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Abstract

Fully understanding the influence of blood proteins on the assembly structure and dynamics within
nanoparticles is difficult because of the complexity of the system and the difficulty in probing the
diverse elements and milieus involved. Here we show the use of site-specific labeling with spin
probes and fluorophores combined with electron paramagnetic resonance (EPR) spectroscopy and
fluorescence resonance energy transfer (FRET) measurements to provide insights into the
molecular architecture and dynamics within nanoparticles. These tools are especially useful for
determining nanoparticle stability in the context of blood proteins and lipoproteins, and have
allowed us to quantitatively analyze the dynamic changes in assembly structure, local stability and
cargo diffusion of a class of novel telodendrimer-based micellar nanoparticles. When combined
with human plasma and individual plasma components, we find that non-crosslinked nanoparticles
immediately lose their original assembly structure and release their payload upon interaction with
lipoproteins. In contrast, serum albumins and immunoglobulin gamma have moderate affects on
the integrity of the nanoparticles. Disulfide crosslinked nanoparticles show minimal interaction
with lipoproteins, and can better retain their assembly structure and payload in vitro and in vivo.
We further demonstrate how the enhanced stability and release property of disulfide crosslinked
nanoparticles can be reversed in reductive conditions. These findings identify factors are crucial to
the performance of nanomedicines and provide design modes to control their interplay with blood
factors.
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Nanoparticles have emerged as a major class of vehicles to deliver conventional anticancer
drugs.1~* Nanoparticle drug delivery systems offer several distinct advantages, such as
controlled release and prolonged circulation time, as well as passive and active tumor
targeting.1~# After entering into blood circulation, nanoparticles immediately confront blood
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proteins and lipoprotein particles. Understanding the interactions of nanoparticles with these
factors is therefore crucial to the design of safer and more efficacious nanomedicines.>7
Recent studies focused on the “nanoparticle-protein coronas” exemplify the extrinsic surface
property that nanoparticles gained upon interaction with blood factors.>-11 However, blood
proteins may also strongly affect the internal components of nanoparticles, promoting the
early disintegration or aggregation of the nanoparticles and premature drug release before
reaching the tumor target.”- 12-14

Despite extensive reports on nanoparticle syntheses for drug delivery, few publications
address the multiple dynamic processes occurring inside nanoparticles in the presence of
blood proteins and lipoproteins. This is likely due to the limitations of current analytical
techniques. Dynamic light scattering (DLS) has been used to monitor the dynamic changes
in particle size of nanoparticle in the presence of blood proteins.* 12 However, this
technique is limited by its sensitivity and interference by lipoprotein particles; and is
generally not suitable for analyzing heterogeneous biological samples. Fluorescence based
assays, such as fluorescence resonance energy transfer (FRET) and fluorescence-
quenching,12: 15-18 have been developed to study the stability of nanoparticles. FRET is a
distance dependent physical process by which excitation energy is absorbed by a molecular
fluorophore (the donor) and then transferred to a nearby fluorophore (the acceptor). It is a
highly sensitive technique for investigating a variety of biological phenomena that produce
changes in molecular proximity.19: 20 Despite these efforts, a clear picture in molecular scale
of what happens within nanoparticles during interaction with blood proteins is still absent,
which severely hampers the rational design of nanoparticles.

Electron paramagnetic resonance (EPR) spectroscopy is a powerful tool for investigating
dynamic phenomena and the microenvironment of colloidal systems.2! The EPR spectrum
of the spin-labels provides discrete information on the local order, by reflecting the
dynamics occurring on the nanosecond timescale. Since nanosecond reorientations are not
assessable by nuclear magnetic resonance (NMR) due to short relaxation times of the
samples,22 EPR provides a unique capability to probe the order within nanoparticles in a
highly sensitive manner. Spatial information is also available with EPR, as the spectrum is
also affected by dipolar coupling between nearby spin probes (< 2 nm, with longer distances
possible using pulsed methods).21-24

