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Abstract

Here we report on the preparation of well defined water-soluble poly(2-methyl-2-oxazoline) and poly(2-ethyl-2-oxazoline) terminally equipped
with a chelator (N,N',N” ,N"-tetraazacylododecane-1,4,7,10-tetraacetic acid (DOTA)) for radionuclide labeling. The tissue distribution and
excretion of ''In-labeled poly(2-alkyl-2-oxazoline)s were studied in mice. We found that the hydrophilic polymers do not accumulate in tissues
and are rapidly cleared from the blood pool, predominantly by glomerular filtration in the kidneys. In contrast only a small fraction is excreted via
the hepatobiliary tract. Only minimal amounts of poly(2-alkyl-2-oxazoline)s are taken up by the reticuloendothelial system (RES). Scintigraphic
studies revealed the feasibility of in vivo imaging of '''In-labeled poly(2-oxazoline)s. Since additional functionalities for targeting can readily be
introduced into poly(2-oxazoline)s via functional monomer units, these compounds fulfill fundamental requirements for an application as carrier

molecules in radionuclide therapy.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The development of tumor-specific targeting compounds is a
central aim of modern oncology. A prerequisite for specific
tumor targeting is the generation of appropriate carriers for anti-
tumor drugs. Already in 1975 Ringsdorf [1] suggested a
polymer-based carrier system which should be chemically well
defined, water soluble and biocompatible. Compared to the use
of low molar mass compounds the ‘polymer approach’ has
various advantages as specificity and avidity of the drug
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conjugate can be easily modified. Multi-functional polymers for
conjugation with several copies of targeting molecules, drugs or
radionuclides can be synthesized in a single polymerization
reaction, whereas multi-functional, low molar mass compounds
typically require a multi-step reaction. Moreover, it was found
that polymer-conjugates of cytotoxic drugs such as doxorubicin
show dramatically reduced unspecific toxicity and improved
bioavailability [2]. In this context, the conjugation of drugs to
the hydrophilic poly(ethylene glycol) (PEG) is the most
prominent example (PEGylation) [3]. PEG is synthesized via
living anionic polymerization and is therefore highly defined in
terms of targeted molar mass and molar mass distribution.
However, the functionalization of PEG is limited to the two
chain ends and multiple functionalization is only possible with
branched or dendritic PEG derivatives [4,5].

A potential alternative to PEG is poly(2-oxazoline) (POx).
Just like PEG, POx with a methyl- or ethyl-side chain are highly
water-soluble and some conclusive studies report a good bio-
compatibility of this class of polymers [6]. Studies on POx
grafted liposomes and micelles [7—9] did not report any adverse
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effects of the polymer in animal models and suggest that POx
behave similar to PEG for this type of conjugates (stealth
liposomes). POx is synthesized via living cationic polymeriza-
tion and can be synthesized with the same structural definition.
Typically, the polydispersity (PDI) is low (M,,/M,,~ 1.2) and the
chain termini can be functionalized via the termination [10—16]
or initiation method [10,11,17-22].

In contrast to PEG, POx can be easily equipped with side
chain functionalities to modify the solubility (e.g. longer n-
alkyl chains) or with chemical functions to allow coupling of
targeting moieties such as peptidic motifs. Additional to the
already existing functions such as hydroxyl- [23,24], phenyl-
[25], carboxyl- [23,26], carbazol-functionalities [27,28], iodo-
aryl- [29], bipyridyl- [30,31], as well as furan- and maleimide
modifications [32], we introduced recently the aldehyde [33],
alkyne [10] and amine [34] functionalities.

Despite their interesting characteristics and their chemical
variability only one study about the biodistribution of POx
in vivo has been published. Goddard et al. [6] reported on the
synthesis and biodistribution studies of a radiolabeled poly[(2-
methyl-2-oxazoline)-co-(2-(4-hydroxyphenyl)-2-oxazoline)]
(PMOx-co-HphOx) polymer in mice. After injection, signifi-
cant tracer accumulation was only found in samples of skin and
muscle tissue. Especially, the low accumulation of the polymer
in the reticuloendothelial system (RES), in liver and spleen
would make POx a potential candidate for an application in
radionuclide therapy.

