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anoscale-sized particles have revo-
N lutionized diagnosis and treatment
of many diseases within the last
decades.! Among particles made of various
materials, polymeric nanoparticles named
nanohydrogels show several advantages for
these applications: They are physically or
chemically cross-linked hydrophilic poly-
mer networks? with a huge loading capacity
of water-soluble compounds. They show high
stability in physiological media combined
with distinct responsiveness to environmen-
tal factors. Thus, they have become a promis-
ing carrier especially in drug delivery.3* For
several years, they have been used as a versa-
tile tool for the delivery of rather advanced
drugs like peptides and carbohydrates.>®
Even for oligonucleotides, few attempts have
been made for the delivery of small interfer-
ing RNA (siRNA) using conventionally synthe-
sized nanosized hydrogels.”®
RNA interference (RNAI) itself was discov-
ered by Fire et al.'® and the use of siRNA in
mammalian cells by Tuschl et al.'’ Due to its
ability to knock-down any pathogenic gene,
a huge impact of small RNA oligonucleo-
tides for pharmaceutical application was
pronounced quickly.'? However, as most sen-
sible biomacromolecules, double-stranded
small RNA molecules are subject to adverse
biological interactions such as enzymatic de-
gradation or immune stimulation in biologi-
cal media. Moreover, because of its highly
negatively charged phosphodiester back-
bone, siRNA is not able to pass important
biological barriers, especially the cell mem-
branes, to get to the cytoplasm as its side of
action for RNAi. To realize the concept of
siRNA as a “magic bullet”’® in pharmacother-
apy, an adequate drug carrier is therefore
mandatory for targeted and safe transport,
especially after systemic administration.'*
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ABSTRACT Oligonudeotides such as short,
double-stranded RNA (siRNA) or plasmid DNA
(pDNA) promise high potential in gene therapy.
For pharmaceutical application, however, ade- .

quate drug carriers are required. Among various
concepts progressing in the market or final
development, nanosized hydrogel particles may serve as novel transport media especially for
siRNA. In this work, a new concept of synthesizing polymeric cationic nanohydrogels was
developed, which offers a promising strategy to complex and transport siRNA into cells. For this
purpose, amphiphilic reactive ester block copolymers were synthesized by RAFT polymerization of
pentafluorophenyl methacrylate as reactive ester monomer together with tri(ethylene glycol)-
methyl ether methacrylate. In polar aprotic solvents, a self-assembly of these polymers could be
observed leading to the formation of nanometer-sized polymer aggregates. The resulting
superstructures were used to convert the reactive precursor block copolymers with amine-
containing cross-linker molecules into covalently stabilized hydrogel particles. Detailed dynamic
light scattering studies showed that the structure of the self-assembled aggregates can
permanently be locked-in by this process. This method offers a new possibility to synthesize
precise nanohydrogels of different size starting from various block copolymers. Moreover, via
reactive ester approach, further functionalities could be attached to the nanoparticle, such as
fluorescent dyes, which allowed distinct tracing of the hydrogels during complexation with siRNA
or cell uptake experiments. In this respect, cellular uptake of the particles themselves as well as
with its payload could be detected successfully. Looking ahead, these novel cationic nano-
hydrogel particles may serve as a new platform for proper siRNA delivery systems.
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Several approaches have yet been estab-

lished during the past decade: While viral
vectors are generally seen as highly risky bas-
ed on their huge immunogenic as well as
mutagenic toxicity,'> research has rather fo-
cused on nonviral delivery systems for clinical
applications.’® Small molecules like cationic
lipids may offer an opportunity to formulate
nanosized lipoplexes for successful siRNA
transfection."” According to this concept,
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Scheme 1. Synthetic concept of cationic nanohydrogel particles for siRNA transfection.

huge libraries of lipid-like molecules have been synthe-
sized and screened by Anderson et al. to find optimal
conditions for gene knock-down in vitro as well as
in vivo."® 2" Overall lipid-based formulations have made
so far the biggest progress in current clinical trials of
SiRNA nanotherapeutics.?%>

Alternatively, on the basis of Ringsdorf's concept of
polymer therapeutics from the late 1970s,>% several
approaches have been established using highly func-
tionalized polymers for siRNA delivery.?® Both covalent
bioconjugates of siRNA and biocompatible polymers
as well as noncovalent polyplex formulations with
cationic polymers can improve pharmacokinetics and
control drug release, as shown for advanced systems
recently.”’ 3 However, due to controversial concern
that modification of siRNA may affect access to enzy-
matic RNAi protein machinery and thus lead to loss of
activity,®" noncovalent formulations using polycations
predominate this area. To reduce their high toxicity,
highly functionalized copolymers are needed with bio-
compatible blocks like PEG**** and HPMA>* or even
responsive® 38 and targeting elements, too.>° One of
these polymeric systems has recently entered clin-
ical trials successfully and, moreover, could even
provide evidence of RNAi in human beings for the
first time.*°

The straightforwardness of both lipoplex as well as
polyplex delivery systems is, however, diminished by
an aspect rarely taken into account: Their resulting
superstructures mainly depend on the polyanionic
cargo, namely, the siRNA itself. For example, several
techniques developed for transfection of plasmid DNA
could not be transferred as transport vehicles for siRNA
easily due to the big discrepancy of the oligonucleo-
tides' molecular weight.*! Taking into account siRNA's
molecular weight of about 14 kDa, it is too small to
ensure charge-derived stability of a nanosized particle
in contrast to plasmid DNA. In addition, the aggrega-
tion formation from various siRNAs may differ, as well.
Moreover, further competitive interaction with several
polyanionic compounds of any biological environment
(e.g., albumin) might be possible. Consequently, the
dynamics in the system's superstructure may weaken
strong electrostatic interactions between delivering
vehicle and its payload. Furthermore, additional inter-
ference can be caused by extreme dilution with high
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ionic strength solvents especially after systemic admin-
istration. In this respect, it will almost be impossible to
adjust pharmacokinetics because of differences in the
lipoplex or polyplex structure. Above all, this may
possibly limit further clinical use of these systems.*?

Instead, it is important to have precise nanoparticu-
lar delivery systems that are able to transport siRNA
and at the same time show stable physical properties in
size and shape independent from their payload or any
further dynamic interference. Taking all of these con-
cerns into account, nanohydrogels®>~* may become a
perfect tool for siRNA delivery. They are predefined in
size and shape and can therefore guarantee safe deliv-
ery especially in vivo. For example, Siegwart et al.
recently synthesized libraries of cationic core—shell
nanoparticles containing a large variety of hydrophilic
shell structures as well as secondary or tertiary amine
cross-linkers, which even allow successful siRNA in vivo
transfection to liver hepatocytes.*

On the basis of these results, we have established a
new technique of synthesizing cationic nanohydrogel
particles with a precise understanding of nanoparticle
formation and siRNA loading. Using well-defined am-
phiphilic reactive ester precursor polymers with an
aggregation tendency in polar aprotic solvents like
dimethyl sulfoxide, we demonstrate a new tool for
generating covalently stabilized hydrogel superstruc-
tures by cross-linking the hydrophobic reactive inner
core with amine-containing cross-linker molecules
(Scheme 1). The physical properties of the resulting
nanoparticles can be described carefully before and
after conjugation with siRNA, and moreover, the
loaded particles show proper cell uptake.

RESULTS AND DISCUSSION

In this work, we synthesized polymeric nanohydro-
gel particles containing cationic cores for stable con-
jugation of siRNA and cellular delivery of this sensitive
biological material. For this approach, we developed
the concept of using amphiphilic reactive ester block
copolymers for nanoparticle synthesis. Due to their
aggregation behavior in polar solvents, the block co-
polymers' resulting superstructures can be applied as
precursors for final nanoparticle formation (Scheme 1).

We used the reversible addition—fragmentation
chain transfer (RAFT) polymerization technique®**° to

VOL.6 =

NO.3 = 2198-2214 = 2012

WWww.acsnhano.org

2199



S — %, O _

mofo NG sp ng 2 F
N SY© /r\% or(j/}ojg ° Fj(;[F o
;(j 3 H F

o AIBN, dioxane

OH O«
3

NC NC

s oN
m
S N.. KCN n m
o NeT Wi o 0™ 0o
/1'\ F OH /g F. F
o dioxane
ST YT

F

Scheme 3. RAFT block copolymerization of P(MEO3MA)-b-P(PFPMA).

TABLE 1. P(PFPMA)-b-P(MEOsMA) Block Copolymers

mono/macroCTA/AIBN t(h) p (%)
P(PFPMA)g1-b-P(MEQ;MA)5 100:1:0.1 14 62
P(PFPMA)55-b-P(MEQ;MA) 49 150:1:0.1 88 33
P(PFPMA)5-b-P(MEQ;MA) 49 150:1:0.1 18 27’
P(PFPMA)g-b-P(MEQ;MA);5 140:1:0.1 90 29

My (g/mol) DP* M,? (g/mol) M,? (g/mol) pDI*
30000 26 21600 25900 1.20
26600 40 24500 27700 113
24500 40 24500 27700 113
27400 33 25800 29400 114

? Conversion determined gravimetrically. ® Conversion determined by "H NMR. ¢ Degree of polymerization. ¢ M,, M,, and PDI determined by GPC.