We have reported a novel class of micellar nanoparticles assembled by polyethylene glycol
(PEG)-block- dendritic oligomer of cholic acids (CA) copolymers (called telodendrimers).
This nanocarrier system is chemically well-defined, size tuneable, easy to be functionalized
in a site-specific manner, and capable to package a diverse array of drugs.16: 25-29
Furthermore, we have demonstrated that paclitaxel or doxorubicin formulated in this
nanocarrier system are therapeutically more effective than their corresponding free
drugs.16: 25-29 \/ery recently, we reported the development of more stable nanoparticles that
are crosslinked via disulfide bonds to minimize the premature release of drugs while in
circulation.2® To better understand the assembly, structure and dynamics of these
crosslinked and non-crosslinked nanoparticles, we have designed a class of site-specific
nitroxide spin label reporter systems and a series of position-specific FRET-based
fluorescence reporter systems. The spin label reporter systems allow us to use EPR
spectroscopy to quantitatively analyze the motions of the hydrophilic shell and hydrophobic
core of nanoparticles in human plasma and individual plasma components. We also
demonstrate the promise of time-resolved FRET approach for in vitro and in vivo probing
the dynamic changes in local proximities within nanoparticles.
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To evaluate the potential of site-specific spin labels to report on the dynamic structure and
local mobility of nanoparticles assembled from amphiphilic telodendrimers, we attached
2,2,6,6-tetramethylpiperidinyloxy (TEMPO), a nitroxide spin label to two specific sites on
the reported PEG°K-CAg telodendrimers. As shown in Scheme 1 and Scheme S1, the spin
label of TEMPO1-PEG°K-CAg is localized at the distal end of the hydrophilic PEG chain
while that of TEMPO2-PEGSK-CAg is attached to a lysine proximal to the oligocholic acid
cluster. These telodendrimers can self-assemble in aqueous solution to form spin labelled
non-crosslinked micellar nanoparticles with a typical core-shell structure, named as S-
NCMNL1 and S-NCMN2, respectively (Scheme 1). The spin labels of S-NCMNL1 are located
on the surface of the nanoparticles, reflecting the movements of PEG chain while that of S-
NCMN?2 are located closely at core-shell interface of the nanoparticles, indicating the
dynamic changes of the oligocholic acid core of the nanoparticles. We also introduced
TEMPO to the lysine proximal to the oligocholic acids of PEG®-Cys,-CAg, a cysteine
containing telodendrimers?® to prepare spin labelled disulfide crosslinked nanoparticles (S-
DCMNZ2) (Scheme 1 and Scheme S1). The structure of the spin labeled telodendrimers was
confirmed by *H-NMR (Fig. S1a). The properties of the resulting nanoparticeles were
characterized by DLS particle sizer, transmission electron microscopy (TEM) and EPR
spectroscopy. The three types of spin labeled nanoparticles are all around 21 nm in diameter
in phosphate buffered saline (PBS) with narrow size distribution (Fig. S2), which are similar
to the parent nanoparticles without spin labels,28: 28 indicating the spin labels have
negligible influence on the particle size of the nanoparticles.

The EPR spectra of nanoparticles in PBS containing spin labels attached at two different
locations of the non-cross linked nanoparticle are shown in Fig. 1. Consistent with our
prediction for the ultra-structure of the nanoparticle assembly in solution, the EPR spectrum
of S-NCMNL1 (Fig. 1a, black line) is isotropic triplet revealing a typical fast motion of the
nitroxide spin labels. The EPR spectrum of S-NCMNZ2 is considerably broader than the
spectrum of S-NCMN1 under identical instrument condition and sample concentration (Fig.
1b, black line). This indicates the TEMPO molecules in S-NCMN2 are limited in their
ability to reorient in time, consistent with their localization near a clustered hydrophobic
core. The simple line shapes displayed in the spectra are indicative of single component.
Thus, the correlation time for the spin label can be estimated from the line height ratios in a
straightforward manner (see Equation 1 in Methods).30 The calculated rotational correlation
times () for S-NCMN1 and S-NCMN2 are 0.9x10710 s and 4.4x10710 s, respectively. The
shorter zreflects the faster motion of the label located in a more disordered environment,
such as the terminal PEG position of S-NCMNL1. Fig. 1 also shows the spectrum of spin
labels located at core-shell interface of a nanoparticle comprised of cysteine containing
telodendrimers?® that have been oxidized to form disulfide cross-linked nanoparticles (S-
DCMNZ2) (Fig. 1c, black line). While the spectrum of cross-linked S-DCMNZ2 is similar to
that of S-NCMNZ2, it also contains features of exchange between spins in very close
proximity (<0.5 nm). Thus in addition to a more constrained environment, the spin-spin
interaction indicates a tighter packing of the spin labels within the nanoparticles. Therefore,
the TEMPO moieties in S-SNCMN2 and S-DCMN2 display broader EPR spectra than that of
S-NCMN1 due to their low mobility and spin-spin interaction. These results are supported
by NMR characterizations in deuterium oxide (D,0) that also indicate the motions of the
spin probes of S-SNCMN2 and S-DCMNZ2 are in more restricted environments than that of S-
NCMNL (Fig. S1b).