However, the defined synthesis of the PMOx-co-HphOx
copolymer seemed to be difficult and polymers with broad
molar mass distributions were obtained, hence post polymer-
ization fractionation had to be used to reduce the polydispersity
of the polymer for biodistribution studies. This might be attri-
buted to the 4-hydroxyphenyl-2-oxazoline comonomer which
interferes with the living cationic polymerization (i.e. cross-
linking, termination reaction). Thus, a more defined synthesis of
radiolabeled hydrophilic POx is needed in order to investigate
the biodistribution of this promising polymer class.

A first step to develop tumor-targeting devices with POx
carriers could be the defined synthesis of POx-polymers
conjugated with N,N',N” . N""-tetraazacylododecane-1,4,7,10-tetra-
acetic acid (DOTA), a common chelator for various diagnos-
tically or therapeutically used radionuclides such as '''In
and *°Y [35-39].

Here we report the synthesis of well defined water-soluble
POx, its conjugation with DOTA at the chain end and labeling
of these constructs with '''In. The in vivo biodistribution of
this construct as well as its excretion was investigated in mice.

2. Materials and methods
2.1. Chemicals and methods

All substances were purchased from Sigma-Aldrich (Munich,
Germany) and were used as received unless otherwise stated.
Methyl trifluoromethylsulfonate (MeOTf), 2-methyl-2-oxazo-
line (MOx), 2-ethyl-2-oxazoline (EOx), acetonitrile (ACN) for
polymer preparation and other solvents were dried by refluxing

over CaH, under a dry nitrogen atmosphere and subse-
quent distillation prior to use. 2-(4-Isothiocyanatobenzyl)-N,N’,
N" N"-tetraazacylododecane-1,4,7,10-tetraacetic acidx3.5 HCI
(p-SCN-Bn-DOTA) was purchased from Macrocyclics Inc.
(Dallas, TX, US) and used as received.

NMR spectra were recorded on a Bruker ARX 300 ('H:
300.13 MHz) or a Bruker AC 250 ('H: 250.13 MHz) at room
temperature. The spectra were calibrated using the solvent
signals (CDCl;y 7.26 ppm, D,O 4.67 ppm). Gel permeation
chromatography (GPC) was performed on a Waters system
(pump mod. 510, RI-detector mod. 410, precolumn PLgel
and two PL Resipore columns (3 pm, 300% 7.5 mm)) with N,
N-dimethyl acetamide (DMAc) (75 mmol/L LiBr, 7=80 °C,
1 mL/min) as eluent and calibrated against polystyrene stand-
ards. HPLC was performed on a HP1100 series with water
(0.1% TFA, solvent A) and ACN (0.1% TFA, solvent B) as the
mobile and Nucleosil 100 RP-18 as the stationary phase.

MALDI-TOF mass spectrometry was performed on a
Bruker-Daltonic, Ultraflex TOF/TOF system using a dithranol
matrix. The samples were prepared from a chloroform solution
(c=0.5 mg/mL). Detection was made in linear as well as re-
flection mode. Otherwise, the sample preparation and data
accumulation was performed according to [11].

2.2. Animals

Female 7-8 week old CD1 mice (Charles River, Germany)
were used for in vivo studies. The animals were given access
to food and water ad libitum. Animal studies were conducted
according to the guidelines of the ethical board of the TU
Miinchen.

