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Multifunctional Fluorinated Copolymer Nanoparticles via a
Cationic Dendritic-Based Macromolecular RAFT-CTA

Anuja Kulkarni, Mahesh Loku Yaddehige, Daniel J. Cooke, Christine M. Hamadani,
Alex S. Flynt, Eden E. L. Tanner, Emily L. Que, and Davita L. Watkins*

As the field of theranostics expands, an imminent need arises for multifaceted
polymer-based nanotechnologies for clinical application. In this work,
reversible addition-fragmentation chain transfer (RAFT) aqueous emulsion
polymerization is used to form 19F-containing amphiphilic hybrid block
copolymers (HBCs). Employing a cationic dendritic macromolecular chain
transfer agent (mCTA), polymer frameworks comprised of chemically
distinctive blocks of differing architectures (i.e., dendritic and grafted/linear)
are strategically designed and synthesized. In aqueous media, self-assembled
polymer nanoparticles (PNPs) are formed. Their physicochemical properties
and their potential as biomaterials for MRI applications are assessed. By
showcasing a newly established mCTA and using these resulting PNPs as
imaging probes, the work expands the design space of RAFT polymerization
in biomedical research, paving the way for the development of more effective
and versatile MRI imaging tools.

1. Introduction

Magnetic resonance imaging (MRI) has revolutionized the field
of diagnostics. It has proven to be a powerful tool that produces
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high-quality images of living tissue, all
while being a noninvasive imaging tech-
nique that allows for the assessment of
anatomic and physiological processes.[1–3]

In clinical settings, MRI is primarily used
to visualize the spatial biodistribution of
hydrogen atoms, mainly in water and lipid
molecules. Paramagnetic contrast agents,
such as chelates of Gd3+ , Fe

3+, or Mn2+,
are often introduced as contrast agents to
enhance imaging. These agents function
by reducing the relaxation times of local
1H nuclei through magnetic interactions
between unpaired electrons and hydrogen
nuclei.[4] This localized change in contrast
aids in differentiating between healthy
and diseased tissue and further highlights
the unique power of MRI as a diagnostic
tool.
Despite the significant advancements

in MRI contrast agents, these technologies still face numerous
limitations. The high background signal from intrinsic sources
of contrast, specifically water, in tissue often poses challenges in
distinguishing diseased tissue using 1H relaxation agents.[5] This
is because detection is primarily contrast-induced and based on
indirect modulation of nearby nuclei. An alternative approach
involves directly monitoring the nuclear spins of the contrast
agent rather than the neighboring spins, affording quantitative
measurement of the local concentration of the contrast agents.
However, this approach is impractical when observing 1H spins
due to the overwhelming signal from endogenous protons in
the body. Such limitations have unlocked avenues for the de-
velopment of biocompatible contrast agents containing biolog-
ically rare yet magnetically active nuclei such as 19F, 23Na, and
31P. Of these emerging contrast agents, materials based on the
19F isotope appear to be the most promising.[6] Comparable to
1H, the 19F isotope has a 100% natural abundance and nuclear
spin (I) of ½. The gyromagnetic ratio of 19F is similar to hydro-
gen (40.08 vs 42.58 MHz T−1 of 1H),[7] meaning that the 19F
atoms can be successfully imaged by standard 1H MRI tech-
niques, requiring minor tuning of the radio-frequency and al-
lowing simultaneous imaging of both 1H and 19F signals, if
needed.[8] Uniquely, 19F chemical shifts are varied in a broad
range (>350 ppm) and only biologically abundant in trace quan-
tities (<10−6 m), rendering highly discrete imaging profiles. It
has a Van der Waals radius of 1.47 Å, making it larger than
the hydrogen atom (1.20 Å).[9] Interestingly, when incorporated
into a polymeric framework, novel behaviors have been observed,
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Figure 1. mCTA(Mcta-8ala, and polymers of interests:pBzMA-NH3
+ and pBz_HF; variation of HFMA affords P(Bz_HF_5), P(Bz_HF_10), and

P(Bz_HF_20).

presumably due to the high electronegativity, high ionization po-
tential, and low polarizability of the fluorine atom.[10–12]

Despite its undeniable potential, 19F MRI is still underuti-
lized, primarily due to toxicity issues, low fluorinemolecular con-
tent, water-solubility, and often unfavorable physical/biological
properties.[13–15] Consequently, the development of new 19F MRI
contrast agents are an ongoing challenge and critical need in
biomedical diagnostic research. Herein, we report the use of re-
versible addition-fragmentation chain transfer (RAFT) aqueous
emulsion polymerization to form 19F-containing amphiphilic hy-
brid block copolymers (HBCs). Designed as a customizable, mul-
tifunctional platform for biomedical applications, the hierarchi-
cal structure of these polymers allows formore sophisticated con-
trol over biological interactions compared to conventional lin-
ear RAFT-synthesized polymers. Studies have shown that am-
phiphilic polymers with distinct chemical blocks have the ability
to encapsulate drugs more efficiently and provide better control
over drug release.[16–18] These properties make these polymers
particularly attractive for advanced biomedical applications.
Employing a cationic dendritic macromolecular chain transfer

agent (mCTA), unique polymer frameworks comprised of chem-
ically distinctive blocks of differing architectures (i.e., dendritic
and grafted/linear) were strategically designed and synthesized
(Figure 1). Upon reconstitution into aqueous media, the self-
assembled polymer nanoparticles (PNPs) were formed and their
potential as biomaterials for MRI applications was assessed. By
using these PNPs as imaging probes, the work highlights several
advantages over traditional imaging agents—specifically, the tun-
ability of 19F content, surface properties, and multicomponent
domains yielding multifunctional contrast agents. This study ex-
emplifies the effect of polymer topology on nanomaterial prop-
erties and expands the design space of RAFT polymerization in
biomedical research.