TABLE 2. P(MEO;MA)-b-P(PFPMA) Block Copolymers

mono/macroCTA/AIBN t(h) p (%)
P(MEO;MA);,-b-P(PFPMA),5 40:1:0.1 88 66
P(MEQ;MA) 44-b-P(PFPMA) 40:1:0.1 20 56
P(MEO;MA) 46-b-P(PFPMA) 50:1:0.1 90 60°
P(MEQ;MA) 4o-b-P(PFPMA)5 100:1:0.1 90 64°
P(MEQ;MA) 45-b-P(PFPMA) 1,5 200:1:0.1 110 67°

M, (g/mol) DP* M, (g/mol) M,“ (g/mol) PDIY
9900 25 9600 11800 123
16200 8 12600 14600 1.6
18600 20 16000 18100 113
27800 52 24800 28700 1.6
44800 115 39900 48700 122

2 Conversion determined gravimetrically. ® Conversion determined by "H NMR. < Degree of polymerization. ¢ M,, M, and PDI determined by GPC.

synthesize well-defined block copolymers. As one of
the monomers, we chose pentafluorophenyl metha-
crylate (PFPMA) as the strongly hydrophobic moiety,
which is at the same time sensitive toward primary
amines preferentially.*®*” It is compatible with RAFT
polymerization®®*® and allows complete conversion to
functional biocompatible polymers after polymer analo-
gous reaction.* " On the other hand, we chose tri-
(ethylene glycol)methyl ether methacrylate (MEOs;MA)
as hydrophilic monomer. It is one of the shortest oligo-
ethylene oxide methacrylate monomers having a LCST
considerably above body temperature.®? At the same
time, it has a biocompatibility comparable to PEG with all
its advantages for pharmaceutical application.*®>*>>
Both monomers**>? as well as 4-cyano-4-(phenylcarbo-
nothioylthio)pentanoic acid>® as chain transfer agent for
RAFT polymerization could be synthesized successfully
(Supporting Information) and were used for homo- and
block copolymerization. We decided to synthesize the
block copolymers in two ways starting from either a
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PFPMA or MEOsMA block. As seen from Table S1
(Supporting Information), we were able to polymerize
PFPMA, yielding polymers with PDIs below 1.29 and
molecular weight in the range of 11.8 to 18.0 kg/mol.
Alternatively, we polymerized MEOsMA first, too.
Again, we could vary molecular weight between 3.2
and 11.7 kg/mol but obtained smaller PDIs below 1.23
(Supporting Information Table S2).

Both types of homopolymers could be used in
additional RAFT polymerization as macrochain transfer
agent. Consequently, we generated block copolymers
of either P(PFPMA)-b-P(MEOsMA) or P(MEOsMA)-b-P-
(PFPMA) composition. Afterward, the dithiobenzoate
end group was removed according to Perrier et al.>” to
avoid interference during polymer analogous reaction
with amines®® as well as objectionable toxicity.>® To
maintain the block's polarity, we used AIBN for remov-
ing dithiobenzoate at the P(PFPMA) end block and
ACVA containing a polar carboxyl acid group for P-
(MEOsMA) (Scheme 2 and Scheme 3). In this way, the
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Figure 1. Critical aggregation concentration (CAC) estimation using pyrene fluorescence spectroscopy (relative intensity
proportion of first vibronic band at 372 nm to third vibronic band at 385 nm) for various concentrations of P(PFPMA)e;-b-

P(MEO5MA),¢ (left) and P(MEO3MA),4-b-P(PFPMA);g (right).

block copolymers collected in Table 1 and Table 2 were
prepared: those with composition of P(PFPFMA)-b-P-
(MEO3MA) had molecular weights between 25.9 and
29.4 kg/mol and PDIs below 1.20. They usually con-
tained 60—70 mol % of hydrophobic units (Table 1). As
for block copolymers with P(MEO3MA)-b-P(PFPFMA)
sequence, we were able to vary the molecular weights
in the range between 9.6 and 48.7 kg/mol while keep-
ing the PDIs below 1.23. The majority of these polymers
contained again 50—70 mol % of PFPMA units, while
two candidates had a higher MEOsMA block ratio:
P(MEO3MA) 46-b-P(PFPFMA),, contained 30 mol % of
PFPMA units and P(MEO3MA)44-b-P(PFPFMA)g had only
15 mol % of hydrophobic units (Table 2).

The aggregation tendency of the block copolymers
was investigated because this property is necessary for
nanoparticle formation. However, water as a common
solvent for amphiphilic polymers could not be used in
our case because it would promote base-catalyzed hy-
drolysis of the reactive ester. Thus, nonaqueous solvents
with high polarity had to be used instead. Fortunately,
partially fluorinated block copolymers can phase sepa-
rate in organic solvents such as MeOH, EtOH, DMF, and
DMS0.5%¢" Due to its low toxicity, we chose DMSO and
looked for a critical aggregation concentration (CAC) by
pyrene fluorescence spectroscopy.®> % Exemplary,
P(PFPMA)¢;-b-P(MEO3MA),6 with a block copolymer com-
position of 70 mol % of perfluorated units showed a clear
CAC of 5 ug/mL. In contrast to this, for P(MEOsMA)44-b-
P(PFPMA)g with only 15 mol % of hydrophobic units, a
CAC was not clearly detectable (Figure 1). Therefore, only
those polymers having small polar portions with minor
sterical hindrance for aggregation and a rather large
fluorinated block contributing to the hydrophobic effect
were logically chosen for nanoparticle synthesis.

Having a closer look at P(PFPMA)g;-b-P(MEO3MA),6
with its CAC at 5 ug/mL, we used dynamic light scat-
tering (DLS) to study its solubility in THF and DMSO.
THF, which is a good solvent for fluorinated polymers,
was selected as solvent to study the nonaggregated
state (we also performed GPC analysis of the polymers
in THF). Because of carboxylic acid functionalities on
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the polymer end groups, light scattering experiments
had to be done in the presence of 0.01 M LiBr for shield-
ing charge-based interaction between the polymers.
Even so, it was rather challenging to detect unimole-
cularly solubilized polymers in THF. The data obtained
with LiBr are indicative of mostly polymer unimers with
a negligible portion of small aggregates resulting in an
average hydrodynamic radius of about 6 nm. This is still
too large for randomly coiled polymers of a molecular
weight of 21.6 kg/mol but nevertheless much smaller
than without the addition of LiBr. On the contrary, light
scattering data from DMSO showed clear aggregate
formation of P(PFPMA)e;-b-P(MEO3MA),¢ both at 2 and
0.2 mg/mL far above CAC (Figure 2, Table 3). In contrast
to THF as solvent, the formation of these aggregates
in DMSO was independent of the addition of LiBr
(Supporting Information Figure S5, Figure S6, and
Table S3). Polymer—DMSO formulations were pre-
pared by simply dissolving the solid polymers sup-
ported by sonication for about 1 h. The clear solutions
we obtained from this procedure were used for either
light scattering or nanohydrogel synthesis. Besides, we
also dissolved polymers in THF as a good solvent
followed by slowly adding 20% DMSO. Afterward, we
removed THF via vacuum evaporation at 10 mbar for
24 h. The aggregates resulting from this advanced
method were again analyzed by DLS and did not show
any significant difference compared to samples pre-
pared by simple dissolving supported by sonication
(Figure 3). All aggregates prepared from P(PFPMA)g;-
b-P(MEO3MA),s in DMSO usually showed a hydrody-
namic radius of about 50 nm by DLS (Table 3), which is
higher than expected for a defined block copolymer
micelle. Thus, the resulting superstructure can be ex-
pected to have a rather complex aggregate structure
comparable to a compound micelle (Scheme 1).5°%”

The preorganized aggregates were used as novel
precursors for synthesizing polymeric nanoparticles via
amine-based cross-linking of the aggregated reactive
ester block copolymers. As cross-linking moiety,
we chose spermine, an endogenously produced
oligoamine®® with two primary and two secondary
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Figure 2. DLS autocorrelation at 30° (raw data points and
corresponding fit function) of P(PFPMA)g;-b-P(MEO3MA),:
blue, blank solvent (dark, THF; light, DMSO); green, 1 mg/mL
in THF 0.01 M LiBr; red, 2 mg/mL in DMSO 0.01 M LiBr;
orange, 0.2 mg/mL in DMSO prepared by THF solvent
exchange. To normalize solvent-derived differences in de-
cay times 7 due to solvent-specific viscosity 7, refractive
index n, and scattering vector g = (4m-n/A)sin(6/2), we
calculated 7ypiversal @S Tuniversal = t(qz' T/n).
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Figure 3. DLS angle dependency of (1/Ry,) (raw data points
and corresponding extrapolation function) of P(PFPMA)e;-
b-P(MEO3MA),: green, 1 mg/mLin THF (0.01 M LiBr); blue, 2
mg/mL in DMSO; red, 2 g/L in DMSO (0.01 M LiBr); violet, 0.2
mg/mL in DMSO; orange, 0.2 mg/mL in DMSO prepared by
THF solvent exchange.

