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ABSTRACT: Perfluorocarbons are versatile compounds with applications in '°F magnetic resonance imaging (MRI) and chemical
conjugation to drugs and pH sensors. We present a novel thermoresponsive perfluorocarbon emulsion hydrogel that can be detected
by '’F MRI. The developed hydrogel contains perfluoro(polyethylene glycol dimethyl ether) (PFPE) emulsion droplets that are
stabilized through ionic cross-linking with polyethylenimine (PEI). Specifically, PFPE ester undergoes hydrolysis upon contact with
aqueous PEI solution, resulting in an ionic bond between the PFPE acid and charged PEI amino groups. Due to the ionic nature of
the PFPE/PEI bond, potassium buffer is required to preserve the hydrogel’s pH and rheological and emulsion droplet stability. The
presence of the surface cross-linked PFPE droplets does not affect the hydrogel’s rheological behavior, drug loading, or drug release,
and the hydrogel is nontoxic. We propose that the presented hydrogel can be adapted to a broad range of biomedical imaging and
delivery applications.
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hough the development of pharmaceutical hydrogels C—F bonds facilitates direct conjugation of primary and

continues to accelerate, these formulations often secondary amines with PFPE ester end groups.”” Janjic et al.
encounter substantial challenges during scale up and clinical have developed PFPE nanoemulsions containing Bodipy-
translation. The application of simple, low-energy manufactur- PFPE,° Cy3-PFPE, and CypHer5-PEPE conjugates.” This
ing approaches to the development of multifunctional hydrogel direct conjugation is advantageous, as it prevents differential
formulations may help to ease this transition. In the presented tissue distribution of the fluorescent dye and the magnetic
work, an in situ low-energy approach was used to develop a resonance reporter.(’ Further, incorporation of pH sensitive
versatile, thermoresponsive, cross-linked perfluorocarbon conjugates (CypHer5-PFPE) into PFPE nanoemulsions has
(PEC) emulsion hydrogel. Since their FDA-approval in 1989 been uged to track their specific intracellular location upon
as blood substitutes,'’ PFCs have gained increasing interest. uptake.

PFCs also have the ability to dissolve large volumes of

PECs are fluorinated hydrocarbons and, as such, can be imaged A
respiratory gases and serve as oxygen carriers.” Providing

using YE magnetic resonance imaging (MRI). Organic fluorine
is not present in the human body; thus, PFC-containing

biomaterials can be used to provide background-free Special Issue: Medicinal Chemistry: From Targets to | “yeicrd B
imaging.”~* Some PFCs, such as perfluoro(polyethylene glycol Therapies B W ,

dimethyl ether) (PFPE), are particularly versatile because they Received:  April 20, 2020 i g} | 5

can be directly conjugated to imaging agents (fluorescent dyes, Accepted: August 11, 2020 E i s
positron emission tomography chelators, etc.), pH sensors, or Published: August 11, 2020 i

therapeutic drugs. The high electronegativity present in the
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Figure 1. (A) Structural schematic of the ionic interaction of PFPE carboxyl ion end groups, which are released following PFPE-Ester hydrolysis in
aqueous medium, and ionized quaternary groups on exposed chains of branched 25 kDa PEI, resulting in ammonium salt bridges responsible for
droplet surface stabilization at the PFPE/water interface. (B) Schematic representation of PFPE ionic surface cross-linked interaction with PEI in
F127 hydrogel matrix. (C) Cross polarized optical microscopy image of the surface interaction where PFPE droplets are surrounded by PEI in
aqueous medium, 50X magnification. (D—E) PFPE/PEI/F127 hydrogel thermoresponsive behavior. Sol state at 4 °C and gel state at body
temperature (37 °C). (F) Scanning electron microscopy image of lyophilized cross-linked PFPE/PEI/F127 hydrogel, showing large and small

droplets of PFPE oil dispersed into F127 matrix.