2. Results And Discussion

2.1. Design and Synthesis

19F MRI depends on the use of a fluorinated contrast agent. Ap-
plicable 19FMRI contrast agents should satisfy several critical cri-

teria, such as a single 19F resonance peak for maximum sensi-
tivity and minimum imaging artifacts, appreciable fluorine con-
tent for high sensitivity and low toxicity, sufficiently long spin–
spin relaxation time (T2), and high signal-to-noise ratio (SNR)
for optimal image.[19–22] Here a cationic dendritic chain transfer
agent (mCTA-8-ala) was designed and synthesized with the aim
of producing a library of HBCs possessing a 13:87 hydrophilic
to hydrophobic ratio capable of self-assembling into biomimetic
vesicles. Inspired by Malkcoh’s bisMPA dendron, a G1 dendron
was synthesized and capped with alanine end-groups to yield
an azide-cored dendron (bMPA). Copper-catalyzed alkyne-azide
cycloaddition (CuAAC) between the dendron and S-dodecyl- S′-
(𝛼,𝛼′-dimethyl-𝛼′′-propargyl ester) trithiocarbonate (DDPET) af-
forded the RAFT agent. The Boc groups were removed with tri-
fluoroacetic acid (TFA), resulting in the trifluoroacetate salt of the
cationic dendron, thus yielding an mCTA possessing a positively
charged surface and enhanced water solubility.
Initial studies began with the chain extension and incorpora-

tion of immiscible monomer, benzyl methacrylate (BzMA). No-
tably, both the design and synthesis of the mCTA and its appli-
cability are suitable for RAFT-mediated polymerization-induced
self-assembly (PISA). However, here, we aim to showcase the ver-
satility of a novel mCTA. For this proof-of-concept study,≈13 kDa
amphiphilic HBC comprised of a hydrophilic dendritic head,
the mCTA, and a hydrophobic linear PBzMA block was desired.
BzMA was selected as the monomer and hydrophobic segment
due to its literature precedent in aqueous RAFT and favorable
mechanical and self-assembling properties, including a glass
transition temperature (𝑇𝑔) that prevents assemblies from be-
coming kinetically trapped and ability to participate in 𝜋-𝜋 stack-
ing interactions.[23,24] As a water-immiscible monomer, it has
shown efficiency in RAFT aqueous emulsion polymerization,
affording stable self-assembled nanostructures.[25] The water-
soluble 2, 2′-azobis(2-methyl-propionamidine) dihydrochloride
(V50) was used as the initiator. The monomer to initiator ratio
was fixed for this work as 5:1. A monomer: mCTA feed ratio of
50:1 was chosen to obtain an expected hydrophobic to hydrophilic
weight ratio of 83:17. Upon addition of BzMA monomer to a so-
lution of mCTA-8ala in DI water resulted in phase separation,
but upon degassing, the solution turned turbid, suggesting that
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Figure 2. 1H NMR spectra of the reaction of mCTA-8ala with BzMA to form pBzMA-NH3
+.

mCTA-8ala may also act as an emulsion stabilizer. For this study,
we found it imperative to maintain a low pH (≈5) as alanine-
functionalized bMPA has been shown to be relatively unstable
at neutral/basic pH at elevated temperatures. Given the pH sen-
sitivity of this initiator, the pH of mCTA-8ala in water at a con-
centration of 0.37 m was maintained at ≈1.7. Monomer conver-
sion was determined by 1H NMR spectroscopy and the average
degree of polymerization (DP) obtained was 77.6 with a molecu-
lar weight of 13.6 kDa corresponding to the hydrophobic to hy-
drophilic ratio of 88:12 differing from the calculated (83:17). We
speculate that the higher value of DP and the discrepancy in the
hydrophobic to hydrophilic ratio is due to incomplete CTA con-
sumption in the reaction that has also been observed with pre-
vious reports.[26,27] Additionally, reports have shown that DDPET
has shown suboptimal insertion for methacrylic monomers.[28]

The synthesized polymers were analyzed using SEC. The shoul-
der peak in the SEC spectra confirmed the incomplete consump-
tion of the CTA (Supporting Information). Sampling involved the
dilution of each extracted aliquot of the reaction mixture into
DMSO-d6, which is a suitable solvent for both BzMAand pBzMA-
NH3+. Figure 2 provides the monomer conversion versus time
profile of BzMA with mCTA-8ala. 1H NMR signals correspond-
ing to the monomer (a – 6.10, b – 5.65, c – 5.28 ppm) and product
(d* – 4.86 ppm) were monitored as the reaction progressed. Res-

onance signals a and b corresponding to the alkene of the BzMA
decrease with time, and signal d* increases, showing the poly-
merization progress Figure 2.
The kinetics of the polymerization of BzMA was also moni-

tored (Figure 3). Interestingly, the reaction of mCTA-8ala with
BzMA exhibited a relatively short incubation period of ≈75 min,
consisting of a 45–50 min nucleation period followed by a rapid

