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ABSTRACT: Dynamics with an orientational degree of freedom are fundamental in
biological events. Probes with polarized luminescence enable a determination of the
orientation. Lanthanide-doped nanocrystals can provide more precise analysis than
quantum dots due to the non-photoblinking/bleaching nature and the multiple line-shaped
emission. However, the intrinsic polarization property of the original nanocrystals often
deteriorates in complex physiological environments, because the colloidal stability easily
breaks and the probes aggregate in the media with abundant salts and macromolecules.
Engineering the surface chemistry of the probes is thus essential to be compatible with
biosystems, which has remained a challenging task that should be exclusively addressed
for each specific probe. Here, we demonstrate a facile and efficient surface
functionalization of lanthanide-doped nanorods by zwitterionic block copolymers. Due to
the steric interaction and the intrinsic zwitterionic nature of the polymers, high colloidal
stability of the zwitterionic nanorod suspension is achieved over wide ranges of pH and
concentration of salts, even giving rise to the lyotropic liquid crystalline behavior of the
nanorods in physiological media. The shear-aligned ability is shown to be unaltered by
the coated polymers and thus the strongly polarized emission of Eu®" is preserved.
Besides, biological experiments reveal good biocompatibility of the zwitterionic
nanorods with negligible non-specific binding. This study is a stepping stone for the use
of the nanorods as orientation probes in biofluids and validates the strategy of coupling
zwitterions to lanthanide-doped nanocrystals for various bio-applications.

KEYWORDS: zwitterion, functionalization, nanorod, lanthanide, polarization, bio-
application



INTRODUCTION

Luminescent nanocrystals are attracting extensive attention both in fundamental research
and in emerging applications due to their abundant tunability over various parameters,
such as particle sizes and crystalline structures of particles.* Synthetic protocols have
been maturely developed for the elaboration of nanocrystals with tuned size and shape.>*
When the shape of the particle is anisotropic (e.g. rods or plates), the intrinsic
polarization properties can be detected explicitly, linking the anisotropy axis with respect
to the spatial orientation of the particle.”” Taking advantage of the polarization properties
from anisotropic nanocrystals, one can thus determine the orientation of a specific
particle or the strength of the external forces stimulating the orientation of collective
particles.®**

This orientation analysis is of special interest in biological fields, as many
physiological phenomena involve the conformational changes, dynamics, and
fluctuations of macromolecules.*? As an example, Yanagida et.al revealed the dynamic
movements of biological macromolecules using the polarization technique of a binding
quantum rod.® Recently, our group has developed a technique for monitoring shear stress
in microfluidics using the polarized emission of Eu** doped in the shear-aligned
nanorods.’* The nanorods show promising potential in biological fields, not only as
orientation probes but also as imaging labels and sensors. Nevertheless, good colloidal
stability is only available under acid conditions (pH=2-3). Targeting the biological
applications, the conventional synthetic protocols hardly can produce the nanocrystals
that are directly compatible with bio-environments.™ The presence of the salts and
macromolecules, as well as the pH in the physiological environments, can induce the
aggregation of nanocrystals. Therefore, subsequent surface engineering is requisite for
the nanocrystals to preserve their functionality and adapt to harsh physiological
environments.

Various approaches have been applied to ensure the appropriate surface
functionalization, such as encapsulation and ligand exchange.™** Polymeric ethylene
glycol (PEG) is the most used ligand to achieve biocompatibility, hydrophilicity, and
access to further bioconjugation.’>*® However, the drawbacks of PEG include low
tolerance to salts and a dramatic increase in the hydrodynamic diameter of the PEG-
coupled nanocrystals.®?! Degradation of PEG can also occur in the presence of oxygen
and transition metals.?>*® As an interesting alternative, oligomeric or polymeric
zwitterionic ligands have been exploited recently?* By virtue of the positive and
negative charges in different functionalized groups under an internal balance, strong anti-
fouling properties, and minimization or elimination of non-specific binding can be
realized.®?" Also, there is a limited increase of hydrodynamic diameter for the
functionalized nanocrystals as zwitterionic ligands can provide near monolayer-type
coverage on the particle surface.? Different combinations of the nature and the structure
for the zwitterion moieties can tune the charge density and thus the hydration ability.?"
High water solubility of zwitterionic polymers is then realized because of the strongly
formed hydration layers via electrostatic interactions, which discriminates zwitterions
from PEG with weak hydrogen bonds.?% All these features can benefit the uptake,