amines. We generally used 0.5 equiv of spermine per 1
equiv of PFPMA unit to adjust cross-linking as well as
conjugation for oligonucleotides: while spermine's
primary amines may preferably react with pentafluor-
ophenyl esters forming cross-linking amide bonds,*®
the two secondary amines, mostly protonated at phy-
siological pH, can offer a conjugation moiety for siRNA
with its negatively charged phosphodiester backbone.
Besides, polymer spermine derivatives have already
been used for siRNA transfection successfully accord-
ing to literature.®®~”" Moreover, the reactive ester
approach offers several advantages for nanoparticle

synthesis because further functionalities can addition-
ally be attached to the particle. For example, we chose
a fluorescent dye (Oregon Green cadaverine) to label
particles for cell uptake or fluorescent correlation spec-
troscopy. As previously reported, conversion of fluori-
nated reactive ester polymers can easily be followed by
9F NMR.”%>”® We used this strategy to detect PFPMA
conversion or cross-linking over time and were able to
determine complete conversion by this technique
(Supporting Information Figure 57). After '°F NMR did
not show polymer-bound pentafluorophenol any
more (polymer bound signals at —150.3 to —151.39
ppm (br, 2F, 0-ArF), —156.91 ppm (br, 1F, p-ArF), and
—162.05 ppm (br, 2F, m-Ar0); free pentafluorophenolat
—168.28 ppm (d, 2F, 0-ArF), —168.58 ppm (t, 2F, M-ArF),
and —183.39 ppm (t, 2F, p-Ar0), Supporting Informa-
tion Figure S7), cross-linking of the aggregate was com-
plete. However, additional methoxy triethylene glycol
amine was added to remove final traces of polymer-
bound toxic pentafluorophenol, whose signals might
be below the resolution of '°F NMR.”* After additional
time for final reactive ester conversion, the resulting
nanohydrogel particles were purified by dialysis
against water for several days to remove all small
molecular byproducts. Importantly, no free toxic pen-
tafluorophenol could be detected by '°F NMR in the
purified samples (Supporting Information Figure S7).
They could be stored after subsequent lyophilization as
dry powder and could be resuspended in water or
buffer (Scheme 4).In Table 4, all nanohydrogel particles
prepared by this procedure are collected. NP1—NP7
were prepared from various block copolymers follow-
ing the same procedure, while for NP1*—NP3*, we
added, in addition, a small amount of Oregon Green
cadaverine. For instance, P(PFPMA)g;-b-P(MEOsMA),¢
as the precursor polymer was used for both NP1 and
NP1* (Table 4).

The size of the covalently cross-linked nanohydrogel
particles was determined by various methods. Dy-
namic light scattering could be done with particles,
which were not fluorescently labeled. We prepared
three different solutions of NP1 in PBS independently
(two of 0.1 mg/mL and one 0.01 mg/mL). Each sample
gave a hydrodynamic radius of about 50 nm (Figure 4),
which is in good aggrement with the size of the
precursor aggregates of P(PFPMA)g;-b-P(MEO3MA),¢
in DMSO. Thus, the cross-linking of the aggregates

TABLE 3. DLS Results of P(PFPMA)g,-b-P(MEOs;MA),¢ under Various Conditions

M, (g/mol) solvent Ry = (1/Ry); " (nm) Uy
1 mg/mL THF, 0.01 M LiBr 6.15 not applicable
2 mg/mL DMSO 58.47 0.07
P(PFPMA)g1-b-P(MEO;MA) 56 21600 2 mg/mL DMSO, 0.01 M LiBr 51.04 0.08
0.2 mg/mL DMSO 46.04 0.07
0.2 mg/mL DMSO (prepared from THF) 48.94 0.07

NUHN ET AL.

VOL.6 = NO.3 = 2198-2214 = 2012 @%

a

N\

WWww.acsnhano.org

2202



spermine
(Oregon Green cadaverine)

NEt,

Scheme 4. Nanohydrogel particle synthesis.

TABLE 4. Nanohydrogel Particle Synthesis®

equiv of equiv of
spermine  fluorescent
polymer M, (g/mol)  per PFPMA dye per PFPMA
NPT P(PFPMA)g;-b-P(MEOsMA) 56 21600 0.500
NP2 P(MEO;MA)45-b-P(PFPMA) 16000 0.500
NP3 P(MEO;MA)45-b-P(PFPMA);15 39000 0.500
NP4 P(MEO;MA)4-b-P(PFPMA)5, 24800 0.500
NP5 P(MEO;MA)-b-P(PFPMA),5 9600 0.500
NP6  P(PFPMA)7o-b-P(MEO;MA)s3 25800 0.500
NP7  P(PFPMA)sqe-b-P(MEO;MA) 49 24500 0.500
NP1*  P(PFPMA)g;-b-P(MEOsMA) 56 21600 0.500 0.001
NP2*  P(MEO;MA)46-b-P(PFPMA) 5 16,000 0.500 0.001
NP3*  P(MEOsMA)46-b-P(PFPMA) 45 39,000 0.500 0.001

equiv of

triethylamine

NH
N N~ ~0
H H
HN NH _Oregon Green

./ N

reaction time  sequential addition of equiv of

for complete methoxy triethylene glycol additional

per PFPMA  conversion (h) amine per PFPMA reaction time (h)
6.0 16 0.8 24
6.0 16 0.8 24
6.0 16 0.8 24
6.0 19 1.0 20
6.0 19 1.0 20
6.0 19 1.0 20
6.0 19 1.0 20
6.0 16 1.0 20
6.0 16 0.8 24
6.0 16 1.0 20

?Reaction time for complete conversion was determined by '’F NMR (Supporting Information Figure S7).

seems to conserve the structure during nanoparticle
synthesis.

To study the influence of the copolymers' structure
on the aggregation and the resulting nanohydrogel
conformation, DLS measurements of further nanohy-
drogel particles were performed. Figure 5 and Table 5
show the results of these measurements: all polymers
used for NP1, NP3, or NP5 synthesis had a similar block
copolymer composition or hydrophilic to hydrophobic
ratio of about 30 mol % of MEOsMA and 70 mol % of
PFPMA but varied in their molecular mass. The result-
ing nanohydrogel particles had different hydrody-
namic radii in PBS that increase with the molecular
weight of the precursor block copolymers (Supporting
Information Table S4 and Figure S8): increasing the
molecular weight by a factor of 4 results in a hydro-
dynamic radius that is 2 times bigger. Thus, we believe
that within the given range we are able to adjust the
size of the final particle by choosing the molecular
weight of the starting block copolymer. Moreover, the
Uz values obtained by cumulant fitting at 90° of the DLS

NUHN ET AL.

measurements of NP1, NP3, and NP5 were always of
similar value (Table 3 and Table 5). Consequently, we
assume that consistent polymer composition results in
similar aggregate structure and similar hydrogel con-
formation without any increase in polydispersity.

In addition, the behavior of NP2 differed from other
particles, as we used P(MEO3MA)46-b-P(PFPMA),, as
precursor polymer: it consists of only 30 mol % of per-
fluorated units combined with a relatively large hydro-
philic part. The resulting nanohydrogel particle NP2
showed a reasonable average hydrodynamic radius;
however, (1/Ry) had a higher angle dependency and
the u, value was rather large compared to all other
measurements (Figure 5 and Table 5). As we could
already show for P(MEO3MA)44-b-P(PFPMA)g with only
15 mol % of hydrophobic units, no CAC was detectable
by pyrene fluorescence spectroscopy. Increasing the
hydrophobic part to about 30 mol % in P(MEO3MA) 4¢-
b-P(PFPMA),o, as used for NP2, may result in aggrega-
tion in DMSO, but due to large polar block copoly-
mer portions with sterical hindrance and only minor
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Figure 5. DLS angle dependency of (1/Ry,) (raw data points
and corresponding extrapolation function) of hydrogel
particles in PBS 0.1 mg/mL: violet, NP1; blue, NP2; red,
NP3; green, NP5.

nonpolar compositions for hydrophobic interaction,
these aggregates might be rather flexible and less
stable. The resulting nanohydrogels, therefore, show
higher polydispersities.

AFM imaging of the particles was performed to char-
acterize nanohydrogel size individually. Therefore, the
nanoparticles were dispersed in water, dripped on mica,
and dried in vacuum. The resulting samples were im-
aged by constant amplitude tapping mode (intermittent
contact mode) in air. According to their inner covalently
cross-linked core, their structure could be preserved
during the preparation process. Small particles with
diameters in the range of about 80—150 nm could be
visualized (Figure 6). For NP1, NP3, and NP5, their size
was in rough agreement with the results obtained by
DLS, and they showed fairly homogeneous distribu-
tions, too. In contrast to this, NP2 was again rather

TABLE 5. DLS Results for Nanohydrogel Particles

polydisperse. High-resolution AFM images showed small
as well as larger particles that were not as spherical as
those obtained for other particles. These results may
again explain the rather large u, value for NP2 obtained
by DLS. Consequently, the concept of high hydrophilic
proportions in the precursor polymers destabilizing ag-
gregation formation can be proven again. Looking at the
particles' height profiles, they showed only 10% of the
diameter obtained by DLS. Taking into account that DLS
was done in an aqueous environment, the hydrogel
particles are probably swollen, which may later contri-
bute to effective drug loading. During the preparation
process for AFM imaging, solvent inside the nanohydro-
gel gets lost. This may lead to a flattening of the particles
onto the substrate as detected by the AFM tip during the
scanning process (Figure 6).