Figure 3. Monomer conversion versus time profile of pBzMA-NH3
+ poly-

merization.
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Figure 4. Synthetic route for the preparation of pBz_HF, n is the number of HFMA units, and m is the number of BzMA units. By changing HFMA (n)
to BZMA (m) ratio (n:m) into 1:5, 1:10, and 1:20, we synthesized P(Bz_HF_5), P(Bz_HF_10), and P(Bz_HF_20).

rate enhancement. At 50 min, the DP obtained was of 30, which
gradually increases to 40 for 60, 65 for 120, 70 for 180 min,
and saturated kinetics is achieved after 240 min, indicating a DP
of 77.6 for the PBzMA block and a polymerization that goes to
>98% conversion within 4 h. The kinetics profile correlates well
with conversion profiles commonly observed for aqueous RAFT
emulsion polymerization, where micellar nucleation and local-
ized concentration induce polymer formation.[29–31] However, a
slight deviation from pseudo-first-order kinetics is observed. This
variation is most likely due to the sterically hindered mCTA-8ala.
Further studies are needed to optimize reaction conditions and
assess the effects of the dendritic group on polymerization kinet-
ics. Nonetheless, as a proof-of-concept study, mCTA-8ala displays
promise as an RAFT agent for accessing hierarchical polymer
structures.
The RAFT agent, mCTA-8ala, was then used to synthesize

fluorinated HBCs, pBz_HF, using 1,1,1,3,3,3-hexafluoropropan-
2-yl methacrylate (HFMA) and hydrophobic monomer BzMA.
Note that a sequential synthesis was applied in which pHFMA
was formed using mCTA-8ala to yield mCTA-8ala-pHF followed
by a BzMA polymerization to afford pBz_HF. For this design,
we sought to ensure that the fluorine amount was enough to
achieve a well-defined MRI signal without exhibiting a cytotoxic
response as a PNP. Additionally, the incorporation of the fluori-
nated monomer has been shown to result in higher conversion
due to the electron-withdrawing nature of the fluorine atom.[32]

A general synthetic scheme for the pBz_HF is shown in Figure
4 to illustrate a library of fluorinated HBCs in which the HFMA
(n) to BzMA (m) ratio (n:m) of 1:5, 1:10, and 1:20, resulted in
P(Bz_HF_20), P(Bz_HF_10) and P(Bz_HF_5), respectively. The
fluorinated block varied by 20, 10, and 5% while the pBzMA re-
mained constant to stabilize the hydrophobic segment of the re-
sulting PNP via 𝜋-𝜋 staking between phenyl groups.
The design and synthesis of the 19F-containing am-

phiphilic HBCs were optimized to achieve a higher level of
biocompatibility.[33,34] In this case, the target MW for the fluori-
nated HBCs was decreased by half (<10 kDa). The final products
of the two-step sequential polymerization were confirmed by
1H and 19F NMR spectroscopy, as displayed in Figures S1–S10

(Supporting Information). 1H NMR signals corresponding to
the HFMAmonomer (1.95, 6.25, and 6.04 ppm) were monitored
as the reaction progressed. The resonance signals for the alkene
(6.25 and 6.04 ppm) decreased over the course of the reactions
while the methyl peak shifted from 1.89 to 0.9 ppm, indicating
monomer consumption and completion of polymerization. 19F
NMR was conducted to confirm the absence of free HFMA
monomer in the reaction mixture versus the presence of fluo-
rinated polymer. 19F NMR signals for the monomer appeared
as a doublet peak at −72.8 ppm that broaden and shifted to
−73.6 ppm as the reaction progressed (Figures S8–S10, Sup-
porting Information). The molecular weight and the degree of
polymerization (DP) were calculated using proton NMR spectra
for all the polymers (Table 1). SEC was utilized to confirm the
molecular weight and polydispersity of the polymers (Table 1;
Figure S11, Supporting Information). The SEC displayed a
nonbimodal peak, which confirmed the complete consumption
of the CTA, and was not observed in the CTA BzMA reaction.
It is speculated that the reactivity of the fluorinated monomer
aids with the consumption of the CTA and facilitates the
polymerization process.[32]

2.2. Self-Assembly And Morphology

Tabulation of PNP characteristics is provided in Table 2. The crit-
ical aggregation concentration (CAC) of the PNPs was evaluated

Table 1. Summary of polymerization results by aqueous RAFT emulsion
polymerization, 25% (v/v), (M:CTA:I = 500:5:1 mol ratio).

Polymer HF (n)NMR Bz (m)NMR Mn [g mol−1] Mw [g mol−1] Ð

P(HF_Bz_20) 2 43 5284 6973 1.32

P(HF_Bz_10) 4 39 8069 9804 1.22

P(HF_Bz_5) 8 40 6797 8079 1.19

Mn, Mw, Ð denote number average molar mass, weight average molar mass, and
dispersity, respectively, Determined by DMF SEC using a series of poly (methyl
methacrylate) (PMMA) calibration standards.
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Table 2. CAC values, the average hydrodynamic diameter of the PNPs by
TEM and DLS (intensity), and surface charge.