2



biodistribution, and removal of circulating nanoparticles for in vitro and in vivo
experiments.®

Until now, the zwitterionic ligands have been widely applied to bio-purposed inorganic
nanoparticles, such as quantum dots, gold, and silica.***® Although the quantum dots and
the lanthanide-doped nanocrystals exhibit luminescence, the origin of their emission is
significantly different because of the distinctive nature of the composition
(semiconductor and dielectric). Usually, strong affinity is favored by interactions of S-
and N-contained groups (e.g. thiolate or imidazole) to quantum dots,**** while O-
contained groups (e.g. phosphonate, silane, or carboxyl) are used to bind to lanthanide-
doped materials.”>*** This demonstrates the significance of the rational design of
zwitterionic functions and attaching groups to the lanthanide-doped nanocrystals.
Moreover, our specific nanorod system should meet an extra demand to preserve the
perfect orientability of the nanorods after coupling with functionalized agents if used for
the orientation analysis.

In the present work, efficient functionalization is realized by coupling
poly(phosphonate-zwitterionic) block copolymers to the bare LaPO, nanorods and
enhanced under microwave heating. The phosphonate block anchors stably to the
nanorod surface thanks to multidentate interactions, while the zwitterionic sulfobetaine
moieties provide a highly hydrophilic coating. Colloidal stability was investigated for the
resulting zwitterion functionalized nanorods in terms of time, electrolyte species and
concentration, and pH value. The hydrophilicity and biocompatibility were demonstrated
by the observed liquid crystalline behavior and in vitro cellular experiments. Besides,
strong polarization of Eu®* emission was shown to be preserved on the aligned nanorods,
enabling further targeting for the orientation analysis in biofluids.

RESULTS AND DISCUSSION
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Figure 1. Zwitterionic functionalization of LaPO4:5%Eu®* nanorods. (a) Scheme of
functionalization by the p(MAPC1-b-SBMA) zwitterionic polymer on a nanorod with the
molecule structure. (b) SEM image of the functionalized nanorods with a histogram of
length distribution. (c) Thermogravimetric analysis of the functionalized nanorods
heating from room temperature to 800°C at a rate of 10°C/min.

Zwitterionic Functionalization by p(MAPC1-b-SBMA) Polymer The zwitterionic
block copolymers (Mn = 5300 g/mol, Figure 1a) used for the surface functionalization
were synthesized by reversible addition-fragmentation chain transfer polymerization.3*
The two blocks are constructed from (methacryloyloxy)methyl phosphonic acid (MAPC1)
and sulfobetaine methacrylate (SBMA) monomers with 4-cyanopentanoic acid
dithiobenzoate as the chain transfer agent.*>*® The final polymer contains on average 5
phosphonic acid groups and 16 sulfobetaine moieties, as determined by nuclear magnetic
resonance spectroscopy and gel permeation chromatography. The design of the MAPC1
block is aimed at dense coverage of ligands on the nanocrystal surface and strong
anchoring points by the phosphonate groups due to the multidentate effects.?®33237% e
found that five phosphonate groups are efficient enough to ensure a stable anchoring of
the polymer to the nanorods. The sulfobetaine moiety with its positively charged
quaternary ammonium group and negatively charged sulfonate group retains a
zwitterionic character independently of pH and endows the polymer with high
hydrophilicity. In our previous work, the functionalization and stabilization of
nanocrystals by sulfobetaine based copolymers work efficiently in a range of sulfobetaine
block length between 3,000 and 20,000 g/mol.?” Figure S1 shows the excitation and
emission spectra for this p(MAPC1-b-SBMA) zwitterionic polymer dispersed in water.
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There is a broad absorption band at 290 nm and a broad emission band at 350 nm. The
UV absorption is ascribed to the dithiobenzoate end group of the chain transfer agent,
which induces a light pink color of the dried p(MAPC1-b-SBMA) polymer.*°