2.3. Preparation of amine terminated poly(2-oxazoline)s

2.3.1. Poly(2-methyl-2-oxazoline)-N-tert.-butyloxycarbonylpi-
perazine, PMOx  3BocPip

PMOx43BocPip was prepared by living cationic polymeri-
zation of the monomer 2-methyl-2-oxazoline (1.56 g,
18.3 mmol, 48 eq) and with 63 mg of the initiator methyl
trifluoromethylsulfonate (methyl triflate, MeOTf) (0.38 mmol,
1 eq) dissolved in 10 mL acetonitrile (ACN) at 0 °C. After
polymerization for 3 days at 85 °C, the reaction mixture was
again cooled to 0 °C (ice bath) and 188 mg N-tert.-butyl-
oxycarbonylpiperazine (N-Boc-piperazine) (1.0 mmol, 2.7 eq)
dissolved in 750 pL ACN were added for termination of the
polymerization. After stirring at room temperature (rt) for 4 h, a
spatula’s tip of finely ground anhydrous potassium carbonate
was added. After 3 days stirring at rt the solvent was removed
under reduced pressure and the residue was dissolved in 20 mL
of 3:1 (v/v) mixture of chloroform and methanol (MeOH). After
filtration, the polymer product was precipitated in 300 mL cold
diethylether. By lyophylization, the product was obtained as a
colorless solid (1.37 g, 84%). My(theo.)=4285 g/mol. "H NMR
(D,0, 300 MHz): §=3.45 (br, 240H, N-CH,—CH,—-N), 2.98/
2.84 (br, 3H, CH5—N), 2.00 (br, 180H, N-CO—CH3), 1.37 ppm
(s, 9H, C(CH3);). GPC: M,=6580 g/mol, PDI=1.16. HPLC:
10%B — 100%B (30 min): #,=10.2 min.
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2.3.2. Poly(2-ethyl-2-oxazoline)-N-tert.-butyloxycarbonylpi-
perazine, PEOx ;3BocPip

PEOx43BocPip was prepared with the same procedure as
described above, using 1.003 g 2-ethyl-2-oxazoline (10.1 mmol,
43 eq), 39 mg MeOTf (0.24 mmol, 1 eq) and 125 mg N-Boc-
piperazine (0.67 mmol, 2.8 eq) in 9 mL ACN. The product
was obtained as a colorless solid (0.94 g, 88%). M,(theo.)=
4463 g/mol. "H NMR (CDCls, 300 MHz): 6=3.39 (br, 222H,
N-CH,—CH,—N), 2.96/2.90 (br, 3H, CH3—-N), 2.34 (br, 124H,
N-CO-CH,—CH3), 1.39 (s, 9H, C(CHz);), 1.06 ppm (br, 170H,
N-CO-CH,—CH3;). GPC: M,,=6230 g/mol, PDI=1.15. HPLC:
10%B — 100%B (30 min): #,=16.1 min.

2.3.3. Poly(2-methyl-2-oxazoline)-piperazine, PMOx ,4Pip

Deprotection of the secondary amine at the chain end was
performed as recently described [40]. PMOx4gBocPip (169 mg,
39 umol) was dissolved in 1.8 mL of a 95/2.5/2.5 trifluoroacetic
acid (TFA)/H,O/triisobutylsilane (TIBS) (v/v/v) mixture and
was left stirring for 40 min. Subsequently 2 mL MeOH and
1 mL CHCl; were added and the product was precipitated from
45 mL cold diethylether. After lyophylization 109 mg of a
colorless solid was obtained (66%). M,(theo.)=4185 g/mol. 'H
NMR: (CDCls, 300 MHz): 6=3.40 (br, 240H, N-CH,—CH,—
N), 2.98 (br, 3H, CH3—N), 2.08 pmm (br, 183H, N-CO—-CHs).
GPC: M,=6360 g/mol, PDI=1.22. HPLC: 10%B — 100%B
(30 min): £,=9.1 min.

2.3.4. Poly(2-ethyl-2-oxazoline)-piperazine, PEOx 43Pip

Accordingly, PEOx43BocPip (0.21 g, 47 umol) was depro-
tected and the product PEOx43Pip was obtained after lyophyliza-
tion as a colorless solid (0.18 g, 88%). M,(theo.)=4363 g/mol.
'"H NMR (CDCl;, 300 MHz): 6=3.38 (br, 222H, N—CH,—
CH,—N), 2.95/2.89 (br, 3H, CH3—N), 2.33 (br, 121H, N-CO—
CH,—CH3), 1.04 ppm (br, 168H, N-CO-CH,—CH;). GPC:
M,=6670 g/mol, PDI=1.18 HPLC: 10%B — 100%B (30 min):
t,=14.8 min.