Polymer CAC /
[mg L−1]

DH
DLS

/nm
PDI DTEM /nm Nagg 𝜁 -potential

[mV]

P(Bz_HF_20) 1.26
± 0.45

165.2
± 38.7

0.04 175.3 17 30.5 ± 4.8

P(Bz_HF_10) 11.22
± 0.59

135.3
± 34.1

0.05 154.2 18 31.1 ± 3.9

P(Bz_HF_5) 15.85
± 1.32

191.0
± 48.2

0.12 160.4 21 33.6 ± 3.9

using the pyrene probe method (Figures S12–S14, Supporting
Information).[35] The CAC for the fluorinated polymers ranged
from 1.26 to 15.85 mg L−1, providing relatively low CAC values.
These results are presumably due to the combined hydropho-
bicity and lipophobicity nature of the fluorinated compound, as
well as the steric bulk of the hydrophilic dendron. Nonetheless,
they are comparable to those found in the literature and corre-
late to the candidacy of these fluorinated PNPs as potential bio-
materials. As the three polymers have the same hydrophobic
segment yet varying amounts of fluorine content, CAC values
were determined and were shown to increase with the fluorine
amount. P(Bz_HF_5), which has the highest amount of fluorine,
has the highest CAC value (15.85 mg L−1), and P(Bz_HF_20),
which has the lowest amount of fluorine, has the lowest CAC
value (1.26 mg L−1), with the P(Bz_HF_10) having an intermedi-
ate CAC value of 11.22 mg L−1. Consequently, it appears that hav-
ing a higher fluorine amount leads to a higher CAC value. Ideally,
a low CAC value illustrates a more stable nanoaggregate and a re-
sistance to dissociation upon dilution in the blood.[36,37] Based on
CAC values, the results indicate that P(Bz_HF_20) forms more
stable PNPs compared to P(Bz_HF_5) and P(Bz_HF_10).
An aggregation number (Nagg) explains the average number

of individual polymer units present in a spherical nanoaggre-
gate once the CAC has been reached. Nagg is essential in this
study because it affords the average fluorine percentage inside
a PNP. P(Bz_HF_5), P(Bz_HF_10), and P(Bz_HF_20) have Nagg
of 21, 18, and 17, respectively. The fluorescence quenching tech-
nique was carried out to calculate the Nagg of the PNPs. This tech-
nique is based on the quenching of pyrene fluorescence by a hy-
drophobic benzophenone quencher (Figures S15–S17, Support-
ing Information).[38]

The particle size of the dendritic aggregates in aqueous me-
dia was studied by DLS, which provides an estimate of the par-
ticle size as its hydrodynamic diameter. P(Bz_HF_5) has the
largest particle size with an intensity average diameter of 191.0
± 48.2 nm, with 0.12 PDI (Figures S18–S26, Supporting Infor-
mation). PNPs formulated from P(Bz_HF_10) have an intensity
average diameter 135.3 ± 34.1 nm, with 0.05 PDI. While PNPs
achieved from P(Bz_HF_20) show an intensity average diameter
of 165.2 ± 38.7 nm with 0.04. Based on the PDI value, all three
PNPs show a narrow distribution of monodisperse PDI values
below 0.2.[39]

To examine the morphology of the aggregates and sup-
port the particle size data obtained by the DLS, TEM analysis
was conducted. TEM analysis indicated PNPs of P(Bz_HF_20),
P(Bz_HF_10), and P(Bz_HF_5) as uniform monodispersed

spherical aggregates (Figure 5) with an average particle size of
175.3, 154.2, and 160.4 nm, respectively. Overall, particle size
analysis indicates that all three PNPs produce particles within
an appropriate size distribution for cellular uptake.[40] All parti-
cle sizes are below 200 nm, which indicates that they can escape
physiological barriers and possess the potential for prolonged cir-
culation, therefore potentially reducing imminent clearance by
the liver and spleen.[41,42]

The surface charge is significant for the stability of the PNPs
in suspension and contributes to the adsorption of particles onto
the cell membrane. Studies have shown the ability of cationic
PNPs to stay in a tumor for a prolonged time due to favorable
electrostatic interactions that can be made between the cationic
PNP and the negatively charged cell membrane at the stage of
cellular uptake.[43] After the adsorption of particles, the endo-
cytic uptake rate depends on the particle size. Additional fac-
tors such as cell type, cellular uptake mechanism, and intra-
cellular localization are taken into account when assessing the
surface properties of PNPs and their potential application.[44]

Nanoparticle surface charge is commonly expressed as a zeta po-
tential, which is measured by the laser Doppler electrophoresis
technique. P(Bz_HF_20), P(Bz_HF_10), and P(Bz_HF_5) have
zeta potentials of 30.5 ± 4.8 , 31.1 ± 3.9, and 33.6 ± 3.9 mV,
respectively. Generally, particles with positive surface charges
above 15 mV display ideal properties such as higher tumor up-
take and retention, decreased macrophage uptake (i.e., reduced
unfavorable immune response), and longer particle circulation
time.[45,46] The surface charge values for P(Bz_HF) PNPs are
higher than the standard 15mV due to the cationic surface. Addi-
tionally, the values amongst the PNPs are similar, indicating the
surface charge is independent of fluorine content for the three
polymers.

