic gold nanobowl! for mation.
A silica/polystyrene template is amine-modified and seeded with small gold and iron oxide

nanoparticles. Later, a gold shell is grown in a plating solution, filling in the spaces between
the gold nanoparticles. The magnetic gold bowl is finished by dissolving away the
polystyrene in organic solvent.
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Fig. 2. Electron microscopy images of the synthesis process.
A) Janus template formation, B) gold and iron oxide nanoparticle attachment on silica, C)

gold shell formation, and D) removal of polystyrene core. E) Gold plated particles in
solution F) Magnetic gold/silica particles in solution attracted to magnet placed outside the
container.

Nanoscale. Author manuscript; available in PMC 2018 December 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Mo et al. Page 17

4000 3500 3000 2500 200 1500 1000

Si-H Si-O-Si
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

OCHs H
HyCO-8i—" " ~""NH,

OCH;,

AEAPTMS

Figure 3. FTIR of amine-modified Janustemplate.
FTIR spectra shows the presence of peaks corresponding to amine (~1500 and 3600 cm™1),

siloxane bonds (1100 cm™1), and silyl hydride bonds (~2100 cm™1).
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Fig. 4. Magnetic hysteresisand NIR spectrum of shell.
A) The magnetic hysteresis of the particles indicates that the composite particle retains some

ferromagnetic character despite using 15 nm-sized ferromagnetic particles. B) NIR spectrum
of different steps different times in synthesis process including gold nanoparticle seeds
(double dot dash), gold seeded Janus templates (dotted blue line), gold shell nanobowls
(dashed green line), gold shell nanobowls with PEG (solid red). The characteristic peak at
around 550 nm for gold nanoparticles becomes a peak at the wavelength of 840 nm is
indicative of successful gold shell formation. No change during the attachment of PEG
indicates the PEG did not significantly disrupt the gold shells optical properties.

Nanoscale. Author manuscript; available in PMC 2018 December 16.

10




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Mo et al.

Page 19

==Before THF
= After THF

) O
3

N
o

1'\
l'/(\
400 600 800 1000
Diameter (nm)

Distribution (%
=

=4
o
o

Fig. 5. Wide field images of PEGylated magnetic gold-silica.

A) Before and B) after removal of the polystyrene with accompanying C) DLS data for
before (solid red, 266 nm, and 669 nm) and after removal of polystyrene (dotted green, 279
nm, 765 nm) in THF.

Nanoscale. Author manuscript; available in PMC 2018 December 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Mo et al.

A

Page 20

C 9hr = D 27hr== E 52hr ==
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Fig. 6. Passage of gold magnetic nanobowlsthrough hydrogel.
A) Experimental set-up for PEGylated magnetic nanobowls travelling through a GelMA-co-

ABACA porous hydrogel toward an ND-Fe-B magnet on the left. B-E) as time elapses, the
gel becomes noticeably more teal colored on the right as the nanobowls infiltrate gel, travel
into the gel and exit on the left. F-H) Under higher optical magnification, the movement of
nanobowls can be observed through the gel at 9, 27, and 52 hr as indicated by the
lengthening arrows. Gel boundaries are denoted by red dotted lines. F) At 9 hours, a teal
colored front builds up on the right, G) at 27 hours, the particles move to the left and
become more diffuse about two-thirds of the way through the gel, H) and at 52 hr, some
nanobowls remain in the gel while most have already passed through the gel. Scale for B-E
is 1 mm and for images F-H, the distance between the dotted lines is 2 mm.
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Fig. 7.

A) SERS spectra of 1x107 M Rho B on gold/silica nanobowls (top) and normal Raman
spectrum of the Rho B (0.01 M) (bottom). B) SERS spectra of 4-MBA (x10~° M) (top) and
normal Raman spectra of 4-MBA (0.3 M) (bottom). The numbers corresponds to the
enhanced peaks.
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Fig 8.

lngvitra uptake of PEG-AuMN. Relative cell viability for A)WPMY-1 after 2, 4 and 24 hours
of incubation with AuMNSs using the MTT assay. B) WPMY-1 fluorescence microscopy
AUMNSs uptake by after 4 hours of incubation. C) LNCaP MTT assay D) LNCaP
fluorescence microscopy AuMN uptake after 4 hours of incubation. B and D are bright-field
and fluorescence image merge. The fluorescence was obtained using the FITC filter | ex =
482+17nm and | em = 53620 nm. WPMY-1 cell morphology were also imaged by AFM
contact mode in PBS. Control with can areas of E) 50 um and F) 15 um as well as after the
uptake of AUMNSs scan areas of G) 50 um and H) 15 um. The smallest size nanoparticles
(274 = 3 nm) are located inside the cell (black circles), whereas larger nanoparticles did not
enter the cells or remain in the periphery (blue circle).
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