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Shell crosslinked knedel-like (SCK) nanoparticles were prepared having thiol-terminated poly(ethylene
glycol) (PEG) chains extending throughout their shell layers and were then conjugated with bovine
serum albumin (BSA) as a model biomacromolecule. The SCKs originated from amphiphilic block
copolymers of acrylic acid and styrene, PAAgg-b-PS71, pre-functionalized with ca. five mono-tert-Boc-
protected diamino PEGs, per polymer chain, which then had undergone deprotection and amidation
with N-succinimidyl-S-acetylthiohexanionate to introduce an acetyl-protected thiol chain terminus on
the end of each PEG graft. Assembly of these amphiphilic graft block copolymers into micelles, by
transitioning from N,N-dimethylformamide to water, was followed by amidation-based crosslinking
throughout the shell layer, with the introduction of 2,2’-(ethylenedioxy)-bis(ethylamine) and 1-(3’-di-
methylaminopropyl)-3-ethylcarbodiimide methiodide, to afford SCKs bearing the acetyl-protected thiol
groups. Deprotection in aqueous buffer solution by reaction with hydroxylamine hydrochloride gave the
SCKs presenting a nominal number of ca. 750 thiols per nanoparticle. The solution was assayed by Ell-
man’s method resulting in a concentration of 554-6 uM [HS], theoretical of concentration 58 uM [HS],
after which the coupling with BSA was performed immediately. Tetramethylrhodamine-labeled, male-
imido-functionalized BSA was allowed to react with the thiol-functionalized SCKs at stoichiometries of
ca. 10, 20, and 30 BSAs/SCK, after which UV-vis spectroscopy and Bradford’s assay determined a coupling
efficiency of >50-60%. The SCK particle diameters were measured by TEM to be 16 nm and 20 nm and
their hydrodynamic diameters were measured by dynamic light scattering to be 20 nm and 30 nm,
before and after BSA conjugation, respectively.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

One aspect of nanomedicine aims to utilize nano-sized objects,
such as micelles and polymeric nanoparticles, for applications as
drug delivery vehicles and diagnostic agents, with the ultimate goal
of treating diseases with better selectivity and outcome.!™ In-
creasing the bioavailability of a therapeutic, utilization of poly-
valent interactions for tissue-specific binding, and high contrast
imaging are features that are being made possible by using nano-
particle-based platforms.>~”” From a medical, biological, and
chemical perspective, nanomedical agents are complex systems to
design. One key challenge for the successful application of nano-
objects in medicine is to achieve tissue-specific targeting in vivo.>>
Targeting moieties, ranging in size from small molecules and pep-
tides to larger protein and antibody targeting components, have
been explored recently for a range of applications.>> For a given
target, it is often necessary to screen several types of targeting
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components for a given nanocarrier system.” This systematic
evaluation requires robust chemistry that allows for high coupling
efficiency, since the targeting components are often prepared in
small scale at a high cost.

Shell crosslinked knedel-like (SCK) nanoparticles are an attrac-
tive platform to explore for a range of nanomedical applications.®~1°
SCKs are derived from polymeric micelles assembled in aqueous
solution from amphiphilic block copolymers; these micelles are
then crosslinked throughout the shell domain.'™'? The introduction
of covalent crosslinks within the nanostructures provides stabili-
zation of the structure, thereby circumventing limitations that the
critical micelle concentration (CMC) imposes on polymeric micelle
assemblies for in vivo applications.>!3

Typically, SCKs have been conjugated with small molecules and
peptides through standard amidation chemistry with the acrylic
acid residues of the parent polymer prior to self assembly or by the
post-functionalization of the preformed SCKs in solution.'*-2? The
pre-functionalization strategy'®!” has been employed successfully
for small molecule conjugation, but is not applicable for conjuga-
tion of larger biomacromolecules, since these are expected to hin-
der the self-assembly process. Post-functionalization of SCKs in
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solution also typically utilizes acrylic acid residues in the shell
domain of the nanoparticle for activated ester-type couplings to
primary amines of the targeting component.'*1>18-20 However, this
type of coupling chemistry is limited to small molecules and pep-
tides, for which the location of an amine can be engineered easily.
Proteins carry a multitude of primary amines, typically, and in the
case of antibodies coupling via the amines in the active FAB region
of an antibody may result in a loss of bioactivity and targeting.?!
Indeed, we have preliminary results indicating that such a loss of
activity can occur when preparing SCK-antibody conjugates via
activated ester methodologies.??

Since antibodies and proteins are promising targeting moieties for
directing nanoscale agents for drug delivery and imaging, we opted to
develop a new type of functional SCK nanoparticle that carries pro-
tected thiol groups on a grafted poly(ethylene glycol) (PEG) spacer.”?
In this case, the PEG spacer is also expected to improve the in vivo
biodistribution of the SCK nanoparticles.’®2%%4 The thiol group is an
attractive functionality to have on nanoparticles since reversibly
linked bioconjugates can be prepared by disulfide formation, which
may allow for reductive release of a targeting or therapeutic com-
ponent.>>25-36 In addition, thiol-maleimide based couplings are
known to proceed efficiently in solution,?>?*3? and the protocol for
conjugation of larger biomacromolcules such as enzymes with pro-
teins via this methodology is well established in the literature.>° Also,
site-specific attachment of maleimdio groups on the Fc region of
antibodies have been developed®® and successfully utilized for the
preparation of dendrimer-antibody®’ and micellar-antibody con-
jugates.® Given the instability of the maleimide functionality in so-
lution at physiological pH,* it is more beneficial to incorporate this
functionality on the biomacromolecule as opposed to the nano-
particle, because the particle requires several steps of purification in
aqueous solution by dialysis over a longer period of time.

In this study, we describe the preparation of polymer precursors
based on block copolymers of poly(acrylic acid) and polystyrene,
grafted with PEG carrying protected SH groups in the w-terminus,
and the self assembly of these polymers into micelles and SCK
nanoparticles. These functional nanoparticles were then conju-
gated with a model protein, bovine serum albumin (BSA), creating
SCK-protein conjugates with high coupling efficiency. The particle-
protein conjugates were analyzed by biochemical assays, dynamic
light scattering (DLS), and transmission electron microscopy (TEM),
among other techniques.