2.3. Cytotoxicity

It is essential to evaluate the cytotoxicity of the PNPs to see their
potential as a nanocarrier. After physicochemical characteriza-
tion, we evaluated the effects of PNPs on cell viability in HEK
cells using the Lactate Dehydrogenase (LDH) assay (Figure 6).
LDH is a cytosolic enzyme that catalyzes the interconversion be-
tween pyruvate and lactate.[47] If there is cell death, LDH will be
released into growth media, which can be detected with a col-
orimetric assay. HEK cells were selected as a representation of
human cell-nanoparticle interactions.
Among the three PNPs, P(Bz_HF_10) showed the least cy-

totoxicity (Figure 6; Figure S27, Supporting Information). At
0.2 μg mL−1, an increase in cytotoxicity was observed com-
pared to other higher concentrations. It is essential to note that
0.2 μg mL−1 is below the CAC value; thus, at this concentration,
there is no PNP formation, only unimer or “free” polymer. From
1 to 125 μg mL−1, cytotoxicity increases with the concentration.
P(Bz-HF_5), which has the highest amount of fluorine, shows the
highest cytotoxicity at a concentration between 1 and 25 μgmL−1.
At 125 μg mL−1 concentration, P(Bz-HF_20) shows the highest
cytotoxicity, only 1.5% compared to P(Bz_HF_5). Overall, the ob-
served cell cytotoxicity for the three PNPs was < 5%, which in-
dicates P(Bz_HF) PNPs are generally non-toxic to living human
cells (Figure 6; Figure S27, Supporting Information).
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Figure 5. Nanoparticles formed by (a) P(Bz_HF_20), (b) P(Bz_HF_10), and (c) P(Bz_HF_5) under TEM.

Additionally, the intravenous (IV) biocompatibility of the
P(Bz_HF) PNPs was measured via hemolysis assay on mouse
red blood cells (Figure S28, Supporting Information). A non-
ionic detergent, Triton-X, was the positive control, and PBS was
the negative control for the hemolysis assay. One-way ANOVA
showed a significant difference between all three treatment
groups (p = 2.9×10−13), with P(Bz_HF_20) inducing the highest
RBC hemolysis (59.4± 0.8%). In comparison with P(Bz_HF_20),
P(Bz_HF_10) and P(Bz_HF_5) show proportionally lower RBC
hemolysis of 19.9 ± 0.5% (p = 0.00004) and 7.0 ± 0.1% (p
= 8.6×10−6), demonstrating a significant correlation between
HFMA:BZMA ratio and hemobiocompatibility which should be
considered when considering nanoformulation and dosage for
in vivo applications. Some degree of hemolysis is expected due
to the positive charge of the PNP driving an interaction with the
negatively charged RBC membrane. Interestingly, the PNP with
the most positive surface charge and the highest relative amount
of fluorine, P(Bz_HF_5), showed minimal hemolysis, acceptable
for in vivo applications. Considering the relative similarity in size
and zeta potential among the series, we hypothesize that the de-
crease in hemolysis seen for this polymermay be due to increased
interactions between the terminal amine groups and the elec-
tronegative fluorine atoms, which may then reduce potential in-
teractions with the RBCmembrane, thereby reducing hemolysis.

Figure 6. Cell viability after treatment with PNPs. The LDH assay de-
termined cytotoxicity (percentage). Error bars denote the standard error,
while letter denotes significance groups as determined by Tukey HSD
(p ≤ 0.05).

Additional surface modifications of the PNPs will be considered
in future studies to further reduce the degree of hemolysis.

2.4. Relaxation Times (T1/T2)

In order to evaluate their potential as 19F MRI contrast agents,
the fluorinated PNPs were examined by 19F NMR (470 MHz,
25 °C). Samples were dispersed in H2O/D2O (90/10, v/v). As dis-
played in Figures S29–S31 (Supporting Information), only one
resonance signal was observed in each spectrum possessing a
peak width of ≈6 Hz, confirming a single 19F chemical environ-
ment in the PNPs. The 19F NMR relaxation times spin-lattice
(T1) and spin–spin (T2) of the PNPs were measured and listed
in Table 3.
The spin−spin relaxation time T2 is an important parameter

determining the resultant MRI performance. A longer T2 relax-
ation time is vital for producing intense 19F MRI signals. T2 re-
laxation usually proceeds more rapidly than T1 recovery, and dif-
ferent biological tissues have different T1 and T2. For example,
fluids have the longest T1 and T2; water-based tissues (T1,1500–
2000 ms and T2, 40–200 ms range), while fat-based tissues are
in the lower (T1, 400–1200 ms range and T2, 10–100 ms) range.
In general, long T2 values are preferred to avoid signal intensity
loss, whereas short T1 values are important to reduce acquisition
times and increase the number of scans per unit time. For the T1,
relaxation times ranged from 2543 to 2750 ms, and T2 relaxation
times ranged from 634 to 1450ms. P(Bz_HF_5) shows the short-
est T2 relaxation time, and P(Bz_HF_10) shows the highest T1
relaxation time. Relaxation times were found to be much higher
than the average of reported values, which is most likely a con-
sequence of the sequential polymer synthesis, which results in
limited flexibility of the fluorine moieties upon aggregation and
PNP formation.[12,48] The MRI intensity (or signal-to-noise ratio,
SNR) was found to be linearly dependent on the concentration of
polymers (Figures S32–S34, Supporting Information): 5.1, 7.0,

Table 3. NMR relaxation times of the fluorinated PNPs in D2O at
10 mg mL−1 concentration. Relaxation times showed appreciable change
as a function of concentration (Supporting Information).