According to these results, we were interested in the
swelling behavior of the nanoparticle. While AFM
sample preparation only allows us to image the nano-
particles attached to a surface, DLS enables us to char-
acterize it in various solvents. Depending on the solu-
tion properties, swelling can be influenced, afford-
ing different hydrodynamic radii. Thus, we performed
additional DLS experiments and varied the solvents for
nanoparticle NP1. First, we changed the ionic strength
by diluting a stock solution of NP1 with aqueous
sodium chloride resulting in 10, 100, and 1000 mM
NaCl. However, no difference was observed, as seen
from both the autocorrelation function at 30° and the
angle dependency of (1/Ry) (Supporting Information
Figure S9, Figure S10, and Table S5). We assume that a
certain concentration of ions is always present in our
hydrogel. A variation in ionic strength inside the
nanoparticle is probably smaller than in the surround-
ing solution during the experiments we performed.
In addition, the nanohydrogel particles are highly
cross-linked as a consequence of their synthesis
(stiochiometric ratio of primary amines and reactive
esters). Thus, the osmotic forces are not strong enough
to induce significant expansion or shrinkage of the
network. In contrast to this, an increase in size was
detected when changing the pH of the buffered
solvent. Under physiological conditions at pH 7.4, as
observed by dispersing NP1 in PBS, we usually mea-
sured an average hydrodynamic radius of about 50 nm.
However, lowering the pH using sodium acetate
(NaOAc) buffer at pH 4.5, a shift to larger decay times

polymer M, (g/mol) ratio hydrophilic/hydrophobic Ry = (1/Ry); ' (nm) Uy

0.1 mg/mL PBS 4715 0.08

NP1 0.1 mg/mL PBS, repeated P(PFPMA)g;-b-P(MEO;MA) 6 21600 37 47.50 0.07

0.01 mg/mL PBS 49.21 0.08

NP2 0.1 mg/mL PBS P(MEQ;MA) 45-b-P(PFPMA) 59 16000 73 4248 0.11

NP3 0.1 mg/mL PBS P(MEO;MA) 46-b-P(PFPMA)115 39000 37 6732 0.05

NP5 0.1 mg/mL PBS P(MEQ;MA),-b-P(PFPMA) 55 9600 37 31.96 0.07
NUHN ET AL. VOL.6 = NO.3 = 2198-2214 = 2012 @%\\Qj 2204
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Figure 6. AFM images with height profiles (white bars inside the images) of nanohydrogel particles.

could be detected by the autocorrelation function at
30° (Figure 7). Analyzing the angle dependencies of
(1/Ry), we obtained average hydrodynamic radii for NP1
at pH 4.5 of about 55 nm, which is about 10% bigger
than the results in PBS at pH 7.4 (Figure 8, Table 6). The
swelling of the nanohydrogel is probably caused by a
higher degree protonation of the spermine moieties
inside the particles. According to literature data, the
pK, values of the two secondary amines are about 8.85
and 7.96, thus very close the pH value of PBS.”®> Con-
sequently, not all secondary amines inside the particle
are completely protonated in PBS. In NaOAc buffer,
however, an increasing charge repulsion inside the
nanohydrogel may afford stronger forces that are able
to expand the network.

Nanohydrogel particles, which were fluorescently
labeled with Oregon Green cadaverine during their
synthesis, could not be characterized by DLS using a
laser at 514.5 nm. In this case, fluorescence correlation
spectroscopy (FCS) offers another versatile technique
to determine the particle diffusion coefficient or hydro-
dynamic radius. Exemplary, NP1¥, which was made
from the same polymer P(MEO3MA),6-b-P(PFPMA),,
like NP1, was analyzed. Its Ry, determined by FCS was
again about 50 nm (Figure 10 and Table 7) and thus in
good agreement with the results of the light scattering
experiments. Consequently, nanoparticle synthesis in
the presence of a small fraction of fluorescent dye does

NUHN ET AL.

not interfere with the system and can therefore be
used as a useful tool for nanohydrogel labeling.

The nanohydrogel's capacity to transport siRNA was
determined in PBS buffer at physiological pH 7.4. For a
simple gel electrophoresis experiment at optimum
detection limit, 210 ng of Atto590-labeled siRNA was
mixed with 2.1, 5.25, 10.5, or 21.5 ug of NP1* and in-
cubated for 30 min. Afterward, the mixtures were ana-
lyzed and separated into the components by gel elec-
trophoresis on a 0.5% agarose gel at 90 V for 50 min and
visualized by imaging with a conventional hand-held
digital camera upon excitation at 365 nm. Due to their
fluorescent labels, siRNA molecules were detectable by
red fluorescent light while the hydrogel particles emitted
a green light. Mixed colors resulting from an overlay of
emission from both dyes were in evidence. At a weight
to weight ratio of 25:1 NP1*/siRNA, hardly any free siRNA
was detectable. All siRNA was entrapped by the nano-
hydrogel particles and kept inside the nanohydrogel
(Figure 9). This ratio could be calculated into a secondary
amine to phosphodiester ratio of N/P = 30 (compare
Supporting Information, calculation of N/P ratio). Ob-
viously, total charge compensation between the two
components could not be achieved. As already shown
by the DLS experiments, total protonation of all second-
ary amines at pH 7.4 may not be given completely, since
the pK; values of spermine's secondary amines are close
to the pH of PBS. Additionally, charge repulsion inside
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Figure 7. DLS autocorrelation at 30° (raw data points and
corresponding fit function) of NP1 0.025 mg/mL in buffer

at various pH: red, PBS buffer pH 7.4; blue, NaOAc buffer
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Figure 8. DLS angle dependency of (1/Ry,) (raw data points
and corresponding extrapolation function) of NP1 0.025
mg/mL in buffer at various pH: red, PBS buffer pH 7.4; blue,
NaOAc buffer pH 4.5.

TABLE 6. DLS Results of NP1 in Buffers at Various pH

Ry = (1/Ry);"" (nm) 1

0.025 mg/mL in PBS buffer pH 7.4 47.16 0.07
0.025 mg/mL in NaOAc buffer pH 4.5 55.65 0.08

the highly cross-linked network may reduce the ability of
each secondary amine to be protonated, as well. Further-
more, strong sterical hindrance inside the network pre-
vents the polyanionic siRNA from accumulating in the
core of the nanogel excessively. This may explain the
obtained N/P ratio for this system in Figure 9. None-
theless, the nanohydrogels show a notable capacity to
conjugate siRNA at physiological pH that is mostly driven
by charge interaction between the two components.
The nanohydrogel's ability to conjugate with siRNA
could also be observed on the nanoscale level perform-
ing FCS measurement. To determine the fluorescently
labeled particles' hydrodynamic radii alone, we used
an argon laser emitting at 488 nm for exciting Oregon
Green molecules covalently attached to the nanohy-
drogel. For tracing siRNA molecules, we chose fluor-
escent dyes that can be excited at longer wavelengths
to exclude interference with the nanoparticles' fluore-
scence. Therefore, we chose Atto590-labeled siRNA with
an excitation maximum around 590 nm. As for NP1%*, we

Figure 9. Agarose gel (0.5%) electrophoresis at 90 V for 50
min of various weight to weight ratios of NP1* (green) to
siRNA (red) as indicated in the panel in the upper part of the
image. The orientation of the electric field is indicated by
symbols of the plus and minus poles.

checked carefully that its fluorescent properties did not
interfere with Atto590. The FCS setup provides a he-
lium—neon laser emitting at 543 nm, where no fluo-
rescence autocorrelation could be detected for NP1*
alone. Additionally, we did fluorescence spectroscopy
to verify this for the ensemble average of NP1¥, too
(Supporting Information Figure S11). Consequently, we
were able to measure the autocorrelation of freely dif-
fusing siRNA as well as the siRNA's autocorrelation in
presence of NP1* using the helium—neon laser for
excitation at 543 nm.

The results confirmed again efficient loading of the
nanohydrogel particle with siRNA. Measurements of
siRNA alone allowed us to determine a hydrodynamic
radius of about 2.3 nm for this double-stranded oligo-
nucleotide. However, when siRNA was mixed with NP1*
at a weight to weight ratio of 80:1 NP1*/siRNA, the
autocorrelation function of the resulting fluorescence
fluctuation was quantitatively shifted to higher decay
times (Figure 10). In agreement with the previous gel
electrophoresis experiment, the FCS data confirm that
siRNA was completely associated with the nanohy-
drogel particles. The resulting autocorrelation function
could nicely be fitted by a single component fit (ie.,
m = 1), yielding a diffusion time 7 of about 1900 us or
on an average hydrodynamic radius of about 33 nm
(Table 7). The size of NP1* alone, however, determined
at 488 nm excitation, was about 50 nm and hence in
good agreement with the results of the light scattering
experiments for NP1. Thus, the particle's stable shape
was not really affected by loading with siRNA. The accu-
racy of the FCS data was not good enough to clearly
quantify the observed shrinkage. Nonetheless, siRNA
incorporation into the nanohydrogel particles could
lead to some reduction in their hydrodynamic radius,
which may result from electrostatic interaction between
the phosphodiester groups of the siRNA with the pro-
tonated amine species. Consequently, charge-based re-
pulsion among the protonated amines would be

ACRAT AN
VOL.6 = NO.3 = 2198-2214 = 2012 @L%N {\)

WWW.acsnano.org

NUHN ET AL. 2206



TABLE7. FCS Results of NP1* (Determined with Argon Laser at 488 nm) and siRNA Alone and with NP1* (Determined with

Helium Neon Laser at 543 nm)

7p (us) Ry (nm)
NP1* 36 ug/mL PBS 24296 + 344 531+24
SiRNA 0.28 wg/mL PBS 129.6 0.8 23401
siRNA + NP1* 307 pL NP1* (36 reg/mL PBS) + 20 uL siRNA (7 eg/mL PBS) 1898.6 &= 14.5 333+£19
11
1
0.9
038
0.7
Zose
§05
T 04
o
0.3
02
0.1 Scheme 5. Nanohydrogel particles conjugated with siRNA.
0
-0.10:01 01 1 10 100 1000 siRNA uptake within the same time frame (Figure 11).