2. Results and discussion
2.1. Preparation of the polymers

The amphiphilic block copolymer used in this study was syn-
thesized in a three-step procedure. First, tert-butyl acrylate (t-BA)

was polymerized by using reversible addition-fragmentation chain
transfer polymerization (RAFT) with S-1-dodecyl-S'-(a,0’-dimethyl-
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Figure 1. GPC traces for polymers 4 and 5.

o/’-acetic acid)trithiocarbonate (DDMAT) as chain transfer agent
(CTA), 2, to form polymer 4. Compared with other CTAs, DDMAT has
the advantage of easier handling (solid) and having less of an un-
favorable odor. The PtBA macrochain transfer agent was then chain
extended with styrene to form the diblock copolymer PtBA-b-PS 5.
As depicted in Figure 1 and summarized in Table 1 (entries 1 and 2),
polymers 4 and 5 showed unimodal and narrow molecular weight
distributions (polydispersity indices (PDI)<1.2), indicating control
over the copolymerization process. As a last step, the tert-butyl
groups of the block copolymer were removed by acidolysis in TFA/
CH,Cl; to yield the amphiphilic block copolymer 6.

The PAA-b-PS block copolymer was then further functionalized
with a mono protected poly(ethylene glycol) (PEG), utilizing stan-
dard amidation chemistry in DMF to yield polymer 8, PAA-g-(Boc-
NH-PEG)-b-PS, carrying an average of five PEG chains per polymer
chain (Scheme 1 and Fig. 2, upper panel).l” The Boc-groups of this
polymer were subsequently removed by acidolysis with TFA.
The polymer was purified by extensive dialysis and, finally, was
lyophilized to yield polymer 11. As a last step, methylester-pro-
tected sulfohydryl groups were introduced at the NH; groups of the
PEG spacer by reaction with SATH, 1, to form polymer 13.

A similar synthetic pathway was used for the preparation of
the amphiphilic block copolymer that carries chelators for %4cu
radiolabeling, which can be used for in vivo PET imaging.!®7?0 The
synthesis began with the introduction of Boc-protected DOTA
having a short lysine spacer to form polymer 9 with an average of
five DOTA groups per polymer chain (Scheme 2 and Fig. 2, lower
panel).”” Polymer 9 was then further reacted with the monoBoc-

Table 1
Summary of polymers prepared
Sample Polymer PEG DOTA -SCOCH; M, [Da] M, [Da] M,, [Da] PDI
TH NMR GPC GPC GPC
4 PtBA = = = 8700 6400 7000 1.09
5 PtBA-b-PS — — — 16,100 11,000 11,700 110
6 PAA-b-PS — — — 12,500 —2 — —
8 PAA-g-(CONH-PEG-NH-Boc)-b-PS 5 — — 21,000 —2 —2 —2
9 PAA-g-(CONH-lysine-DOTA-Boc)-b-PS — 5 — 17,700 —2 —2 —2
10 PAA-g-(CONH-lysine-DOTA-Boc)-g-(CONH-PEG-NH-Boc)-b-PS 4 5 — 23,900 —2 — —
1 PAA-g-(CONH-PEG-NH,)-b-PS 5 — — 20,500 —2 —2 —2
12 PAA-g-(CONH-lysine-DOTA-COOH)-g-(CONH-PEG-NH)-b-PS 4 5 = 23,500 = == =
13 PAA-g-(CONH-PEG-NHCO-CsH1o-SCOCH3)-b-PS 5 — 5 21,300 —2 — —
14 PAA-g-(CONH-lysine-DOTA-COOH)-g-(CONH-PEG-NHCO-CsH10-SCOCH3)-b-PS 4 5 4 24,300 — — —

2 The PAA-containing polymers could not undergo evaluation by GPC using THF as the eluent, due to adsorption onto the column packing material.
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Scheme 1. Synthesis of the functional graft block copolymers 13 and 14.

protected PEG, followed by deprotection upon reaction with TFA
and coupling with SATH, 1, to form polymer 14, loaded with DOTA
and protected thiol groups connected through PEG spacers. Figure 2
depicts the proton NMR (500 MHz) spectrum of polymer 8 (upper
panel) in DMSO-dg and polymer 9 (lower panel) in DMF-d;. The

degree of attachment of the PEG was calculated from the integrals
corresponding to the styrene unit protons j (6.48-7.31 ppm), and
the integrals corresponding to the PEG protons h (3.41-
3.52 ppm).'®!7 The degree of DOTA-lysine attachment was calcu-
lated in a similar fashion, by using the signal arising from styrene
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Figure 2. 'H NMR spectra (500 MHz) collected in DMF-d for the polymers 8 and 9 in
the upper and lower panels, respectively.

protons n (6.49-7.32 ppm), and the intensities of 1 and k from the
DOTA unit protons.'®1”

2.2. Preparation of the SCKs

As depicted in Scheme 2, micelles from the block copolymers 13
and 14 were prepared by following the pre-established protocol
described in Section 4. The block copolymers were dissolved in
DMF at a concentration of 1 mg mL~. Self assembly was induced by
addition of an equal amount of water over the course of 3 h. The
micelles were transferred to dialysis tubing and dialyzed for 4 days.
The SCKs were obtained by crosslinking of the hydrophilic shell
layer through condensation of approximately 50% of the carboxylic
acid functionalities of the PAA chain segments with the amine
groups of crosslinker (2,2’-(ethylenedioxy) bis(ethylamine)), fol-
lowed by extensive dialysis against buffer to remove the small
molecule by-products.’ While preparing SCKs from micelle 16, we

¥ The reported percentages of crosslinking are the stoichiometries of amine
crosslinker added to the carboxylic acid groups in the polymer. These values are,
therefore, the maximum amounts of crosslinking that could have occurred, rather
than the true extents of crosslinking.

Scheme 2. Preparation of the micelles and SCKs.

found that the micelle carrying five DOTA units per polymer chain
was not storage-stable in solution and precipitated over time. We
have encountered similar problems previously with polymers
having more than three or four DOTA groups per polymer chain.
This instability prohibited accurate AFM and TEM analysis of the
micelle, and we could proceed no further with this micelle.

