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Tuning the Internal Compartmentation of Single-Chain
Nanoparticles as Fluorescent Contrast Agents

Justus F. Thiimmler, Andreas H. Roos, Jana Kriiger, Dariush Hinderberger,
Franz-Josef Schmitt, Guo Tang, Farzin Ghane Golmohamadi, Jan Laufer,

and Wolfgang H. Binder*

Controlling the internal structures of single-chain nanoparticles (SCNPs) is an
important factor for their targeted chemical design and synthesis, especially
in view of nanosized compartments presenting different local environments
as a main feature to control functionality. We here design SCNPs bearing
near-infrared fluorescent dyes embedded in hydrophobic compartments for
use as contrast agents in pump—probe photoacoustic (PA) imaging, displaying
improved properties by the location of the dye in the hydrophobic particle
core. Compartment formation is controlled via single-chain collapse and
subsequent crosslinking of an amphiphilic polymer using external
crosslinkers in reaction media of adjustable polarity. Different SCNPs with
hydrodynamic diameters of 6-12 nm bearing adjustable label densities are
synthesized. It is found that the specific conditions for single-chain collapse
have a major impact on the formation of the desired core-shell structure, in
turn adjusting the internal nanocompartments together with the formation of
excitonic dye couples, which in turn increase their fluorescence lifetime and
PA signal generation. SCNPs with the dye molecules accumulate at the core
also show a nonlinear PA response as a function of pulse energy—a property
that can be exploited as a contrast mechanism in molecular PA tomography.

1. Introduction

Single-chain nanoparticles (SCNPs) are
nanostructured, enzyme-like particles that
are made of a single polymer chain col-
lapsed and intramolecularly crosslinked
either covalently or non-covalently. The
countless possibilities of chemical func-
tionalities, synthetic routes, and unique
nanostructures enable their use in mod-
ern research, like (enzyme like) catalysis,!!
antifouling,®! or biomedical applications.*!
Their internal structures allow the em-
bedding of functional units like fluo-
rescent dyes in specific regions inside
these particles.*] Choice of the polymer
backbone embeds biocompatibilityl® or
degradability,l®! changes in the polymer’s
architecturel’! and the use of crosslinkers
for specific covalent or non-covalent col-
lapse reaction types!®! as well as the collapse
medium are main factors to reach compart-
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ments inside a SCNP.I!

There are only few reports on a pre-
cise control of nanosized compartments in-
side SCNPs, as they are dynamic entities
before and even during the crosslinking process. The formation
of compartmented SCNPs[”% using grafted tri-block copolymers
of ABC and ACB type as precursors has been described, display-
ing differential miscibilities where block A and C are compati-
ble with each other, but block B is compatible with neither. Col-
lapse into SCNPs was accomplished by core crosslinking via pho-
todimerization of cinnamic acid side chains, in turn proving the
formation of discrete A, B, and C domains inside the SCNPs.
It was shown that the correct choice of both, the surrounding
medium of collapse and the crosslinker have a major influence
on the SCNP’s shape, highlighting the importance of precollaps-
ing the precursor polymer in a poor solvent before the actual
crosslinking reaction to yield more globular shaped particles.!*"!
Both, pre-collapsing and the use of long crosslinkers cause long-
range crosslink loops that result in more compact and globular
nanoparticles. A similar behavior was found via photocrosslink-
ing a purely hydrophobic polymer either in THF, in hexane, or
mixtures of both, resulting in differently dense particles with vari-
able crosslink densities, thus proving the compartmentation of
the precursor polymer already in the collapse medium.['!]

In our previous work'?! we have demonstrated the formation
of compartmented core-shell structured SCNPs by single-chain

© 2022 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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collapse of an amphiphilic polymer in an aqueous crosslinking
medium. The hydrophobic crosslinking groups were located at
the particle core with a size of 1-2 nm while the hydrophilic PEG
side chains formed a water-soluble shell. By covalently binding
either a fluorescent or a radical label to unreacted crosslinking
sites, we were able to prove their location at the core via fluo-
rescence and electron-paramagnetic-resonance spectroscopy.!12%
The hydrophobic core was still swollen with water molecules, de-
pleted by increasing the temperature.?" Different properties of
the individual compartments could be proven since the core and
shell displayed largely different cloud point temperatures.