2.4. Attachment of radionuclide chelator to poly(2-oxazoline)s

2.4.1. Poly(2-methyl-2-oxazoline)-piperazine-thiouryl-p-ben-
zyl-1,4,7,10-tetraazacyclododecane-N',N",N",N"" -tetraacetic
acid, PMOx ,4PipDOTA

For preparation of PMOx,gPipDOTA, PMOx,gPip (15 mg,
3.57 umol, 1 eq) and 5.1 mg 2-(4-isothiocyanatobenzyl)-
1,4,7,10-tetraazacyclododecane-1,4,7,10,tetraacetic acid (p-
SCN-Bn-DOTA) (7.3 umol, 2 eq) were dissolved in 500 pL
MeOH and approximately 10 mg dry K,COs was added. After
3 days at rt, the solvent was removed by a stream of nitrogen.
The residual was collected with 1 mL of water and the product
was purified by gel filtration (Sephadex G25, 3 g). The product
was obtained by lyophylization as a colorless solid (10.2 mg,
60%). M,(theo.)=4751 g/mol '"H NMR (D,0O, 250 MHz):
0="7.22/7.14 (br, 3H, Ar—H), 3.87 (br, 3H, CH,—~COOH), 3.47
(br, 223H, N—-CH,—CH,—N"°%), 3.16 (br, 10H, N-CH,~CH,—
NPOTAY " 2.96/2.84 (br, 3H, CH;—N), 2.62 (br, 5H, CH5P),
2.00 ppm (br, 161H, N-CO—CH;). HPLC: 10%B— 100%B
(30 min): £.=9.2 min.

2.4.2. Poly(2-ethyl-2-oxazoline)-piperazine-thiouryl-p-benzyl-
1,4,7,10-tetraazacyclododecane-N',N",N" ,N""-tetraacetic acid,
PEOx ;3PipDOTA

PEOx4;PipDOTA was prepared accordingly, using 15.7 mg
(3.6 pmol, 1 eq) PEOx43Pip and 5.7 mg (8.2 umol, 2.3 eq) p-
SCN-Bn-DOTA. Yield: 11 mg (62%) M,(theo.)=4928 g/mol. 'H
NMR (D0, 250 MHz): 6=7.26/7.16 (br, 4H, Ar—H), 3.95 (br,
8H, CH,—COOH), 3.47 (br, 232H, N—CH,—CH>—N"9%), 3.2 (br,
18H, N—CH,—CH,~NP°™),3.01/2.88 (br, 3H, CH;-N), 2.67
(br, 8H, CH5™), 2.32 (br, 119H, N-CO-CH,—CHj3), 1.02 ppm
(br, 180H, N-CO-CH,-CH;). HPLC: 10%B—100%B
(30 min): z,=14.5 min.

2.5. Chelation of "' In to PMOx 4,5PipDOTA and PEOx ;3PipDOTA

For chelation of '''In (7,,=2.80 days) to DOTA-coupled
POx, 180 pg of PMOx4gPipDOTA or PEOx,43;PipDOTA were
dissolved in 100 ul of 50 mM metal-free ammonium acetate
buffer. 9-37 MBq of carrier-free ''InCls solution (in 0.04 M
HCI, Amersham Biosciences) were added to the solution and
pH was titrated to 5.0 with HCI. After an incubation period of
10 min at 65 °C, the solution was allowed to cool down at room
temperature. Buffer exchange to phosphate buffered saline
(PBS, pH 7.4) and elimination of unchelated '''In*" was
performed by purification over a Sephadex G-25 spin column
(illustra MicroSpin G-25 columns, GE Healthcare), which was
pre-spun ten times with 350 pL PBS for 1 min at 735 g to
equilibrate the column, followed by a one-minute spin at 735 g
with the '''In-labeled POx solution. Radiochemical purity was
assessed by thin layer chromatography (silica-gel 60 F,s54 TLC
aluminum sheets, Merck) using PBS containing 50 mM EDTA
as the mobile phase. In this system, the Ry-values of labeled
POx and unchelated '"'In*" were found to be ~0 and ~0.85,
respectively. The silica-gel strips were cut in the middle and
radioactivity was measured in a +y-scintillation counter (1480
Wizard, Wallac). Radiochemical purity was found to be >96%
after gel filtration. The labeled products were further diluted with
PBS and sterile filtered prior to application in animal studies and
are in the following referred to as PMOx4gPipDOTA['!'In] and
PEOx43PipDOTA[''In], respectively.