We investigated the EPR spectra of the nanoparticles in the presence of sodium dodecyl
sulfate (SDS), a strong ionic detergent, which has been reported to be able to completely
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break the down assembly structure of micellar nanoparticles.?8 31 As confirmed by TEM
and DLS, the non-crosslinked nanoparticles (S-NCMN1 and S-NCMNZ2) are completely lost
in SDS (Fig. 1d, 1e and Fig. S2). As the spin labels at the end of PEG are able to move
freely regardless of the integrity of the nanoparticles, SDS disruption of particles containing
S-NCMN1 results in only a nominal change in the EPR spectrum (Fig. 1a). In contrast, the
EPR spectrum of S-NCMNZ2 becomes much sharper in SDS compared to PBS (Fig. 1b). The
magnitude of change following SDS treatment reveals that much of the broadening in the S-
NCMN?2 is due to magnetic coupling of spins in close proximity. Upon disassembly of the
nanoparticle, there is both increased motional freedom along with a greater spatial
distribution of the spin probes, resulting in the dramatic spectral change observed. In
contrast, the spectrum (Fig. 1c) of cross-linked S-DCMN2 particles?8 are resistant to
detergent disruption, as no significant change is observed following SDS treatment (Fig. 1f
and Fig. S2). EPR signal changes can also be quantitatively analyzed by using the
percentage of intensity increase (11—1g)/1g, where Iy is the intensity of the highest peak in the
EPR spectrum of the sample in PBS while 14 is the intensity of the corresponding peak in a
different media under identical instrument condition and sample concentration. The (I1—1g)/
Ig values in SDS for S-NCMN1, S-NCMN2 and S-DCMN2 in SDS are calculated to be 7%,
202%, and 48%, respectively.

EPR study of the nanoparticle-protein interactions

These nanoparticles are very stable in PBS,16: 25-29 therefore, there are minimal changes in
the EPR spectra over time in PBS (Fig. S3a and S3b). The lipid assemblies normally present
in human plasma may interact with nanoparticles, resulting in the disruption of their
structural stability and cargo release. Thus it is critical that we have a method for real-time
probing the dynamic structure of nanoparticles in human plasma. To this end, we have used
EPR to quantitatively investigate the dynamic structural changes in the hydrophilic shell and
hydrophobic core of a nanoparticle in human plasma and in the presence of individual
plasma components. After incubation in human plasma, S-NCMN2 immediately loses its
assembly order as reflected in the sharp spectrum, resulting in a signal of increased intensity
(Fig. S4b) compared to that in PBS. The rotational correlation time decreases to 2.1x10710s
(Fig. 2d), indicating the increased mobility of the spin labels. The EPR spectra and the
(11—1g)/1g value of S-NCMNZ2 are similar to those in SDS (Fig. S4b and Fig. 2e) at initial
time point, which is correlated with the disassembly of the oligocholic acid core. The
subsequent changes in EPR signal and rotational correlation time are not obvious (Fig. S4b
and Fig. 2d, 2e). In contrast, the EPR signal of S-NCMN1 increases slightly over time,
indicating there are limited changes in the order of PEG chain (Fig. S4a and Fig. 2d, 2e).
Such measurements will be highly valuable in assessing the local stability within different
modules of the nanoparticle as well as determining the effectiveness of stabilization
strategies and in nascent, modified and loaded nanoparticles.

Next we tested the ability of the spin label reporter system to investigate how the individual
plasma components influence the dynamic structure of nanoparticles. The concentrations of
the plasma components (e.g. albumins and lipoprotein particles) used in the following
studies are close to their physiological level.32 We first selected serum albumins, the most
abundant proteins in plasma (about 55% of total plasma proteins). We found the correlation
time and (11—1g)/1g values of S-NCMN1 remained unchanged over time in the presence of
human serum albumin (HSA) (Fig. 2f and Fig. S4d, S6), indicating these nanoparticles do
not absorb serum albumins on the PEG surface. In contrast, there is a decrease in the EPR
signals and (11-1g)/1y values of S-NCMNZ2 over time (Fig. S4e, S6) along with a significant
increase of 7z (Fig. 2f) in the presence of HSA. This is likely due to the insertion of small
albumin particles (around 5 nm) into the nanoparticles (21 nm) restricting the motions of the
spin labels located at core-shell interface. It should be mentioned that albumin does not
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cause disassembly of the nanoparticles over time. The EPR spectra of S-NCMN2 become
immediately sharper, and thereby increasing dramatically in intensity upon incubation with
three major lipoprotein particles: chylomicrons (CM, >100 nm), low density lipoprotein
(LDL, 18-28 nm), and very low density lipoprotein (VLDL, 30-80 nm) (Fig. 2b, and Fig.
S5c, S5e). Lipoprotein particles are amphiphilic assemblies that contain both
apolipoproteins and lipids for fats delivery. Lipoprotein particles are able to absorb contents
(assembly units and payloads) from nanoparticles.”- 12-14 Due to the similar amphiphilic
nature of lipoprotein particles and micellar nanoparticles, they are also likely to exchange
contents with each other.”- 12-14 These interactions will cause the disassembly of the
nanoparticles. The EPR data also reveal that the interaction of nanoparticles with lipoprotein
particles is concentration dependent. Higher concentrations of lipoprotein particles have a
greater effect on the assembly structure of the micellar nanoparticles (Fig. S7). We also find
that high density lipoprotein (HDL), a type of densest lipoprotein with smaller size (5-15
nm),” only has moderate effect on the assembly structure of the nanoparticles (Fig. 2b, and
Fig. S5¢, S5e). This is probably due to the highly packed assembly structure of HDL,
limiting the absorption of contents from nanoparticles.

