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Abstract

We present a fabrication process to create bifunctional microparticles displaying two distinct
proteins that are spatially segregated onto the surface hemispheres. Silica and polystyrene
microparticles with 2.0 pm, 4.1 pm, and 4.7 um diameters are processed with metal deposition to
form two chemically distinct and segregated hemispheres. The surface of each hemisphere is then
separately derivatized with biological proteins using different chemical conjugation strategies.
These bifunctional Janus particles possess biologically relevant, native conformation proteins
attached to a biologically-unreactive and safe substrate. They also display high densities of each
type of proteins which may enable a range of capabilities that monofunctional particles cannot,
such as improved targeting of drugs and bioimaging agents.
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Introduction

Bifunctional particles with biologically or chemically distinct hemispheres, also known as
Janus particles,1~> have a wide range of applications3~7 in the fields of biotechnology,
nanotechnology, electronics, and renewable energy.*>8 Biologically bifunctional Janus
particles can potentially be utilized as advanced pharmaceutical agents which can enhance
targeting of tissues and cells through ligands on one hemisphere while simultaneously
stimulating biological pathways with ligands from the second hemisphere.

Biologically bifunctional Janus particles are nonetheless a challenge to fabricate as the
synthesis technique requires consideration of protein functionality and stability.®
Monofunctional and spatially uniform microparticles are routinely produced through the
surface modification of microparticles.#10.11 These methods result in microparticles coated
with a nominally uniform distribution of proteins that create a single targeting or stimulating
capability 10-12

Chemical Janus particles or single-sided biological Janus particles have been successfully
fabricated using several techniques, including microfluidics!>7:13 and selective surface
modifications.24-6.14 The latter modifications can be created through microfabrication
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techniques such as evaporation!® and sputtering®16 in which a hemisphere is temporarily or
permanently masked while the exposed surface is modified.1:3-6.14

Currently, there are no described methods to produce biological Janus particles with two
types of separated proteins. In this study, we have developed several procedures to modify
uniform microparticles with a metal coating on one hemisphere and to then conjugate
different types of spatially segregated proteins onto the microparticles using different
chemistries for the two hemispheres. The microparticles were modified by depositing a gold
film on one side such that each particle displays two conjugation moieties on each
hemisphere: a gold surface and the original surface consisting of either biotinylated
polystyrene, carboxylated polystyrene, or silica. While all of the methods were successful at
producing biologically bifunctional Janus particles, we have found that the highest yield and
highest reproducibility is obtained by gold-coating silica microparticles, followed by gold
functionalization, silanization of silica, and then protein attachments to the chemically active
surfaces. Bifunctional biological activities are obtained through the robust attachment of
native-conformations of protein onto the spatially segregated surfaces. The possible uses of
these particles are a result of the biological functions of proteins, in addition to the physical
and chemical properties of the particles. Two recognition proteins could be used to bring
different biological effectors in close proximity to facilitate their activation or breakdown by
cellular or enzymatic activity. A recognition protein plus an activation molecule could
simultaneously bind a cell and stimulate the immune system or facilitate the breakdown of
toxic products.1’-18 Alternatively, a protein drug plus a targeting and internalization motif
could target treatment to a specific subset of cells and reduce nonspecific effects of drugs
with severe side effects.1! Bifunctional Janus particles can be used to create an entirely
novel class of smart particle capable of high avidity targeting to and stimulation of multiple
cell types. With these new particles, we can potentially improve the range, specificity, and
capabilities of therapeutic interventions.