sufficient delivery (drug, imaging agent, pH sensor, oxygen,
etc.) over a period of several days or even weeks is a significant
challenge associated with PFCs and other biomaterials. To
address this limitation, we have developed a thermoresponsive,
cross-linked PFC emulsion hydrogel. Hydrogels are generally
defined as water-swollen, three-dimensional, hydrophilic
polymer networks that can be cross-linked either physically
or chemically.”'® Hydrogels are usually built with polymeric
materials that offer a wide range of size, water content, and
chemical properties (pH, charge, hydrogen donor/acceptor,
cross-linking). Hydrogels also provide flexibility for new
platforms in tissue engineering,'’ development of biomedical
sensors,'> design of novel drug delivery systems,"* and contrast
agents for imaging.'* Oxygen delivery using PFC-containing
hydrogels has been investigated as a potential therapy in
wound healing and sciatic nerve regeneration. For example,
Leipzig et al. have developed a fluorinated methacrylamide
chitosan (MACF) hydrogel that was synthesized through PFC
conjugation to chitosan free amines.'”””'® The developed
MACF hydrogel was shown to improve regenerated wound
tissue structure in a splinted transgenic diabetic mouse wound
model.'”® Ma et al. have reported a perfluorotributylamine-
based oxygen carrying fibrin hydrogel.'”” The developed
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hydrogel was found to promote axonal regeneration and
remyelination and accelerate motor and sensory function
recovery of the sciatic nerve in rats. Alginate hydrogels
containing perfluorooctyl bromide nanoemulsions have also
been investigated for their potential applications as oxygen
delivery platforms to 3-dimensional tissue-engineered con-
structs.”*”!

Though PFC-containing hydrogels have a broad range of
potential biomedical applications, the large-scale production of
these biomaterials can be challenging. Since PFCs are both
hydrophobic and lipophobic, PFC emulsions generally need to
be produced using high energy methods prior to their
incorporation into a hydrogel, such as sonication or micro-
fluidization. In the presented work, the hydrogel formation
process is streamlined to eliminate the high energy
emulsification step. PFC emulsion droplets are formed via
ionic interaction between PFPE and branched 25 kDa
polyethylenimine (PEI). These PFPE-PEI emulsion droplets
are stabilized in a thermoresponsive cross-linked Pluronic F127
(F127) hydrogel. The PFPE-PEI emulsion is formed
synchronously within the F127 hydrogel using planetary
mixing. This streamlined, low-energy process is amenable to

https://dx.doi.org/10.1021/acsmedchemlett.0c00198
ACS Med. Chem. Lett. 2020, 11, 2032—2040


https://pubs.acs.org/doi/10.1021/acsmedchemlett.0c00198?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.0c00198?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.0c00198?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.0c00198?fig=fig1&ref=pdf
pubs.acs.org/acsmedchemlett?ref=pdf
https://dx.doi.org/10.1021/acsmedchemlett.0c00198?ref=pdf

ACS Medicinal Chemistry Letters

pubs.acs.org/acsmedchemlett

A 2 8 3 t3 g B

% ¢ g $3 § 1

04

75

04

| 651

8 1

§ 60]

£ i

§ s

g }

5o

TR

i

34

0]

w — 04

8 8

T T T T T T T T T 10}
ppm(t) 600 £50 700 750 800 850 900 950 4000

3344.22

3576 ?
296854
2864.09
2379.58

Wavenumbers (cm-1)

Figure 2. Spectroscopic characterization. (A) 'F NMR spectrum of cross-linked PFPE/PEI/F127 hydrogel; (B) FT-IR spectrum of lyophilized

cross-linked PFPE/PEI/F127 hydrogel.

future scale up using earlier established protocols with some
modifications.””

The presented hydrogel is stable, nontoxic, and capable of
being detected with '°F MRI. This feature will allow for real-
time, background-free visualization of hydrogel performance
during its use as a drug and/or oxygen delivery platform. To
demonstrate the hydrogel’s potential as a drug delivery
platform, the natural anti-inflammatory compound resveratrol
was incorporated into the F127 micelles without altering
hydrogel composition. Observed extended resveratrol release
from the hydrogel suggests this technology could provide
extended anti-inflammatory treatment through topical or
transdermal delivery or through local implantation.

The versatility and novelty of the presented hydrogel comes
from the integrated contribution of its three main components:
(1) F127, (2) PFPE, and (3) PEL F127 is a nontoxic, FDA-
approved thermosensitive copolymer that undergoes gelation
by heating above the lower critical gelation temperature
(LCGT), meaning that its sol-to-gel transition occurs with an
increase in temperature. LCGT hydrogels have gained
attention in the biomedical field since they allow encapsulation
under mild conditions and can undergo gelation when injected
into the body.”