/s

Figure 10. FCS autocorrelation curve of Atto590-labeled
siRNA alone (red symbols) and in the presence of NP1* (blue
symbols) at 80:1 weight to weight ratio of NP1* to siRNA
(excitation at 543 nm). NP1* alone (green symbols)
(excitation at488 nm). The solid lines represent the corre-
sponding singe component fits (m = 1).

neutralized. Summing up, these results proved again
that the vast majority of siRNA can successfully be
conjugated into the cationic nanohydrogel and does
not affect the nanoparticular shape of its transport
vehicle significantly (Scheme 5).

The final question to be answered is whether the
new nanohydrogel particles can be taken up by cells
alone as well as with siRNA as their payload. Thus, we
incubated RBE4 cells for 4 and 24 h with NP1* alone,
siRNA alone, or with particles loaded with the maximum
amount of siRNA (weight ratio of 25:1 NP1*/siRNA, ac-
cording to the gel electrophoresis experiments we per-
formed before). Afterward, we observed cellular uptake
via confocal laser scanning microscopy. On the basis of
their orthogonal fluorescent functionalization, the cell's
nuclei (stained with DAPI), NP1*, and siRNA could be
imaged independently.

NP1* alone showed direct cellular uptake, which
was carefully confirmed by z-stack analysis (Supporting
Information Figure S12). The hydrogel particles were
detected in small vesicular spots in close vicinities
around the nuclei, suggesting endocytotic uptake in-
side the cells. Moreover, comparing 4 and 24 h incuba-
tion time, a strong increase of uptake was visualized
based on increasing green fluorescence signals inside
the cells after 24 h (Figure 11 and Figure 12). To exclude
nonspecific uptake of siRNA, we incubated the cells
with Atto590-labeled siRNA alone for 4 h. However, we
did not observe any siRNA-derived fluorescence inside
the cells. Only incubation of siRNA with commercially
available cationic lipids like Oligofectamine showed

NUHN ET AL.

Consequently, this cell line requires a transfection re-
agent for siRNA uptake.

Thereafter, incubation of siRNA together with nanohy-
drogel particles could be performed. We looked at both
Oregon Green labeled particles NP1* with unlabeled
siRNA (Figure 11 and Figure 12) as well as unlabeled
particles NP1 with Atto590-labeled siRNA (Supporting
Information Figure S13) and could always detect labeled
compounds inside the cells. Finally, both labeled siRNA
and NP1* were observed after 4 and 24 h incubation. For
both experiments, a colocalization of NP1* with siRNA
was found when looking at channels of detected fluo-
rescence derived from each laser excitation indepen-
dently: those vesicular spots containing NP1* excited at
488 nm could also be visualized by excitation at 561 nm,
where Atto590-labeled siRNA emits its fluorescence,
suggesting colocalization of siRNA and NP1* inside the
cell. Moreover, comparing 4 and 24 h incubation time, an
increase of uptake was again visualized based on strong
fluorescence signals for both compounds inside the cells
after 24 h (Figure 11 and Figure 12).

Consequently, these experiments ensure that RBE4
cells can both uptake nanohydrogel particles alone
and nanohydrogel particles conjugated with siRNA
effectively. Over time, an increase of uptake can be
visualized, too. However, ongoing experiments have
not yet shown sufficient knock-down efficiency of the
particles loaded with siRNA within similar incubation
periods of the cell uptake studies. Taking into account
the nanohydrogel particles' physical properties, there is
no trigger inside that may induce vast release of their
payload after cellular uptake into the cytoplasm. With
DLS measurements, we could determine certain respon-
siveness to different pH levels resulting in a change in
size of the nanohydrogel particle. In this respect, a certain
degree of buffering capacity might be given by residual
nonprotonated secondary amine moieties inside the
nanoparticle. They may contribute to an osmotic swelling
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Figure 11. Fluorescent confocal microscopy images of RBE4 cells untreated or incubated for 4 h with siRNA alone or with
Oligofectamine, NP1* alone, or with unlabeled or Atto590-labeled siRNA; NP1* labeled with Oregon Green (green), nuclei
stained with DAPI (blue), and siRNA is unlabeled or Atto590 labeled (red).

of the endosome resulting in eventual release into the
cytosol.”® Afterward, the transported siRNA would need
to get access to the RNAi enzyme machinery, which could
only be achieved effectively by release from the nanohy-
drogel particle. In our case, this could only be realized by
nonspecific replacement with other cytoplasmic given
polyanionic components like mRNA or anionic peptides.
Since the alignment of this equilibrium inside the cell is
probably a long-lasting process, we were not able to
observe sufficient knock-down efficiency within the in-
cubation period of the cell uptake studies.

An alternative perspective contributing to effective
siRNA knock-down is currently under evaluation by using
stimuli-responsive cross-linked nanohydrogel particles. A
stronger responsiveness to a change of pH or reduction
potential, which can occur after cellular uptake, would
further promote degradability of the nanoparticle. This
would also include better access of the particles' payload

NUHN ET AL.

to the RNAi machinery. However, these aspects are not
yet given by the system presented in this work. None-
theless, we soon expect effective delivery using degrad-
able systems regarding the delivery of oligonucleotides
(siRNA and pDNA) in vitro. This would also promote
in vivo application, where biodegradability is mandatory
to avoid nanoparticle accumulation.

CONCLUSION

In this work, we present a novel technique for a con-
trolled synthesis of polymeric nanoparticles as cationic
nanohydrogels for siRNA complexation. We used the
RAFT polymerization technique to synthesize well-de-
fined amphiphilic reactive ester block copolymers of
P(PFPMA)-b-P(MEO3MA) and P(MEOsMA)-b-P(PFPMA).
We found an aggregation tendency for these polymers
in polar aprotic solvents like dimethyl sulfoxide. The
resulting superstructures could be used as precursors
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Figure 12. Fluorescent confocal microscopy images of RBE4 cells untreated or incubated for 24 h with siRNA alone, NP1*
alone, or with unlabeled or Atto590 labeled siRNA; NP1* labeled with Oregon Green (green), nuclei stained with DAPI (blue),

and siRNA is unlabeled or Atto590 labeled (red).

to generate covalently stabilized nanohydrogel particles
by cross-linking the hydrophobic reactive inner core with
amine-containing cross-linker molecules. Spermine could
be used as a cross-linker when adjusted stoichiometrically
to half of all PFPMA units, providing additional function-
alities for conjugation with siRNA. After purification, the
final nanogels could be lyophilized, stored as dry powder,
and resuspended for further use. Dynamic light scattering
before and after cross-linking revealed preservation of the
aggregate's structure. Moreover, when using block copo-
lymers of similar block ratio but different molecular
weight, we were able to adjust the size of the resulting
nanohydrogels. Both DLS and AFM could confirm that
less stable precursor aggregates containing block copo-
lymers with a higher hydrophilic ratio led to polydisperse
cross-linked nanoparticles. Lowering the pH by dispersing
the particles from PBS to NaOAc buffer led to a 10%
swelling of the hydrodynamic radius. Adding an amine-
functionalized fluorescent dye during hydrogel synthesis,
however, did not affect the system as determined by FCS
and AFM. The labeled particles could therefore be used
for tracing conjugation between siRNA and particle as

METHODS

Unless otherwise indicated, all chemicals and solvents were
commercially available and used as received unless otherwise
indicated. Oregon Green 488 cadaverine was obtained from

NUHN ET AL.

well as in cell uptake studies. With agarose gel electro-
phoresis, we saw complete complexation compensation
of nanoparticle to siRNA at a 25:1 weight to weight ratio.
FCS was a versatile tool to verify the complexation of
siRNA to the particle on a nanoscale level, too. Significant
influence on the nanoparticle's shape and solution prop-
erties could be neglected. Thus, compared to other
polyplex systems, the resulting superstructure of siRNA
and our delivering vehicle does not mainly depend on the
payload but can be adjusted beforehand during particle
synthesis. To this respect, our concept enables the use of
well-defined nanohydrogels as universal carriers for a
variety of siRNAs with adjustable size and shape proper-
ties. Finally, we saw proper time-dependent uptake of
these particles alone as well as loaded with siRNA. On-
going experiments using stimuli-responsive cross-linkers
for triggered release of the payload after cell uptake will
test the efficiency of this system to stimulate gene-
specific knock-down caused by the nanoparticles' pay-
load. Consequently, we propose promising advantages of
cationic nanohydrogels as safe transport vehicles for
pharmaceutical application of siRNA therapeutics.