2.6. Preparation of **"Te-DTPA and *°" Te-MAG3

99™MTe (1,,=6.01 h) was eluted from a **Mo/**™Tc-generator
system (Ultra-TechneKow FM, Tyco Healthcare, Germany)
immediately before chelation. **™Tc-DTPA (diethylenetriami-
nepentaacetate, Pentacis®, Schering, Germany) and °°™Tc-
MAG?3 (mercaptoacetyltriglycine, TechneScan® MAG3, Tyco
Healthcare) were prepared using commercially available kits at
the department of nuclear medicine, TU Miinchen. Radiochem-
ical purity assessed by TLC was found to be >90%.

2.7. Biodistribution and pharmacokinetics of PMOx,sPipDOTA
" In] and PEOx ;3PipDOTA[ " nl in vivo

For biodistribution studies, 370 kBq of sterile filtered
PMOx4sPipDOTA['"'In] or PEOx4;PipDOTA['''In] diluted
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with PBS were administered to each mouse in a volume of
125 pL via tail vein injection. At the indicated time points,
mice were sacrificed by CO, asphyxia and organs were re-
sected, weighed and assayed for accumulated radioactivity in a
v-scintillation counter. The measured activity was normalized
to the sample tissue weight and to the total activity administered
to the animal, while additionally performing decay correction to
account for the physical half life of the radionuclide. Values are
expressed as percent of injected dose per gram of tissue (%ID/g)
which is proportional to the tissue concentration of the radio-
labeled polymer, or as percent of injected dose (%ID) repre-
senting the accumulated amount of the radiolabeled polymer in
the entire organ.

For biodistribution studies with **™Tc-DTPA and **™Tc-
MAGS3, each mouse was administered 3.0 MBq of the tracer
diluted to 125 pL with sterile 0.9% NaCl by tail vein injection.
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Fig. 1. Reaction scheme for the polymerization of PMOxssBocPip and
PEOx43BocPip as well as the consecutive polymer analogue conversions to
PMOx4gPipDOTA[''In] and PEOx43PipDOTA[''In].

Table 1

Analytical data of the polymers PMOx,3BocPip and PEOx43;BocPip

Polymer Mo/ n* n® M M3 Mo Mmé pDI¢
[7To [g/mol] [g/mol] [g/mol] [g/mol]

53x10° 6.6x10° 1.16
57x10° 6.2x10° 1.15

PMOxy3BocPip 48 49 60 4285 4370
PEOx43BocPip 43 43 56 4463 4463

“Determined from MALDI-TOF MS.
*Determined by 'H NMR end-group analysis.
“Calculated from [M 1o/[1 ]o-

9Determined by GPC. PDI = M,,/M,.

The further protocol for data collection and evaluation was as
described above.

2.8. In vivo y-camera imaging of PMOx sPipDOTA[" In]

7.4 MBq of PMOx,sPipDOTA['"'In] diluted with PBS to a
final volume of 125 pL was administered by tail vein injection
under sterile conditions. After 30 min and 3 h, the animal was
imaged on a vy-camera (Forte, Philips Medical Systems,
Germany) at ventral views under isoflurane inhalation anesthe-
sia. Images were acquired over 1200 s on a 256x256x 16
(30%30 cm?) matrix, '''In flood correction was enabled, using
a medium energy/general purpose (MEGP) collimator. Stan-
dards containing 10% of the injected tracer (740 kBq) diluted to
1 mL with PBS were acquired simultaneously to allow
quantitative region of interest (ROI) analysis. ROIs were
drawn and analyzed for the whole body, the bladder region,
the standards and the background activity.

3. Results and discussion
3.1. Synthesis of the polymer carrier

The synthesis of the two hydrophilic homopolymers by
living cationic polymerization of the monomers 2-methyl-2-
oxazoline (MOx) and 2-ethyl-2-oxazoline (EOx) with methyl
triflate (MeOTH) as the initiator and N-Boc-piperazine (BocPip)
as the termination agent is outlined in Fig. 1. The degree of
polymerization (n) was adjusted to result in comparable average
molar mass values of around 4500 g/mol for both polymers by
the initial initiator to monomer ratio ([M]y/[{]y). For PMOx,, the
targeted degree of polymerization was n=48 and for PEOx,
n=43, respectively.

Both polymers were fully characterized by means of 'H
NMR spectroscopy, gel permeation chromatography (GPC) and
MALDI-TOF mass spectrometry. The analytical data are
summarized in Table 1.