PEI is a cationic polymer commonly used in gene
transfection.”* Here, it is used to stabilize the PEPE droplets
in the F127 hydrogel matrix. The presented data show that
when incorporated into an aqueous based hydrogel matrix,
PFPE ester undergoes immediate hydrolysis, creating a
carboxylate ion that forms an ionic bond with the primary
ammonium ions from basic branched PEI Each PFPE methyl
ester polymer has two ester end groups that hydrolyze to form
a salt with quaternary ammonium salt groups formed at
exposed primary amines on the branched 25 kDa PEI, forming
a fluorocarbon rich insoluble network (Figure 1A). This ionic
interaction creates a unique cross-linked network of PEI
stabilized PFPE droplets in an aqueous F127 solution (Figure
1B). Incorporation of F127 causes the hydrogels to flow at 4
°C (Figure 1D) and gel at body temperature, 37 °C (Figure
1E). Rheological studies demonstrate that this thermores-
ponsive behavior is driven by the F127 matrix (Figures 3F—I
and Figures S3—4, discussed further below).

The presence of primary amines on PEI and methyl ester
end groups on PFPE can be utilized to functionalize this
material with different imaging moieties, therapeutic small
molecules, or biomolecules (e.g., proteins). For example, PEI
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has been used to coat a PFC nanoemulsion droplet and enable
the addition of a breast cancer cell targeting antibody.”
Therefore, we propose that in similar fashion, this strategy can
be applied to functionalize dispersed PFPE droplets in the
presented hydrogel.

We hypothesized that the PFPE—PEI interaction occurs at
the fluorous/aqueous phase interface at the surface of PFPE
droplets distributed in the hydrogel. To observe and analyze
this surface reaction, PFPE and an aqueous PEI solution were
gently mixed together and analyzed by optical microscopy with
dual polarizing filters (Figure 1C). The microscopy revealed
that the PFPE droplets are surrounded by a corona built
primarily of PEIL This interaction forms a similar structure to
the one found in biphasic emulsions with a lipophobic/
hydrophobic PFPE droplet surrounded by a hydrophilic PEI
coating.” Scanning electron microscopy was used to further
confirm the PFPE—PEI hydrogel structure (Figure 1F). In the
lyophilized sample, large PFPE oil droplets are dispersed
throughout a matrix of F127 micelles.

To further characterize and investigate the nature of the
surface interaction between PFPE and PEI, ’F NMR and FT-
IR were performed. The '*F NMR chemical shift of the PFPE
preterminal presented at —80.03 ppm, which matches earlier
reported PFPE carboxylate end groups.” Previously, we
reported that when PFPE reacts with a primary amine to
form a PFPE amide, the chemical shift of the peak is shifted
downfield due to the deshielding effect of the nitrogen atom,
resulting in a peak between 74 and 78 ppm.® The ®F NMR
spectrum (Figure 2A) of the PFPE/PEI/F127 hydrogel shows
the characteristic CF, present in all PFPE oils at —91.41 ppm26
and a peak at —80.44 ppm, suggesting the presence of a
carboxylate ammonium interaction between PFPE and PEI,
where the slight chemical shift of 0.4 ppm is due to the
deshielding effects of the nitrogen from the ammonium ion.
The FT-IR spectrum (Figure 2B) shows a strong carbonyl
peak at 1797 cm™". Carbonyl stretches associated with amide
bonds are observed at lower wavenumbers between 1630 and
1660 cm™.”” We suggest that the inductive effect of the
carboxyl ion is increasing the force constant and frequency of
absorption of the carbonyl, thus increasing the wavenumber
and shifting the carbonyl peak. PFPE C—F stretches are clearly
observed around 1110 cm™'. The ammonium bands in the
2800—3600 cm™! region are weak, making it difficult to
distinguish whether the ammonium ions are secondary or
tertiary. However, the nature of the PFPE/polymer interaction

https://dx.doi.org/10.1021/acsmedchemlett.0c00198
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Table 1. Composition of Hydrogels