The nanocrystals in this study are the monazite LaPO4:5%Eu** nanorods synthesized in
our previous work.”> The nanorods with bare surfaces are colloidally stabilized only in
acidic polar media (pH=1-3) by electrostatic repulsion from the surface charges. To
implement the zwitterionic surface functionalization, the original nanorods were mixed
with p(MAPC1-b-SBMA) polymer under sonication for 1 h. Subsequently, the pH of the
mixture should be tuned to near neutral so that the phosphonic acid in the MAPC1 groups
can be deprotonated to efficiently bind to the nanorod surface (La** and Eu** ions). Then,
the functionalization proceeded by microwave heating at 100°C for 1 h, dramatically
improving the colloidal quality, which will be addressed later. The details of the
functionalization protocol are provided in the Supporting Information (SI).

The image of scanning electron microscopy (SEM) in Figure 1b demonstrates a good
monodispersity of the functionalized nanorods without aggregates. The calculated
average length is 150 nm and the corresponding aspect ratio is 18-35. To validate the
coupling of p(MAPC1-b-SBMA) polymer, the nanorods after a thorough wash were
characterized by Fourier transform infrared (FT-IR, Figure S2) spectra and
thermogravimetric analysis (TGA, Figure 1c). For the bare nanorods, P-O antisymmetric
stretching vibrations occur at 1066 and 993 cm™, and symmetric stretching vibrations
appear at 953 cm™. The bands at 542, 583, and 613 cm™ belong to the O-P-O
antisymmetric bending.** After the zwitterionic functionalization, new bands appear at
1385, 2876, and 2961 cm™ for -CHj vibrations, and 1462, 2839, and 2918 cm™ for -CH,
vibrations,** confirming the successful coupling of the zwitterionic polymer to the
nanorod surface. The TGA curve quantitatively determines the amount of the coupled
polymer. After the loss of water molecules before 300°C, the polymer is decomposed
until 580°C with a weight loss of 19.2%. The coverage density of the polymer on a single
nanorod is then calculated to be 0.3 nm™ (corresponding to 3 mg/m?), which is close to
the values reported on quantum dots.?’
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Figure 2. Colloidal stability of zwitterion functionalized LaPO.:5%Eu®" nanorods. (a)
Transmittance spectra as a function of light wavelength for the suspensions in pure water
and saline at the volume fraction & of 0.5% (25 g/L). The inset image shows the
transparency of the saline suspension. (b) DLS measured hydrodynamic diameter of the
bare nanorods in pH=2 water and the functionalized nanorods in saline and saturated
NaCl solution. (c) DLS size as a function of pH value with fixed ionic strength of saline.
(d) Macroscopic isotropic liquid-nematic phase separation of saline suspension (original
@=6.5%, 325 g/L) in a 2 mm-think quartz cell with the corresponding birefringence for
the bottom nematic phase under crossed polarizers. (e) A typical birefringent texture of
the nematic sample observed by a polarizing microscope with crossed polarizers.

Colloidal Stability In physiological conditions, various ions from salts at elevated
concentrations (e.g. Na* of 130-155 mM and K*, Ca**, and Mg®* of 1-5 mM)* and pH
variation are always present and are generally detrimental to the colloidal stability of the
suspension. To apply our nanorods in biofluids, it is necessary to verify the colloidal
stability of the p(MAPC1-b-SBMA) functionalized nanorods under these conditions.
After the zwitterion functionalization, the nanorods can be dispersed in various
physiological media, such as saline (NaCl, 9 g/L) and DPBS (Dulbecco’s phosphate
buffered saline), typical physiological media used in biological study. The resulting
saline suspension of the nanorods is transparent at a volume fraction of @=0.5% (25 g/L,
approximatively 700 nM of nanorods), as shown in the inset of Figure 2a. Suspension
transparency is close for pure water and saline. This is quantitatively confirmed by the
transmittance spectra in Figure 2a, in which the transparency is 72% at 550 nm (close to
79% in the case of bare nanorods, Figure S3). The preserved high transparency indicates
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that the present functionalization circumvents the particle aggregation at the
physiological ionic strength of 0.15 M. Dynamic light scattering (DLS) measurements
confirm the absence of aggregates with neglectable size increase (Figure 2b) and reveal
the long-term colloidal stability for at least six months stored at room temperature
(Figure S4). The colloidal stability was further examined under the extreme conditions of
saturated NaCl solution (ionic strength of 6.0 M, Figure 2b) and highly concentrated
MgCl, solution (ionic strength of 12 M, Figure S5). No aggregation occurs evidenced by
the DLS results. This remarkable long-term tolerance for electrolytes is the uniqueness of
zwitterions and has been observed when the SBMA function was involved.*** This is
explained by the enhanced solvation of zwitterionic polymer with high ionic strength as
ions can screen the charges of the SBMA group to suppress the attractive interaction of
the zwitterions.* Note that the DLS revealed size is always small than the actual size of
the nanorods due to the anisotropic shape of particles.