For both polymers, the GPC elugrams confirmed a narrow
molar mass distribution (PDI below 1.2). However, the number
average molar mass values (M,,) are considerably different to the
adjusted molar mass and are not confirmed by the results
obtained by "H NMR end-group analysis and mass spectrom-
etry. This discrepancy is a well-known phenomenon in the
analysis of the polar poly(2-oxazoline)s with GPC due to the
calibration with e.g. polystyrene standards and was discussed in
detail before [10,29,41]. The end-group analysis based on the
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Fig. 2. MALDI-TOF mass spectrum of PEOx,,Pip detected in reflection mode
with a mass cut-off at 1000 m/z to eliminate mass signals originating from the
matrix (dithranol). a) Complete area of all mass signals originating from the
polymer along with the polymer structure. b) Detail of the two most intense
signal groups assigned to polymer species of n=43 and 44.

"H NMR data (signals of terminal groups in relation to signals
of the monomer unit. E.g. for PMOx,gBocPip signal ratio of (a)
or (e) to (b) or (¢) in Fig. 3a) also results in higher but again
different degrees of polymerization for both polymers than
expected. However, within the intrinsic error of this method
caused by the low intensities for the integral values, the cal-
culated degrees of polymerizations are in reasonable accordance
with the expected ones. Since both standard analytical tech-
niques are relative or equivalent methods for the determination
of the polymer molar mass, MALDI-TOF mass spectrometry
was performed for further elucidation. The direct comparison of
M, (mass of the most intense signal) of the MALDI-TOF mass
spectrometry data with the values calculated from [M]y/[1]y
shows an excellent agreement (Table 1). For both polymers the
mass spectra show one distribution of polymer species with
mass differences matching the monomer unit mass. All detected
signals could be directly assigned to positive ion species with a
polymer composition of PMOx,,BocPip and PEOx,BocPip as
depicted in Fig. 1. Deprotection of the terminal secondary
amine function results in PMOX,,Pip and PEOx,,Pip, which were
again analyzed by MALDI-TOF mass spectrometry. Exempla-
ry, the MALDI-TOF spectrum of PEOx,4;Pip is shown in Fig. 2.

The complete mass spectrum of the deprotected polymer in
Fig. 2a shows again a monomodal polymer distribution with

main mass signals spaced by Am/z=99 which is in accordance
with the monomer unit mass of Mgo,=99.13 g/mol. Fig. 2b
shows a detail around the most intense signal at m/z=4363.3.
This detected species can be assigned to the cationic species
[PEOX,Pip+H]" with n=43 which calculates to a theoretical
molar mass of M_,.=4363.1 g/mol. Accordingly, signals within
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Fig. 3. "H NMR spectra of a) PMOx4gBocPip, b) the deprotected PMOx,sPip
and c) the chelator functionalized PMOx,5PipDOTA along with the respective
structures and assignments. The spectra were recorded at 250 MHz in D0.
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Table 2
Biodistribution of PMOx4sPipDOTA[''In]
30 min 3h 24 h

Blood 0.637+0.121 0.228+0.026 0.077£0.022
Heart 0.192+0.048 0.075+0.016 0.056+0.006
Lungs 0.443+0.046 0.230+£0.077 0.137+£0.014
*Kidneys 1.526+0.132 1.114+0.098 0.964+0.170
Liver 0.165+0.036 0.118+0.014 0.136+0.026
Spleen 0.147+0.037 0.091+0.030 0.125+0.025
Pancreas 0.139+0.022 0.068+0.003 0.060£0.007
Muscle 0.121£0.050 0.032+0.006 0.027+0.004
Skin 0.362+0.138 0.081+£0.014 0.070£0.012
Fat tissue 0.054+0.009 0.025+0.002 0.017+0.007
Stomach 0.234£0.066 0.071£0.012 0.059+0.007
Jejunum 0.147+0.034 0.068+£0.026 0.108+0.015
Colon 0.192:+0.041 0.073£0.022 0.094+0.014
Bone with marrow 0.110£0.011 0.093+0.009 0.109+0.049
Brain 0.020+0.002 0.013£0.003 0.010£0.003

All values are means of %ID/g+SD (n=3).
*n=6.

this main population can be assigned for chain length between
n=28 (m/z=2875.9; M(PEOx,5Pip)=2875.0 g/mol) and n=58
(m/z=5852.0; M(PEOxsgPip)=5849.8).