In this study, we demonstrate the controlled formation of
different nanosized compartments in amphiphilic single-chain
nanoparticles by collapsing in different reaction media to specif-
ically embed and protect a fluorescent dye for application in pho-
toacoustic (PA) measurements. The embedding into such com-
partments is expected to result in enhanced photophysical prop-
erties in aqueous solution, such as significantly enlarged fluo-
rescence lifetimes, as the dye molecules are then located in the
nonpolar, nanosized compartments able to form excitonic cou-
ples, undisturbed by the aqueous surrounding. Furthermore, the
embedding into such SCNPs with hydrodynamic diameters of
~10 nm should be advantageous for the dye’s biodistribution and
for tissue specific targeting, making the labeled SCNPs good can-
didates as contrast agents for biomedical applications. We are us-
ing the copper catalyzed azide/alkyne click reaction (CuAAC) in
either water or in THF using external bivalent crosslinkers for
single-chain collapse to effect the formation of compartments.
Several spectroscopic methods are used, such as continuous wave
electron-paramagnetic-resonance (CW EPR) spectroscopy, stan-
dard and time resolved fluorescence spectroscopy, and photoa-
coustic (PA) pump—probe spectroscopy, a method that exploits
long lived excited states in fluorophores.!'3] The near-infrared
fluorescent dye aza-BODIPY is exploited as a crosslinker due
to its optical properties being strongly dependent on the local
environment, (23 thus paving the way toward a targeted design
of dye-encapsulating SCNP contrast agents for optical and PA
imaging.

2. Results and Discussion

2.1. Polymer and Single-Chain Nanoparticle Synthesis

The first step in the design of compartmented SCNPs is the
chemical synthesis of the polymeric precursor bearing the de-
sired amphiphilicity, coupled to the inherently present crosslink-
ing sites to stabilize the initially formed compartments. We
here relied on RAFT-polymerization of a set of hydrophobic
and hydrophilic monomers, reaching a sufficiently high molec-
ular weight (> 30 kDa), coupled to the desired amphiphilic
properties. The monomers, the chain transfer agent (CTA), and
the crosslinking labels were synthesized according to literature
with small adaptions (see Supporting Information).'*] The am-
phiphilic azide containing precursor polymer was synthesized
by RAFT copolymerization of poly(ethylene glycol), methacry-
late (M,, (PEG) = 198 Da, n = 4.5, 85 mol%) and 3-azidopropyl
methacrylate (15 mol%) in DMF using cyanoisopropyl dithioben-
zoate (CPDB) as CTA and azobisisobutyronitrile (AIBN) as ini-
tiator. The CTA end group of the resulting polymer was removed
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using an excess of AIBN. Subsequently the polymer was purified
by dialysis in THF (10 kDa cutoff) to obtain poly{(poly(ethylene
glycol) methacrylate)-co-(3-azidopropyl methacrylate)] (PEAMA,
M, =34.6kDa, PDI=1.4, DP =129). The reached degree of poly-
merization of 129 and an azide content of 15 mol% allows an av-
erage of 19-20 crosslinking sites and thus 9-10 bivalent crosslink-
ers per collapsed polymer, prospectively embedding up to this
number of label molecules, dependent on the ratio of the labeled
crosslinker.

Single-chain collapse was accomplished in water and THF
by CuAAC of pendant azide groups along the polymer chain
together with external bis-alkynes as crosslinkers. This allows
a fast and complete reaction of the crosslinkers in both reac-
tion media, coupled to a complete removal of the Cu-salts after
crosslinking.[*®! Both, the precursor polymer and the crosslinker
were dissolved in THF and added slowly either to a vigor-
ously stirred aqueous solution containing CuSO,, sodium ascor-
bate (NaAsc), and N,N,N’,N",N”-pentamethyldiethylenetriamine
(PMDTA) to achieve SCNPs with a compartmented core—shell
structure; or to a vigorously stirred THF solution containing
CuBr and 2,2’-bipyridine, to achieve SCNPs with a differently
compartmented structure. The polymer-crosslinker solution was
added via a syringe pump (10 mgmL™", 20 mL, 1 mLh™') ensur-
ing low concentrations of reactive groups during the whole re-
action time to prevent interchain crosslinking. As crosslinkers
octadiyne (A), and the alkyne functionalized derivates of 2,2,6,6-
tetramethylpiperidinyloxyl (TEMPO, B) or aza-BODIPY (C) were
used as depicted in Scheme 1. To further achieve different la-
bel densities in the resulting SCNPs, different molar mixtures
of octadiyne with aza-BODIPY or TEMPO were used during the
collapse reaction, either with the pure crosslinker, or mixtures
with 50 mol% octadiyne/50 mol% label, and with 75 mol% oc-
tadiyne/25 mol% label (see Table 1). The samples are named
as SCNP[collapse medium]A[mol% octadiyne ]B/C[mol% TEMPO or aza-BODIPY]* In-
tense purification was done by extraction, column chromatogra-
phy, and dialysis with different solvents (10 kDa cutoff, see Sup-
porting Information for further details) to remove potentially un-
reacted label and residues of the copper catalysts. Complete reac-
tion of all azides on the polymer side chains was followed by at-
tenuated total reflection infrared (ATR-IR) spectroscopy, demon-
strating the complete removal of the azide band at 2100 cm™
under all reaction conditions as can be seen in Figure S1 (Sup-
porting Information).