Further, we tested the performance of the spin label reporter system to investigate whether
the nanoparticles with intra-micellar disulfide crosslink could better retain the assembly
structure in the presence of blood proteins. The spin labels of the S-DCMNZ2 are located at
the core-shell interface of the nanoparticles which is at the same location as S-NCMN2. As
shown in Fig. 2c, 2d, 2e and Fig. S4c, S5d, S5f, the EPR spectra and the correlation time of
S-DCMNZ2 samples in human plasma and lipoproteins (e.g. LDL, HDL, VLDL and CM)
only change slightly over this same period as S-NCMN2. The results indicate that the
disulfide crosslinked nanoparticles can better retain their assembly structure in the presence
of blood proteins. Similar to S-NCMN2, the EPR signal of S-DCMN?2 also decreases
slightly along with an increased zin the presence of HSA and BSA, indicating serum
albumins are able to cross the PEG shell and insert into S-DCMNZ2 affecting the movements
of spin labels at core-shell interface (Fig. 2f, S4f, S5b and S6).

Position-specific FRET reporter systems

We further constructed three position-specific FRET-based fluorescence reporter systems to
monitor the dynamic changes in local proximity within a nanoparticle upon interaction with
blood proteins. The FRET pair of the first system (Fig. 3a) comprised of a green
carbocyanine dye DiO (donor) physically encapsulated in the core of nanoparticles as the
hydrophobic drug surrogate to track the payloads and a red-orange dye rhodamine B
(acceptor) covalently conjugated to the telodendrimer units to track the nanocarriers. The
FRET pair of the second system (Fig. 3b) comprised of DiO (donor) and a red-orange
carbocyanine dye Dil (acceptor) both physically encapsulated in the core of hanoparticles as
the hydrophobic drug surrogates. The FRET pair of the third system (Fig. 3c) comprised of a
green dye FITC (donor) and rhodamine B (acceptor) both covalently conjugated to the
telodendrimer units of the nanoparticles. The FRET signal of the first, second and third
FRET-based reporter system reflects the proximity between the telodendrimer unit and drug
surrogate, different drug surrogates and different telodendrimer units within a nanoparticle,
respectively. We also constructed the first FRET reporter system (DiO and rhodamine B
pair) on the disulfide crosslinked nanoparticles for comparison.

The particle sizes of these FRET-based nanoparticles in PBS are in the range of 20-25 nm
(Fig. S8), which are similar to their parent nanoparticles. When these FRET based
nanoparticles retain their assembly structure in PBS, the drug surrogates and telodendrimer
units are packed closely within nanoparticles about 20-25 nm in size. The distances between
all the donor and acceptor pairs are within the FRET range allowing efficient energy transfer
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from donor to the acceptor upon excitation of donor at around 480 nm (Fig. 3). The apparent
FRET efficiency reflects the distance between the FRET pair and is calculated as Eapp = 1 o/
(Ia + Ip), where 14 and Ip represent acceptor and donor intensities, respectively.33 The
apparent FRET efficiency for the FRET based non-crosslinked nanoparticles FRET-
NCMNL1 (DiO and rhodamine B pair), FRET-NCMN2 (DiO and Dil pair), FRET-NCMN3
(FITC and rhodamine B pair) and disulfide crosslinked nanoparticles, FRET-DCMNL1 (DiO
and rhodamine B pair) diluted 20 times with PBS were measured to be 79.1%, 81.0%,
63.7% and 84.2%, respectively. When the nanoparticles were diluted 20 times via
acetonitrile, a dramatic increase of donor emission was observed along with a significant
reduction of acceptor signal (Fig. 3e, 3f, 3g, 3h). The ratios of FRET-NCMN1, FRET-
NCMN2, FRET-NCMN3 and FRET-DCMN1 decrease to 13.3%, 15.8%, 25.9% and 10.2%,
respectively. We can further estimate the distance between the donor and acceptor based on
the reported equation Eapp = (1 + (R/Ry)®)~1, where Ris the inter-dye distance, and Ry is the
Forster radius at which E = 0.5.33 For example, the estimated distance between the FRET
pair (FITC and rhodamine B) is 4.5 nm for FRET-NCMN3 in PBS and 7.2 nm for FRET-
NCMNS3 in acetonitrile, respectively, based on an estimated Ry of 5.0 nm.34 The loss of
FRET signal is due to the solvation of telodendrimer units and payload when these
nanoparticles are dissolved and the distance between the donor and acceptor pairs cannot be
retained within the FRET range. There is negligible FRET signal of the nanoparticles
labeled with acceptors alone using the donor excitation at around 480 nm in comparison
with the corresponding FRET nanoparticles (Fig. 3e, 3f, 3g, 3h). Therefore, we are able to
probe local proximity changes within nanoparticles in real time by monitoring the dynamic
change of FRET efficiency.17 28