Experimental Section

Materials

1-Ethyl-3(dimethylaminopropyl)carbodiimide (EDAC), PolyLink coupling buffer solution,
and silica and carboxyl polystyrene particles with 4.7 wum and 4.1 pum diameters respectively
were purchased from Bangs Laboratories Inc. (Fishers, IN). Biotin-conjugated polystyrene
microparticles with 2 um diameters were purchased from Polysciences (Warrington, PA).
(3-Aminopropyl)triethoxysilane (APTES), rabbit 1gG, fluorescein isothiocyanate (FITC)
conjugated bovine serum albumin (BSA), and unlabeled BSA were purchased from Sigma-
Aldrich (St. Louis, MO). Alexa Fluor 488 conjugated goat anti-rabbit 1gG secondary
antibody, Alexa Fluor 647 conjugated with streptavidin (SA), tetramethylrhodamine-6-
isothiocyanate (TRITC), phosphate-buffered saline (PBS), and natural human fibronectin
(FN) were purchased from Invitrogen (Carlsbad, CA). 8-Amino-1-octanethiol was
purchased from Dojindo Molecular Technologies Inc. (Rockville, MD). Thiol-poly(ethylene
glycol)-biotin, a heterobifunctional PEG derivative, was purchased from Nanocs (New
York, NY). Ethanol, acetone, and other chemicals were purchased and used as received from
VWR (Radnor, Pennsylvania).

Four different proteins were used as models to demonstrate particle bifunctionalization:
BSA represents an important passivation protein, FN and immunoglobulin G antibody are
important adhesive proteins, and SA is a useful cross-linking protein which binds with a
high affinity to biotinylated molecules. The BSA was received fluorescently unlabeled as
well as pre-labeled with FITC. The SA was also received pre-labeled with Alexa Fluor 647.
FN was labeled with TRITC according to the manufacturer’s instructions. Goat anti-rabbit
IgG conjugated with Alexa Fluor 488 was used to later label the non-fluorescent rabbit 1gG.
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Chemical modification of microparticles through gold deposition—A monolayer
of microparticles was deposited onto glass slides cut into slivers by spotting 1-2 L droplets
of microparticles suspended in deionized water and drying the solution at room temperature.
Prior to deposition, the microparticles were washed repeatedly with deionized water. The
concentration of the microparticles in the droplets was chosen to reduce the formation of
overstacking clusters!®. Concentrations of 0.05 mg/mL, 0.7 mg/mL, and 20 mg/mL were
used for the biotin-conjugated polystyrene, carboxyl polystyrene, and silica microparticles
respectively. After the monolayer preparation, the microparticles were coated with a layer of
gold using a metal evaporation process (CHA E-Beam Evaporator).1> The gold was
deposited to a thickness of 150 nm with a rate of 2 A/s following a 15 nm titanium adhesion
layer. After the gold deposition, the glass slivers were placed into microcentrifuge tubes
filled with solvent for the next processing step and were gently sonicated (Haier Ultrasonic
Cleaner) to remove the gold-coated particles from the glass substrate. Atomic force
microscopy (AFM) imaging (Asylum Research MFP-3D) was used to characterize the
density of the microparticle monolayer by examining the remnant gold layer after the
microparticles were removed. The density on the glass sliver with the 4.7 um diameter silica
microparticles was determined from AFM analysis to be 50,000 particles per mm?2, with a
slightly lower density of particles in the central region of the monolayer. The gold-coated
silica particles were further characterized with scanning electron microscopy (SEM, Hitachi
S-3700 VP-SEM) and bright field microscopy to verify the hemispherical gold coverage.

Protein conjugations to the particle surface—The gold hemisphere spatially defined
a region for selective conjugation of one type of protein onto the surface of the
microparticles. The gold hemispherical shell is selectively modified via an amino-
alkanethiol reagent?10.11.20 or thiol-PEG-biotin.2! The other hemisphere was modified by
selectively activating the original particle surface via several alternate procedures described
below. Figure 1 shows a general schematic of the process flow for biological bifunctional
particle fabrication. (FIGURE 1)

Before protein functionalization, polystyrene and silica particles were processed with a
metal deposition technique to obtain a thin layer of gold on one hemisphere as previously
described. The characterization of the gold deposition process on silica microparticles is
shown in Figure 2 through imaging by atomic force microscopy, scanning electron
microscopy, and bright field optical microscopy. (FIGURE 2)