Polymer T1 / ms T2 / ms

P(HF_Bz_20) 2695 946

P(HF_Bz_10) 2750 1450

P(HF_Bz_5) 2543 634

Macromol. Chem. Phys. 2024, 2400354 © 2024 Wiley-VCH GmbH2400354 (6 of 11)
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Figure 7. 19F MRI phantom image of P(Bz_HF_10) at various concentrations: 4 (0.1 19F), 6 (0.15 19F), 8 (0.2 19F), and 10 (0.25 19F) mg mL−1.

9.0, 11.8 for 4, 6, 8, and 10 mg mL−1, respectively, and are higher
relative to SNR values reported for high-resolution MRI.[49,50]

Based on the results of T1 and T2 measurements,
P(Bz_HF_10) was selected for further evaluation. Using the
Nagg, the concentration of 19F was found to be 0.25 mg mL−1

for a 10 mg mL−1 PNP solution of P(Bz_HF_10). The limit of
detection and image quality were assessed via 19F MRI phantom
images. PNP solutions of varying concentrations (4, 6, 8, and
10 mg mL−1) were studied, and images were acquired over 30
min. A linear dependent intensity gradient can be observed
throughout the samples, with the lowest concentration still
being visible at 4 mg mL−1. Although phantom images (Figure
7) provide sufficient contrast at varying concentrations, they
highlight how closely packed the 19F moieties are within the
self-assembled PNPs and the effect it has on the MRI signal
intensity. Here, the signal quality is attributed to the position
and rigid conformation of the 19F moieties within the polymer
framework and resulting PNPs. The lack of flexibility and dis-
tribution reduces signal quality.[51,52] In turn, additional studies
involving both monomer design and polymer composition will
need to be conducted to increase the mobility of the 19F moieties
upon aggregation.

2.5. Encapsulation Studies and Cellular Uptake

In order to assess the potential of a secondary imaging agent
and hydrophobic loading ability, encapsulation studies were con-
ducted with a hydrophobic cyanine-based photothermal imaging
agent, C3 (Figure S35, Supporting Information).[53,54] Cyanine-
based dyes are generally used as imaging agents for photoacous-
tic and near-infrared fluorescence imaging. They can transform
absorbed near-infrared (NIR) photons to heat as a photothermal
agent and lower energy NIR photons for an image-guided combi-
natorial phototherapeutic agent. However, the application of cya-
nine dyes is limited due to solubility and instability in aqueous
media, which decreases their imaging and therapeutic potential.
Without the presence of fluorinated polymer, the dye was com-

pletely insoluble in water, forming a separate layer on the water
surface. Upon using a thin-film method to encapsulate the dye,
the polymer-dye nanoparticle solution turned transparent blue,
indicating an enhanced solubility. The encapsulation of C3 was
assessed in terms of loading (DL%) and encapsulation efficiency
(EE%).[55] Despite an intense color change observed in the so-
lution, the loading ability of the P(Bz_HF) PNPs was calculated

and estimated to be moderately low, with values of <10%.[56] The
reported DL% of P(Bz_HF_20), P(Bz_HF_10), and P(Bz_HF_5)
was 8.96%, 8.12%, and 7.63%, respectively. The reported EE%
of P(Bz_HF_20), P(Bz_HF_10), and P(Bz_HF_5) was 24.61%,
24.10%, and 20.65% respectively. Such values are commonly due
to differences in the precipitation time of the desired cargo (i.e.,
C3 dye) and theHBC or variations in the aggregation behavior.[57]

Nonetheless, these DL% and EE% values highlight the potential
of uploading hydrophobic cargo and secondary imaging agents
into fluorinated nanoparticles.
C3-loaded fluorinated PNPs were then assessed as potential

biological imaging agents. C3 dye fluorescence was measured af-
ter trafficking into HEK cells (Figure 8). LysoTracker green, a flu-
orescent dye that stains acidic compartments in live cells, was
used to track the distribution and accumulation of dye-loaded
PNPs in the cellular organelles.[58,59] The overlapped fluorescence
images of C3-loaded fluorinated PNPs and LysoTracker are pro-
vided in Figure 8. P(Bz_HF_20) shows efficient loading with
some accumulation in lysosomes but generalized cell labeling,
while P(Bz_HF_10) and P(Bz_HF_5) were found as aggregates
amongst cells with a small percentage observed to be entering
cells for P(Bz_HF_5) PNPs. The observation is somewhat sur-
prising, given similarities in size, surface charge, and loading
properties amongst the HBCs. Results indicated that amongst
the PNPs within this reported series, those with the lowest fluo-
rine content, i.e., P(Bz_HF_20), yield PNPs with more efficient
cellular uptake in HEK cells.[60]