2.2. Single-Chain Nanoparticle Characterization

Diffusion-ordered NMR spectroscopy (DOSY-NMR) in D, O, dy-
namic light scattering (DLS) in water, and size exclusion chro-
matography (SEC) in THF independently proved the formation
of single-chain nanoparticles by showing reductions of the hy-
drodynamic diameters D;, for all SCNPs after the collapse reac-
tion, compared to the precursor polymer PEAMA (see Table 1,
Figure 1b, and Figures S2 and S4, Supporting Information). DLS
measurements of aza-BODIPY labeled SCNPs were not possible
due to absorption of the laser of the instrument (see Support-
ing Information). DOSY-NMR experiments showed size reduc-
tions of 4-53% for all SCNPs compared to the precursor poly-
mer PEAMA as seen in Figure 1b. For the initial PEAMA a
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Scheme 1. RAFT polymerization of the precursor polymer PEAMA followed by single-chain collapse into labeled and unlabeled SCNPs in different
reaction media and with different crosslinkers. All reaction conditions yielded SCNPs with hydrodynamic diameters of 6-12 nm. Collapse in different
media resulted in the formation of different nanocompartments with the polar PEG chains (green) in the shell (green) and the non-polar crosslinking
groups (azide—red, alkyne—blue, reacted crosslinkers—violet, labels—orange) in the compartmented crosslinked cores (violet).

Table 1. Data of the synthesized SCNPs and their precursor polymer PEAMA: label type, number of label molecules per SCNP, hydrodynamic diameter
Dy, as measured by DLS and DOSY-NMR, cloud point temperatures T, as measured by turbidimetry, and the average height in AFM topographies of

the precursor polymer PEAMA and the resulting SCNPs.

Sample name Label Labels per particle? Dy, pis>9 [nm] Dy, posy® [nm] T [°C] AFM height [nm]
PEAMA - - 10.4 + 1.8 12.6 £ 0.11 57.9 215+ 1.70
SCNP, ... Ar0 - 0 74+13 7.8+ 0.05 65.2 63405
SCNPrrA - 0 72+ 5.8+ 0.03 66.2 42405
SCNP, 0B oo TEMPO 9-10 89+ 17 7.7+0.13 612 5.8+04
SCNPryB1oo TEMPO 9-10 82+ 15 634001 62.9 17407
SCNP, ,1erAs0Bso TEMPO 45 9.1+09 10.1+0.06 60.7 8.6+ 0.9
SCNPrAsoBs TEMPO 4-5 9.4+ 1.1 11.3 = 0.05 65.5 13+0.1
SCNP, .0, AgsBys TEMPO 2-3 8.6+ 1.5 11.6 + 0.02 59.5 5.8+ 0.4
SCNPyeAs By TEMPO 2-3 9.8+ 15 121+ 0.15 75 3.540.5
SCNP, .10, C100 aza-BODIPY 9-10 - 9.7+0.17 59.5 54401
SCNPryCroo aza-BODIPY 9-10 - 10.6 + 0.10 67.5 55402
SCNP,1erAs0Co aza-BODIPY 45 - 9.4+ 0.03 57.4 36+04
SCNPrrAsCso aza-BODIPY 4-5 - 7.4 +0.05 70.4 49+0.1
SCNP, 0 A5 Cas aza-BODIPY 2.3 - 9.4+0.04 625 32404
SCNPryAssCos aza-BODIPY 23 - 7.2+0.12 67.8 32401

? Calculated from the initial mol% of azide monomer during polymerization, the Mn of the precursor polymer PEAMA, and the mol% of labeled crosslinker during the collapse
reaction. ) Measured bg DLS in H,0O at T mgmL~". ) DLS measurements for aza-BODIPY labeled SCNPs were not possible due to absorption of the irradiation wavelength
of the scattering laser. Measured by DOSY-NMR in D20 at 1 mg mL™", calculated using the Stokes—Einstein equation (D, = (kg* T)/(3oim1oD) with the diffusion coefficient
D, npyo = 1.25 mPa's). ) Cloud point temperature measured by turbidimetry at concentrations of 1 mgmL™", T., = Tat 50% transmittance.  Larger size for PEAMA caused
by agglomeration of multiple polymer chains, no single chains were detectable.
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Figure 1. a) Cloud point temperatures T, of the precursor polymer PEAMA and the SCNPs. Complete turbidimetry measurements are shown in Figure
S5, Supporting Information. b) Hydrodynamic diameter of PEAMA and the SCNPs as determined by DOSY-NMR. c) Average profiles of the precursor
polymer PEAMA, SCNP,.ie;A100, and SCNP,....Cio0, as extracted from AFM topographies. d—f) AFM topographies of PEAMA, SCNP,,...Aq00, and
SCNP,,41erCr00, respectively. AFM topographies of all SCNPs are shown in Figure S6, Supporting Information.