In vitro and in vivo FRET studies

We tested the ability of these FRET reporter systems to report on the structure and dynamics
of the micellar nanoparticles in vitro and in vivo. These nanoparticles are able to retain their
assembly structure and have a slow cargo diffusion rate in PBS.26: 28 Thus, there is little
change in FRET signal over time in PBS (Fig 4c). However, a dramatic decrease in FRET
signal for FRET-NCMN1 and FRET-NCMN3 occurs within 30 min in the presence of
human plasma (Fig. 4a, 4c). The FRET ratio decreases to 33.8% and 29.5% at 1.5 h,
respectively. As indicated in the above EPR studies, human plasma can disrupt the non-
crosslinked nanoparticles, resulting in the complete release of payload. Thus, there is a
significant increase of the proximities between the telodendrimer unit and drug surrogate as
well as that between different telodendrimer units. However, the FRET signal of FRET-
NCMNZ2 changes slowly over 24 hrs in the present of human plasma (Fig 4c). The
physically loaded DiO and Dil FRET pairs are the same class of hydrophobic carbocyanine
tracers for membrane labeling. DiO and Dil may bind to the same protein or lipid membrane
after the release from nanoparticles, which may still give FRET signal.12 To confirm this
assumption, an equal molar ratio of Dil and DiO were dissolved directly in human plasma.
The calculated apparent FRET efficiency is approximately 65.3%, which is similar to that of
FRET-NCMNZ2 in human plasma at 24 h (67.4%). The FRET signal of FRET-NCMN1 was
then monitored in the presence of single plasma components. We observed that all the four
major groups of lipoprotein particles (CM, HDL, LDL and VLDL) cause a rapid decrease of
FRET efficiency of FRET-NCMN1 while serum albumin (HSA) and immunoglobulin
gamma (1gG, the most abundant antibody in blood) have minimal affect on the FRET
efficiency (Fig 4e).

We then applied the FRET-based reporter system to study the structure and dynamics, as
well as the redox response of disulfide crosslinked nanoparticles in biological-relevant
media. As shown in Fig. 4b and 4c, there is minimal change in the FRET signal for FRET-
DCMNL1 up to 30 min in the presence of human plasma. The subsequent FRET efficiency
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decrease of FRET-DCMNL is more slowly than that of FRET-NCMN1 using the same
FRET pair. We also observed that the FRET ratio of FRET-DCMN1 decreases more slowly
in the presence of HDL, LDL and VVLDL than that of FRET-NCMNL1 in the same media
(Fig. 4h). Consistent with the observations in EPR studies, the disulfide crosslinked
nanoparticles can better retain their assembly structure and slow down the payload release in
the presence of blood proteins, therefore minimizing the drop of FRET signal. Additionally,
we also used the FRET based reporter system to study the response of FRET-DCMNL1 to
reducing agents by detecting the FRET signal change over time in human plasma. In the
presence of human plasma and reducing agents (glutathione (GSH) and N-acetylcysteine
(NACQ)), the FRET signal of FRET-DCMNL1 drops faster over time compared to that without
reducing agents (Fig 4d).

Furthermore, we presented data on the ability of the FRET reporter system to probe the
dynamic assembly structure and cargo release of the nanoparticles in vivo. FRET-NCMN1
and FRET-DCMNL1 were injected into nude mice via tail vein and the apparent FRET
efficiency was monitored at pre-determined time points. The FRET signal of blood
background is very low. The FRET ratio of FRET-NCMN1 drops immediately to 45.3%
post-injection and then decreases to 20.5% after 18 min (Fig. 5a). FRET-DCMNL1 exhibits a
significantly slower decrease of FRET ratio compared to FRET-NCMNL1 at the same
nanoparticle concentration (Fig. 5a and Fig. S10), indicating the disulfide crosslinking
greatly enhances the stability of the nanoparticles in vivo, by preventing the dissociation of
nanoparticles and the premature payload release. In the blood elimination study, we
demonstrated that rhodamine B labeled disulfide crosslinked nanoparticles have
significantly longer circulation times than that of non-crosslinked nanoparticles (Fig. 5b).
This result is consistent with the observations in the in vivo FRET studies.

DISCUSSION

By targeting spin labels within the specific sites within the nanoparticles, we have used EPR
to define the dynamics, polarity and stability of each module within a novel micellar
telodendrimer assembly. Furthermore, the high sensitivity of EPR (1-20 NM spin
concentration) and low sample volume requirements (~4 NL) make this approach highly
convenient for investigation with biological components.22 The site-specific nitroxide spin
labeling technique from this study is generally applicable to many other nanoparticle drug
delivery systems. The spin labels can be conveniently and specifically conjugated to many
nanoparticles with amino groups to probe multiple locations within their structure.