Gold-coated silica microparticles were incubated for 4 hours with a 1 mM solution of the
thiol-PEG-biotin reagent in PBS to chemically activate the gold hemispherical shell. The
microparticles were cleansed with ethanol and air-dried to prepare for the silanization of the
silica hemisphere. The microparticles were suspended in a 2% APTES solution and rinsed
with water followed by oven drying to complete the silanization process. The activated
microparticles were then incubated with BSA for one hour, cross-linking the BSA to the
silica surface. This process was also repeated using the rabbit IgG (rlgG) antibody attached
to the silica surface followed by one hour incubation with fluorescently conjugated anti-
rabbit IgG antibody. After functionalization of the silica hemisphere, the particles were
incubated with SA for one hour to functionalize the gold hemisphere. Gold-coated
polystyrene particles were also functionalized with thiol-PEG-biotin and EDAC activation
followed by BSA cross-linking onto the polystyrene surface and SA cross-linking onto the
gold surface. Table 1 compiles the various particle compositions and the respective
modification and proteins. (TABLE 1)

Carboxylated polystyrene microparticles were functionalized with BSA via EDAC
activation while silica particles were functionalized with BSA via APTES silanization. In
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both methods, the particles were then resuspended in a 1 mM amino-alkanethiol solution for
2 hours and functionalized with FN onto the gold surface. Biotin-conjugated polystyrene
microparticles were also functionalized after a 1 mM amino-alkanethiol solution
functionalization of the gold hemisphere followed by BSA cross-linking and SA attachment
to the gold and biotinylated hemispheres respectively. Silica particles were functionalized
with APTES and BSA cross-linking, followed by 1mM amino-alkanethiol solution
functionalization of the gold hemisphere and FN cross-linking. Monofunctional silica and
polystyrene particles, which did not undergo the gold deposition step, were also
functionalized with BSA. Mixtures of functionalization where equal ratios of labeled BSA
and unlabeled BSA were conjugated to microparticles through either EDAC cross-linking in
the case of polystyrene microparticles or through APTES in the case of silica microparticles.

Microscopy and flow cytometry—Confocal laser microscopy (Zeiss LSM 510 VIS
Confocal Microscope) was used to visually demonstrate the spatial segregation of the two
proteins onto hemispherical surfaces of individual particles. We used the provided software
(Zen Lite 2011) to determine the mean fluorescence intensity (MFI), defined as the
integrated intensity divided by the cross sectional area, both for particles with spatially
segregated proteins and for particles possessing a mixed distribution of proteins on the
surface. Flow cytometry was performed using the Accuri C6 and FlowJo software to verify
the intensity distribution of the fluorophore-conjugated proteins for a population of 100,000
microparticles. The intensity was determined for each particle in the FL-1 and FL-4
channels, corresponding to the FITC/Alexa Fluor 488 and Alexa Fluor 647 respectively and
debris were excluded from analysis using a forward scatter-triggered gating. Four
experimental groups of gold-coated particles were analyzed: particles that were processed as
previously described with thiol-PEG-biotin and APTES; particles that were not further
processed and were entirely non-fluorescent (Supplementary Figure 1); particles that were
processed with either the FITC or Alexa Fluor 488 fluorescence on a single hemisphere for
BSA or rlgG, respectively, and particles that were processed with the Alexa Fluor 647
conjugated SA cross-linked to the gold hemisphere.

The protein surface density of the bifunctional Janus particles was measured with confocal
microscopy and compared to the particles which did not possess spatially segregated
proteins. Mean fluorescence intensity (MFI) of confocal images, defined as the intensity per
unit functionalized area, was measured using Zen Lite 2011 as a surrogate for protein
density measurements on the surface of the gold-coated particles with a single protein type
and the microparticles functionalized with a mixture of labeled and unlabeled BSA. A two-
sample T-test (Minitab) demonstrates significance between the fully-coated microparticles
opsonized with labeled BSA and the fully-coated microparticles opsonized with an equal
mixture of labeled and unlabeled BSA.