2.3. Characterization of the SCKs

The shape and size of the micelles 15 and SCKs 17 were in-
vestigated by TEM, DLS, and AFM. The results of these character-
izations are summarized in Table 2. TEM analysis showed that the
size of the micelles 15 was ca. 18 nm and that of SCKs 17 was ca.
16 nm. Figure 3 depicts the TEM images of the micelle 15 (a) and
SCK 17 (b), obtained from the block copolymer 13. Dynamic light
scattering analysis of these samples revealed that the hydrody-
namic diameters of the micelles and SCKs in aqueous medium were
larger than were the TEM-measured diameters, because the PAA
shells were hydrated and, consequently, swelled under the hy-
drated state. Both the micelle 15 and SCK 17 were in the size range
of 21 nm by DLS. AFM imaging on mica was also employed to
characterize the micelles and SCKs. The upper and lower panels of
Figure 4 show the heights of the micelle 15 and SCK 17, respectively,
indicating that crosslinking of micelle 15 to SCK 17 resulted in
a small height decrease from 18 nm to 14 nm.

2.4. Preparation of the conjugates

The objective of attaching protected sulfohydryl groups on
a short PEG spacer on the SCKs was to create surface functional
nanoparticles that could be conjugated with maleimdo functional
small molecules and/or larger biomacromolecules, such as proteins
and antibodies, for further use as targeting entities for in vivo im-
aging and tissue-specific drug delivery. Previously published work
from our group has indicated that grafting PEG chains is an effective
method for increasing blood circulation time of SCK nano-
particles.’®!” The methylester protecting groups on the SH-func-
tionality on the PEG spacer were designed to be removed by
treatment with hydroxylamine according to standard protocols to
yield SH groups available for conjugation.?® The remaining -SH
groups after an initial conjugation could then be used for further
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Table 2

Summary of micelles, SCKs, and SCK-BSA conjugates prepared

Sample H,y [nm] (Dr)n [nm] D,y [nm] [SH puM] [SH uM] BSA [ugmL™!] BSA [pgmL~!] BSA [pgmL~1]
AFM DLS TEM Theoretical Ellmans Theoretical UV-vis Bradford

15 18+2 2142 18+3 — — — — —

17 14+2 21+5 16+3 — nd — — —

18 = = = 58 55+6 = = =

19 — 2.2+0.7 — — — — — —

20 — 31+3 20+3 — — 32 ~6 20+8

21 — 3245 20+2 — — 64 43 37+8

22 = 28+3 2042 = = 119 81 85+8

Figure 3. TEM images of micelle 15 (a) and SCK 17 (b).

conjugation protocols or could be capped, in order to prevent
particle-particle reactions (Scheme 3).

The prepared SCK solution 17 was deprotected by reaction with
0.5 M hydroxylamine for 3 h in buffer (100 mM PBS, 0.1 M Nadl,
10 mM EDTA, pH 7.4) to yield SCK 18.3° A large excess of hydrox-
ylamine was employed to account for potential difficulties in per-
forming the deprotection on a large polyvalent nanostructure. The
solution was immediately assayed by Ellman’s*® method to assess
the concentration of SH groups in solution. These deprotected SCKs
were then subjected to conjugation with the complementary,
maleimido-functionalized BSA. Table 2 summarizes the results of

(b)

20 nm

2 pm

Figure 4. AFM images of micelle 15 (a) and SCK 17 (b).

the conjugation reactions and the assay results. SCK 18 had an SH
concentration of 5546 uM, which is very close to the theoretical
concentration of 58 puM, indicating good cleavage of the protecting
group. Ellman’s assay of SCK 17 before cleavage of the protective
group resulted in undetectably low concentration of SH groups.
Solutions of SCK 18 were conjugated to various ratios of tetrame-
thylrhodamine-labeled BSA 19, carrying malemido groups for
conjugation to form SCKs 20-22. The reaction was allowed to
proceed for 6 h, after which an excess of ethyl maleimide was
added to the reaction to cap any remaining free SH groups.?! After
16 h of stirring at room temperature, the reaction mixtures were
transferred to dialysis tubing and dialyzed against buffer for 7 days
to remove unconjugated BSA. In this case, dialysis tubing having
a MWCO of 100 kDa was employed and a control dialysis of BSA was
performed in parallel. The control dialysis verified that >85% of the
free BSA was removed during the dialysis process. The chromo-
phore attached to the BSA allowed for a direct characterization of
the BSA concentration by UV-vis spectroscopy. In addition, Brad-
ford assays*? were performed to quantify the protein concentration
in solution by an indirect method.

Figure 5 shows the UV-vis analysis of the prepared conjugates,
where an increasing absorption at 550 nm with increasing BSA

Thiol functional SCK

SCK-BSA conjugate

Scheme 3. Conjugation of thiol-functionalized SCKs with maleimido-functionalized
and tetramethylrhodamine-labeled BSA.
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Figure 5. UV-vis spectra of the SCK 17 and SCK-BSA conjugates 20-22.

concentration can be observed. In the case of SCK 20, the BSA
concentration was too low to accurately quantify from our cali-
bration curve. For SCK 21 and 22 the absorptions correspond to BSA
concentrations of 43 uM and 81 uM, close to the theoretical of
64 uM and 119 uM, respectively. This corresponds to a coupling
efficiency in the range of 50-60% (when accounting for removal of
only 85% of any free BSA). The SCK-BSA conjugates were also an-
alyzed using the Bradford assay (calibrated with BSA standards),*?
with comparable results.

The SCK-BSA conjugates were analyzed by TEM and DLS.
Figure 6 shows the TEM images of SCK-BSA conjugates 21 (a), and
22 (b). For all conjugations based on SCK 17, the sizes were
determined to be ca. 20nm in diameter. It is expected that
attaching a small number (~10, ~20, and ~30 nominal units per
SCK) of BSA to the SCK structure should only increase the overall
diameter of the nanoparticle slightly, since BSA is small, relative to
the SCK. In the TEM images of the conjugates prepared, a portion of
wormlike structures can be distinguished for the conjugates 20, 21,
and 22. Such structures could be a result of either particle-particle
reactions such as disulfide formation during prolonged reaction
times, or aggregation of particles due to protein-protein and/or
protein-particle interactions.