3. Conclusion

Here, we present the preparation of fluorinated HBCs using
aqueous RAFT polymerization. A novel cationic mCTA was used
to synthesize the amphiphilic self-assembling polymers, and
their PNPs were evaluated for biorelevant applications. Electron
microscopy (TEM) and light scattering (DLS) analyses indicated
that the resulting nanoparticles exhibited sizes within the thera-
peutic window ranging from 120 to 180 nm with zeta-potential
values ranging from 30.5 to 33.6 mV. PNPs exhibit a single res-
onance in the 19F NMR spectrum; however, they produced con-
siderably higher than average reportedMRI relaxation times. De-
spite their advantageous chemical structure, ongoing studies are
geared toward increasing the local motion of the fluorinatedmoi-
ety both by monomer redesign and block sequence. For this op-
timization, a correlation between fluorine monomer dispersion
and signal quality will be assessed, where solubilizing groups
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Figure 8. Cellular distribution of P(Bz_HF) derivates: A) imaging of C3 dye-loaded P(Bz_HF) PNPs. In HEK 293 cells: Top panels show C3 dye-loaded
P(Bz_HF) fluorescence, bottom panel merge C3 dye-loaded P(Bz_HF) fluorescence (red), lysotracker green (green), and phase contrast. The white arrow
shows C3 fluorescence on the interior of the cell. B) STED microscopy of cell filopodia showing C3 fluorescence (red) localized to lysosomes (green)
and to presumptive endosomal bodies.

and copolymerization techniques employing mCTA-8ala as the
RAFT agent will be done to improve fluorine distribution and
signal quality. Notwithstanding, the reported PNPs show excel-
lent promise, displaying minimal cell toxicity as well as the po-
tential for dual imaging and therapy. The results of this work in-
crease the availability of synthetic methods for multifunctional
fluorinated materials and afford pathways toward building next-
generation nanomaterials.

4. Experimental Section
Materials and Method: Common solvents, HPLC solvents, and

reagents were purchased from commercial suppliers (Sigma–Aldrich
and Fisher Scientific) and used without additional purification. Benzyl
methacrylate (BzMA) and 1,1,1,3,3,3-hexafluoroisopropyl methacrylate
(HFMA) were filtered through a small column of basic alumina before us-
age. Balb/C mouse blood was purchased from Bio-IVT (NY, USA).

1H spectra were collected using a Bruker Avance 300 or 400 MHz spec-
trometer. Chemical shifts (𝛿) are denoted in parts per million (ppm) rela-
tive to an internal standard (tetramethyl silane-TMS) and referenced to a
protonated solvent obtained from Cambridge Isotope Laboratories, Inc.

19F NMR spectra were collected using a Bruker Avance 400 MHz spec-
trometer with H2O/D2O (90/10, v/v) as the solvent. Solution spectra were
measured under the following measurement conditions: 90° pulse width
15 μs, relaxation delay 1 s, acquisition time 0.73, and 128 scans.

19F spin–spin relaxation times (T2) were measured using the
Carr−Purcell−Meiboom−Gill (CPMG) pulse sequence at 298 K following

a published protocol.[61] The samples were dissolved in H2O/D2O (90/10,
v/v) at a concentration of 1–10 mg mL−1. The 90° pulse was determined
by dividing with a 360° pulse width, at which the NMR signal was zero. The
relaxation delay was 1 s, and the number of scans was 64. Only values for
the major peaks are reported. For eachmeasurement, the echo times were
from 2 to 770 ms, and 16 points were collected, which could be described
by exponential functions for the calculation of T2.

19F spin−lattice (T1) relaxation times were measured using the stan-
dard inversion−recovery pulse sequence. For each measurement, the re-
laxation delay was 2 s, and the number of scans was 32. Only values for
the major peaks are reported. For each measurement, the recovery times
were from 2 ms to 3 s, and 16 points were acquired. Values for the major
peak at ≈−72.8 ppm are reported.

Size exclusion chromatography (SEC) measurements were done using
DMF, andmeasurements were done at a flow rate of 0.8mLmin−1 at 55 °C.
A Shimadzu 20A SEC system equipped with two PSS SDV analytical 1000
Å columns and a differential refractive index detector were used. The data
was evaluated using Astra 7.0 software. The SEC system was calibrated
using polymethylmethacrylate (PMMA) standards.

A JEOL 1230 TEM was used at 100 kV to obtain electron microscopy
images using a bottom-mounted charge-coupled device (CCD) camera
(Gatan Orius 831).

Additional experimental details can be found in the Supporting Infor-
mation.

General Synthesis: The mCTA was prepared using a modified version
of published work.[62–64] The mCTA, HFMA, V50, and water were added
to a gas-tight conical vial and sonicated and incubated 1 h in a dark place.
Then the solution was purged with Ar for 30 min and then the vial was
placed in a 60 °C bath and monitored using NMR. After completion of
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polymerization, the polymer was purified by dialysis against Milli-Q water
for 24 h and freeze-dried. Then the same RAFT polymerization method
explained above was carried out with the BzMA. The final reaction mixture
was purified using size exclusion chromatography (Sephadex LH-20) to
obtain the pHFBz polymer systems.

Characterization of Polymers: The molar mass and the degree of poly-
merization (DP) were calculated using proton NMR spectra for all the
polymers. DMSO-d6 was used as the solvent, with TMS as the internal
standard. 19F NMR was carried out to confirm the absence of free HFMA
monomer in the reaction mixture and the presence of fluorinated polymer.
SEC was utilized to confirm the molar masses calculated by NMR and ob-
tain the dispersity (Ð) of the polymers.

Preparation and Characterization of Nanoparticles: Polymer systems
were formed into nanoparticles via a previously reported nanoprecipita-
tion method.[57] 1 mg of the polymer was dissolved in THF (200 μL), and
the resulting solution was added dropwise to a vial containingMilliQwater
(2 mL) while sonicating. THF was allowed to evaporate under constant ni-
trogen flow. Nanoformulations were allowed to equilibrate for 12 h before
testing.