A variety of Janus particles were created with distinct protein types spatially segregated onto
two hemispheres. Two types of silica particles processed with BSA/SA and rlgG/SA are
imaged with confocal laser scanning microscopy and bright field microscopy as shown in
Figure 3. (FIGURE 3) The observed fluorescent regions corresponding to the
microparticles’ hemispheres indicate the bifunctionalized surfaces. A video which shows the
confocal image of a bifunctional Janus microparticle in rotating view is provided in the
supplementary materials.

We analyzed the fluorescent confocal images to calculate the MFI to compare the density of
fluorescently labeled proteins in beads fully coated with FITC-BSA, beads that were half
coated with FITC-BSA and beads that were coated with a mixture of labeled and unlabeled
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BSA. The results in Figure 4 show that particles with spatially segregated proteins do not
possess a significantly different MFI compared with particles fully coated with FITC-BSA.
(FIGURE 4) However, the MFI measurements from both particles were both significantly
higher than particles coated with an equal mixture of fluorescent and non-fluorescent BSA
(p=4x10710, N = 15). The significant difference in fluorescence was expected due to the
lower densities of fluorescent protein. Spatial segregation of protein functionalization
therefore is important to maintain a high density of ligands in the creation of bifunctional
particles. This should improve the biological activity of the bifunctional Janus particles due
to multivalent interactions that will increase interaction efficiency or may be required for
some biological effects.

The yield of bifunctional particle production varied with each processing method. Two
yields are defined. The first is the process yield that measures the percentage of particles
with two types of spatially segregated proteins compared to the total number of particles
present after the processing has been completed, as determined from flow cytometer
analysis. The process yield is 90.5% for the silica particles processed with the thiol-PEG-
biotin reagent and the rlgG/SA and 98.5% for BSA/SA, as shown in Figure 5. (FIGURE 5)
Confocal microscopy verified that the vast majority of these microparticles had spatially
segregated proteins. The different processing yields are summarized in Table 2. (TABLE 2)

The total yield is defined as the number of bifunctional particles created compared to the
initial number of particles that were used prior to processing. This number is by definition
lower than the process yield since some particles are lost in the gold deposition and washing
steps. The total yield is approximately 30% for the silica particles and was below 10% for
polystyrene particles.

As seen from the processing yield results, we have found that the thiol-PEG-biotin/APTES
functionalization process with the silica particles provides the highest yield of bifunctional
Janus particles. A high process yield is important to making Janus particles with increased
homogeneity and reduced manufacturing costs. We hypothesize that the higher yield is in
part due to the PEG derivative inhibiting non-specific adsorption to the gold surface while
biotinylation exhibits a high selectivity for SA. The net result is that the microparticles have
two selective surfaces to which proteins stably bind.

Another advantage of this functionalization strategy is that both the silica hemispherical
surface and the gold coating are chemically active prior to protein immobilization. Protein
instability in harsh solvents or conditions is therefore avoided during all subsequent protein
conjugation steps which should help maintain the native conformation of proteins as they are
conjugated to the particle surfaces. This assumption is supported by the binding of the
secondary antibody to rigG. Also, this procedure helps to increase the total yield due to
fewer particle processing steps.

We achieved a higher total yield of spatially segregated proteins using the silica particles
compared with the carboxylated polystyrene particles. The lower total yield for polystyrene
particles may be a result of increased nonspecific binding caused by surface charges as well
as the hydrophobic nature of polystyrene. We also observed increased aggregation of
carboxylated polystyrene particles during the EDAC conjugation, especially for particles
with low carboxyl densities on the surface, resulting in a total yield is less than 10% for the
polystyrene-based particles. The silica particles on the other hand were more hydrophilic,
which helped to reduce adsorption onto the container’s sides during incubation. The biotin-
conjugated polystyrene particles on the other hand have a relatively higher process yield of
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11% compared to the carboxylated polystyrene particles, due to the high affinity binding to
SA and lower non-specific adsorption.