The conjugates were analyzed by DLS to assess their hydrody-
namic diameters in solution, and the results are summarized in
Table 2. The DLS experiments showed that the sizes of the nano-
particles in solution increased from ca. 20 nm to ca. 30 nm after

conjugation. In several of the DLS runs, the volume-averaged hy-
drodynamic diameter distribution was bimodal and contained
a minor component of larger structures (80-120 nm) that con-
tribute to an increase in average diameter (see Supplementary
data). Since the increase in diameter of the nanoparticle when
conjugating a small protein should be very small, we attribute
the increase of the nanoparticle diameter to the presence of the
wormlike structures that could be seen by TEM analysis. The
presence of free BSA (with a size of 2.2 nm in solution) could not be
detected in any of the samples by DLS, and is most likely too small
to be imaged by TEM at these magnifications.

3. Conclusions

A new type of thiol-functionalized SCK nanoparticle has been
developed. The SCK carrries multiple masked SH groups extended
upon a grafted PEG spacer that can be unmasked by a standard
deprotection reaction with hydroxylamine in aqueous solution. The
activation of the SH group could be quantified by standard assays,
and the SCK nanoparticle was successfully conjugated with differ-
ent ratios of BSA as a model protein through maleimide-thio me-
diated reactions with good coupling (>50%) efficiency. The
successful attachment and high coupling efficiency of BSA to the
nanoparticle was demonstrated by biochemical assays, dynamic
light scattering, and UV-vis spectroscopy. In the case of the SCK
nanoparticle carrying DOTA chelators for ®*Cu PET imaging, we
encountered precipitation of the polymer micelle that will require
further optimization of the polymer precursor before we can pro-
ceed with assessing the biodistribution of these nanoparticles. In
parallel with this work, mixed micelle preparation techniques will
be pursued in an effort to further optimize the conjugation of
peptides, proteins, and antibodies both through disulfide linkages
and thio-maleimide based couplings. Considering the cost of anti-
bodies and peptides intended for in vivo targeting, a high coupling
efficiency is a prerequisite, and can be obtained by this method-
ology. This work is the first step to develop SCK nanoparticles for
these types of couplings, and when further optimized, offers
a possibility to screen a multitude of targeting components for
a given nanoscale platform utilizing efficient and reliable conju-
gation chemistry that, thus far, has been achieved with mixed re-
sults using activated ester based couplings.

4. Experimental
4.1. Instrumentation
UV-vis spectra were acquired on a Varian Cary 1E UV-vis sys-

tem (Varian, Inc., Palo Alto, CA) using PMMA cuvettes. 'H NMR
spectra were recorded at 300 or 500 MHz as solutions in CDCls,

Figure 6. TEM images of SCK-BSA conjugates 21 (a) and 22 (b).
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CDy(Cly, CD2Cl>-TFA-d, or DMF-d; on a Varian Unity-plus 300 or
Varian Inova 500 spectrometer, respectively, with the solvent
proton signal as internal standard. Gel permeation chromatography
(GPC) was conducted on a Waters 1515 HPLC (Waters Chromato-
graphy, Inc.) equipped with a Waters 2414 differential refractometer,
and a three-column series PLge; 5 pm Mixed C, 500 A, and 10* A,
300x7.5 mm columns (Polymer Laboratories, Inc.). The system was
equilibrated at 35 °C in THF, which served as the polymer solvent
and eluent with a flow rate of 1.0 mL min~. Polymer solutions were
prepared at a known concentration (ca. 1-3 mgmL™!) and an in-
jection volume of 100 uL was used. Data collection and analysis
were performed, respectively, with Precision Acquire software and
Discovery 32 software (Precision Detectors, Inc.). The height mea-
surements (H,y) and distributions for the SCKs were determined by
tapping-mode atomic force microscopy (AFM) under ambient
conditions in air. The AFM instrumentation consisted of a Nano-
scope III BioScope system (Digital Instruments, Veeco Metrology
Group; Santa Barbara, CA) and standard silicon tips (type, OTESPA-
70; L, 160 pm; normal spring constant, 50 Nm~!:; resonance
frequency, 246-282 kHz). The sample solutions were either spin
cast from native concentration, or drop (50-100 pL) deposited onto
freshly cleaved mica and allowed to settle freely for 30 s, after
which the excess solution was removed by a filter paper and the
mica surface was allowed to dry in air. Samples for transmission
electron microscopy (TEM) measurements were diluted with a 1%
phosphotungstic acid (PTA) stain (v/v, 1:1). Carbon grids were ex-
posed to oxygen plasma treatment to increase the surface hydro-
philicity. Micrographs were collected at 100,000x magnification
and calibrated using a 41 nm polyacrylamide bead from NIST. The
number-average particle diameters (D,y) and standard deviations
were generated from the analysis of particles from at least two
different micrographs. Hydrodynamic diameters (Dy) and distri-
butions for the SCKs in aqueous solutions were determined by
dynamic light scattering (DLS). The DLS instrumentation consisted
of a Brookhaven Instruments Limited (Worcestershire, UK) system,
including a model BI-200SM goniometer, a model BI-9000AT dig-
ital correlator, a model EMI-9865 photomultiplier, and a model 95-
2 Ar ion laser (Lexel, Corp.; Farmindale, NY) operated at 514.5 nm.
Measurements were made at 2541 °C. Prior to analysis, solutions
were filtered through a 0.45 um Nylon filter, and centrifuged in
a model 5414 microfuge (Brinkman Instruments, Inc.; Westbury,
NY) for 4 min to remove dust particles. Scattered light was collected
at a fixed angle of 90°. The digital correlator was operated with 522
ratio spaced channels and initial delay of 0.1 us, a final delay
of 5.0 us, and a duration of 8 min. A photomulitplier aperture of
200 um was used, and the incident laser intensity was adjusted
to obtain a photon counting of 200 kcps. Only measurements in
which the measured and calculated baselines of the intensity au-
tocorrelation function agreed to within 0.1% were used to calculate
particle size. Particle size distributions were performed with the
ISDA software package (Brookhaven Instruments Company), which
employed single-exponential fitting, cumulants analysis, and non-
negatively constrained least-squares particle size distribution
analysis routines.