hydrodynamic diameter of 12.6 nm was measured. The strongest
size reduction was found for SCNPy; A, with a hydrodynamic
diameter of 5.8 nm. DOSY-NMR also revealed that the size re-
duction is dependent on the crosslinker mixture. Adding B and
octadiyne as crosslinkers during the collapse is leading to an in-
creased hydrodynamic diameter from 7.7 nm for SCNP,,,..B;o0
and 6.3 nm for SCNP;B, to 11.6 nm for SCNP ., A;sB,s and
12.1 nm for SCNP;:A-cB,c, respectively. We attribute this effect
either to long range crosslink reactions being less effective for
the crosslinker mixtures, or to a less effective pre-collapsing be-
havior when octadiyne and B are mixed during the collapse.'!
This effect is not present for the aza-BODIPY dye C showing that
the long-range crosslink and pre-collapsing behavior of C is less
effected when mixed with octadiyne.

In contrast to SEC measurements in THF, SEC measurements
in water show an exact opposite behavior of the peak shifts for the
labeled SCNPs as seen in Figure S3 (Supporting Information). As
reported earlier,[2% this behavior is caused by changes of the po-
larity of the polymer in response to the surrounding solvent. As
after single-chain collapse the nonpolar crosslinking groups are
in reduced contact with the aqueous solvation shell, the now in-
creased polarity of the particle shell leads to a partially enthalpic,
and therefore not only size but also polarity driven separation on
the aqueous SEC column, an effect already described by Barner-
Kowollik et al.['*] The formation of those compartments of differ-
ent polarity is also evident in the LCST-behavior of the precursor
polymer and the therefrom derived SCNPs in Figure 1a and Fig-
ure S5 (Supporting Information): collapsing the polymer into SC-
NPs always leads to higher cloud point temperatures, caused by
the formation of hydrophobic compartments within the SCNPs,

Macromol. Rapid Commun. 2023, 44, 2200618 2200618 (4 Of'|0)

with the crosslinking groups located in these compartments, ex-
pectedly surrounded by the hydrophilic PEG side chains, thus
increasing the SCNP’s solubility in water. A second effect in the
T, measurements is the difference caused by the choice of the
collapse medium. SCNPs collapsed in THF always tend to dis-
play higher T, values than those collapsed in water. This effect
can be attributed to the formation of more open structures when
the collapse is performed in THF, in turn increasing the SCNP’s
solubility and thus its T,,. In contrast, single-chain collapse in
water leads to the formation of denser structures with lower wa-
ter permeability. Together with the results from SEC, this is a first
indication of the formation of different compartments inside the
SCNPs depending on the surrounding medium during single-
chain collapse.

As electron microscopy (TEM) did not yield interpretable pic-
tures, we further proved the formation of distinct single-chain
nanoparticles by atomic force microscopy (AFM) topographies
as seen in Figure 1c-f and Figure S6 (Supporting Information).
The average height of the precursor polymer PEAMA on the mica
surface was found to be 21.5 nm (Figure 1d) showing agglom-
erations of multiple polymer chains on the surface, with single
polymer chains not detectable. The AFM topography images of
SCNP,,ierAqg0 and SCNP, ... .C, . in Figure 1e,f show single parti-
cles on the mica surface with average heights of 6.3 and 5.4 nm,
respectively. Although all average heights of the SCNPs found
by AFM (see Figure S6, Supporting Information for all topogra-
phies) are smaller than the hydrodynamic diameters measured
by DLS and DOSY-NMR, the values are fitting well since SCNPs
tend to lose their spherical shape on the mica surface and therefor
display smaller sizes.['”] Additionally, AFM measures the heights
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Figure 2. EPR-spectra of SCNP,,;.,A75B,5 and SCNPy Ay B,s measured
in water at 20 °C with a concentration of 10 mgmL~' in water, and of
carboxy-TEMPO measured in water at 20 °C with a concentration of 1 mm
in water. The spectra were normalized to the center peak.

of the particles without their solvation shell leading to apparently
smaller values.