One limitation of the commonly used FRET techniques is the low signal-to-noise ratio.33 In
the three FRET pairs used in this study, there are decent overlaps between emission spectra
of donors and excitation spectra of acceptors while the overlaps between the excitation
spectra of donors and emission spectra acceptors are negligible, which significantly
increases the signal-to-noise ratio. Furthermore, the acceptors and donors are well-
positioned within nanoparticles around 20 nm in size, allowing efficient energy transfer
from the donors to the acceptors. We were able to conveniently carry out our time-resolved
FRET assay in 96-well plates, indicating it is a high-throughput method. The FRET-based
fluorescence labeling technique described in this study can also be easily applied to many
other nanoparticle drug delivery systems.

We demonstrated the ability of using the combination of site-specific labeling techniques
(spin labeling and FRET-based fluorescence label) and two highly sensitive, quantitative
and time-resolved analytical techniques (EPR and FRET) to probe the multiple dynamic
processes occurring in nanoparticles during interactions with blood proteins and lipoprotein
particles. As reported extensively, PEG is able to form a palisade avoiding protein
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adsorption of nanoparticles and subsequent nonspecific uptake by the reticuloendothelial
system (RES) after intravenous injection.>: 27- 35 However, our data clearly demonstrated
that lipoprotein particles could interact with the non-crosslinked nanoparticles comprised of
a PEG shell and disrupt their assembly structure rapidly. Our results also demonstrated that
disulfide crosslinked nanoparticles can better retain their assembly structure and payload in
vitro and in vivo and are ready to disintegrate and release the payload under reductive
conditions. We have previously demonstrated that paclitaxel loaded disulfide crosslinked
nanoparticles have longer blood circulation time and are more efficacious than the non-
crosslinked and free drug formulations in xenograft mice tumor models.28 The anti-tumor
effect of the disulfide crosslinked formulation can be further enhanced by triggering the
release of drug on-demand by the administration of the FDA approved reducing agent, N-
acetyl cysteine, after the nanoparticles have reached the tumor site.28 This indicates that the
EPR and FRET data obtained in this study are directly relevant to the treatment outcomes of
the nanoparticles.

CONCLUSION

In summary, we have demonstrated the advantages of using EPR and FRET combined with
the site-specific labelling technique to reveal structural and dynamic changes within
nanoparticles during interaction with blood proteins and in vivo. Blood proteins and
lipoproteins may affect the stability of nanoparticles and could disrupt their assembly
structure rapidly. These interactions highly depend on the type and concentration of blood
proteins. Our findings also revealed that one can minimize the interactions of nanoparticles
with blood proteins via introducing disulfide crosslinkages into the nanoparticles and
activate these interactions by using reducing agents to cleave the disulfide bonds
subsequently. The incorporation of site-directed probes in the nanoparticle design can
facilitate the characterization of these micellar-based drug delivery systems in blood, plasma
and body fluids. This will ultimately result in better design nanomedicines with better
pharmacodynamic and pharmacokinetic properties, and therefore therapeutically more
efficacious.

EXPERIMENTAL SECTION

EPR studies

The synthesis of spin labelled telodendrimers and the resulting micellar nanoparticles were
described in Supplementary Information (Supplementary Methods). The spin labelled
nanoparticle solution was mixed with 20 times of PBS, human plasma, HSA, BSA, LDL,
HDL, VLDL and CM solutions. The final concentrations of the nanoparticle were kept at 1.0
mg/mL and the blood proteins were kept close to their physiological concentrations ranges
respectively (HSA: 50 mg/mL, BSA: 50 mg/mL, LDL: 2.0 mg/mL, HDL: 2.0 mg/mL,
VLDL: 1.0 mg/mL, CM: 1.0 mg/mL)32. Approximately 4 microliters of the solution mixture
was loaded into a micro capillary tube with immediate EPR measurement on a JEOL
FA-100 X-band EPR spectrometer fitted with a loop-gap resonator. A free TEMPO solution
in the same buffer was used as a control. Standard measurement parameters are: scan time=
2 min, power= 4 mW, scan width=100 G, and modulation width optimized to the line width
of the spectrum (on the order of 0.5 to 2 G). To quantify the magnetic dipolar interaction
between nearby (<2 nm) spins, deconvolution of Peak broadening will be performed as
described previously.2! After each measurement, the sample was taken out and incubated at
physiological body temperature (37 °C). The rotational correlation time, #(s), which is the
time taken for the axis of the nitroxyl group to rotate one radian, is highly sensitive to the
mobility of the TEMPO radicals, and is calculated using the following equation:
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[
T=k x AHy| I—O—l} (Equation 1)
-1

Here, k is a constant determined from the principal values of A and the g factor; the value of
6.6 x 10710/Gauss is used. As shown in Fig. S11, AHy is the line width (in gauss) of the zero
transition. lg and |1 are the peak intensity in the EPR spectra as marked in Fig. S11.

