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ABSTRACT: Incorporation of fluorinated moieties in polymeric nanoparticles has been shown in many instances to
increase their uptake by living cells and, hence, has proven to be a useful approach to enhancing delivery to cells.
However, it remains unclear how incorporation of fluorine affects critical transport processes, such as interactions
with membranes, intracellular transport, and tumor penetration. In this study, we investigate the influence of
fluorine on transport properties using a series of rationally designed poly(oligo(ethylene glycol) methyl ether
acrylate)-block-perfluoropolyether (poly(OEGA),,-PFPE) copolymers. Copolymers with different fluorine contents
were prepared and exhibit aggregate in solution in a manner dependent on the fluorine content. Doxorubicin-
conjugated poly(OEGA),,-PFPE nanoparticles with lower fluorine content exist in solution as unimers, leading to
greater exposure of hydrophobic PFPE segments to the cell surface. This, in turn, results in greater cellular uptake,
deeper tumor penetration, as well as enhanced therapeutic efficacy compared to that with the micelle-state
nanoaggregates (poly(OEGA),,-PFPE and poly(OEGA)-PFPE) with higher fluorine content but with less PFPE
exposed to the cell membranes. Our results demonstrate that the aggregation behavior of these fluorinated polymers
plays a critical role in internalization and transport in living cells and 3D spheroids, providing important design
criteria for the preparation of highly effective delivery agents.
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espite being absent in most biological systems, fluorine
D has been widely used to tailor the properties and

behavior of molecules and particles for biomedical
applications.' ™" The substitution of hydrogen with fluorine can
improve cellular uptake and subsequently facilitate the crossing
of intracellular bilayers, thus increasing the therapeutic efficacy
of certain drugs.””~'> Molecules containing fluorine have
hydrophobic and lipophobic characteristics and tend to form
aggregates in aqueous solutions. As such, long-term stability and
well-controlled aggregation under physiological conditions are
significant challenges."”™"> For example, high contents of
fluorine may facilitate enhanced cellular uptake but can lead to
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low stability in aqueous solutions and the formation of large
aggregates. These aggregates are expected to significantly
influence cell membrane affinity. Such behavior may not be

desirable for controlled delivery of therapeutic agents.
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Figure 1. (a) Synthetic scheme describing preparation of DOX-loaded PFPE nanoparticles with m = § (PS + DOX, F=28.7 wt %), m = 10 (P10 +
DOX, F=17.0 wt %), and m = 20 (P20 + DOX, F = 9.8 wt %) OEGA repeat units. The non-PFPE control polymer (P20-CTRL + DOX) with 20
OEGA repeating units was prepared as a control. (b) Aggregation states of PFPE nanoparticles in 150 mM NaCl solution. Snapshots of the MD
simulations were taken at the end of 20 ns (the nanoaggregates contain eight and four polymer chains for PS and P10, respectively, and one for
P20). PFPE segments are shown in orange, and the hydrophilic OEGA parts are in atomistic detail. The PFPE segments exposed to the solution,
defined as segments having water molecules within 3 A, are labeled in blue.