Particle size and zeta potential (𝜁 -potential) measurements were car-
ried out on a Zetasizer Nano ZS (Malvern Instrument) using a He−Ne
laser (633 nm) detector angle of 173° at 25 °C. Concentration was kept
0.5 mg mL−1 for all the systems, and all measurements were done in trip-
licate to assure consistency. Morphologies of the nanoparticles were ob-
tained by environmental TEM.

Critical Aggregation Concentration: For the measurement of the criti-
cal aggregation concentration (CAC), pyrene (1.7 mg, 8.41 μmol) was dis-
solved in 3 mL of acetone, and 40 μL of the solution was added to 40mL of
deionized water. A series of concentrations of the nanoaggregate suspen-
sion ranging from 10−8 to 102 mg L−1 was prepared by dilutions of 2 mL
per sample. Pyrene solution (2 mL) was added to each vial, and these so-
lutions were equilibrated for 48 h in a dark area. The fluorescence spectra
were obtained on a Varian Cary fluorometer from Agilent Technologies. An
emission wavelength of 390 nm was used for pyrene, and the excitation
spectra were recorded from 300 to 380 nm. The ratio of emission intensi-
ties at 338 and 333 nm was graphed as a function of the log of the con-
centration. The CAC was determined as the concentration at the intercept
of the lines for the two linear regions of the obtained graphs.[35]

Determination of the Aggregation Number (Nagg): The fluorescence
quenching technique was carried out to calculate the Nagg of the nanopar-
ticles. This technique is based on the quenching of pyrene fluorescence
by a hydrophobic benzophenone quencher.[38,65] Nagg was calculated by
changing the quencher concentration using the following equation:

In (I0∕I) =
[
Nagg∕

(
Cp − CCAC

)]
× Cq (1)

where I0 = fluorescence intensities of pyrene in the absence of quencher, I
= fluorescence intensities of pyrene in the presence of quencher, Cp =mo-
lar concentration of the polymer, CCAC = critical aggregation concentration
and Cq =molar concentration of the quencher.

Encapsulation Studies: Chemical structures, absorbance, and emis-
sion profiles for each dye are given in the Supporting Information. 1 mg
of C3 dye and 2 mg of the polymer were dissolved in THF (200 μL). The
nanoprecipitation method stated above (preparation and characterization
of nanoparticles) was followed to form dye-loaded nanoparticles. After
the 12 h equilibrating period, the unloaded dye was filtered out using a
0.45 μm syringe filter. Water was then removed by freeze-drying. The re-
sulting crude (dye-loaded nanoparticles) was re-dissolved in THF (10 mL)
to solubilize the encapsulated dye. The amount of encapsulated dye was
estimated using a Cary 6000 UV–vis spectrophotometer and a standard
calibration curve obtained from free dye in THF. The encapsulation effi-
ciency (EE%) and loading efficiency (DL%) were calculated for each dye
using the following equations. MC = mass of the dye in the nanoparticle,
MP =mass of LDBC, and MCi =mass of the dye initially added.[55,56]

In Vitro Cell Uptake and Cytotoxicity Assay: Human embryonic kidney
(HEK293) cells were used for cytotoxicity assay. HEK cells were grown un-
der the standard conditions (37 °C, 5%CO2, DMEMmedia with 10%FBS).

Then the nanoparticles were added to tissue culture media and allowed
24 h incubation period. A LysoTracker Green DND-26 (Invitrogen) stain-
ing was performed to image lysosomes simultaneously. The distribution of
dyes in the cells was visualized with a laser scanning confocal and super-
resolution microscopy (Leica Stellaris STED). Cytotoxicity of the nanopar-
ticles (dye loaded and unloaded) was then evaluated with a CyQUANT
LDH Cytotoxicity Assay Kit (Invitrogen) using a microplate reader BioTek
Synergy H1. HSD test was performed to calculate differences in viability
between loaded and unloaded particles at different concentrations.

Hemolysis Assay: Hemolysis was performed according to previ-
ously published protocols.[66–68] Briefly, P(Bz_HF_5), P(Bz_HF_10), and
P(Bz_HF_20) NPs in 1x PBS pH 7.4. were combined with washed and
isolated BALB/c red blood stocks (1:50 dilution from originally concen-
trated fraction from 250 μL of K2-EDTA treated whole blood) at a 1:10
(v/v) ratio in quadruplicate in a 96 clear-well COSTAR plate (final volume
200 uL well−1). At a final treatment concentration of 0.125 mg mL−1, the
samples were then incubated for 1 h at 37 °C, and then centrifuged at 4 °C
for 10 min at 500xg. 100 μL of supernatant was collected to measure peak
hemolytic absorbance in quadruplicate at 405 nm by UV–vis/fluorescent
plate-reader (BioTek Synergy H1, Serial No. 19 012 817). 20% Triton X-100
and 1x PBS pH 7.4 were used as positive and negative internal controls at
the same treatment dilution. The 1x PBS negative control was subtracted
as a minimum baseline (0%) from all samples, and the Triton-X-100 pos-
itive control was used as a maximum baseline (100%) to calculate nor-
malized hemolytic percentages with standard error of mean (n = 4). A
one-way ANOVA was used to determine significant differences across all
three treatment groups, while a paired two-tail t-test of means was used
to determine significance between 2 samples at a time.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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