These studies were conducted as a “proof of principle” for the creation of biologically
bifunctional Janus particles. By attaching fluorophore-conjugated proteins onto two
chemically-distinct hemispheres of a microparticle, we showed that two different proteins
can be deposited in their native-conformation on a microparticle, creating bifunctional
capabilities. Creating bifunctional microparticles with a high density of proteins can be
important in the development of more advanced therapeutic particles by incorporating
multiple targeting and stimulation capabilities in one particle or adding a therapeutic
capability imparted by one or more protein types to each hemisphere. Spatially segregated
bifunctionality, in comparison to mixed distributions on a surface, leads to a higher density
of ligands that will increase adhesive capabilities through multivalent binding22 or improve
signaling capabilities through cross-linking of receptors or other sterically-sensitive
processes.23 Bifunctionality can therefore greatly improve the effectiveness of microparticle
technologies for applications where multifunctionality and high avidity are necessary.

We have created the first bifunctional Janus particles with biologically relevant, native
conformation proteins attached to a biologically-unreactive and safe substrate.10-20 These
particles have many potential biomedical applications, including multifunctional drug
targeting, bioimaging, and adhesive crosslinking of cells. Suspension method,
functionalization times, and the protein immobilization methods can be optimized to achieve
higher yields in future studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

General schematic of the bifunctional Janus particle fabrication process, including (A)
particles before gold deposition on a glass substrate, (B) particles after gold deposition, (C)
particle removal from glass substrate, (D) original particle surface functionalization, and (E)
gold functionalization.
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10.0um

Figure 2.

(A) AFM surface topography of the remnant gold on the glass substrate after particle
removal, (B) SEM of 4.7 um gold-coated silica particles after sonication removal from the
glass substrate, and (C) bright field microscopy of the particles.
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Silica Superimposed

Figure 3.

Confocal images of 4 wum silica particles processed to create biological Janus particles with
APTES and thiol-PEG-biotin. (A) Zoomed-out and (B) magnified view of particles with
FITC conjugated BSA and Alexa Fluor 647 conjugated SA on gold and silica surfaces
respectively. (C) Zoomed-out and (D) magnified view of particles with Alexa Fluor 488
conjugated goat anti-rabbit 1gG and Alexa Fluor 647 conjugated SA on gold and silica
surfaces respectively. The scale bar in each image corresponds to 4 pm.
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Figure4.

Bar plot of the MFI for different procedures of particles functionalization of particles.
Measurements are shown for single protein coating, single protein Janus particles, and
mixed protein coating, as depicted by the schematics below each bar plot. The mixed protein
coating consist of a mixture of FITC conjugated BSA and unlabeled BSA. The error bars
represent the standard error.
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Figureb.

Fluorescence analysis of bifunctional Janus particles using flow cytometery for silica
particles processed with thiol-PEG-biotin and APTES. The particles were conjugated with

(A) BSA/SA and (B) rlgG/SA.
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Various particle compositions with the respective cross-linking chemistry and protein modification.

Table 1

Particle Surfaces

Cross-linking Chemistry

Proteinson Surface

Silica/Gold

Polystyrene/Gold

Biotin-conjugated Polystyrene/Gold ~ None/Amino-alkanethiol

APTES/Amino-alkanethiol
APTES/Thiol-PEG-Biotin
APTES/Thiol-PEG-Biotin
EDAC/Amino-alkanethiol

EDAC/Thiol-PEG-Biotin

SA/BSA
BSA/Fn
BSA/SA
rlgG/SA
BSA/Fn
BSA/SA
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Summarized results with different procedures of biological Janus fabrication process. We conjugated BSA/SA
and rlgG/SA to the Silica/Gold microparticles via APTES/Thiol-PEG-biotin cross-linking chemistry, which
provided a range in processing yield.

Particle Surface

Cross-linking Chemistry ~ Process Yield

Carboxylated Polystyrene/Gold

Silica/Gold
Silica/Gold

Biotin-conjugated Polystyrene/Gold  None/Amino-alkanethiol 11%

EDAC/Amino-alkanethiol < 5%

APTES/Amino-alkanethiol < 5%
APTES/Thiol-PEG-biotin 90.5-98%
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