4.2. Materials

Polymerizations were performed on a double manifold
(0.1 mmHg vacuum, 99.99% N,), with glassware and syringes that
were dried in an oven (100 °C) for at least 1 h, and with syringes that
were washed with N (3x), prior to use. Styrene (99%), and tert-butyl
acrylate (t-BA, 99%) were received from Sigma-Aldrich Company (St.
Louis, MO) and distilled from calcium hydride, and stored under N,
prior to use. Trifluoroacetic acid (TFA; 95%; Aldrich), 2,2’-(ethyl-
enedioxy)-bis(ethylamine) (97%; Aldrich), 1-(3’-dimethylamino-
propyl)-3-ethylcarbodiimide methiodide (EDCI; 98%; Aldrich),

NH,-PEG-NH; (Aldrich), and tetramethylrhodamine functional BSA
(Aldrich) were used as received. Sulfosuccinimidyl-4-(N-male-
imidomethyl) cyclohexane-1-carboxylate (Sulfo-SMCC), Commas-
sie Plus (Bradford) assay kit, 2,4,6,-trinitrobenzene sulfonic acid
(TNBS), Ellman’s reagent, and Zeba desalting columns were obtained
from Pierce. N-Succinimidyl-S-acetylthiohexanionate (SATH) (1),43
(S-1-dodecyl-S'-(a,0/-dimethyl-o-acetic acid)trithiocarbonate)
(DDMAT) (2),%* and Boc-protected DOTA-lysine (3)!%17 were syn-
thesized as reported previously. Spectra/Por membrane tubes were
purchased from Spectrum Medical Industries, Inc. and were used for
dialysis. Nanopure water (18 MQ cm) was acquired by means of
a Milli-Q water filtration system (Millipore Corp.). All other reagents
were obtained from Sigma-Aldirch and used as received. Flash
column chromatography was performed using 32-63 D 60 A silica
gel from ICN SiliTech (ICN Biomedicals GmbH, Eschwege, Germany).
Ellman’s assay calibration curve was constructed using cysteine in
aqueous buffer (100 mM PBS, 0.1 M NaCl, 10 mM EDTA, pH 7.4) at
412 nm.*9 TNBS assay calibration curve was constructed using lysine
in aqueous buffer (0.1 M NaHCOs buffer, pH 8.3) at 335 nm.*>6
Commaisse plus (Bradford) assay calibration curves were con-
structed using BSA in aqueous buffer (5 mM PBS, 5 mM NaCl, pH 7.4)
at 595 nm.*? Absorption-concentration plots for tetramethylrhod-
amine functional BSA were constructed in aqueous buffer (5 mM
PBS, 5 mM NaCl, pH 7.4) at 595 nm and 550 nm.

4.3. Synthesis

4.3.1. Preparation of the PtBA (4)

A flame-dried 50 mL Schlenk flask equipped with a magnetic
stir bar was charged with DDMAT 2 (0.28 g, 0.78 mmol), t-BA
(10.0g, 78.1 mmol), AIBN (6.4 mg, 39 umol), and 2-butanone
(10.0 g, 139 mmol). The flask was sealed with a rubber septum and
stirred for 10 min at room temperature to ensure a homogeneous
mixing. The reaction mixture was degassed by several freeze-
pump-thaw cycles (>3), after which the flask was allowed to return
to room temperature and was stirred for an additional 10 min. The
flask was then immersed into a pre-heated oil bath at 70 °C to start
the polymerization. The polymerization was monitored by ana-
lyzing aliquots collected at pre-determined times by 'H NMR
spectroscopy. As the expected monomer conversion was reached,
after ca. 2 h, the polymerization was quenched by quick immersion
of the reaction flask into liquid N,. THF (15 mL) was added to the
reaction flask and the polymer was purified by precipitation into 2 L
of a methanol/ice mixture thrice. The precipitants were collected
and dried under vacuum overnight to afford 4 (5.5 g, yield 91%,
conversion 60%) as a yellow powder. '"H NMR: M,=8700 Da. GPC:
Mp=6400 Da, My,=7000 Da, PDI=1.09. '"H NMR (CDCl3): 6 0.87 (m,
CH3CH,-), 1.20-1.85 (br, -CHCH,~- of the polymer backbone, alkyl
chain of initiator, and HOOCC(CH3),-), 1.30-1.61 (br, CH5C), 2.13-
2.38 (br, -CHCHy- of the polymer backbone), 3.25-3.38 (br,
-SCSCH;-), 4.62-4.72 (br, -CH,CHS) ppm.

4.3.2. Preparation of PtBA-b-PS (5)

A flame-dried 50 mL Schlenk flask equipped with a magnetic
stir bar was charged with PtBA 4 (4.0 g, 0.46 mmol), styrene (9.56 g,
91.9 mmol), AIBN (3.8 mg, 23 pmol), and 1,4-dioxane (9.56 g,
109 mmol). The flask was sealed with a rubber septum and stirred
for 10 min at room temperature to ensure a homogeneous mixing.
The reaction mixture was degassed by several freeze-pump-thaw
cycles (>3), after which the flask was allowed to return to room
temperature and was stirred for an additional 10 min. The flask was
then immersed into a pre-heated oil bath at 60 °C to start the po-
lymerization. The polymerization was monitored by analyzing ali-
quots collected at pre-determined times by 'H NMR spectroscopy.
As the expected monomer conversion was reached, after ca. 38 h,
the polymerization was quenched by quick immersion of the
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reaction flask into liquid N». THF (15 mL) was added to the reaction
flask and the polymer was purified by precipitation into 2 L of
a methanol thrice. The precipitants were collected and dried under
vacuum overnight to afford 5 (5.3 g, yield 74%, conversion 33%) as
a yellow powder. TH NMR: M,=16,100 Da. GPC: M,=11,000 Da,
My=11,700 Da, PDI=1.10. 'TH NMR (CDCls): 6 0.87 (m, CH3CH,-),
1.20-1.85 (br, —-CHCH,- of the polymer backbone, alkyl chain of
initiator, and HOOCC(CH3);-), 1.30-1.61 (br, CH3C), 2.13-2.38 (br,
—CHCH,- of the polymer backbone), 3.25-3.38 (br, -SCSCH>-),
4.62-4.72 (br, -CH,CHS), 6.32-7.21 (br, Ar-H) ppm.