In previous studies, a range of fluorinated delivery agents have
been reported, including fluorinated oligonucleotides with
potential antisense activity and fluorinated lipid constructs for
enhanced transport and uptake.””'°™'® Metelev et al. reported
the synthesis of fluorocarbon-based oligodeoxynucleotide
duplexes (ODND) and explored the role of fluorocarbons in
enhancing cellular uptake and intracellular delivery. The authors
reported that modification with fluorocarbons resulted in a 2- to
4-fold increase in cellular uptake compared to unmodified
ODND as determined by quantitative confocal fluorescence
imaging of A431 and INS-1 cells.' The high affinity of
fluorinated moieties with cell membranes is believed to facilitate
enhanced endocytic uptake.”*'”*° However, these reports are
not focused on the mechanism of enhanced uptake induced by
the presence of hydrophobic fluorine. Indeed, studies of solution
behavior of these fluorinated molecules and nanoparticles,
including serum stability and aggregation, are largely absent
from the literature.
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In this contribution, we prepare a series of fluorinated
polymeric nanoparticles containing perfluoropolyether (PFPE)
as the fluorinated, hydrophobic segment and oligo(ethylene
glycol) methyl ether acrylate (OEGA) as the hydrophilic
monomer through reversible addition—fragmentation chain-
transfer (RAFT) polymerization (Figure la). These nano-
particles have well-controlled aggregation behavior in solution,
and depending on the fluorine content, multiple-chain nano-
aggregates or single-chain folded nanoparticles can be
formed.”' ~** A combination of experimental and computational
techniques was employed to investigate how the aggregation
behavior of these PFPE-containing nanoparticles affects their
cellular uptake, intracellular transport, 3D spheroid penetration,
and finally their therapeutic efficacy. Our results suggest that
fluorinated polymeric nanoparticles undergoing a single-chain
folding conformation (lower fluorine content) have a larger
proportion of hydrophobic PFPE segments exposed to the cell
surface, providing significantly improved drug delivery efficiency
to living cells and to the center of 3D spheroids, resulting in
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Figure 2. Cellular uptake of PFPE nanoparticles in MCF-7 breast cancer cells measured by (a) flow cytometry, based on the detection of
fluorescence intensity per cell, and (b) '’F NMR spectroscopy, based on the quantification of the '’F NMR signal intensity per cell. Experiments
were performed in triplicate to obtain mean and standard deviation values (shown as error bars); ns, not significant; p > 0.05; **p < 0.01; **%¥p <
0.001, *##%p < 0.0001 (¢ test). The total cell number was determined using a hemocytometer with Trypan blue exclusion. (c) Confocal
microscopy of MCF-7 cells incubated with CyS.5-labeled PFPE nanoparticles (red) at same dye concentration (0.25 mM) for 24 h at 37 °C. Cell
nuclei were counterstained with DAPI (blue). (d) Snapshots taken at 40 ns of MD simulation indicate faster penetration of P20 (single-chain
unimers, right) than PS (multiple-chain nanoaggregates, left) and P10 (multiple-chain nanoaggregates, middle) across the cell membrane. The
PFPE segments are orange, the cell membrane is shown in dark and light blue, and green designates the protrusion of membrane.

enhanced therapeutic efficacy. The study describes opportu-
nities for the design and preparation of highly efficient
fluorinated delivery agents.

Preparation of Doxorubicin-Conjugated PFPE Nano-
particles with Controlled Aggregation Behavior. A series
of amphiphilic water-soluble fluorinated polymers with fluorine
contents from 9.8, 17.0, and 28.7 wt % were prepared (Figure
la), and designated Pm, i.e. P20, P10 and PS, with the suffix
denoting the number-average degree of polymerization of the
OEGA segments. The aggregation behavior of the polymers
from multiple-chain aggregation to single-chain folding was
investigated by means of dynamic light scattering (DLS), high-
resolution NMR, and molecular dynamics (MD) simulations.
The hydrodynamic diameters (Dy) of the PFPE nanoparticles
determined by DLS were similar (8.1, 9.3, and 8.3 nm for PS5,
P10, and P20, respectively, Table S1), regardless of molecular
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weight, indicating differences in aggregation behavior of
polymers with different PFPE contents—this is supported by
the results of MD simulations (see Figure 1b). From these
analyses, we conclude that poly(OEGA),,-PFPE (P20) under-
goes single-chain folding, whereas poly(OEGA),,-PFPE (P10)
and poly(OEGA);-PFPE (PS) form multiple-chain nano-
aggregates in aqueous solution (Figure 1b).*' Detailed structural
characteristics of the polymeric nanoparticles can be found in
Figures S1 and S2 and Table S1. It should be noted that the
dispersity in molecular weight (P) can have a great influence on
self-assembly;** however, in this study, all PEPE polymers had a
low dispersity at 1.08, and the effect of D on aggregation
behavior is thus assumed to be largely negligible. The nature of
the aggregation of the polymeric chains results in different
extents of exposure of the hydrophobic PFPE segments to the
solution and hence potentially to the surface of cells in solution.
The polymeric assemblies are therefore expected to have
different affinities for cellular membranes and different drug

https://dx.doi.org/10.1021/acsnano.0c02954
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http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c02954/suppl_file/nn0c02954_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c02954/suppl_file/nn0c02954_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c02954?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c02954?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c02954?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c02954?fig=fig2&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c02954?ref=pdf

ACS Nano

Www.acsnano.org

delivery efficiencies.””'® For comparison, polymers lacking the

fluorinated segment (P20-CTRL) were prepared by replacing
the PFPE segments with nonfluorinated aliphatic ethyl groups.
The nonfluorinated OEGA-based polymers are less hydro-
phobic than the fluorine-bearing chains and therefore exist as
unimers in aqueous solution (Figure 1a and Figure S3 and Table
S1).