2.3. Internal Structure Analysis of Differently Collapsed SCNPs
by EPR Spectroscopy

Labeling SCNPs with TEMPO (B) enabled to probe location, dis-
tribution, and movement of the labeled crosslinkers inside the
SCNPs via electron-paramagnetic-resonance (EPR) spectroscopy.
When compared to the EPR spectra of the non-bound nitrox-
ide radical, strong changes in the spectra of the nitroxide labeled
SCNPs prove the formation of differently compartmented struc-
tures, dependent on the collapse media and the crosslinker mix-
tures that were used as shown in Figure 2. Simulations of the
measured spectra (see Figures S7 and S8, and Table S1, Sup-
porting Information) revealed the presence of up to three label
species per SCNP, additionally proving the formation of compart-
ments. For all labeled SCNPs Heisenberg coupling was found
with exchange coupling constants of 2.5-3.0 MHz, with higher
values for those SCNPs synthesized in water (see Table S1, Sup-
porting Information): an important effect, as Heisenberg cou-
pling only occurs, when two or more labels get closer than 1 nm,
thus proving that the labels are concentrated into specific com-
partments rather than being homogeneously distributed along
the SCNP.["2] The 7 values in species 1 (see Table S1, Support-
ing Information), which represent the rotational mobility of the
TEMPO labels, were measured to be higher for those SCNPs that
were synthesized in water, hence showing a stronger reduction
in mobility for those labels. As proposed from the results from
the T, measurements, this is a further proof of the formation
of denser compartments for these SCNPs and therefore of less
dense compartments for those SCNPs synthesized in THF. Sim-
ulations of the spectrum of SCNP,,..B,o, revealed the presence
of a third species without Heisenberg coupling. This indicates
a position of these label molecules outside the compartments
with a distance of more than 1 nm from other labels. In addition,
lower 7 values indicate a much faster movement. Hence, this la-
bel species is located on the outer shell of the particles where its
movement is less strong hindered. This proves that a collapse
in water without a second, unlabeled crosslinker results in a re-
duced compartmentation and a less pronounced effective core—
shell structure.

Macromol. Rapid Commun. 2023, 44, 2200618 2200618 (5 of 10)
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2.4. Influence of Different Compartmentations on Photophysical
Properties of Fluorescent SCNPs

The effect of the compartmentation of the SCNPs on the op-
tical and thermomechanical properties of the dye aza-BODIPY
(C) as crosslinker is important for their envisaged application
as contrast agent in fluorescence and PA imaging, as high ex-
tinction coeflicients, high fluorescence quantum yields, and long
fluorescence lifetimes are advantageous for the desired pump—
probe excitation.'8] The absorption and fluorescence spectra of
non-bound aza-BODIPY in water are shown in Figures S9 and
S10 (Supporting Information). Since the dye itself is not solu-
ble in water, it was kept in aqueous solution with the surfactant
Kolliphor EL (see Supporting Information). The absorption spec-
trum shows a maximum at 695 nm with Lambert—Beer behavior
over the entire concentration range (see Figure S9b, Supporting
Information). The fluorescence spectra in Figure S10 (Support-
ing Information) with a maximum at 720 nm lose their linear
behavior at concentrations higher than 8 x 10 m. The effects of
high concentrations on the fluorescence intensity and the wave-
length maximum are shown in Figure S10b,c (Supporting Infor-
mation).

Covalently binding the aza-BODIPY dye to the nanoparti-
cles significantly changes its optical behavior as seen in Fig-
ure 3a,b. In the absorption spectra of water collapsed SCNPs
in Figure 3a the shoulder at 647 nm shows an increased inten-
sity compared to the non-bound dye, independently from the
aza-BODIPY load inside the particle. Additionally there is a new
absorption band for SCNP, ... A5 Cs, at 765 nm. The absorp-
tion spectra of the THF collapsed SCNPs in Figure 3b show a
markedly different behavior with an absorption band at 647 nm
that increases with increasing aza-BODIPY content per parti-
cle, caused by the formation of different types of compartments
inside the SCNPs depending on the collapse medium and the
ratio between aza-BODIPY and octadiyne during the crosslink
reaction.

The internal structure of the SCNPs and the dye content has
a significant effect on the fluorescence intensity and thus their
usefulness for pump—probe excitation. When collapsed in THF,
the incorporation of the aza-BODIPY molecules to the SCNP
leads to a decreased fluorescence intensity (see Figure 3b) which
is reduced further with increasing aza-BODIPY load inside the
particle by fluorescence quenching indicative of a rather polar
environment of the dye molecules with direct contact to water
for this type of SCNPs. By contrast, water-collapsed SCNPs form
a core-shell structure where the aza-BODIPY molecules are lo-
cated in the non-polar core of the particle due to their hydropho-
bicity. The fluorescence spectra of the co-crosslinked SCNPs that
were collapsed in water support this hypothesis by showing a
significant increase in intensity. Additionally, SCNP,,,. A-cCys
shows a fluorescence intensity that is only 25% lower than that
of SCNP,...,A5,Cs, even though the dye concentration is 50%
lower indicating a more effective formation of the non-polar
core. When aza-BODIPY is solely used as crosslinker during
the collapse reaction, the formation of a core—shell structure is
less effective, inline with EPR measurements. This increases
the polarity of the surrounding medium of the individual dye
molecules in the SCNP, yielding lower fluorescence intensities
(see Scheme 2).
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Figure 3. Absorption (solid line) and fluorescence (dashed line) spectra of a) water-collapsed and b) THF-collapsed aza-BODIPY labeled SCNPs at
concentrations of 0.1 mgmL~" in water. A, = 650 nm, slit =5 nM, Vyerecto; = 600 V. Decay associated spectra of ) SCNP,.1e,C100, d) SCNP,zrerAs0Cso,