30

In vitro FRET studies

1) PEG®X-CAg (15 mg), rhodamine B conjugated PEG®K-CAg (5 mg) and DiO (0.5 mg); 2)
PEG®K-CAg (20 mg), DiO (0.5 mg)) and Dil (0.5 mg), 3) PEG°K-CAg (10 mg), FITC
conjugated PEG®K-CAg (5 mg) and rhodamine B conjugated PEG®K-CAg (5 mg) were used
to prepare the three types of non-crosslinked FRET micellar nanoparticles (FRET-NCMN)
as described in Supplementary Information (Supplementary Methods, Section 1.4). PEG®X-
Cys4-CAg (15 mg), rhodamine B conjugated PEG®K-Cys,-CAg (5 mg), and DiO (0.5 mg)
were used to prepare crosslinked FRET micellar nanoparticles (FRET-DCMNL1). Micellar
nanoparticles with DiO, rhodamine B, Dil or FITC alone at the same dye contents were also
prepared for comparison. The particle size of these micellar nanoparticles was measured by
DLS. The absorbance and fluorescence spectra of these micelles diluted by PBS were
characterized by fluorescence spectrometry (SpectraMax M2, Molecular Devices. 5 pL of
the FRET based nanoparticle solutions (20 mg/mL) were diluted 20 times by PBS or mixed
with 95 pL whole human plasma, HSA (50 mg/mL), BSA (50 mg/mL), HDL (2.0 mg/mL),
LDL (2.0 mg/mL), VLDL (1.0 mg/mL), chylomicrons (1.0 mg/mL) and 1gG (10 mg/mL)’
solutions and incubated in an incubator at 37 °C with a stirring speed of 100 rpm. The final
concentration of the total micellar nanoparticles was kept at 0.1 mg/mL. The fluorescence
spectra of these nanoparticles were measured at pre-determined time points. In some
experiments, reducing agents (glutathione (GSH, 20 mM) and N-acetylcysteine (NAC, 20
mM)) were added into the nanoparticle solutions to study the stimli-response of the disulfide
crosslinked nanoparticles to reducing agents.

In vivo FRET studies

100 pL of FRET micellar nanoparticle solution (2.0 mg/mL) was injected into nude mice via
tail vein to investigate their in vivo stability by monitoring FRET efficiency. 50 pL blood
was collected at different time points post-injection to measure the fluorescence intensity.28

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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e

Figurel.

Representative EPR spectra of the S-NCMNL1 (a), S-NCMN2 (b) and S-DCMN2 (c) in the
presence of 1x PBS and 2.5 mg/mL SDS for 1 min, respectively. TEM images of S-NCMN1
(d), S-NCMNZ2 (e) and S-DCMNZ2 (f) in the presence of 2.5 mg/mL SDS for 1 min (scale
bar: 100 nm).

ACSNano. Author manuscript; available in PMC 2014 February 12.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vVd-HIN

Page 13

S-NCMN1 —— CM, —— HDL, —— LDL, S-NCMN2—— CM, —— HDL,——LDL, ~ S-DCMN2—— CM, —— HDL, —— LDL,
——PBS, ——VLDL (0hr) —— PBS,—— VLDL (0hr) —— PBS,—— VLDL (Ohr)
a /\//\ b V \ / V’ c
d s -+ S-NCMN1-Plasma e -+ S-NCMN1-Plasma f -+ S-NCMN1-PBS ~* S-NCMN1-HSA
-# S-NCMN2-Plasma 300 = S-NCMN2-Plasma -= S-NCMN2-PBS - S-NCMN2-HSA
—_ - S-DCMN2-Plasma — S-DCMN2-Plasma 601 -e- S-DCMN2-PBS - S-DCMN2-HSA
2 F 3
- £ 200 ¥ S 4
0 3 I o 3 401
>:° =2 == I = £
- o
s = 100 v 207
= £
-50 I i*l — 0
T T T o r T T
0 10 20 0 10 20 T T T
. ) 0 10 20
Time (h) Time (h) Time (h)
Figure2.