Invitrogen. Pentafluorophenol was obtained from Fluorochem
(Great Britain, U.K). Anhydrous dimethyl formamide (DMF)
and dimethyl sulfoxide (DMSO) were obtained from Sigma-
Aldrich and stored over activated molecular sieves (4 A).
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2,2'-Azobis(isobutyronitrile) (AIBN) was recrystallized from di-
ethyl ether and stored at —7 °C. Anhydrous THF and dioxane
were freshly distilled from a sodium/potassium mixture, anhy-
drous dichloromethane from calcium chloride. Phosphate buf-
fered saline (PBS) was obtained from Fisher BioReagents
containing 137 mM NaCl, 11.9 mM phosphates, and 2.7 mM
KCI. Sodium acetate (NaOAc) buffer was prepared as 150 mM
NaCl and 1.5 mM sodium acetate in Millipore water, and its pH
was adjusted to 4.5. Column chromatography was done using
silica obtained from Macharey-Nagel (0.063—0.2 mm/20—230
mesh). Dialysis was performed using Spectra/Por 3 membranes
obtained from Carl Roth GmbH+Co.KG (Germany) with molec-
ular weight cutoff of 8000—10000 g/mol. Fluorescently labeled
siRNA (Atto590) was purchased form IBA GmbH (Géttingen,
Germany). Their sequence is directed against enhanced fluores-
cent protein (EGFP) (GenBank Accesion #U55762).

Sense strand: 5'-GCAAGCUGACCCUGAAGUUCAU-3'.

Anti sense strand: 3-GCCGUUCGACUGGGACUUCAAG-5'.

The fluorescent dye Atto590 was covalently attached to the
3’-end of the sense strand. The siRNA duplexes were formed by
mixing labeled sense and unlabeled antisense strands in PBS
and incubating for 2 min at 95 °C followed by 1 h hybridization
period at 37 °C.

Instrumentation. All 'H and >C NMR spectra were recorded
on a Bruker 300 MHz FT NMR spectrometer. All '°F NMR spectra
were recorded on a Bruker 400 MHz FT NMR spectrometer.
Chemical shifts (0) are given in parts per million relative to TMS.
Samples were prepared in deuterated solvents and their signals
referenced to residual nondeuterated solvent signals. The
polymers' molecular weight was determined by gel permeation
chromatography (GPC) in tetrahydrofuran (THF) as solvent and
with the following parts: pump PU 1580, auto sampler AS1555,
UV detector UV 1575 (detection at 254 nm), Rl detector Rl 1530
from JASCO. Columns were used from MZ-Analysentechnik:
MZ-Gel SDplus 10% A and MZ-Gel SDplus 10° A. Calibration was
done using polystyrene standards purchased from Polymer
Standard Services. IR spectra were recorded on Perkin-Elmer
100 FTIR spectrometer using an ATR unit. ESI-MS was performed
using a Navigator Instrument from Thermoelectronics with
sample concentrations of 0.1 mg/mL, 0.75 mL/min flow rate,
cone voltage 70, 45, or 35 V, and nitrogen flow rate 300 L/min.
UV—vis spectra were recorded using a Jasco V-630 spectro-
photometer (1 cm x 1 ¢cm quartz cell). Fluorescence emission
spectra were recorded using a Perkin luminescence spectro-
meter LS50B spectrofluorometer (right angle geometry, 1 cm x
1 cm quartz cell).

Syntheses. The syntheses of pentafluorophenyl methacry-
late (PFPMA),*® tri(ethylene glycol) methyl ether methacrylate
(MEO3MA),52 4-cyano-4-(phenylcarbonothioylthio) pentanoic
acid,*® and methoxy triethylene glycol amine’””® are described
in detail in the Supporting Information.

Synthesis of Poly(pentafluorophenyl methacrylate) P(PFPMA). All
P(PFPMA) polymers presented in this work were synthesized
by RAFT polymerization as previously reported.*®*® For a typical
polymerization, a Schlenk tube equipped with a stir bar was
loaded with pentafluorphenyl methacrylate (PFPMA) (4.00 g;
15.83 mmol), 4-cyano-4-(phenylcarbonothioylthio)pentanoic
acid (111 mg; 0.40 mmol), and AIBN (6.5 mg; 0.04 mmol). All
compounds were dissolved in anhydrous dioxane (4 mL). Fol-
lowing three freeze—pump—thaw cycles, the tube was im-
mersed in an oil bath at 65 °C for about 17 h under vigorous
stirring. The resulting polymer was isolated by precipitation in
hexane and centrifugation. After redissolving in a few milliliters
of dioxane, this process was repeated three times. The pre-
cipitated polymer was dried for 12 h at 40 °C under 10 mbar
vacuum affording P(PFPMA),6 (2.64 g; 64%) as a slightly red
powder. GCP: M, = 11800 g/mol; M,, = 14800 g/mol; PDI = 1.24.
"H NMR (CDCl3, 300 MHz): § [ppm] = 2.80—2.10 (br, 2H, —CH,—)
and 1.80—1.00 (br, 3H, —CHs). >C NMR (CDCls, 75 MHz): &
[ppm] = 17290 (—CO,—); 143.50—141.29 (o-Ar(C); 139.92—
139.16 (p-Ar(); 136.30 — 135.23 (m-ArC); 124.72 (ArC-0); 52.55
(Cquat. polymer main chain); 46.05 (—CH,— polymer main chain);
18.25 (—CH; polymer main chain). "°F NMR (CDCls, 376 MHz):
0 [ppm] = —150.31 to —151.39 (br, 2F, o-Arf); —156.91 (br, 1F,
p-ArF); —162.05 (br, 2F, m-ArF).

NUHN ET AL.

Synthesis of Poly(tri(ethylene glycol)methyl ether methacrylate) P-
(MEO3MA). All P(MEO3MA) polymers presented in this work were
synthesized by RAFT polymerization. For a typical polymeriza-
tion, a Schlenk tube equipped with a stir bar was loaded with
tri(ethylene glycol)methyl ether methacrylate (MEOsMA) (2.00 g;
8.61 mmol), 4-cyano-4-(phenylcarbonothioylthio)pentanoic
acid (30 mg; 0.11 mmol), and AIBN (2.3 mg; 0.01 mmol). All
compounds were dissolved in anhydrous dioxane (3 mL). Fol-
lowing three freeze—pump—thaw cycles, the tube was im-
mersed in an oil bath at 65 °C for about 14 h under vigorously
stirring. The resulting polymer was isolated by precipitation in
hexane and centrifugation. After redissolving in a few milliliters
of dioxane, this process was repeated three times. The pre-
cipitated polymer was dried for 12 h at 40 °C under 10 mbar
vacuum affording P(MEOsMA),4 (1.32 g; 66%) as a red oil. GCP:
M, = 10600 g/mol; M,, = 12400 g/mol; PDI = 1.17. '"H NMR
(CDCl3, 300 MHz): 6 [ppm] = 4.08 (br, 2H, COO—CH,-CH,—); 3.69
— 3.54 (br, 10H, COO—CH,—CH,—0-CH,—CH,—0—CH,—CH,—
O—CHjs); 3.38 (br, 3H, O—CHj); 2.10—-1.60 (br, 2H, —CH,—
polymer main chain); 1.30—0.80 (br, 3H, —CH3 polymer main
chain). '*C NMR (CDCls, 75 MHz): 0 [ppm] = 177,13 (—CO,—);
71.89 (CH,—CH,—0—CHjs); 70.58 (br, O—CH,—CH,—O—CH,—
CH,—0—CHs); 6841 (COO—CH,—CH,—); 63.80 (COO—CH,—
CH,—); 58.97 (O—CHs); 54.07 (Cquar. Polymer main chain); 44.67
(—CH,— polymer main chain); 18.51 (—CHs polymer main chain).