4.3.3. Preparation of PAA-b-PS (6): general procedure for TFA
deprotection of the polymers

A flame-dried 100 mL round bottom flask equipped with a mag-
netic stir bar was charged with PtBA-b-PS 5 (4.8 g, 300 pmol) and
50 mL of dichloromethane (50 mL). TFA (30 mL) was added to the
stirred solution and the reaction mixture was stirred for 20 hatroom
temperature, after which the solvent was removed under vacuum.
The crude product was resuspended in THF (15 mL) and transferred
to a presoaked dialysis tubing (MWCO ca. 6000-8000 Da), and di-
alyzed against nanopure H,O for 4 days, to remove all of the impu-
rities, after which the solution was lyophilized to yield polymer 6 as
a yellowish solid (3.68 g, 97%). 'H NMR: M,=12,500 Da. 'H NMR
(CDCl3+0.05% TFA-d1): 6 0.85 (m, CH3CH;-), 1.21-1.87 (br, -CHCH,-
ofthe polymer backbone, alkyl chain of initiator,and HOOCC(CHs3 ),-),
2.10-2.41 (br, -CHCH,- of the polymer backbone), 3.22-3.36 (br,
-SCSCH,-), 4.61-4.73 (br, -CH,CHS), 6.31-7.27 (br, Ar-H) ppm.

4.3.4. Preparation Boc-NH-PEG-NH, (7)

A flame-dried 50 mL round bottom flask equipped with a mag-
netic stir bar was charged with 1.5 kDa diamino PEG (4.3 g,
2.9 mmol), 4-dimethylaminopyridine (105 mg, 0.86 mmol), triethyl
amine (870 mg, 8.61 mmol), and 25 mL of CH,Cl,. The solution was
stirred at 0 °C and Boc-anhydride (0.751 mg, 3.44 mmol) in 2 mL of
CH,Cl, was added to the reaction mixture. The reaction mixture
was stirred for 20 h, after which the solution was concentrated
under vacuum, resuspended in 10 mL of CH,Cl, and the polymer
was purified by precipitation at —10 °C into 150 mL of a diethyl
ether/hexane mixture (3:1) thrice. The precipitants were collected
by centrifugation and washed with additional cold diethyl ether
and finally dried under vacuum. The polymer was further purified
by flash chromatography on silica gel eluting with 500 mL of
CH,Cl,, 500 mL of methanol/CH;Cl; (5:95), and 1L of methanol/
CHCl; (7.5:92.5) to yield polymer 7 (400 mg, 9%) as a sticky solid.
TLC (silica) methanol/CH,Cl, (12.5:87.5) Rg 0.31. 'H NMR:
Mp=1600Da. 'H NMR (DMSO-dg): 6 1.37 (s, —-CCH3), 1.58 (m,
CH,CH,CHy), 2.56 (t, NHyCH,-), 3.40-3.61 (br, -CH,CH>-,
-CH>CH,0-, and -CH,CH,0-) ppm.

4.3.5. Preparation of PAA-g-(CONH-PEG-NH-Boc)-b-PS (8):
general procedure for amidation of the polymer

Aflame-dried 10 mLround bottom flask equipped with a magnetic
stir bar was charged with polymer 5 (100 mg, 8 pumol)and 5 mL of dry
DMF. To the stirred solution HOBt (10.8 mg, 80 umol) and EDCI
(15.5 mg, 80 umol) were added and the reaction was left to proceed
for 1 h, after which a solution of polymer 7 (90 mg, 56 pwmol, 7 equiv)
dissolved in 1 mL of DMF was added. The reaction mixture was further
stirred for 20 h at room temperature before being transferred to
a presoaked dialysis tubing (MWCO ca. 6000-8000 Da), and dialyzed
against nanopure H5O for 4 days, to remove all of the impurities and
afford polymer 8 as a white solid after lyophilization (136 mg, 81%, 5
PEG/polymer chain, 71% coupling efficiency). '"H NMR: M,=21,000 Da.
TH NMR (DMSO-dg): 6 0.83 (m, CH3CH,-), 1.21-1.87 (br, -CHCH;- of
the polymer backbone, alkyl chain of initiator, and HOOCC(CH3),-),
1.37 (s, -CCH3) 2.10-2.41 (br, -CHCH,- of the polymer backbone),
3.41-3.52 (br, -OCH,CH,0-), 6.48-7.31 (br, Ar-H) ppm.

4.3.6. Preparation of PAA-g-(CONH-lysine-DOTA-Boc)-b-PS (9)

Polymer 6 (200 mg, 16 pmol), Boc-DOTA-lysine 3 (78.3 mg,
112 pumol, 7 equiv), HOBt (17.3 mg, 128 umol), and EDCI (24.5 mg,
128 pmol) were allowed to undergo reaction according to the
general procedure (Section 4.3.5) outlined for amidation of
polymers to yield polymer 9 after dialysis and lyophilization
(272 mg, 96%, 5 DOTA-lysine/polymer chain, 71% coupling effi-
ciency). '"H NMR: M,=17,700 Da. '"H NMR (DMF-d;): 6 0.86 (m,
CH3CH3-), 1.08 (br, —-CH>- of lysine) 1.21-1.87 (br, —-CHCH>- of the
polymer backbone, alkyl chain of initiator, and HOOCC(CH3),-),
147 (s, -CCH3 DOTA), 2.10-2.41 (br, -CHCH,- of the polymer
backbone), 2.45-2.61 and 3.42-4.12 (br, DOTA), 6.49-7.32 (br, Ar-
H) ppm.

