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ABSTRACT: This paper describes a novel route for the
preparation and functionalization of perfectly spherical
cellulose nanospheres (CNSs), ranging from 100 to 400 nm
with a typical diameter of 160—170 nm, for use in theranostics.
The method of preparation enables both surface and interior
bulk functionalization, and this presumably also makes the
CNSs suitable for use in end-use applications other than
theranostics. Surface functionalization was here demonstrated
by antibody conjugation with an antibody specific toward the
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epidermal growth factor receptor (EGFR) protein, ie., facilitating interaction with cancer cells having the EGFR. Besides
showing specificity, the CNS—antibody conjugates showed a very low nonspecific binding. The CNSs could easily be bulk
functionalized by embedding gold nanoparticles in the cellulose sphere matrix during CNS preparation to provide imaging

contrast for diagnostic purposes.

Rapid and precise therapeutic and diagnostic tools are
essential for quality of life and to promote human health.
In our society, cancer is one of the most common and life-
threatening diseases known, and more than 40% of all men and
women will one day be diagnosed as having cancer.' Several
methods are available for diagnosing cancer,” and recent studies
show that the concentration of the epidermal growth factor
receptor (EGFR) protein is much higher in cancer patients
than in healthy patients, which makes this protein an interesting
target for the fast identification and treatment of patients in the
battle against cancer.”*

Several diagnostic tools are available based on specific
antigen—antibody, DNA—DNA, or receptor—ligand recogni-
tion or interaction, for example, enzyme-linked immunosorbent
assay (ELISA).” However, conventional ELISA cannot be used
in in vivo applications since it is limited to external fluid
examinations such as a blood sample, and this makes it tedious
and labor intense. There is therefore an obvious need for simple
and cost-effective analytical tools capable of detecting, locating,
and ultimately treating cancer and other diseases in vivo at an
early stage.

Particle-based assays are rapidly gaining interest since they
have shown to be effective for biorecognition without the
limitations posed by currently available diagnostic tools, such as
that high-throughput screening and multiple receptor and
conjugation interactions cannot be studied simultaneously.®
Micro- and nanoparticle-based systems have a large surface-to-
volume ratio and a greater versatility in sample analysis and
data acquisition.” The particle-based assays can be grouped into
two major categories based on particle size: nanoparticles® and
microparticles.” These can further be categorized according to
how they provide diagnostic contrast, such as ultrasound,®
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fluorescent markers,'’ dyes,'> or X-ray scattering."> Another
contrast agent that has recently gained a lot of interest is gold
nanoparticles (GNPs), which can be detected by many different
techniques such as surface-enhanced Raman spectroscopy,"*
light microscopy,'' fluorescent imaging,'" and enhanced X-ray
scatter imaging."> GNPs are, unfortunately from a diagnostics
point of view, also very potent protein binders, which, due to
nonspecificity, limits their use in in vivo applications.'® This
problem can be addressed by coating the particles with, for
example, polyethylene glycol in order to reduce the interaction
with proteins.*'"'® Nanoparticles are also affected by aging,
having a poorer detection sensitivity already a few days after
preparation,'”” which drastically limits their use in clinical
implementations. To overcome these shortcomings regarding
aggregation, the GNPs can be embedded in larger nano- or
submicron particles to provide a protective structure. This
protective structure must meet three major criteria: it has to be
inert for nonspecific interactions, it must be chemically active to
allow for surface modifications to provide specific interactions,
and third it is vital that the material does not interfere with the
human immune system or human proteins; ie., it must be
biocompatible and not create harmful interactions in vivo. One
of the most frequently used materials in pharmaceuticals
applications that meets all these criteria is cellulose and some of
its derivatives,"®***" and it is nowadays commonly used as a
drug dispersant or binder.
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In this work we demonstrate how to prepare and
functionalize spherical nanoparticles, cellulose nanospheres
(CNSs), which are able to include and stabilize contrast agents
such as GNPs and potentially also include therapeutic drugs.
The CNSs were prepared by a three-step protocol. In the first
step, cellulose (dissolving pulp provided by Domsjé Aditya
Birla) was dissolved in lithium chloride in N,N-dimethylaceta-
mide (LiCl-DMAc)."” When CNSs with encapsulated GNPs
were produced, GNPs from Sigma-Aldrich with a specified
diameter of S nm (with DLS an average particle size of 9.3 nm
was measured) were dispersed in the cellulose solution in the
first step. In the second step, the dissolved cellulose was mixed
with an immiscible silicone oil (Sigma-Aldrich) at a volume
ratio of 1:4, using a vortex mixer to produce an emulsion of
micrometer-sized cellulose drops (with or without GNPs) in
silicone oil. Finally, in the third step, the emulsion was pushed
by pressurized nitrogen through a filter with a pore size of 2 ym
(Valco instruments Co. Inc.) into ethanol (i.e., a nonsolvent for
cellulose) containing 0.5 wt % Tween 20, forming solidified
nanometer-sized cellulose spheres with a high spherical
uniformity in contact with the nonsolvent (Figure la). To
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Figure 1. (a) Schematic illustration of how dissolved cellulose droplets
in silicone oil are pushed through a 2 ym filter into ethanol where the
dissolved cellulose solidifies as CNSs. (b) Scanning electron
micrograph of freeze-dried CNS.