€) SCNP

water

To further check for the exact location of the fluorescent labels
inside the SCNP’s compartments and how this influences the
optical properties of aza-BODIPY including its fluorescence life-
time, decay-associated spectra (DAS)"! were measured. DAS of
the free dye are shown in Figure S11 (Supporting Information).
In aqueous solution, aza-BODIPY exhibits a fast decay of 260 ps,
as a polar solvation, especially with water, quenches the first ex-
cited singlet state.['?3) However, the surfactant Kolliphor EL re-
duces the environments polarity resulting in additional slow de-
cay components (red and blue curves in Figure S11, Supporting
Information, respectively).

The decay associated spectra for aza-BODIPY labeled SC-
NPs in Figure 3c-h also represent three fluorescence compo-
nents. While all THF-collapsed SCNPs and SCNP,,,..C;,, show
a dominant short-lived component, two water-synthesized SC-
NPs, i.e., SCNP,,..,A5,Cs, and SCNP,...A;sCys, show dominant
long-lived lifetimes ranging from 2.1 to 4.3 ns (Figure 3d,e). In
addition, the lifetime of the fast component is gradually increas-
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A75Cys, ) SCNP14Cr00, ) SCNP1rAsoCso, h) SCNPryrA;5Cys at concentrations of 0.1 mgmL™" in water.

ing as the number of aza-BODIPY molecules per SCNP is re-
duced. For SCNP,,...C,,, for example, the lifetime of 190 ns in-
dicates that that a large fraction of the aza-BODIPY molecules
is located in a polar environment. This situation is different for
SCNP, ;A5 C,s where the time constant increases to 460 ps.
This would suggest that here the dye molecules are encapsulated
in the core of the particle and therefore shielded from the quench-
ing effects of water. For SCNPs collapsed in THF, the fraction of
aza-BODIPY in a polar environment is proportional to the aza-
BODIPY content.

In the water-collapsed and co-crosslinked SCNPs, an addi-
tional heterogeneity in the fast-lived component is observed as
evidenced by a maximum at 690 nm and a minimum (negative
amplitude) at 730 nm (Figure 3d,e, black curves). Direct contact
between individual dye molecules is leading to the formation of
excitonic couples,[?¥ inline with the Heisenberg exchange found
in the EPR measurements, an important effect since it increases
fluorescence lifetimes and intensities.
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Scheme 2. Schematic interpretation of the spatial distribution of aza-BODIPY inside the nanoparticles depending on the collapse medium and the
amount of label crosslinker. Collapse in different media resulted in the formation of different nanocompartments with the polar PEG chains (green) in
the shell (green) and the non-polar crosslinking groups (violet, aza-BODIPY—red) in the compartmented crosslinked cores (violet).

The overall picture of the compartments formed by collapse
and crosslinking in different media is schematically shown in
Scheme 2. Thus collapse in either water or in THF resulted in the
formation of different nanosized compartments inside the SC-
NPs, with the polar PEG chains (green) in the shell (green) and
the non-polar crosslinking groups (violet, aza-BODIPY—red) in
the compartmented crosslinked cores (violet). It must be noted
that—as expected—collapse in water leads to the formation of
core—shell structured SCNPs, although there is an influence of
the molar ratio of the labeled crosslinker on the final structure.
Collapse in THF leads to a more open structure, where the dyes
are located in several smaller compartments inside a looser and
rather hydrophilic core.