Doxorubicin (DOX) is a widely reported anticancer dru,
effective on several types of cancer including breast cancer.”*™*
DOX is a fluorescent molecule and therefore is suitable for in
vitro imaging studies. The sterically unhindered ketone
functionality of DOX allows for the attachment to the
fluorinated copolymers via a pH-dependent hydrolytically
degradable hydrazone bond without the need for further
modification.” To facilitate attachment to the polymer chains,
the trithiocarbonate end groups of the polymer were first
reduced to thiols in the presence of hexylamine. The thiol end
groups were then conjugated with Boc-protected hydrazide
methacrylate (TBMC) through the Michael addition reaction,
followed by deprotection of the Boc group (Figure S4).
Refluxing the polymers with attached hydrazide groups in
methanol with DOX (1.5 equiv of DOX to hydrazides) and a
catalytic amount of glacial acetic acid resulted in DOX-loaded
polymers through the formation of hydrazone linkages.”> The
polymers were then extensively purified by dialysis at pH 8 to
remove free DOX molecules, and the DOX loading of each
polymer was calculated to be 13.5, 8.5, 4.9, and 6.3 wt % for PS +
DOX, P10 + DOX, P20 + DOX, and P20-CTRL + DOX,
respectively.

Dependence of Cellular Uptake on Aggregation
Behavior. Polymeric nanoparticles were incubated with
MCE-7 breast cancer cells at 37 °C to assess the effect of
aggregation on cellular uptake. The study was conducted
utilizing both experimental and computational experiments,
including flow cytometry, "F NMR spectroscopy, confocal
microscopy, as well as MD simulations. As described above,
polymers PS and P10 form multiple-chain aggregates in solution,
whereas P20 exists as a unimer in a single-chain folded state. ’F
NMR measurements confirmed no obvious line broadening,
attenuation of signal, or changes in self-diffusion coefficient in
the presence of 10% fetal bovine serum in phosphate-buffered
saline (PBS) (Figure SS and Table S1). Therefore, it is
concluded that the aggregation state of the PFPE polymers in
cell culture medium should be the same as that in buffered
solution.

The results obtained using flow cytometry show that all three
CyS5.5-conjugated PFPE nanoparticles are extensively taken up
by MCF-7 cells. The P20 single-chain unimers with the largest
extent of exposure of hydrophobic PFPE segments showed the
highest uptake after 24 h incubation (Figure 2a). Quantitative
'F NMR measurements were also conducted to examine the
intracellular fluorine concentration. This was achieved by
comparing the intensity of the '"F NMR spectrum of the
nanoparticles incubated with the cells with a reference standard
(trifluoroacetic acid, TFA, § = —76.5 ppm, Figure S6). After cell
lysis, the most intense peak in the "’F NMR spectrum was
observed at approximately —82 ppm, assigned to the fluorinated
methyl and methylene chemical groups of the PFPE segments
(peak F1 in Figure S2). Using the method reported by Ahrens
and co-workers,>"** the fluorine content in each cell was
determined as (2.58 + 0.15) X 10'%, (2.16 + 0.03) X 10'°m and
(449 + 0.13) X 10" fluorine spins for PS5, P10, and P20,
respectively (Figure 2b). The results of these intracellular '°F
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NMR measurements are consistent with the results obtained
from flow cytometry. In addition, intracellular '"F NMR
properties were examined without cell lysis (Figure S7). An
intense 'F NMR signal with reasonable '°F transverse and
longitudinal relaxation times (T, and T, respectively) were
observed for all cases, implying potential for applying these
PFPE nanoparticles in image-guided therapeutics.”” It should be
noted that the P20 polymer has the highest segmental mobility
(longest F T,) for intracellular '"F magnetic resonance
imaging.

The uptake of Cy5.5-labeled PFPE nanoparticles by MCE-7
cells after exposure for 24 h was visualized using confocal
microscopy. The Z-slices through the center of the cells clearly
show red staining, indicating localization of the PFPE nano-
particles within the cell body (Figure 2c). The confocal images
show stronger red fluorescence and, hence, greater extent of
uptake of P20 single-chain unimers compared to P5 and P10,
agreeing well with the observations by flow cytometry and '°F
NMR analysis (Figure 2a,b). These results confirm that P20 is
taken up most efficiently, and that the extent of uptake of the
polymers correlates with the proportion of PFPE segments
exposed in an aqueous solution.