remove larger macroscopic cellulose aggregates formed, due to
clogging of filter pores during the cellulose solidification, the
dispersion was coarsely filtered through a S ym filter (Acrodisc
with a Supor membrane). To simulate in vivo conditions, the
dispersion was solvent-exchanged against 0.14 M pH 7.4
phosphate buffer saline (PBS), using a 1000 kDa dialysis
membrane (Biotech CE membrane from Spectrum Laborato-
ries Inc.). This high cutoff also removes nonencapsulated
GNPs. The CNSs were then characterized in terms of size and
size distribution by scanning electron microscopy (Hitachi S-
4800) and dynamic light scattering (DLS) using a Zetasizer
ZEN3600 (Malvern Instruments Ltd., UK.). Both techniques
gave a typical sphere diameter of 160—170 nm (Figure 1b and
Figure S1, Supporting Information (SI)), which, to the best of
our knowledge (excluding nonspherical nanoparticles from
cellulose®®), is about 2 orders of magnitude smaller than any
earlier reported values for pure cellulose spheres with high
spherical uniformity."

Aliquots of the CNS dispersion were then surface function-
alized in a three-step antibody conjugation protocol,”* with
dialysis against PBS after each step. First, to enable reaction
with the antibody, S mL of CNSs dispersed in Milli-Q water
was partially oxidized to dialdehyde cellulose for 20 min (60
min was also used but did not affect the conjugation efficiency)
by adding 200 uL of 0.5 M sodium periodate solution. After
dialysis, 100 pg of antibody, anti-EGFR (Sino Biological Inc.),
or anti-BSA (Life technologies) in 1 mL of ten times diluted
PBS was added to the oxidized CNSs for 2 h. Finally, to form
stable amine bonds between the antibody and CNS and to
remove any remaining aldehyde groups, 500 L of 4 mg/mL of
sodium borohydride was added to the mixture. The successful
conjugation was supported by DLS size measurements where
an increase in the average diameter of the CNS was detected
after surface functionalization (see SI). The real-time specificity
of the antibody—CNS conjugates was then measured using a
quartz crystal microbalance (QCM) of model QCM-E4 (Q-
Sense) where the measured shift in frequency is related to the
adsorbed mass (for exact experimental details see SI). As can be
seen in Figure 2, both the BSA (Figure 2a) and the EGFR
(Figure 2b) were adsorbed onto the silica crystal. When the
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Figure 2. QCM experiments displaying the frequency shift (i.e., mass adsorption) as a function of time. Addition points of protein (BSA or EGFR),
washing buffer (PBS), nonconjugated CNSs (refcys), anti-BSA-CNS conjugated (anti-BSAcys), or anti-EGFR-CNS conjugated (anti-EGFR(ys) are
indicated by arrows. All CNSs were dispersed in 0.14 M pH 7.4 PBS, and the initial BSA or EGFR layer was adsorbed in the absence of added salt at

pH 4 and §, respectively.
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Figure 3. SEM micrographs of EGFR or BSA protein layers adsorbed onto a silica wafer followed by dipping in a solution of refcys, anti-BSAcys, or
anti-EGFRys. After the adsorption of the different CNSs, the silica plates were washed and freeze-dried to preserve the CNS structure.

nonconjugated CNSs (refcys) were injected, no significant
adsorption to either the BSA or the EGFR-coated surface was
detected, and almost all the detected interaction was of a
nonspecific type since all immobilized mass (i.e., the entire
frequency shift) was removed after PBS washing. The CNS
with the “wrong” antibody conjugation showed the same
almost complete absence of nonspecific interactions as the
refcns. The spheres with the “right” conjugated antibody
showed significant binding to the corresponding protein layer
(seen as a higher frequency decrease in Figure 2), and the
immobilization continued over a longer period of time than
that of the spheres without specific interaction. Equally
important, the spheres did not completely detach during the
washing step, confirming that they were permanently attached
to the protein surface and that the antibody maintained
specificity after conjugation with the CNS.