Representative time-resolved EPR spectra S-NCMN1 (a), S-NCMN2 (b) and S-DCMN2 (c)
in the presence of CM (1.0 mg/mL), HDL (2.0 mg/mL), LDL (2.0 mg/mL), PBS and VLDL
(1.0 mg/mL). The percentage changes in rotational correlation time ((vq — tg)/tg) of the
three types of spin labelled nanoparticles in human plasma at different time points (d),
where T is the rotational correlation time of the sample in PBS while <4 is the rotational
correlation time of the corresponding peak in a different media under identical instruments
conditions, values reported are the mean diameter + SD for duplicate samples; The
percentage of EPR intensity changes ((11—1g)/lg) of the three types of spin labelled
nanoparticles in human plasma at different time points (€), where Iy is the intensity of the
highest peak in the EPR spectrum of the sample in PBS while 14 is the intensity of the
corresponding peak in a different media under identical instruments conditions, values
reported are the mean diameter + SD for duplicate samples; The ((t1 — tg)/tg) value of the
three types of spin labelled nanoparticles in PBS and HSA at different time points (f).
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Schematic illustration of non-crosslinked FRET-based nanoparticles FRET-NCMN1 (DiO
and rhodamine B pair) (a), FRET-NCMN2 (DiO and Dil pair) (b), FRET-NCMN3 (FITC
and rhodamine B pair) in PBS (c) and FRET-NCMN1 (DiO and rhodamine B pair) in
human plasma (d); representative fluorescence spectra of FRET-NCMN1 (DiO loading:
2.5%, rhodamine B conjugated PEG®K-CAg: 5.0 mg) in PBS (red line) and in acetonitrile
(black line), NCMN with rhodamine B alone (rhodamine B conjugated PEG5K-CAg: 5.0 mg)
(blue line) with 480 nm excitation (€); representative fluorescence spectra of FRET-NCMN?2
(DiO loading: 2.5%, Dil loading: 2.5%) in PBS (red line) and in acetonitrile (black line),
NCMN with Dil alone (Dil loading: 2.5%) (blue line) with 480 nm excitation (f);
representative fluorescence spectra of FRET-NCMNS3 (FITC conjugated PEG®-CAg: 5.0

mg, rhodamine B conjugated PEG®X-CAg: 5.0
(black line), NCMN with rhodamine B alone (

mg) in PBS (red line) and in acetonitrile
rhodamine B conjugated PEG®K-CAg: 5.0 mg)
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with 480 nm excitation (g); representative fluorescence spectra of FRET-DCMNL1 (DiO
loading: 2.5%, rhodamine B conjugated PEG®K-Cys,-CAg: 5.0 mg) in PBS (red line) and in
acetonitrile (black line), DCMN with rhodamine B alone (rhodamine B conjugated PEG®X-
Cys4-CAg: 5.0 mg) (blue line) with 480 nm excitation (h).
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Figure4.

Representative fluorescence emission spectra of non-crosslinked FRET based nanoparticles
(FRET-NCMNL1, DiO and rhodamine B pair) (a) and disulfide crosslinked FRET
nanoparticles (FRET-DCMN1, DiO and rhodamine B pair) (b) in the presence of human
plasma, respectively. The final concentrations of the nanoparticles were 0.1 mg/mL; the
time-resolved apparent FRET efficiency (Egpp) change of FRET-NCMN1 (DiO and
rhodamine B pair), FRET-NCMNZ2 (DiO and Dil pair), FRET-NCMN3 (FITC and
rhodamine B pair), FRET-DCMN?1 (DiO and rhodamine B pair) in human plasma and PBS
(c), the apparent FRET efficiency is calculated as Egpp = 1a/(Ia + Ip), Where |4 and Ip
represent acceptor and donor intensities, respectively; the time-resolved Egp, change of
FRET-DCMNL1 (DiO and rhodamine B pair) in the presence of human plasma and reducing
agents (glutathione (GSH) and N-acetylcysteine (NAC)) (d); the time-resolved Eapp change
of FRET-NCMN1 (DiO and rhodamine B pair) (€) and FRET-DCMN1 (DiO and rhodamine
B pair) () in the presence of HSA (50 mg/mL), LDL (2.0 mg/mL), HDL (2.0 mg/mL),
VLDL (1.0 mg/mL), CM (1.0 mg/mL) and 1gG (10 mg/mL). Excitation: 480 nm. Values
reported are the mean diameter + SD for triplicate samples.
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Figure5.

(@) The time-resolved apparent FRET efficiency (Egpp) change in blood of nude mice (n=3)
over time after intravenous injection of 100 pL FRET-NCMN1 (DiO and rhodamine B pair)
and FRET-DCMNL1 (DiO and rhodamine B pair) (2.0 mg/mL). Excitation: 480 nm. (b) The
fluorescence signal changes of rhodamine B conjugated NCMN and DCMN in the blood
collected at different time points after intravenous injection in the nude mice (n=3).
Excitation: 540 nm. Values reported are the mean diameter + SD for triplicate samples.
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Scheme 1.

Schematic illustration of the spin labelled non-crosslinked nanoparticles by the self-
assembly of (a) the PEG®K-CAg telodendrimer with a spin label attached to the end of the
hydrophilic PEG chain and (b) the PEG°K-CAg telodendrimer with a spin label attached to
the lysine side chain at the junction between the linear PEG chain and the dendritic core. (C)
Schematic illustration of the spin labelled disulfide crosslinked nanoparticles (S-DCMN2)
by the self-assembly of the cysteine containing PEG®K-Cys,-CAg telodendrimer with a spin
label attached to the lysine side chain at the junction between the linear PEG chain and the
dendritic core followed by oxidation to form disulfide crosslinks.
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