Hydrogels (25.7S mL)  Pluronic F127 (% w/v)  Glycerol (% w/v)  PEI (25 kDa) (% w/v)  PFPE Ester (% w/v) PFPE Oxide (% w/v)  Buffer
A 21.00 24.47 0.07 12.24 No
B 21.00 24.47 0.07 12.24 Yes
C 21.00 24.47 0.07 12.24 No
D 21.00 24.47 0.07 12.24 Yes
E 21.00 24.47 0.07 No
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Figure 3. Hydrogel characterization. (A—E) Histograms of droplet surface area distributions and images obtained by cross-polarized optical
microscopy of hydrogel B (Panels A and D, cross-linked formulation with PFPE-Ester/PEI/F127) and hydrogel D (Panels B and E, non-cross-
linked formulation with PFPE-Oxide/PEI/F127). Images obtained at SOX magnification. (C) Surface area distribution data for hydrogels B and D
represented as a box plot. (F—I) Rheological behavior comparisons between PFPE-Ester (Hydrogel A) and PFPE-Oxide (Hydrogel C) hydrogels.
Elastic modulus G’ (filled symbols) and viscous modulus G” (empty symbols) during oscillatory frequency at room temperature (Panel F) and 5
°C (Panel G). (H) Elastic modulus G’ (filled symbols) and viscous modulus G" (empty symbols) during sweeps and strain amplitude sweeps. (I)
Strain sweep at increasing temperatures from 2 to S0 °C showing sol to gel transition comparable to pure F127 hydrogel.

at the surface is likely driving the surface reaction between
highly acidic PFPE ester end groups and primary amines. The
absence of the amide peak in the '’F NMR and the shift of the
carbonyl peak in the FT-IR spectra confirm that the cross-
linked bond between PFPE and PEI is not covalent but ionic in
nature and hence could be influenced by changes in the pH of
the overall hydrogel.

To investigate the stability and rheological properties of the
PFPE/PEI/F127 hydrogel, five hydrogels were manufactured
(Table 1). PFPE carboxylate hydrolysis in water potentially
drives the degradation of the dispersed PFPE droplets. To
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investigate this possibility, PFPE-Ester/PEI/F127 hydrogels
were developed with and without a pH 7.4 potassium buffer
(Hydrogels A and B). PFPE-Oxide/PEI/F127 hydrogels were
developed as controls because PFPE oxide lacks reactive end
groups needed for PEI cross-linking (Hydrogels C and D).
Additionally, a PFPE-free hydrogel with PEI (Hydrogel E) was
developed as a control to evaluate the toxicity of the PFPE-
Ester/PEI/F127 hydrogel in vitro (Figure 6, discussed further
below).

Cross-polarized optical microscopy and rheology were used
to further analyze the hydrogels’ behavior and the effects of the

https://dx.doi.org/10.1021/acsmedchemlett.0c00198
ACS Med. Chem. Lett. 2020, 11, 2032—2040
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Figure 4. Impact of buffer on hydrogel stability. (A) pH measurements over time show a sharp drop in pH in nonbuffered cross-linked hydrogel
(Hydrogel A) upon storage at room and elevated (40 °C) temperature. pH remains stable over time in the buffered cross-linked hydrogel
(Hydrogel B). (B—C) Rheological behavior comparisons between buffered (Panel B) and nonbuffered (Panel C) PFPE/PEI/F127 cross-linked
hydrogels. Elastic modulus G’ (filled symbols) and viscous modulus G” (empty symbols) during oscillatory frequency were measured at three
different time-points (day 1, 6, and 30) upon storage at room temperature. Rheological change of the nonbuffered hydrogel indicates
physicochemical degradation due to hydrolysis of the PFPE ester end groups. (D—G) Histograms of droplet surface area distributions obtained by
cross-polarized optical microscopy of nonbuffered hydrogel A (Panel D) and buffered hydrogel B (Panel G). Microscopy images of hydrogel A
(nonbuffered) at day 0 (Panel E) and after 90 days of storage at ambient temperature (Panel F); Microscopy images of hydrogel B (buffered) at
day 0 (Panel H) and after 90 days of storage at ambient temperature (Panel I). Droplets degrade over time without the use of buffer, which
corresponds to changes in pH (Panel A) and rheological behavior (Panel C).