Besides the high salt tolerance, pH tolerance was also examined in an extensive range
(pH=2-12) by adding nitric acid or sodium hydroxide with the ionic strength of saline. In
contrast to the instant precipitation when the pH value is increased beyond 3 for the bare
nanorod suspension, the zwitterionic nanorod suspension retains colloidal stability over a
wide pH range of 6 to 12 (Figure 2c). In the physiological pH conditions (pH=7.2), the
surface zeta potential (Figure S6) is highly negative at -41+1 mV. Colloidal stability
does not however rely on electrostatic repulsion between nanorods only, since they
remain stable even under extremely high ionic strength, where electrostatic interactions
are efficiently screened. Instead, it relies on steric stabilization due to the very
hydrophilic zwitterionic polymers. Surface charge increases when the pH value deviates
from the neutral pH, but still is negative. The negative charge has been observed for some
zwitterionic functionalizations*™ although in principle the net charge is close to zero
due to the compensated counter ions. In our case, the negative charge is intrinsic to the
polymer structure. Phosphonic acids can be deprotonated under neutral pH conditions as
the acid dissociation constants (pKa) of the phosphoric acid are 1.3 and 6.7 for the first
and second dissociation.”® Because of the second dissociation, the zeta potential steeply
rises from -41+1 mV at pH=7 to -17+1 mV at pH=6. At pH 2 to 4, the nanorods tend to
aggregate, which can be interpreted by the over protonated phosphonate group, resulting
in the gradual decoupling of the p(MAPC1-b-SBMA) zwitterionic polymer from the
nanorod surface. Note that the nanorods remain stable in the biologically relevant pH
range, an important point for their biological applications.

Good colloidal stability has been validated at a moderate particle concentration
(©=0.5%). To further examine the colloidal stability, the nanorod concentration was
largely increased. In comparison, the same functionalization was conducted under
sonication (Figure S7). At moderate concentrations of the nanorods, the suspension is
transparent as in the case of microwave heating. Nevertheless, aggregation occurs at high
concentrations. Instead of tending to aggregate, the concentrated nanorods under
microwave heating (©=3.5%) dispersed in pure water (pH=7) exhibit liquid crystalline
behaviors that were also observed on the bare nanorods under acidic conditions (pH=2).*°
The contrast experiments validate the importance of microwave heating towards the



successful functionalization of the zwitterionic polymers on the nanorod surface.
Importantly, the occurrence of the liquid crystalline behaviors suggests the limited
influence of the zwitterionic polymer on the self-alignment of the nanorods. This
preserved orientability of zwitterionic nanorods paves the way for the application of the
nanorods in biofluids. More interestingly, the liquid crystalline phenomenon remains in
saline (©=6.5%), further confirming the extraordinary colloidal stability of the
zwitterionic functionalization realized by microwave heating. Figure 2d shows the phase
separation in saline: the upper isotropic part (randomly oriented nanorods) and the bottom
nematic part (self-aligned nanorods). Under crossed polarizers, the nematic domain
transmits light presenting strong birefringence. A typical image of birefringence is
displayed in Figure 2e for the nematic sample taken on a polarizing optical microscope.
To our knowledge, it is the first report on liquid crystalline behaviors on artificially
synthesized nanocrystals in physiological media, although self-ordering of living
macromolecule entities is common in nature, such as the lipid bilayer membrane
assembled by hydrophobic interactions.*
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Figure 3. Polarized luminescence properties of zwitterionic LaPO.:5%Eu®" nanorods in a
nematic phase. (a) Polarized emission spectra under 394 nm laser excitation with a
schematic illustration of emission observation from nanorods by changing the polarizer
from 0° to 90° (parallel and perpendicular to the nanorod orientation). The most polarized
emission lines are labeled as MD1 and MD2 in the magnetic dipole transition of °Dqg-'F;
and ED1 and ED2 in the forced electric dipole transition of >Do-"F4. (b) Polar diagrams of
the integrated intensity (MD1, MD2, ED1, and ED2) with fitting plots. (c) Ratiometric
polar diagrams of the integrated intensity ratios (MD1/MD2 and ED1/ED2) with fitting
plots.
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Polarized Emission The superior colloidal stability of the physiological suspension
with the zwitterionic functionalized nanorods paves the way to utilize the nanorods for
the orientation analysis in biological systems. The nanorods in our study are aimed at
monitoring the shear stress in dynamic biofluids. The methodology of the orientation
analysis relies on the Eu®** polarized emission.***® The polarization measurements were
performed by rotating a polarizer in the emission path. The emission intensity for each
transition was detected to change with the polarizer angle (6), the difference between the
polarization axis and the nanorod orientation. Specifically, the polarizer angle of 0° or 90°