Block Copolymer Synthesis of Poly(pentafluorophenyl methacrylate)-
block-Poly(tri(ethylene glycol)methyl ether methacrylate) P(PFPMA)-b-P-
(MEO;MA). All P(PFPMA)-b-P(MEO3MA) block copolymers pre-
sented in this work were synthesized by RAFT polymerization
using previously synthesized P(PFPMA) homopolymers as macro-
chain transfer agents. For a typical polymerization, a Schlenk tube
equipped with a stir bar was loaded with P(PFPMA)g; (500 mg;
0.033 mmol), tri(ethylene glycol)methyl ether methacrylate
(MEOsMA) (0.77 g; 3.333 mmol), and AIBN (0.5 mg; 0.003 mmol).
All compounds were dissolved in anhydrous dioxane (3 mL).
Following three freeze—pump—thaw cycles, the tube was im-
mersed in an oil bath at 65 °C for about 14 h under vigorous
stirring. The resulting polymer was isolated by precipitation in
hexane and centrifugation. After redissolving in a few milliliters of
dioxane, this process was repeated three times. The precipitated
polymer was dried for 12 h at 40 °C under 10 mbar vacuum
affording P(PFPMA)g;-b-P(MEOsMA),6 (0.77 g; 62%) as a light red
powder. GCP: M,, = 21600 g/mol; M,, = 25000 g/mol; PDI = 1.20. 'H
NMR (CDCls, 300 MHz): 6 [ppm] = 4.09 (br, 2H, COO—CH,—CH,—);
3.69-3.54 (br, 10H, COO—CH,—CH,—0—CH,—CH,—0—CH,—
CH,—0—CHj); 3.39 (br, 3H, O—CH3); 2.80—2.10 (br, 5H, —CH,—
PFPMA block main chain); 2.10—1.60 (br, 2H, —CH,— MEOsMA
block main chain); 1.50—1.10 (br, 7H, —CH3; PFPMA block main
chain); 1.10—0.70 (br, 3H, —CH; MEOsMA block main chain)
(compare Supporting Information Figure 52). >C NMR (CDCls,
75 MHz): 6 [ppm] = 177.21 (—CO,— MEO;MA); 172.45 (—CO,—
PFPMA); 142.84—14149 (0-ArC); 139.92—139.16 (p-ArC);
137.84—135.56 (p-ArQ); 124.72 (ArC—0); 7191 (CH,—CH,—
O—CHj3); 70.60 (br, O—CH,—CH,—0—CH,—CH,—0—CHzs); 6845
(COO—CH,—CH,—); 63.85 (COO—CH,—CH,—); 59.00 (O—CHs);
54.13 (Cquar. MEO3MA block main chain); 52.26 (Cquar PFPMA
block main chain); 45.86 (—CH,— PFPMA block main chain); 44.47
(—CH,— MEOsMA block main chain); 19,12 (—CHs PFPMA block
main chain); 16.69 (—CH3 MEO3MA block main chain) (compare
Supporting Information Figure S3). 9F NMR (CDCl5, 376 MHz):
o [ppm] = —150.27 to —151.33 (br, 2F, o-Arf); —156.86 (br, 1F,
p-ArF); —162.02 (br, 2F, m-ArF) (compare Supporting Information
Figure S4).

Block Copolymer Synthesis of Poly(tri(ethylene glycol)methyl ether
methacrylate)-block-Poly(pentafluorophenyl methacrylate) P(MEO;MA)-b-P-
(PFPMA). All P(MEOsMA)-b-P(PFPMA) block copolymers pre-
sented in this work were synthesized by RAFT polymerization
using previously synthesized P(MEOsMA) homopolymers as
macrochain transfer agents. For a typical polymerization, a
Schlenk tube equipped with a stir bar was loaded with P-
(MEO3MA)44 (450 mg; 0.042 mmol), pentafluorphenyl metha-
crylate (PFPMA) (0.45 g; 1.796 mmol), and AIBN (0.7 mg; 0.004
mmol). All compounds were dissolved in anhydrous dioxane
(4 mL). Following three freeze—pump—thaw cycles, the tube
was immersed in an oil bath at 65 °C for about 20 h under
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vigorous stirring. The resulting polymer was isolated by pre-
cipitation in hexane and centrifugation. After redissolving in a
few milliliters of dioxane, this process was repeated three times.
The precipitated polymer was dried for 12 h at 40 °C under
10 mbar vacuum affording P(MEO3MA)44-b-P(PFPMA)g (0.51 g;
56%) as a light red oil. GCP: M,, = 12600 g/mol; M,, = 14600 g/
mol; PDI = 1.16."H NMR (CDCl3, 300 MHz): & [ppm] = 4.08 (br, 2H,
COO—CH,—CH,—); 3.75—-3.51 (br, 10H, COO—CH,—CH,—0—
CH,—CH,—0—CH,—CH,—0—CHj); 3.38 (br, 3H, O—CH3); 2.70—
2.20 (br, 0.3H, —CH,— PFPMA block main chain); 2.20—1.60
(br, 2H, —CH,— MEOsMA block main chain); 1.60—1.10 (br,
0.45H, —CH3; PFPMA block main chain); 1.10—0.60 (br, 3H,
—CH3; MEOsMA block main chain) (compare Supporting Infor-
mation Figure S2). '*C NMR (CDCls, 75 MHz): 6 [ppm] = 177.20
(—CO,— MEO3MA); 172.61 (—CO,— PFPMA); 143.84—141.49 (o-
ArC); 139.92—139.16 (p-ArC); 137.84—135.56 (m-ArC); 124.72
(ArC-0); 71.92 (CH,—CH,—0—CHs); 70.53 (br, O—CH,—CH,—
O—CH,—CH,—0—CHj;); 6846 (COO—CH,—CH,—); 63.85
(COO—CH,—CH,—); 58.99 (O—CH3); 54.55 (Cquat. MEO3MA block
main chain); 52.26 (Cquae. PFPMA block main chain); 45.86
(—CH,— PFPMA block main chain); 44.45 (—CH,— MEOsMA
block main chain); 18,61 (—CH3 PFPMA block main chain); 16.68
(—CH3 MEOsMA block main chain) (compare Supporting Infor-
mation Figure $3). "°F NMR (CDCls, 376 MHz): 6 [ppm] = —150.28
to —151.42 (br, 2F, o-ArF); —156.79 (br, 1F, p-ArF); —161.99 (br,
2F, m-ArF) (compare Supporting Information Figure S4).

Removal of Dithiobenzoate End Groups. Dithiobenzoate end
groups of polymers synthesized by RAFT polymerization can
be removed according to a procedure reported by Perrier et al.>’
For a typical reaction, in Schlenk tube equipped with a stir bar,
block copolymer P(PFPMA)¢;-b-P(MEOsMA),¢ (0.72 g; 0.033 mmol)
and 4,4'-azo-bis(4-cyanovaleric acid) (ACVA) (0.29 g; 1.028 mmol;
30 times excess in relation to the polymer end group) were dis-
solved in 6 mL of anhydrous dioxane under nitrogen atmosphere.
The reaction mixture was heated at 78 °C for 4 h while stirring
vigorously. After the polymer solution turned colorless, the poly-
mer was isolated by precipitation in a 1:1 mixture of hexane/
diethyl ether and centrifuging. After redissolving in a few milliliters
of dioxane, this process was repeated three times. The precipitated
polymer was dried for 12 h at 40 °C under 10 mbar vacuum
affording P(PFPMA)g;-b-P(MEOsMA) 6 (0.72 g; quantitatively) as a
colorless powder. The absence of the dithiobenzoate group was
confirmed by UV—vis spectroscopy (compare Supporting Infor-
mation Figure S1; absorption maxima at 310 and 500 nm
disappear).

Synthesis of Cationic Nanohydrogel Particles. All nanohydrogel
particles presented in this work were synthesized under similar
conditions according to Table 4. For a typical reaction, in a
round-bottom flask equipped with a stir bar, P(PFPMA)g;-b-
P(MEO3MA),4 (51.9 mg; 2.40 umol polymer or 147 umol reactive
ester) was dispersed in anhydrous DMSO (5.2 mL) under nitro-
gen atmosphere supported by sonication for 1 h. Oregon Green
cadaverine (26.7 uL of a 2.5 mg/mL solution in DMSO; 0.14 umol)
was added first, followed by triethylamine (112 uL; 808 umol)
and spermine (136 uL of a 0.1 g/mL solution in DMSO; 67 umol).
The flask containing the reaction mixture wasimmersed in an oil
bath at 50 °C under vigorous stirring, and '°F NMR samples
(0.1 mL dissolved in 0.5 mL of DMSO-dg) were taken at certain
time points to determine complete reactive ester conversion
(compare Supporting Information Figure S7). After 16 h, no
polymer-bound pentafluorophenol could be detected any-
more. To remove further traces of it below the NMR detection
limit, excess of non-cross-linking methoxy triethylene glycol
amine (220 uL of a 0.1 g/mL solution in DMSO; 135 umol) was
added and the reaction mixture was stirred for an additional
20 h at 50 °C. To remove small molecular byproducts, the re-
action mixture was afterward purified by dialysis against Milli-
pore water for 2 days (including frequent water exchange) and
subsequent lyophilization affording NP1* (31.0 mg, 79%) as an
orange powder.

Pyrene Fluorescence Spectroscopy (refs 62—64). Stock solutions of
P(PFPMA)g:-b-P(MEO3MA),¢  or  P(MEO3MA)44-b-P(PFPMA)g
were prepared at a concentration of T mg/mL by dissolving in
DMSO supported by sonication for 1 h. The polymer stock
solution was then diluted to 10 different concentrations down
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to 1 x 107> mg/mL using further DMSO. Each sample was pre-
pared by dropping carefully 60 uL of a pyrene (Aldrich, 98%)
solution (2.5 x 10~° mol/L in acetone) into 5 mL glass vials and
evaporating the solvent overnight. On the next day, 3 mL of one
of the polymer—DMSO solutions was added, affording pyrene
solutions of 5.0 x 10~7 mol/L. The mixtures were incubated for
48 h at room temperature with shaking. Steady-state fluores-
cence spectra of the air-equilibrated samples were recorded
using a Perkin luminescence spectrometer LS50B spectrofluo-
rometer (right angle geometry, 1 cm x 1 cm quartz cell) using
the following conditions: excitation at 333 &+ 3 nm, detected
emission spectrum from 350 to 460 nm. The intensities of
pyrene's first and third vibronic band at 373.5 and 384.5 nm
in DMSO were evaluated, and their ratio was plotted versus
logarithmic polymer concentration. Linear extrapolations of
steady ratio and decrease of ratio were done, and their intercept
was determined as critical aggregation concentration (CAC).