Atomistic MD simulations were conducted to assist with the
interpretation of the experimental observations.”* > The
snapshots of the simulations in Figure S8a—c show the
aggregation states of PS, P10, and P20 in 150 mM NaCl
solution after 20 ns of simulation. These results are consistent
with our experimental findings and further confirm that the P5
and P10 nanoaggregates can form micelle-like assemblies (eight
and four polymer chains for PS and P10, respectively), with the
OEGA side chains within the shell and the PFPE blocks
constituting the core. In contrast, the P20 adopts a single-chain
folded conformation, indicating that the longer OEGA segment
is able to stabilize a single fluorocarbon block. A biological
membrane, consisting of a phosphatidylcholine (POPC) bilayer
with stochastic protrusion of an aliphatic lipid tail into solution,
was simulated under the same conditions.””** PFPE nano-
particles were then placed within S A of the membrane, and
simulation of the whole system was performed (Figure S8d—f).
Over the time course of 40 ns simulations, interactions between
PFPE nanoparticles and the cell membrane were recorded. The
proportion of hydrophobic PFPE and hydrophilic PEG
segments exposed to the cell membrane (within 3 A distance)
was calculated to be 10.8, 11.3, and 13.3% for PS5, P10, and P20,
respectively. At 40 ns, the nanoparticles of PS and P10 moved
toward and stably settled on the surface of the membrane
without noticeable changes in conformation, whereas the P20
single-chain unimers with more hydrophobic PFPE segments
exposed to the cell membrane were observed to insert and fuse
within the lipid membrane (Figure 2d), presumably due to
stronger hydrophobic interactions with the exposed lipid tail.
We should also note that P20 has a much smaller hydrophobic
core (one PFPE chain per nanoparticle) compared with PS and
P10 with eight and four PFPE chains per nanoparticle,
respectively, leading to faster diffusion across barriers of cell
membrane. These simulation results further support the
experimental observations and highlight how exposure of
hydrophobic PFPE segments to the cell surface can promote
interactions with membranes and hence enhance uptake. The
simulations also illustrate that a critical step to initiate cellular
uptake is the hydrophobic—hydrophobic contact between the
fluorinated segments and the lipid chains, and that stochastic
protrusion of an aliphatic lipid tail of the bilayer into the solution

https://dx.doi.org/10.1021/acsnano.0c02954
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Figure 3. Auto- and pair-correlation microscopy analysis of the movement of PFPE nanoparticles inside the cytoplasm. (a) Mobile number of
PFPE nanoparticles with different extents of PFPE exposure tracked by the scanning line inside the cytoplasm. (b) Transit times of PFPE
nanoparticles with different PFPE exposures moving along the direction of scanning line for 1.2 ym; ns, not significant; p > 0.05; *p < 0.05; **p
< 0.01 (one-way ANOVA).

(a)

P5

P10

F-actin

Nanoparticles (b)

P5

P20

2300
2 250
E 200

P20

o

150

—— DAPI
—— Polymer

100 f

50

0!

0 200 400 600 800
Distance (pixel)

Fluoresence

Figure 4. P20 single-chain unimers penetrates into the tumor spheroids more effectively than the PS5 and P10 nanoaggregates. PS, P10, and P20
at the same concentration (0.25 mM) were incubated with 3D MCF-7 tumor spheroids for 24 h at 37 °C. (a) Confocal images of tumor
spheroids at different channels (DAPI = blue, F-actin = green, polymer = red) for PS, P10, and P20. (b) Surface plots of images shown in (a)
produced in Image]. (c) Fluorescence intensity profiles of tumor spheroids treated with PFPE nanoparticles clearly show the enhanced

penetration of the P20. Scale bars are 100 gm.

is important. Interactions between PFPE nanoparticles and cell
membranes were not observed within the simulation time frame
for membranes without lipid tail protrusion (Figure S9). A
similar observation was reported by Van Lehn et al. in their
studies of insertion of gold nanoparticles into model cell
membranes.””

Intracellular Transport of PFPE Nanoparticles. The
intracellular transport of the PFPE nanoparticles was studied
using auto- and pair-correlation microscopy. These methods
allow quantitative measurement of two important parameters
related to the polymer aggregation state: (1) the local number of
mobile nanoparticles and (2) the rate of diffusion of nano-
particles in the cytoplasm. MCF-7 breast cancer cells were
incubated with PFPE nanoparticles for 4 h at 37 °C. A
continuous line scan of fluorescence intensity was performed
using confocal microscopy, spanning from the extracellular
space to the nucleus of the cell under examination. The number
of mobile nanoparticles at each pixel on the line scan could be
determined from the autocorrelation function. Transit times of

nanoparticles moving within a certain distance were obtained
from the pair-correlation function. More details of the analysis
are provided in the Supporting Information and in our previous
reports.22’39