2.5. Application of Compartmented Fluorescent SCNPs as
Contrast Agents for Photoacoustic Measurements

The compartmented structure and specific composition of the
SCNPs also resulted in marked differences in the amplitude and
time-course of photoacoustic (PA) signals. PA waves are gener-
ated by the absorption of short excitation pulses (several ns du-
ration) by absorbing chromophores. The optical energy is con-
verted to heat and initial pressure which relaxes by emitting a
broadband ultrasound wave. Using an ultrasound transducer,
time-resolved signals are acquired. Under conditions of thermal
and stress confinement and for simple geometries, such as cu-
vettes, the time-course of the signals can be assumed to repre-
sent the axial distribution of the absorbed optical energy along
the excitation beam. PA signals generated using pump-probe ex-
citation, i.e., using excitation pulses at different wavelengths and
time delays, allow information on the dynamics of absorption and
relaxation from excited states in fluorophores to be obtained.['820]
Here, we apply this method to investigate the correlation between
the structure and composition of the SCNPs, their optical proper-
ties as represented by the decay associated spectra, and PA data.
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Details of the experimental setup and the methods are given
in the Supporting Information. PA signals were measured at
room temperature in aqueous SCNP solutions with a concen-
tration of 1 mgmL~! using pump and probe wavelengths that
coincided with the wavelengths of peak absorption and fluores-
cence (Aygpe =690 nm, A, = 730 nm). Figure 4a—c shows time-
resolved PA signals acquired using pump—probe time delays of
0, 5, and 10 ns. The signal amplitudes are normalized with re-
spect to SCNP absorption at the pump and probe wavelengths.
Each graph shows two sets of PA signals measured in solutions
of water-collapsed (solid lines) or THF-collapsed (dashed lines)
SCNPs with identical dye load. Since the time-course of the PA
signals corresponds to the absorbed energy distribution along the
axis of the excitation beam, qualitative comparisons of the absorp-
tion and relaxation dynamics between the different SCNPs can
be made. In Figure 4a—c, the boundaries of the sample volume
within the cuvette are indicated by dashed lines. The early arriv-
ing signal around 0.6-1.0 ps corresponds to the PA wave from
the back of the cuvette, while the signal at 4.4 ps originates from
the illuminated side. Marked differences in the shape of the sig-
nals measured in water- and THF-collapsed SCNPs are observed.
In Figure 4a,b, the signal amplitude generated adjacent to the
illuminated window (between 3.0 and 4.4 ps) is lower in water-
collapsed SCNPS than in those collapsed in THF. This difference
is likely due to the more dominant slow decay component in
water-collapsed SCNPs (see Figure 3), which results in ground
state depopulation in regions of high fluence. This, in turn, re-
duces the absorbed energy density, and hence PA signal ampli-
tude generated in the sample volume adjacent to the illuminated
window. THF-collapsed particles, by comparison, exhibit pre-
dominately fast relaxations (see Figure 3), which prevents ground
state depopulation and results in a larger PA signal amplitude
near the source. The time-course of these signals also approaches
the typical exponential shape expected of absorbers with short
lifetimes. Although the signals acquired in SCNPs with mini-
mal dye load, i.e., SCNP,.,A;sC,s and SCNP;:A;sC,s, show

water
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Figure 4. a—c) Absorption normalized PA pump—probe signals measured in aza-BODIPY labeled SCNP solutions and d—f) the corresponding velocity
potential at time delays of 0 ns (blue), 5 ns (cyan), and 10 ns (red). The concentration of SCNP was 1 mgmL~", and the pump and probe fluences were

@pymp = 8.0 mJcm=2 and Dy robe

= 13.4 mJcm~2. The solid lines show the PA signals and velocity potentials measured in water-collapsed SCNPs, while

the dashed lines show the data acquired in THF-collapsed SCNPs. The vertical dashed lines indicate the location of the cuvette windows.

similar features (Figure 4c), they are not easily discerned due to
low signal-to-noise ratios (SNR).

To improve SNR and to obtain a qualitative measure of the to-
tal initial pressure that was generated in the SCNP solutions, the
velocity potential was calculated by time-integrating the PA sig-
nals. The velocity potential is shown in Figure 4d—f as a function
of depth assuming the speed of sound in water. The peak val-
ues of the velocity potentials suggest that the total initial pres-
sure is larger in water-collapsed SCNPs compared those col-
lapsed in THF. This may be explained by differences in the
Griineisen parameter that are a consequence of the compartmen-
tation in the different SCNPs. In THF collapsed particles, the
dye molecules are distributed randomly across the particles and
are therefore likely to be quenched by water. In water-collapsed
SCNPs, by contrast, the dye molecules accumulate at the core
surrounded by the polymer. Since the polymer is expected to
exhibit a larger Griineisen parameter than water, the PA signal
and the velocity potential is larger in water-collapsed SCNPs.
The pump-probe time delay was also found to modulate the
PA signal in ways that appear to be dependent upon the parti-
cle structure and composition. In most SCNPs, the change in
the PA signal near the cuvette was modest and increased with
time delay. Only the water-collapsed particles with low dye load,
i.e., SCNP,,;.,A5(Cs, and SCNP ., A;5C,s, exhibited the behav-
ior expected of fluorophores,!*®! i.e., an increase in signal am-
plitude and velocity potential was observed for a time delay of
0 ns compared to 5 ns and 10 ns (Figure 4b,c,e,f). This observa-
tion can again be explained by the dominant long-lived excited
states of these particles (Figure 3) as compared to the other SC-
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Figure 5. The absorption normalized PA signal amplitude measured in
aza-BODIPY labeled SCNPs as a function of the incident fluence. A
linear dependence was observed in THF-collapsed particles and water-
collapsed particles with a high dye load, i.e., SCNP,,:o,C100, as illustrated
by linear regressions (blue symbols and lines). Water-collapsed SCNPs
(SCNP, 2terAs50Cs0, SCNP,4terA75Co5) With a dye load of up to 50% exhibit
a nonlinear fluence dependence (red symbols) which was found to agree
with a quadratic fit function (red lines). The SCNP concentrations were
1 mg mL~" in water.