PFPE—PEI surface interaction on the F127 matrix (Figure 3). We also investigated the effects of gel composition on
Microscopy revealed significant differences in droplet surface rheological behavior. Specifically, we investigated the impact of
area and distribution between hydrogels containing PFPE ester the cross-linking interactions between PFPE and PEI, the

(Hydrogel B, Figure 3D) and PFPE oxide (Hydrogel D, Figure PFPE type (ester vs oxide), and the presence of potassium
3E). A new algorithm was developed and used to quantitatively buffer on the hydrogels’ linear and nonlinear viscoelasticity
measure these observable differences by measuring the surface (Figures _3.1:_1)_ : Hyc/lrogels A:D manifest f/ohd'hke 'li¥1ear
area of each droplet distributed throughout the hydrogel wscoela.stl.aty (ie, G'(0) >G"(w), where_lG (a)) ex}/ublts a
matrix (Supporting Information Figure 1S). Log areas of the local minimum be.tween 50 and 100 rad-s ! Whll,e G'(w) is
droplets’ surface sizes were plotted as frequency histograms for nearly frequencl)zrj 1ndepenl;i ent d w11t;1 o ,t[}.l}f mlvestlgate(li fre;_
hydrogel B (Figure 3A) and hydrogel D (Figure 3B). The data ?}111 enlcy t.range d[ llgu.res 3th an d3 ]f)IO 4 lf P atea(llll va ufe t}?

are also represented as a box plot (Figure 3C). The PFPE ester € Casic Motis I8 on me oreer 2 GBS o s

composition. Such behavior results from the assembly of F127
hydrogel has significantly smaller droplets than the PFPE oxide micelles into a colloidal gel*** and is commonly observed in

hydrogel, further confirming the presence of a PFPE-Ester/PEI other gel systems.*”*' The nonlinear theology of our hydrogels
ionic bond. This interaction results in charge-stabilized PFPE was probed through large amplitude oscillatory shear (LAOS)

droplets that are evenly distributed throughout the hydrogel, experiments, where G’ and G” are plotted as functions of the
which is a critical feature for any future delivery or imaging strain amplitude y,. A linear viscoelastic domain (i.e., a region
applications. where G’ and G’ are nearly independent of y,) is typically
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observed for y, < 10—2. At larger strain amplitudes, G’
decreases while G’ marks an overshoot and eventually
decreases as well. This nonlinear region is characterized by a
crossover (a shift from G’ > G’ to G’ <G'’), indicating a
strain-induced fluidization of the hydrogels. The yield stress
associated with this transition varies from 380 to 650 Pa
depending on the hydrogels’ composition (Figure 3F—I). Such
LAOS behavior is a typical feature of many soft materials** and
is believed to be caused by a rearrangement of the network
structure during the yielding process.

Although some differences are observed between the tested
hydrogel formulations, mostly in G'’, the overall rheological
behavior in both linear and nonlinear domains is very
consistent (Figures 3F—H). Rheological behaviors of PFPE
containing hydrogels (Hydrogels A—D) seem to be mostly
controlled by the gel matrix of F127 and glycerol, with little
influence from the incorporated PFPE and/or PEI (Supporting
Information Figures S3—4). To investigate this, two control
hydrogels were prepared, hydrogel E that lacks PFPE and an
additional hydrogel control lacking both PEI and PFPE,
representing an F127/glycerol matrix in water. The rheological
behaviors of these gels were compared to hydrogels A and C.
Data indicates that the presence of PEI does not change the
native F127/glycerol matrix rheology (Figure S3) and that the
presence of PFPE has a minimal impact on the overall
rheological behavior of the F127/glycerol matrix (Figure S4).
This is a critical finding, indicating that the presented
hydrogels can be modified for a variety of applications in
which PFPE and PEI are added for the purposes of imaging, or
as therapeutic/diagnostic carriers, without causing a significant
change in overall hydrogel performance. Further, it indicates
that the presented hydrogels are robust thermoresponsive
materials which can tolerate inclusion of highly hydrophobic
dispersions (PFPE) and highly charged moieties (PEI).