means that the polarizer is parallel or perpendicular to the nanorod orientation, resulting
in a spectrum in «t or o configuration. Figure 3a shows the polarized emission spectra for
the in-plane nematic sample (Figure 2e) under 394 nm laser excitation. The emission
consists of defined lines split by the crystal field and is generated from the magnetic
dipole (MD) transitions of °Dy-'F; (587 and 592 nm as MD1 and MD2) and the forced
electric dipole (ED) transitions of °Do-'F, (612 and 621 nm) and °Dq-'F, (685 and 698 nm
as ED1 and ED2).>* Each emission line varies periodically in intensity via rotating the
polarizer. The dominant emission lines are strongly polarized. The polarized emission
spectra in Figure 3a are similar to those taken from the nematic domain of the bare
nanorod in ethylene glycol (Figure S8) under the same experimental conditions,* further
confirming the neglectable effect of the coupling zwitterionic polymers on the self-
alignment of the nanorods. When the nanorods in this study are used in probing biofluid
dynamics, current polarized emission spectra will serve as a reference to determine the
orientation of collective nanorods or a single nanorod. Note that although the p(MAPC1-
b-SBMA\) zwitterionic polymer can absorb and emit light (Figure S1), the bands are far
away from the absorption and emission of Eu®* ions. Hence, there is no energy transfer
between the coupled p(MAPC1-b-SBMA) zwitterionic polymer and Eu®* ions inside the
nanorods, as evidenced by the identical emission spectra (Figure S9) before and after the
functionalization. This demonstrates the unaltered sensitivity and accuracy of orientation
analysis after the zwitterionic functionalization.

To do quantitative analysis on polarized emission, Figure 3b plots the polar diagrams
for the integrated emission intensity of MD1, MD2, ED1, and ED2 transitions as a
function of @in every 10°. The data points are fitted with a simple trigonometric function:
lo= 1,-c0s°0 + 15-sin6, where | and |, denote the integrated emission intensity with @ at
0° and 90°. The fits are good showing a dumbbell shape of the polar diagrams for each
transition dipole. The fitting data is used to quantify the degree of polarization
(DOP=(l—15)/(1+15)). DOP is calculated to be as high as -0.43, 0.55, 0.79, and -0.51 for
the MD1, MD2, ED1, and ED2 emission lines. High DOPs are expected from the highly
aligned nanorods in the nematic sample, providing high accuracy to the orientation
analysis.***® However, the deviation can be observed between the data points and the fits.
This is due to a slight distortion of the emission beam upon rotating the polarizer and a
slight intensity fluctuation of the laser excitation. To avoid global intensity fluctuation,
integrated intensity ratios can be applied to enhance the accuracy of the orientation
analysis.>®>? The ratiometric polar diagrams in Figure 3¢ match perfectly with the fits for
the MD1/MD2 and ED1/ED?2 intensity ratios. The neck of the ED1/ED2 plot is extremely
narrow, indicating a high DOP (0.93 and 0.52 for MD1/MD2).
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Figure 4. Biocompatibility of zwitterion functionalized LaPO,:5%Eu** nanorods in the
physiological media. (a) Schematic cartoon of the nasal respiratory ciliated cells and the
cilia on one side. (b) A cluster of ciliary cells with the inset of cilia. (c) Beating frequency
of ciliated cells in saline without and with nanorods (®=0.5%). (d) Fluorescence intensity
of fluorescamine assay with different washing cycles (red column: supernatant after
centrifugation for the nanorods incubated in buffer with BSA; green column: nanorods
incubated in buffer with BSA after 6 washes; dashed line: buffer without nanorods and
BSA).
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Biocompatibility To mimic the real physiological conditions, the behaviors of the
zwitterion-coupled nanorods were examined in more complex environments with living
cells.?®*>354 Here we choose the ciliated cells of the upper respiratory airway system of
humans as the ciliated cells are sensitive to the surrounding environments and their
functionality can be quantified by the ciliary beating frequency.”® As shown in Figure 4a,
4b and SI video, cilia grow on the apical side of the cells. Ciliary beating generates flow
in the surrounding medium with a strong steady component. Before applying the
nanorod-based orientation analysis, it is of importance to know the mutual influence
between the nanorods and the cells. Three batches of ciliated cells were mixed with the
nanorod suspension separately. In saline (Figure 4c) and DPBS (Figure S10), the ciliary
beating frequency is unchanged, indicating that the cilia functionality of the cells is not
affected in the presence of the nanorod suspension. Given the extreme fragility of the
cilia, these experiments evidence the non-toxicity of the nanorods and zwitterionic
polymers.