Dynamic Light Scattering (DLS) Experiments of Block Copolymers and
Nanohydrogel Particles. All block copolymer solutions in THF or
DMSO as well as nanohydrogel particle solutions in PBS or
NaOAc buffer were prepared at the concentrations as described.
Cylindrical quartz cuvettes (20 mm diameter, Hellma, Mihlheim,
Germany) were cleaned by dust-free distilled acetone and trans-
ferred into a dust-free flow box. Polymer solutions were filtered
into these cuvettes through Millex LCR filters, 0.45 um pore size
(Millipore), for PBS solutions and through Millex LG filters, 0.22 um
pore size (Millipore), for THF or DMSO solutions. Then, dynamic
light scattering (DLS) measurements were performed with an
ALV-SP125 goniometer equipped with single-photon detector
SO-SIPD, an ALV-5000 Multiple-Tau digital correlator, and a Spec-
tra Physics 2060 argon ion laser (500 mW output at 514.5 nm
wavelength). The scattered intensity was divided by a beam
splitter (approximately 50:50), and each of the portions was
detected by the photomultiplier. The two signals were cross-
correlated to eliminate nonrandom electronic noise. All samples
were typically measured from 30 to 150° in steps of 15°. Data
evaluation was done according to literature:’®~®' all correlation
functions usually showed monomodal decay and were fitted by a
sum of two exponentials, from which the first cumulant T was
calculated resulting in an angle-dependent diffusion coefficient D
or reciprocal hydrodynamic radius R, ', according to formal
application of Stokes—Einstein law. By extrapolation of R, '/q*
to g = 0 z-average hydrodynamic radius R, = (R, '), ' was ob-
tained. Dispersities were estimated by applying the cumulant
method for each correlation function at 90°, resulting in u, values
of u, = /T2 Assuming spherical particles with a Gaussian
distribution of radii, the normalized second cumulant x, = 0.05
relates to a standard deviation op = 0.22 of the diffusion coeffi-
cient, equivalent to a polydispersity in radius of roughly 25%. A
value of u, = 0.10 corresponds to a op = 0.32 for the diffusion
coefficient or to a polydispersity in radius of 50%. Therefore,
values of u, around 0.05 characterize samples with narrow size
distributions. Values of u, above 0.1, however, characterize very
broadly distributed samples.

Fluorescence Correlation Spectroscopy (FCS) Experiments of Fluorescent
Labeled Nanohydrogels and SiRNA. Fluorescence correlation spec-
troscopy (FCS) was performed using a commercial FCS setup
(Zeiss, Germany) consisting of the module ConfoCor2 and an
inverted microscope model Axiovert 200 with a Zeiss C-Apoc-
hromat 40x/1.2 W water immersion objective. As for the nano-
hydrogel particles, the fluorophores were excited by an argon
laser (488 nm) and the emission was collected after filtering by a
LP505 long pass filter. As for siRNA, however, the fluorophores
were excited by a helium—neon laser (543 nm), and the emis-
sion was collected after filtering by a LP585 long pass filter. For
detection, an avalanche photodiode that enables single-photon
counting was used. An eight-well polystyrene chambered cover
glass (Laboratory-Tek, Nalge Nunc International) was used as
the sample cell. All nanohydrogel and siRNA solutions in PBS
were prepared at the concentrations as described and trans-
ferred into the polystyrene chambers. For each sample,
10 measurements with a total duration of 5 min were per-
formed. The time-dependent fluctuations of the fluorescent
intensities d/(t) were recorded and analyzed by an autocorrela-
tion function G(z) = 1 + (SI(t')OIt’ + ))/(IIE))2 As it has been
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shown theoretically for an ensemble of m different types of
freely diffusing fluorescence species, G(z) has the analytical
form of®?

6o = 140+ e ly f
B 1—f N~

i=1 T 2
T+—1,/1+=——
[ +TD’I_],/ +SZTD,/

Here, N is the average number of diffusing fluorescence species
in the observation volume, f; and 7; are the fraction and the
decay time of the triplet state, 7p, is the diffusion time of the ith
species, f; is the fraction of component j and S is the so-called
structure parameter S = zy/ro, where zo and rq represent the axial
and the radial dimensions of the confocal volume, respectively.
Furthermore, the diffusion time 7p is related to the respective
diffusion coefficient D; through D; = r02/4rD,,». The experimental
G(7) was fitted yielding the corresponding diffusion times and,
subsequently, the diffusion coefficient of the fluorescent spe-
cies. According to the Stokes—Einstein law, the hydrodynamic
radii Ry can be calculated assuming spherical particles. As the
value of ry strongly depends on the specific characteristics of the
optical setup, a calibration was performed using a reference
standard with known diffusion coefficient, that is Rhodamine 6G.

Atomic Force Microscopy of Nanohydrogel Particles. All AFM ima-
ging was conducted on a MFP-3-D-SA (Asylum Research, Santa
Barbara, CA, USA) by constant amplitude tapping mode (inter-
mittent contact mode) in air using a silicon cantilever (thickness =
4.6 um, resonance frequency = 311.8—339.5 kHz, spring constant
=47.6—61.8 N/m, Olympus Atomic Forces, Mannheim, Germany).
Nanohydrogel particles were usually prepared at 1 mg/mL in
Millipore water, and 20 uL of each sample was dripped on even
mica. Solvent was removed in vacuum at 10 mbar and 40 °C for
12 h before imaging. Therefore, the AFM probe was housed within
a vibration-resistant case on a vibration isolation platform. Each
sample was imaged at least three times at different locations on
the substrate to ensure reproducibility. Each AFM image pre-
sented here consists of 512 scan lines for each direction.

Agarose Gel Electrophoresis. Atto590-labeled siRNA, the nano-
hydrogel particle, and the mixtures of both in PBS were pre-
pared at concentrations as described. All samples incubated
were incubated for 30 min. Loading buffer was added, and
samples were transferred on a 0.5% agarose gel. Electrophoresis
was performed at 90 V for 50 min, and upon excitation at
365 nm, fluorescence was imaged with a conventional digital
camera.

Cell Uptake Studies. We used RBE4 cells (rat brain endothelial
cells) grown in a 1:1 mixture of DMEM/Ham's-F10 medium
containing 10% v/v FCS, 100 ug/mL Pen/Strep, and 1 ng/mL
bFGF (all Invitrogen). Cells were incubated at standard growth
conditions at 37 °C, high humidity, and 5% CO,. All prepared
buffers and solutions for the cell culture experiments (except for
the nanohydrogel solutions and siRNA) were autoclaved or
sterile filtered with 0.2 um pore size cellulose filters. Then,
80000 cells were seeded into 12-well plates on collagen-coated
coverslips (3 ug/cm?) 24 h before the experiment.

As negative control, 30 pmol of siRNA duplexes was diluted
to a final 130 uL with Opti-MEM (Invitrogen). As reference, a
control with cationic lipids was performed, using the standard
transfection reagent Oligofectamine (Invitrogen). Next, 30 pmol
siRNA was diluted to a final 100 uL of Opti-MEM and combined
with a 30 uL mixture containing 6 uL of Oligofectamine diluted
in Opti-Mem. For delivery of nanohydrogel particles or particles
loaded with siRNA, 30 pmol of siRNA duplexes (0.42 ug) and
10.5 ug of nanohydrogel particles were diluted to a final volume
of 40 uL with Opti-MEM (resulting in a weight to weight ratio of
siRNA/nanohydrogel particles of 1:25). For complex formation,
all samples were incubated for 20 min.

Before the samples were added dropwise to RBE4 cells, the
medium was replaced with transfection medium (medium with-
out FCS or antibiotics), resulting in a final culture volume of
750 uL. All cells were incubated at 37 °C until fixation. For fixa-
tion, cells were washed once with PBS and fixated for 10 min in
PBS containing 4% formaldehyde. After two further PBS wash-
ing steps, the nuclei were stained with 500 uL of 1 ug/mL DAPI
(4',6-diamidino-2-phenylindole, Sigma-Aldrich) in PBS for 5 min.
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After another two PBS washing steps, the cover slides were
finally rinsed with distilled water and mounted with fluorescent
mounting medium (DAKO) on microscope slides and stored at
4 °C ready for use.

Confocal Imaging. Fixed cell samples were imaged on an
inverted confocal microscope TCS SP5 (Leica, Wetzlar, Germany)
equipped with an oil-immersion objective (63 x magnification;
NA 1.4) and a laser set capable of 405 nm/488 nm/561 nm ex-
citation. Images were recorded at 512 x 512 8-bit-pixel resolu-
tion with a pinhole of 130 um and confocal plane depth of
1.0 um, resulting in a total image size width and height of
246 um x 246 um. Stacks were recorded at 0.5 um step width. DAPI
emission was recorded between 440 and 470 nm, Oregon Green
between 510 and 540 nm, and Atto590 between 605 and 635 nm.
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