The intracellular distributions of the nanoparticles in MCF-7
cells (Supporting Information Figure S10) suggest that, after 4 h
of incubation, all three nanoparticles (PS, P10, and P20) are
located mainly in the cytoplasm rather than in the nucleus.
Figure 3a shows the number of mobile PS and P20 nanoparticles
(14.5 and 12.5 nanoparticles per pixel) in the cytoplasm
calculated from the autocorrelation function, values which are
significantly higher that of than P10 (4.3 nanoparticles per
pixel). This is related to the much higher levels of cellular uptake
of the P20 single-chain unimers, as discussed in the previous
section. A larger number of intracellular mobile nanoparticles
are observed for PS5 than P10—this may be due to the slightly
higher cell uptake and smaller aggregated size of PS (Table S1
and Figure 2ab). The diffusion coefficients of PFPE nano-
particles moving in the cytoplasm can also be calculated from an
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Figure 5. Inhibition of cell proliferation of 2D monolayer culture as well as the morphological and histological examination of MCF-7 tumor
spheroids. Cell proliferation was monitored in real-time with the continuous presence of indicated treatments until the end of each experiment.
The changes in cell confluence were used as a surrogate marker of cell proliferation. (a) Changes in cell confluence with incubation time for 144
h. (b) Cell confluence at 144 h incubation time. Data shown in (a,b) are the mean + SD (n = 6). Cell proliferation was assessed by confluence
measurements using IncuCyte. (c) Representative images of H&E stained paraffin sections of MCF-7 tumor spheroids incubated with P20
without conjugation of DOX (P20), nonfluorinated control polymer with DOX (P20-CTRL + DOX), free DOX, P10 nanoaggregates with DOX
(P10 + DOX), and P20 single-chain unimers with DOX (P20 + DOX). Bar = 100 gm.

autocorrelation function: 1.19 + 0.19, 0.23 + 0.16, and 0.74 +
0.26 um®/s for PS, P10, and P20, respectively (Figure S11).
These intracellular diffusion coefficients of PFPE nanoparticles
are approximately 100 times smaller than those for the PFPE
nanoparticles in pure water (Table S1). It has been reported that
the viscosity of cytoplasmic fluid is slightly higher than that of
pure water (1—2 cP and 0.89 at 25 °C for the aqueous phase of
cytoplasm and water, respectively);*>*' therefore, such slow
rates of diffusion may arise in part from collisions with large
macromolecules within the cytosol.””~* The diffusion data also
indicate that the mobility of PS and P20 in the cytoplasm is
significantly higher than that of P10. Note that PS has the largest
diffusion coefficient, indicating the possibility of disassembly
into unimers during the cell internalization process, whereas the
P10 nanoaggregates with more hydrophilic OEG segments in
the shell were present as micelles having the slowest intracellular
diffusion.

Subsequently, the pair correlation function was used to
measure the transit times of PFPE nanoparticles within the
cytoplasm at a distance (6r) = 1.2 ym. It can be seen in Figure 3b
that the transit times of PS5 and P20 within the cytoplasm on
moving a distance of 1.2 ym (0.39 + 0.054 and 0.47 = 0.15 s for
PS and P20, respectively) were significantly shorter than that of
P10 (1.25 + 0.64 s). The longer transit time for the P10
nanoparticles is consistent with the P10 nanoaggregates (9.3
nm) being slightly larger than the PS and P20 (8.1 and 8.3 nm,
respectively, Table S1).

Penetration of PFPE Nanoparticles into 3D Tumor
Spheroids. The capacity of the PFPE nanoparticles to
penetrate 3D cellular structures was examined by exposing
MCEF-7 tumor spheroids to solutions of the nanoparticles.
Compared with conventional monolayer cell cultures, 3D tumor
spheroids are proposed to be a better mimic of the micro-
environment of vascular tumor tissues due to the abundant cell—
cell and cell—matrix interactions with the 3D tissue structure.*®
The size of the MCF-7 tumor spheroids was monitored until it
reached the desired value (~500 ym in diameter), and PFPE
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nanoparticles were then added and incubated with the spheroids
for 24 h at 37 °C before being washed with PBS buffer to remove
free nanoparticles.

The location of CyS.5-conjugated nanoparticles within the
MCEF-7 spheroids was determined by confocal microscopy, and
the results are shown in red in Figure 4a. It can be concluded that
the P20 single-chain unimers can more readily penetrate
throughout the center of the 3D tumor spheroids as opposed
to the PS and P10 nanoaggregates (Figure 4b,c). It has been
reported that trafficking of molecules inside spheroids is mainly
dependent on two pathways: transcellular transport and
diffusion through the extracellular matrix networks between
the cells.””** To be more specific, the penetration pathway via
transcellular transport is highly dependent on the intracellular
concentration of nanoparticles, and this is because higher
intracellular concentrations would lead to a higher probability of
nanoparticles escaping from cells via exocytosis. Therefore,
compared with the PS and P10 nanoaggregates, P20 single-chain
unimers with much higher cellular uptake is expected to exhibit
higher penetration capacity throughout the 3D spheroid model.