In addition, the maintained beating frequency suggests null or limited binding of the
zwitterionic nanorods on the cilia. In reality, the physiological environment is complex
and rich in macromolecules, such as proteins and lipids. Nanocrystals can non-
specifically interact with these components, which is undesired as it impairs both cellular
dynamics and nanocrystal functionality.”>** To check the anti-fouling properties of the
nanorods coated with the zwitterionic polymer, we investigated the amount of proteins
strongly binding to the nanorods, corresponding to the “hard corona”.?’ Adsorption of
proteins on the nanorod surface was evaluated after incubation in bovine serum albumin
(BSA), a commonly used model protein that is present at millimolar concentrations in the
blood. The nanorods (0.027% volume fraction, 38 nM of nanorods) were incubated with
BSA (1 mM, 26,000 BSA per nanorod) for 1 h and then isolated from free and loosely
bound proteins by several centrifugation cycles. The tightly bound proteins forming the
hard corona were quantified by a fluorescamine assay. After calibration with known BSA
concentrations, this assay provides an average number of BSA proteins bound per NR.
The detection threshold, obtained using the standard deviation of the blank measurement,
is 0.16 BSA per nanorod. In Figure 4d, fluorescence measurements indicate that six
washes can  completely remove the unbound BSA proteins. The corresponding
precipitation contains the nanorods with non-specific bound proteins. We found that a
single nanorod can bind 0.8 BSA on average: there is 1 BSA per 6,000 nm? of nanorod
surface, which is an extremely low level of non-specific interaction thanks to the
zwitterions. %>

CONCLUSIONS

In summary, monazite LaPO,:5%Eu** nanorods have been successfully functionalized by
zwitterionic block copolymers. Due to the high affinity of the phosphonate group to the
nanorod and the zwitterionic nature, the corresponding nanorods are long-term stable in
physiological media over a large range of pH values and in the presence of extremely
high concentrations of salts. The liquid crystalline behaviors are also retained when the
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nanorods are concentrated. In this case, the ability of shear alignment for the nanorods are
unaltered in the presence of the coated polymers and thus the strongly polarized Eu®*
emission can be observed. The zwitterionic functionalization in this study also enables
good biocompatibility of the nanorods, i.e. non-toxicity and limited non-specific
interaction. Therefore, the zwitterionic nanorods can be applied to the orientation analysis
in biofluids, but also in a broad range of bio-applications. Further modification of the
zwitterions can enable the nanorods with access to bioconjugates as targeting probes. We
believe that our study will arouse further research on the design and application of
zwitterionic ligands incorporated with lanthanide-doped nanocrystals.
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We report an efficient surface functionalization of zwitterionic polymer on strongly
polarized nano-emitters. Outstanding colloidal stability and biocompatibility enable their
use as bioprobes.
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