4.3.7. Preparation of PAA-g-(CONH-lysine-DOTA-Boc)-g-(CONH-
PEG-NH-Boc)-b-PS (10)

Polymer 9 (200 mg, 11.3 umol), polymer 7 (127 mg, 79 pmol,
7 equiv), HOBt (15.3 mg, 113 umol), and EDCI (21.7 mg, 113 pmol)
were allowed to undergo reaction according to the general pro-
cedure (Section 4.3.5) outlined for amidation of polymers to yield
polymer 10 after dialysis and lyophilization (256 mg, 78%, 4 PEG/
polymer chain, 57% coupling efficiency). '"H NMR: M;=23,900 Da.
TH NMR (DMF-d5): 6 0.86 (m, CH3CH5-), 1.08 (br, -CH>- of lysine)
1.21-1.87 (br, -CHCH;- of the polymer backbone, alkyl chain of
initiator, and HOOCC(CH3),-), 1.40 (s, -CCH3 of PEG), 1.47 (s, -CCH3
DOTA), 2.10-2.41 (br, -CHCH,- of the polymer backbone), 2.45-
2.61 and 3.42-4.12 (br, DOTA) and (br, -CH,CH,0-), 6.49-7.32 (br,
Ar-H) ppm.

4.3.8. Preparation of PAA-g-(CONH-PEG-NH;)-b-PS (11)

Polymer 8 (120 mg, 5.7 pmol) and TFA (3 mL) were allowed to
react in CH,Cly (5 mL) according to the general procedure (Sec-
tion 4.3.3) outlined for TFA deprotection of polymers to yield
polymer 11 after dialysis and lyophilization (85 mg, 72%). 'H
NMR: M,=20,500 Da. 'H NMR (DMSO-ds): ¢ 0.83 (m, CH3CH;-),
1.11-1.97 (br, -CHCH,- of the polymer backbone, alkyl chain of
initiator, and HOOCC(CH3);-), 2.10-2.41 (br, -CHCH,- of the
polymer backbone), 3.47-3.53 (br, -OCH,CH,0-), 6.47-7.25 (br,
Ar-H) ppm.

4.3.9. Preparation of PAA-g-(CONH-lysine-DOTA-COOH)-g-
(CONH-PEG-NH)-b-PS (12)

Polymer 10 (220 mg, 9.2 pmol) and TFA (4 mL) were allowed to
react in CH,Cl, (6 mL) according to the general procedure (Section
4.3.3) outlined for TFA deprotection of polymers to yield polymer
12 after dialysis and lyophilization (191 mg, 88%). 'H NMR:
Mp=23,500 Da. 'H NMR (DMF-d;): 6 0.88 (m, CH3CH>-), 1.28 (br,
—-CHjy- of lysine) 1.21-2.00 (br, -CHCH,- of the polymer backbone,
alkyl chain of initiator, and HOOCC(CH3);-), 2.10-2.41 (br, -CHCH,-
of the polymer backbone), 2.45-2.61 and 3.42-4.12 (br, DOTA) and
(br, -CH,CH,0-), 6.42-7.41 (br, Ar-H) ppm.

4.3.10. Preparation of PAA-g-(CONH-PEG-NHCO-CsH19-SCOCH3)-
b-PS (13): general procedure for the introduction of masked SH
groups

Polymer 11 (80 mg, 3.9 umol), and SATH 1 (28 mg, 98 umol,
5 equiv/NH;) were reacted in dry DMF (5 mL) for 24 h at room
temperature before being transferred to a presoaked dialysis tubing
(MWCO ca. 6000-8000 Da), and dialyzed against nanopure H»O for
4 days, to remove all of the impurities and afford polymer 13 as
a white solid after lyophilization (68 mg, 82%). 'H NMR:
Mp=21,300 Da. '"H NMR (DMSO-dg): 6 0.83 (m, CH3CH,-), 1.08-2.01
(br, -CHCH>- of the polymer backbone, alkyl chain of initiator, and
HOOCC(CH3)3-), 2.15-2.29 (br, —-CHCH;- of the polymer backbone),
2.32 (s, -SCOCH3), 2.71-2.79 (br, -CH,S), 3.47-3.53 (br, —-OCH,-
CH,0-), 6.47-7.25 (br, Ar-H) ppm.
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4.3.11. Preparation of PAA-g-(CONH-Ilysine-DOTA-COOH)-g-
(CONH-PEG-NHCO-CsH19-SCOCH3)-b-PS (14)

Polymer 12 (160 mg, 6.8 umol), and SATH 1 (49 mg, 170 umol,
5 equiv/NH;) were reacted according to the general procedure
outlined in Section 4.3.10 to afford polymer 14 as a white solid after
lyophilization (158 mg, 95%,). 'H NMR: M,=24,300 Da. 'TH NMR
(DMF-d7): 6 0.84 (m, CH3CHy-), 1.10-1.14 (br, -CH,- of lysine) 1.21-
2.00 (br, -CHCH,- of the polymer backbone, alkyl chain of initiator,
and HOOCC(CH3),-), 2.10-2.31 (br, —-CHCH;- of the polymer back-
bone), 2.45-2.61 and 3.38-4.20 (br, DOTA) and (br, -CH,CH,0-),
2.72-2.81 (br, —CH,S), 6.24-7.52 (br, Ar-H) ppm.

4.3.12. General procedure for the preparation of the micelles (15)

To a solution of PAA-g-(CONH-PEG-NHCO-CsH19-SCOCH3)-b-
PS diblock copolymer 13, in DMF (30 mg, 1.0 mgmL™!), an equal
volume of nanopure H,0 was added dropwise via a syringe pump
over the course of 3 h. The reaction mixture was further stirred ca.
16 h at room temperature before being transferred to presoaked
dialysis tubing (MWCO ca. 6000-8000 Da), and dialyzed against
nanopure H,O for 4 days, to afford a micelle solution 15, with the
final polymer concentration of 0.255mgmL~".  (Dp)n
(DLS)=21+2 nm; (Dp)yor (DLS)=2944 nm; D,y (TEM)=1843 nm;
Hay (AFM)=18=+2 nm.

4.3.13. Preparation of micelle (16)

Polymer 14 was assembled into micelle 16 according to the
general procedure (2.3.12), at a final concentration of
0.247 mgmL~L (Dp)n (DLS)=25+3 nm; (Dn)vel (DLS)=38+5 nm.
Micelle 15 was not stable in solution and precipitated over a course
of 10 days, prohibiting accurate AFM and TEM imaging.