As mentioned previously, the PFPE/PEI ionic bond may be
influenced by changes in hydrogel pH. To further investigate
this, the pH, rheology, and droplet surface area of PFPE ester
hydrogels with and without potassium buffer were evaluated
over time (Figure 4). Regardless of storage temperature,
nonbuffered hydrogel pH rapidly decreases within 2 weeks of
production, whereas buffered hydrogel pH remains constant
for 25 days (Figure 4A). This pH decrease is likely caused by
disruption of the PFPE/PEI ionic interaction, resulting in
transformation of the free carboxylate ion to a carboxylic acid.
This hydrolysis and subsequent emulsion droplet degradation
were found to impact hydrogel rheological behavior. Hydrogel
B (buffered) shows no change in rheological properties over 30
days of storage (Figure 4B). However, both the elastic and
viscous moduli (G’ and G’’) are impacted by day 30 when the
hydrogel is not buffered (Figure 4C).

Microscopic images of hydrogels B and A (with and without
buffer) confirmed that emulsion droplets completely degrade
within 90 days when the hydrogel is not buffered (Figures 4E—
F). Buffered hydrogel B appears unchanged after 90 days of
storage (Figures 4H-I). This visual observation was
quantitatively confirmed using the same algorithm described
earlier. Hydrogels A and B have similar droplet size and
distribution when they are initially produced, but by day 90,
nonbuffered hydrogel A contains few droplets that can be
measured, while buffered hydrogel B droplet size is not
significantly impacted (Figures 4D, 4G, Table 2). Therefore,
inclusion of potassium buffer in the PFPE/PEI/F127 hydrogel
is required to maintain its colloidal, pH, and rheological
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Table 2. Median Droplet Surface Area of PFPE Ester
Hydrogels with and without Potassium Buffer at Time t = 0
and t = 90 days after Production

Time t = 0 Time t = 90 days
Hydrogel A (Without Buffer) 7.438 um?® 17.768 ym?*
Hydrogel B (With Buffer) 7.264 pm?® 6.785 um?

stability. Buffer inclusion preserves the PFPE/PEI ionic
interaction, preventing emulsion droplet degradation.

The ultimate use of the presented hydrogels is for drug and
oxygen delivery supported by '°F MRI. PFPE provides a strong
YF MR signal without impacting hydrogel rheological
behavior. Hence, the imaging agent is not expected to
confound the delivery properties of the material, which is
critical for its future biomedical use. We also evaluated in vitro
MR properties of hydrogel A (Figure 5). The '’F images are
displayed in hot iron pseudo color and represent two
consecutive slices through hydrogel samples (Figures SA—B).
Images and '""F MR signal quantifications demonstrate
concentration-dependent F signal (Figure SC). Therefore,
we posit that these materials can be easily and quantitatively
monitored in living subjects by '’F MR upon implantation and
throughout their use for drug and/or oxygen delivery.

To demonstrate the hydrogel’s potential as a drug delivery
platform, the natural anti-inflammatory compound resveratrol
was incorporated into the developed hydrogel. To accomplish
this, resveratrol-loaded F127 micelles (S mg/mL resveratrol,
S0 mg/mL F127) were prepared by adapting previously
reported solvent casting methods.”””* Developed micelles
were 22.05S + 0.22 nm in diameter (Supporting Information
Figure S5) and encapsulated resveratrol at a concentration of
4.66 + 0.0S mg/mL resveratrol (93.24 = 0.93% efficacy). This
approach enabled the incorporation of a poorly water-soluble
compound into the hydrogel without significantly altering
hydrogel composition.

Three resveratrol-loaded hydrogels were developed and
evaluated for drug loading (Table 3). Hydrogel F, a resveratrol-
loaded version of Hydrogel A (Table 1), contained PEI-
stabilized PFPE emulsion droplets, as confirmed by cross-
polarized optical microscopy (Supporting Information Figure
S6). A PFPE-free hydrogel with PEI (Hydrogel G) and a PEI/
PFPE-free hydrogel (Hydrogel H) were developed as controls.
Hydrogel resveratrol content was quantified using HPLC 48 h
after production (Table 3, Figure 6A). Hydrogels F and H fully
incorporated resveratrol, while Hydrogel G contained sig-
nificantly less resveratrol, possibly due to an interaction
between resveratrol and PEI, which is a highly charged, basic
polymer. PEI cross-linking with PFPE (Hydrogel F) prevents
this decrease in drug loading.