Therapeutic Efficacy of DOX-Conjugated PFPE Nano-
particles. Cell proliferation assays were performed by
monitoring real-time changes in the percentage confluence of
MCEF-7 cells over 6 days using a 2D monolayer culture model. In
comparison with PBS controls, there was negligible effect of the
P20 without DOX (P20) on MCEF-7 cell growth (Figure Sa).
Treatment with either DOX-loaded nanoparticles or free DOX
showed effective inhibition of the proliferation of MCF-7 cells.
The DOX-loaded nonfluorinated control polymer (P20-CTRL
+ DOX) behaved similarly to free DOX. However, the
incorporation of PFPE segments resulted in an approximately
2-fold reduction in cell numbers (P10 + DOX and P20 + DOX,
Figure 5ab), and notably, the DOX-loaded P20 single-chain
unimers exhibited inhibition significantly stronger than that of
the DOX-loaded P10 nanoaggregates (38.7 and 29.6% for P10 +
DOX and P20 + DOX, respectively). This is ascribed to the
DOX-loaded P20 having higher cellular uptake and faster
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intracellular diffusion than the DOX-loaded P10 nanoaggre-
gates. These properties lead to improved DOX delivery to MCF-
7 cells. Note that the DOX-loaded PS5 nanoaggregates are not
well dissolved in the cell culture medium, and no inhibition data
were acquired for PS. Instead of using our current strategy by
directly dissolving PS in culture medium, stable PS5 nano-
aggregates could be generated by first dissolving the polymer in
dimethyl sulfoxide and then mixing with culture medium.

The anticancer therapeutic efficacy of DOX-conjugated PFPE
nanoparticles was also assessed in 3D cell culture by histological
analysis of the MCF-7 spheroids (Figure Sc). Tumor spheroids
with an average diameter of ~400—500 um were exposed to
several different types of DOX-loaded nanoparticles (1 yM
DOX). Similar to the analysis of cell proliferation assays, the P20
without conjugation of DOX had little to no effect on the
spheroid structure and cell viability in the spheroids. Spheroids
exposed to P20-CTRL + DOX and free DOX exhibited obvious
cell death in the outer region of the spheroids, but it should be
noted that the spheroid structure was well maintained after
treatment with the nanoparticles. In contrast, P10 + DOX and
P20 + DOX caused obvious cell death and tissue damage
throughout the tumor spheroids, and the spheroid structure was
destroyed after incubation with the P20 + DOX single-chain
unimers, which again is likely due to its high cellular uptake and
tissue penetration. The promising results based on both 2D and
3D cellular models indicated a much improved anticancer
therapeutic effect could be achieved by the incorporation of
PFPE segments. In addition, increasing the exposure of
hydrophobic PFPE segments to solution by carefully changing
the hydrophobic/hydrophilic balance could enhance DOX
delivery to cells located on both the surface and at the center of
tumor spheroids and can further accelerate the anticancer
therapeutic efficiency. The results gained from this study
provide important design criteria to optimize the structure of
fluorinated polymers for design of highly efficient drug delivery
agents.

CONCLUSIONS

We report the use of a polymeric PFPE-based platform to
examine how aggregation behavior affects interactions between
fluorinated nanoparticles and living cells at the molecular level.
P20 nanoparticles in the form of unimers contain fewer
hydrophobic PFPE segments, but these are more extensively
exposed to the solution and hence to the cell surface on
encountering cells. The P20 single-chain unimers show an
approximately 2-fold higher uptake by MCEF-7 cells, more
extensive penetration into 3D MCEF-7 tumor spheroids, and
higher therapeutic efficacy compared to the PS and P10
nanoaggregates which form micelles. After internalization by
the cells, PS and P20 showed intracellular diffusion significantly
faster than that of P10, due in part to the larger size of aggregates
of P10. The investigations obtained from this study provide
important design criteria for effective fluorinated molecular
transporters: higher extent of exposure of fluorinated segments
and smaller size of fluorinated core are beneficial for maximizing
delivery efficiency.

EXPERIMENTAL SECTION

'F NMR Analysis of Cellular Uptake. The cellular uptake of the
polymer was determined by '’F NMR spectroscopy. In order to obtain
a relatively strong "’F NMR signal from the polymer in cells, a large
number of cells was required, and cells were therefore grown in a T175
flask with a polymer concentration at 10 mg/mL. The cell number was
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determined using a hemocytometer with Trypan blue exclusion (x5 X
108 cells in each case). Cells of a known number were placed in 200 uL
of Triton lysis buffer (diluted in deuterium oxide, 1%) and mixed with
80 uL of "F standard of TFA (0.1%).