NPs. Since the pump-probe induced change in signal amplitude
is the contrast mechanism in molecular PA imaging applications,
SCNP,,1erA5(Cs, would appear to possess the most advantageous
properties.

Figure 5 shows the fluence dependence of the PA signal am-
plitude measured in the SCNP solutions for a pump—probe time
delay of 0 ns. The fluence was set using ND filters and ranged
from 8.5 to 85.3 mJcm~2. SCNP_...C,, and the SCNPs col-
lapsed in THF show a linear increase in signal with modest
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signal amplitudes. By contrast, two of the SCNPs collapsed in
water (SCNP,,,.,AsoCsy, SCNP,..,A7sCys) show a strong nonlin-
ear fluence dependence with signal amplitudes up to two orders
of magnitude greater than that of equivalent THF-collapsed SC-
NPs. The origin of this nonlinearity is unclear. Possible expla-
nations may include a heat-induced change in the thermome-
chanical properties, such as the Griineisen parameter, due to
the strong spatial confinement of the dye molecules, or interac-
tions between molecules in an excited state. An immediate ben-
efit of the nonlinear fluence dependence arises in in vivo appli-
cations of the particles where it can be exploited as a contrast
mechanism.[?!]

3. Conclusion

In summary, we were able to generate dye-loaded, compart-
mented single-chain nanoparticles by collapse in reaction me-
dia of different polarity. Using differently labeled crosslinkers we
could analyze the influence of the crosslinker and the collapse
medium on the nanosized compartmentation of the individual
particles and how these can be used to tune the optical prop-
erties for applications in fluorescence tomography and photoa-
coustic measurements. Collapsing the PEGMA copolymer with
azide side chains using copper catalyzed azide-alkyne click re-
actions in water resulted in the formation of core-shell struc-
tured particles with the hydrophobic groups in the core and the
hydrophilic PEG side chains in the shell. Collapse in THF re-
sulted in looser compartmented particles in which the hydropho-
bic groups were located in multiple smaller compartments dis-
tributed over the whole particle. The formation of those com-
partments was followed by using water based SEC and T, mea-
surements individually showing changes in the water solubility
of the SCNPs and therefore their polarity. One proof of the forma-
tion of the compartmented structures was accomplished by EPR
spectroscopy after introducing a TEMPO label as crosslinker.
Simulations of the measured spectra revealed large Heisenberg
exchange coupling with high 7z values for all SCNPs, demon-
strating close contact for the labels with distances in the sub-
nanometer range. Collapsing the TEMPO labeled SCNPs in wa-
ter resulted in higher 7 values, revealing a denser encapsula-
tion of the labels at the core. Labeling the SCNPs with the flu-
orescent dye aza-BODIPY as a crosslinker enabled an indepen-
dent validation of these compartmented structures using opti-
cal methods. Depending on the degree of compartmentation,
SCNPs showed differences in the absorption and fluorescence
spectra. New absorption bands and strong differences in fluo-
rescence intensities were observed depending on the collapse
medium and dye load. In the core—shell structured particles, exci-
tonic couples and non-polar environments for the dye molecules
were generated, yielding increased fluorescence lifetimes and in-
tensities. The compartments are advantageous for PA measure-
ments, which showed that water-collapsed SCNPs with compara-
tively low dye loads possess advantageous properties compared to
THF-collapsed particles. Most importantly increased signal gen-
eration efficiency, susceptibility to contrast mechanisms based on
pump-probe excitation, and a non-linear fluence dependence of
the signal amplitude were observed, which can be exploited as a
contrast mechanism.
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The concept described in this paper therefore paves the way to-
ward precise engineering of nanosized contrast agents for imag-
ing technologies, where the tuning of photophysical and ther-
momechanical properties is required. Applications in biomedical
fluorescence and PA imaging are particularly attractive, as SC-
NPs may offer new contrast mechanisms, which could include
the multiplexed detection of contrast agents based on differences
in the lifetime and nonlinearity, and the use of SCNPs as biosen-
sors.

4. Experimental Section

Detailed information on the materials, all methods, and syntheses are
given in the Supporting Information.

Supporting Information

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