Hydrogels F and H were further evaluated for resveratrol
release at ambient temperature using Slide-A-Lyzer dialysis
cassettes (Figure 6B). Resveratrol micelle was used as a
control. Hydrogels F and H demonstrate comparable release
profiles, suggesting that the presence of PFPE-PEI emulsion
droplets does not impact resveratrol release. The resveratrol
micelle mimics saturation binding kinetics (R* = 0.9987), with
a maximum release of 86% achieved at 271 h (approximately
11 days). Hydrogels F and H released resveratrol more slowly
than the micelle control, with linear release extending to 291 h
(R* > 0.98). This suggests that hydrogels could be used for
extended drug delivery. It is imperative that these materials do
not impair cellular viability or cause tissue damage.
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Figure 5. (A—B) "’F MR images of two consecutive scans of the hydrogels with increasing concentration of dispersed PFPE droplets, displayed in
hot iron pseudo color. (C) Higher hydrogel PFPE concentration corresponds to higher MRI signal-to-noise ratio.

Table 3. Composition and Drug Loading of Resveratrol Hydrogels

Composition Drug Loading
Hydrogel Pluronic F127 (% w/v) Glycerol (% w/v) PEI (25 kDa) (% w/v) PFPE Ester (% w/v) Resveratrol Concentration (ug/g gel) % Loading
F 21.00 24.47 0.07 12.24 531 £ 10 101.0 + 1.9
G 21.00 24.47 0.07 472 + 11 862 + 2.1
H 21.00 24.47 583 +7 98.8 + 1.2
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Figure 6. Drug loading and release profile of PFPE/PEI/F127 Q ,bO_) ,\Q) 03© ,\“:) "1<,° Q)Q QQ QQ
hydrogel (Hydrogel F) and controls. (A) Resveratrol (model drug) Q7 QO N > 07 OV (f/f.) 630’

loading in hydrogel F compared to PFPE-free hydrogel containing
PEI (Hydrogel G) and pure F127 hydrogel control (Hydrogel H).
The presence of unconjugated PEI in PFPE-free hydrogel (Hydrogel
G) significantly decreases resveratrol loading compared to cross-
linked hydrogel F. (B) The presence of PFPE-PEI emulsion droplets
does not significantly affect the resveratrol release profile as compared
to pure F127 (Hydrogel H) while both gels show extended release.

Though all the components in the developed hydrogel have
been safely used in humans, PEI can be cytotoxic. The
reducible disulfide linkages and ester conjugation have both
been shown to minimize PEI toxicity.” Similarly, PFPE/PEI
ionic interaction prevents PEl-induced cellular membrane
destabilization. To verify the safety of the developed hydrogel,
PFPE-Ester/PEIl hydrogel (Hydrogel A) was evaluated for
toxicity in a murine macrophage cell line. As a control, a PFPE-
free version of the hydrogel was also evaluated (Hydrogel E).
Figure 7 shows that hydrogel A is nontoxic at concentrations of
up to 50 mg/mL, whereas Hydrogel E demonstrates dose-
dependent toxicity at concentrations of greater than 6.25 mg/
mL.

In conclusion, we present here a novel PFPE-loaded
thermoresponsive hydrogel designed for 'F MR supported
delivery. Our results show that PFPE can be successfully
incorporated into a hydrogel by using planetary mixing while
the surfaces of distributed PFPE droplets are cross-linked with
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mg/mL

Figure 7. Cell viability measured by RAW 264.7 cells exposure to
increasing concentrations of Hydrogel A (PFPE-Ester/PEI/F127
cross-linked hydrogel) and Hydrogel E (control hydrogel prepared
with PEI and F127 without added PFPE). Cells are cultured in
complete medium for 24 h before cell viability is measured by
luminescence following exposure to Cell Titer Glo assay reagents.
Data represents the mean + SD of triplicate measurements.

branched PEI The low-energy planetary mixing used to cross-
link PEI and PFPE ester can be used to incorporate a wide
variety of payloads into the hydrogel, including fluorescent
dyes, pH sensors, chelators, drugs, and antibodies. The data
indicates that the presented hydrogels are robust thermores-
ponsive materials that tolerate the inclusion of highly
hydrophobic dispersions (PFPE) and highly charged moieties
(PEI) without impacting the F127-driven rheological proper-
ties of the hydrogel. The presence of PFPE and PEI in the
hydrogels gives rise to a high level of functionalization
opportunities, which renders this new biomaterial highly
versatile and easy to produce, facilitating future scale-up and
good manufacturing practice (GMP) production.
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