F NMR spectra of the solutions were acquired with a relaxation
delay of 10 s, and the number of scans was S12.

Two distinct peaks were observed at —76.55 ppm for TFA and —82
ppm for the PFPE-based polymers (Figure S6). The mean number of
'F nuclei per cell was calculated using the following formula:

3IM_N,
= SN,
IN,

where the I is the integrated area of major peak of the cell pellet, M, is
moles of TFA reference, N, is Avogadro’s number, I, is the integrated
area under the TFA reference peak, and N, is the number of cells in
pellet.

Intracellular "F NMR Analysis. The in-cell ’F NMR properties
of the PFPE-based polymers were measured using a Bruker Avance 400
MHz spectrometer. Cells in four T175 flasks (%2 X 107 cells) were
cultured with the polymer at a concentration of 10 mg/mL for 24 h and
then fixed with 4% paraformaldehyde (PFA) for 30 min. The cell pellet
was placed in a standard 5 mm NMR tube, and a 3 mm NMR tube
containing the TFA/D,O solution (0.1%) was inserted into the S mm
tube to provide a lock signal and internal standard.

!F NMR spectra of the cells were acquired at 310 K with a relaxation
delay of 5 s, an acquisition time of 0.73 s, and the number of scans was
512.

The “F spin—spin (T,) was measured using the Carr—Purcell—
Meiboom—Gill pulse sequence at 310 K. The relaxation delay was 3 s,
the acquisition time was 0.16 s, and the number of scans was 256. For
each measurement, the echo times were varied from 2 to 770 ms and 16
points were collected.

F spin—lattice (T,) relaxation times were measured using the
standard inversion—recovery pulse sequence. The relaxation delay was
3 s, the acquisition time was 0.16 s, and the number of scans was 256.
For each measurement, the recovery times were varied from 2 msto 3 s
and 16 points were acquired.

Flow Cytometry Analysis. In a 24-well plate, 50,000 cells were
incubated with the dye-labeled polymers at a concentration of 0.5 mM
(2.1 mg/mL of P5, 3.45 mg/mL of P10, and 5.85 mg/mL of P20). After
incubation for 24 h, cells were washed twice, trypsinised, and suspended
in 4% PFA/PBS solution. Cells were analyzed on a BD LSR II analyzing
flow cytometer using DIVA software.

Confocal Fluorescence Microscopy. Cells were seeded onto
coverslips in a 24-well plate and grown overnight at 37 °C. Then the
polymer was added and incubated with cells for 24 h. Cells were fixed
for 15 min in 4% PFA, before being rinsed three times in PBS and water.
Cells were mounted with DAPI in Vectashield. Cy5.5 has an excitation
and emission at 684 and 710 nm, respectively. DAPI has an excitation
and emission at 358 and 461 nm, respectively. Cells were sealed with
nail polish for confocal imaging. Images were acquired using a Zeiss
LSM 710 inverted confocal microscope. Images were analyzed using
ZEN software (Zeiss).

Atomistic Molecular Dynamics Simulation. MD simulations of
self-assembled polymers adsorbed on the membrane were performed.
The model self-assembled polymers have different numbers of
monomers, PS with eight monomers, P10 with four monomers, and
P20 with one monomer. Two membrane surfaces were prepared based
on a POPC (phosphatidylcholine) bilayer: M1 (perfect POPC
membrane) and M2 (POPC membrane with one protrusion, which
means one POPC molecule with its hydrophobic tail toward the
solution). We then modeled the adsorption of the PS, P10, and P20 on
the M1 and M2 membrane. In the simulations, the PS5, P10, and P20
were initially placed near the outside surface of membrane M1 and
above the protrusion of M2. All of the systems were placed in a 0.15 M
NaCl solution. Unit cells of systems, containing PS, P10, and P20 with
M1 and M2 in aqueous solution, had in total between 123,000 and
136,000 atoms.
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The polymers were described with the CHARMM general force
field,*”*° and the membranes were described with the CHARMM27
force field.>' The simulations were performed with NAMD.>> The
particle-mesh Ewald method®® was used for evaluation of long-range
Coulomb interactions. The time step was set to 2 fs. After 2000 steps of
minimization, all systems were equilibrated for 16—40 ns in the NPT
ensemble (pressure p = 1 bar, temperature T = 300 K), using Langevin
dynamics (yLang = 1 ps™").