4.3.14. General procedure for the preparation of the SCKs (17)

A solution of 2,2’-(ethylenedioxy)bis(ethylamine) in nanopure
H;0 (ca. 1.0 mg mL~!, nominal 50% crosslinking, 6.4 mg, 72 pmol)
was added dropwise over 15 min to a solution of micelle 15 in
nanopure H,0 (30 mL, 0.255 mg mL~! polymer concentration). The
reaction mixture was stirred for ca. 1 h at room temperature. To this
solution, a solution of 1-[3'-(dimethylamino)propyl]-3-ethyl-
carbodiimide methiodide in nanopure H,0 (10.8 mg, 73 pmol) was
added dropwise via syringe pump over 15 min. The reaction mix-
ture was further stirred 20 h at room temperature before being
transferred to presoaked dialysis tubing (MWCO ca. 6000-
8000 Da), and dialyzed against buffer (100 mM PBS, 0.1 M NadCl,
10 mM EDTA, pH 7.4) for 4 days, to remove all of the impurities and
afford the SCK solution 17 with a final concentration of
0.249 mg mL~ . (Dp)y (DLS)=2145 nm; (Dp)vol (DLS)=2946 nm; Day
(TEM)=16+3 nm; Hay (AFM)=14£2 nm.

4.3.15. General procedure for the deprotection of the SCKs (18)

Hydroxylamine hydrochloride (500 pL, 0.5 M) in aqueous buffer
(100 mM PBS, 0.1 M NaCl, 10 mM EDTA, pH 7.4) was added to
a stirred solution of 10 mL of SCK 17 suspended in buffer (100 mM
PBS, 0.1 M NaCl, 10 mM EDTA, pH 7.4) and stirred for 3 h at room
temperature. The solution was assayed by Ellman’s method
resulting in a concentration of 5546 uM [HS], theoretical concen-
tration of 58 uM [HS], after which the coupling of maleimido-BSA
(mal-BSA) was performed immediately.

4.3.16. SMCC-modification of tetramethylrhodamine functional
BSA (19)

A flame-dried 10 mL vial equipped with a magnetic stir bar was
charged with tetramethylrhodamine-BSA (7.2 mg, 0.109 umol) and
2 mL buffer (100 mM PBS, 0.1 M NaCl, 10 mM EDTA, pH 7.4). To the
stirred solution, 200 puL of sulfo-SMCC suspended in DMF
(3.57 mg mL~") was added. The reaction was allowed to proceed for
2 h after which the solution was purified on a Zeba desalting

column preconditioned in buffer (100 mM PBS, 0.1 M NacCl, 10 mM
EDTA, pH 7.4) and immediately lyophilized to afford maleimido-
functionalized BSA 19 (5.28 mg) as a pink solid. The degree of
modification was assayed by TNBS, determining that 27% of the NH;
groups of the BSA had been replaced by maleimido groups. (Dp),
(DLS)=2.2+0.7 nm; (Dp)vor (DLS)=2.320.1 nm.

4.3.17. General procedure for the functionalization of the SCK with
BSA (20)

BSA-maleimide (300 pL, 1.65 mgmL~), 10 equiv per SCK) sus-
pended in buffer (100 mM PBS, 0.1 M NaCl, 10 mM EDTA, pH 7.4)
was added to a stirred solution of SCK 19 (10 mL, 0.249 mg mL™!)
suspended in buffer (100 mM PBS, 0.1 M NaCl, 10 mM EDTA, pH
7.4). The reaction was allowed to proceed for 6 h, after which the
reaction was quenched by the addition of N-ethyl maleimide
(0.77 mg, 10 equiv per SH group suspended in DMSO). The solution
was thereafter stirred for 16 h before being transferred to pre-
soaked dialysis tubing (MWCO ca. 100 kDa), and dialyzed against
buffer (5 mM PBS, 5 mM NaCl, pH 7.4) for 7 days, to remove un-
conjugated BSA and small molecule impurities and afford the pink
SCK solution 20. (Dy); (DLS)=31+3 nm; (Dp)vol (DLS)=50+7 nm
(bimodal); D,y (TEM)=20+2 nm. BSA determination by Commassie
(Bradford) assay resulted in a BSA concentration of 20+8 ug mL™1;
theoretical BSA concentration of 32 pg mL~ . BSA determination by
UV-vis spectroscopy (550 nm tetramethylrhodamine) gave a con-
centration of ~6 ugmL~! (below accurate calibration); theoretical
BSA concentration of 32 pgmL™ .

4.3.18. BSA conjugation (21)

BSA-maleimide (600 pL, 1.65 mgmL~", 20 equiv per SCK) and
SCK 18 (10 mL, 0.249 mgmL~') were reacted according to the
general procedure outlined in Section 4.3.17 to afford SCK 21. (Dy),
(DLS)=324+5nm; (Dp)yoi (DLS)=47+6nm (bimodal); D,y
(TEM)=20+3 nm. BSA determination by Commassie (Bradford)
assay resulted in a BSA concentration of 3748 g mL~'; theoretical
BSA concentration of 64 pgmL~!. BSA determination by UV-vis
spectroscopy (550 nm tetramethylrhodamine) gave a concentra-
tion of 43 pg mL~!; theoretical BSA concentration of 64 pg mL™".

4.3.19. BSA conjugation (22)

BSA-maleimide (903 pL, 1.65 mgmL~', 30 equiv per SCK) and
SCK 18 (10 mL, 0.249 mgmL~') were reacted according to the
general procedure outlined in Section 4.3.17 to afford SCK 22.
(Dn)n (DLS)=28+3 nm; (Dp)yol (DLS)=42+4 nm (bimodal); D,y
(TEM)=204+3 nm. BSA determination by Commassie (Bradford)
assay resulted in a BSA concentration of 8548 pgmL~!; theo-
retical BSA concentration of 119 pgmL~". BSA determination by
UV-vis spectroscopy (550 nm tetramethylrhodamine) gave a
concentration of 81 ugmL~!; theoretical BSA concentration of
119 pgmL~ 1
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