The anti-BSAcys conjugates were adsorbed more effectively
than the anti-EGFR(yg conjugates. The higher adsorption of
anti-BSAcyg can presumably be explained by a lower
conjugation efficiency, quantified as a conjugation of about
40% for the anti-BSA and about 20% for the anti-EGFR (see
SI).

To support the QCM results and to image the absence of
nonspecific interactions and the presence of highly specific
interactions as observed by QCM, a silica wafer with a
preadsorbed protein layer of BSA or EGFR was submerged in
test tubes containing each CNS solution (i.e., nonconjugated
and conjugated with anti-BSA or anti-EGFR) for 45 min and
then washed with PBS for 45 min (Figure 3). The experiment
was performed in parallel experiments with each CNS rather
than in the sequential series shown in Figure 2. As can be seen
in Figure 3, a higher density of immobilized CNS was detected
where antibody—antigen interactions were present, in full
agreement with the QCM data (Figure 2).

As described earlier, GNPs were loaded into the CNS matrix
prior to sphere fabrication in some of the experiments to
provide a diagnostic imaging tool. In this work we used X-ray
diffraction (XRD) and ultraviolet—visible spectroscopy (UV—
vis) to demonstrate successful GNP encapsulation. Figure 4
clearly shows the typical gold crystal peaks at scattering angles
of 38, 44, 65, 78, and 82° (the peaks at 36, 42, and 62°
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Figure 4. X-ray diffraction of dry, gold-containing CNSs. The labeled
peaks at 38, 44, 65, 78, and 82° scattering angles correspond to the
different crystalline planes of gold.

correspond to the substrate). The Scherrer equation®® was used
to calculate the average size of the embedded GNPs, which was
estimated to be about 12 nm (see SI). The size of the GNPs
was further supported by UV—vis where absorption peaks can
be seen at approximately 490 and 530 nm (see SI) which are
ascribed to the surface plasmon resonance absorption of
dispersed GNPs.**

Cellulose is one of the most commonly used substrates or
dispersants in medical drug treatment. Here we have presented
a method of fabricating CNSs that can be both surface and bulk
functionalized, and it can be hypothesized that this system may
act as an in vivo diagnostic tool. As illustrated in Figure S, the
functionalized CNS provides a specific interaction between
anomalous cells which can be diagnosed by incorporating a
contrast agent such as GNPs. Presumably, also a therapeutic
drug could be embedded in the CNS in a manner similar to the
incorporation of the GNP, with the goal to locally treat a
disease or infection.

In the present paper, the main application of the prepared
CNSs has been for the use in theranostics, which we consider
to be one of the most interesting applications. However, it must

dx.doi.org/10.1021/mz500507k | ACS Macro Lett. 2014, 3, 1117-1120



ACS Macro Letters

’%

Antibod
% Antigen ’ y
Gold

° - Cellulose
nanoparticles sphere

Antibody-antigen
interactions

Imaging

—

Imaging contrast

from gold
nanoparticles  +&¥ ¢
Se

Figure S. Schematic illustration of how antibody-conjugated CNSs with embedded GNP might be used as an in vivo contrast agent to image the
specific interactions from antibody conjugation on CNS with antigen present on the surface. In the first image (from the left) is a solution of surface-
functionalized CNS injected into an infected location. Subsequently, the functionalized CNSs bind to the antigen surface, where the encapsulated

GNPs provide contrast of the infected area.

also be stressed that the technique for the preparation of CNSs,
as such, is of broad scientific importance and that the prepared
CNSs would be an ideal material for fundamental colloidal
studies of cellulose. For example, the influence of steric
stabilization and charge interactions can be studied with these
particles. Furthermore, by preparing larger particles using larger
membranes it should also be possible to prepare new types of
colloidal probes for atomic force measurements.

In conclusion, by a membrane emulsification technique
cellulose nanospheres with a typical diameter of 160—170 nm
have for the first time been prepared. The prepared spheres
were then surface functionalized by antibody conjugation to
provide specific antibody—antigen interactions with simulta-
neous low nonspecific interactions. It was also possible to bulk
functionalize the cellulose nanospheres by incorporating GNPs
to provide a diagnostic tool for cancer cells containing EGFR.
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