Auto- and Pair-Correlation Data Analysis. One day before the
actual measurement, MCF-7 cells were seeded into three dishes, which
have a glass bottom with a thickness around 0.17 mm. The dishes were
incubated in a cell culture incubator under 37 °C and 5% CO,. The cell
density should be approximately 70% confluent for auto/pair-
correlation microscopy. On the day of measurement, the cells were
washed with PBS twice, and the medium was replaced with the cell
growth medium without phenol red. Then, three different types of
CyS.5-labeled polymer nanoparticles were disperseed in each dish, to
have a final concentration of 20 nm, and were incubated for 4 h.

The microscope and incubation system (temperature and CO,) of
the microscope were turned on and warmed up for at least 30 min
before the measurement. A drag of a 64-pixel line (pixel size = 300 nm)
from extracellular space to the nucleus of the cell of interest was drawn
and scanned 100,000 times with a scanning speed of 0.945 ms/line to
acquire fluorescent data of the line scan.

The line scan data were analyzed with a developed MATLAB GUI
(graphical user interfaces), which is available on request. The
autocorrelation function (G(z)) is used to calculate the number of
mobile nanoparticles traced on the selected line, which is shown as
below:

(FOF(t + 7))
(F(t)*)

where F(t) is the fluorescence intensity at time ¢ and F(t + 7) is the
fluorescence intensity after a delay time, 7. G(0), the amplitude of
autocorrelation function at 7 = 0, is used to extract the number of
mobile nanoparticles (N) by using the function below:

-_r
G(0)

where y describes the excitation volume shape, which is 0.3536 for a
one-photon point spread function three-dimensional Gaussian
distribution.

To obtain the transit time of nanoparticles moving along the selected
line, the fluorescence intensity of two positions on the selected line with
a distance Or is calculated with pair-correlation function using the
following expression as a function of delay time, 7:

(E(t, 0)E(t + 7, 6r))
(E(t, 0)E(t, 6r))

G(t) =

G(z, 6r) =

The maximum peak of the derived pair-correlation profile gives the
average time that nanoparticles take to travel the given distance.

Penetration of MCF-7 Tumor Spheroids. MCF-7 tumor
spheroids were formed using the microwell-based methods published
previously.** The devices were incubated with cell culture medium for
30 min before the cells were seeded. MCF-7 cells (400 uL) were seeded
and incubated in the devices for 7 days, and the cell culture medium was
replaced every 2 days. The tumor spheroids were monitored with a light
microscope until the size of the tumor spheroids reached around 500
pm in diameter. The tumor spheroids were then treated with PS, P10,
and P20 polymers for 24 h. After the treatment, the tumor spheroids
were harvested and washed with PBS twice. They were then fixed with
4% formaldehyde for 2 h and permeabilized with 0.1% Triton X-100 in
PBS for 1 h. The F-actin and nuclei of the cells were then stained with
Alexa Fluor 488 Phalloidin (50 yg/mL) and DAPI (1 ug/mL) in the
dark at room temperature for 1 h. After being washed, the tumor
spheroids were imaged with LSM710 confocal laser-scanning upright
microscopes (Zeiss).

Proliferation Assay on 2D Monolayer Cultures. MCF-7 cells
were seeded into 96 well-plates in complete medium and incubated

7432

overnight to allow attachment. They were then treated with PBS
control, P20, P20-CTRL + DOX, free DOX, P10 + DOX, and P20 +
DOX. The IncuCyte ZOOM live-cell analysis system (Essen
BioScience, Ann Ann Arbor, MI) was used to monitor real-time cell
proliferation during the treatment. The proliferation curve was
exported and analyzed using IncuCyte software. All experiments were
replicated three times.

Anticancer Therapeutic Efficacy Using MCF-7 Tumor
Spheroids. To understand the anticancer therapeutic efficacy of
polymers linked with or without DOX to 3D tumor tissue spheroids,
tumor spheroids were treated with PBS control, P20, P20-CTRL +
DOX, free DOX, P10 + DOX, and P20 + DOX for 24 h. After fixation
and washing, the tumor tissue spheroids were dehydrated, embedded in
paraffin, and then cut into 5-gm-thick histologic sections. Hematoxylin
and eosin (H&E) staining was performed using a Leica Autostainer XL
(STS01S, Leica Microsystem, North Ryde, Australia). The stained
tissue sections were analyzed by light microscopy.

Statistical Analysis. All of the experiments were repeated at least
three times. The results are presented as the mean + SD. The analysis in
Figure 2 was done using the unpaired two-tailed t test analysis. One-way
ANOVA analysis was used in Figure 3. A p value of less than 0.05 was
considered statistically significant. Significant value p (*p < 0.0S, **p <
0.01, **¥p < 0.001, and ****p < 0.0001).
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