The main signals are accompanied by smaller signals with
Am/z=22.6 and 38.5 which are assignable to the cationic
species [PEOx43Pip+Na]” and [PEOx,;Pip+K]" respectively.
Furthermore, a third minor species with a lower mass relative to
the main population at Am/z=14 was detected. For MALDI-
TOF spectra of poly(2-ethyl-2-oxazoline)s this has been
observed earlier [11] and can be attributed to fragmentation of
a methyl group and recombination with a hydrogen during the
measurement or by an initiation reaction of a small fraction of
monomers with a proton instead of the initiator MeOTf.
However, the intensity of this subpopulation is low and the
molar mass of the resulting polymer is not significantly affected.
Taking all signals and their respective intensities into account, a
M, and M,, of PEOx,43Pip based on the mass spectrometry was
calculated to be M,=4151.9 g/mol and M, =4282.4 g/mol
giving a very narrow polydispersity index of 1.03.

Similar results were found for PMOxygPip, although the
mass spectrum showed that the mass distribution showed a
slightly larger fraction of low molar mass species. At this point
it can be concluded that the living cationic polymerization of
MOx and EOx resulted in structurally defined polymers of the
desired length with a very narrow molar mass distribution.
Moreover, the end functionality N-Boc-piperazine was quanti-
tatively introduced by the termination reaction and could be
quantitatively deprotected as confirmed by MALDI-TOF mass
spectrometry.

In addition the polymer analog reactions, deprotection of the
terminal piperazine and the functionalization of the polymer
with p-SCN-Bn-DOTA were followed by HPLC and 'H NMR
spectroscopy (Fig. 3).

In agreement with the mass spectrometry results, the struc-
ture of PMOx,45BocPip was confirmed by 'H NMR spectros-
copy. The presence of the terminal methyl group introduced by
the initiation reaction as well as the Boc-protected piperazine

introduced by the termination reaction is confirmed by the
signals (a) around 3.0 ppm and (d, e) at 2.5 and 1.37 ppm,
respectively (Fig. 3a). The absence of the terz.-butyl signals (e)
in the spectrum shown in Fig. 3b, shows the successful and
quantitative deprotection of the second amine group of the
piperazine. The final functionalization of the polymer with the
DOTA chelator by the reaction of the isothiocyanate with the
secondary amine group of the terminal piperazine was proven
by the appearance of the additional signals of the aromatic
linker (e at 7.2 ppm), the methylene signals of the DOTA ring
structure (g at 3.2 ppm) and the methylene group of the attached
acetic acid function (f at 3.9 ppm) in the spectrum in Fig. 3c.
The integral signal ratios suggest a near quantitative coupling in
the case of PEOx43PipDOTA and approximately 85% reaction
yield for PMOx4gPipDOTA. Although NMR integrals have to
be interpreted with care, it can already be stated that the DOTA
was attached to the polymer with good efficiency. An analog
series of spectra were obtained for the PEOx,4; polymer (not
shown, see the experimental part for details).

These data were corroborated by HPLC analysis. Deprotec-
tion of PMOx4gBocPip resulted in a shift of the elution peak of
~1 min and no signal was detected at the original elution time
of the educt. In the same manner the subsequent coupling with
p-SCN-Bn-DOTA could be easily followed with HPLC.
Although the retention time did not shift significantly upon
the coupling reaction, it was confirmed by the additional
absorption at 254 nm, coappearing with the broad polymer
signal at 220 nm, which was absent in the unmodified polymer.
Since in no case neither a second elution peak nor a broadening
of the polymer peak was observed, the HPLC results suggest
that the polymer analog reactions were quantitative to the final
polymer compounds PMOx,4gPipDOTA and PEOx43PipDOTA.

In a final step, both polymers were radiolabeled with '''In by
chelation to the polymer-linked DOTA moiety. Using thin layer
chromatography in combination with a +y-scintillation counter,
the radiochemical purity of both polymers was found to be
>96%.

Table 3
Biodistribution of PEOx,3PipDOTA['''In]
30 min 3h 24 h

Blood 1.267+0.014 0.368+0.023 0.085+0.008
Heart 0.325+0.022 0.125+0.020 0.071+0.005
Lungs 0.731+0.111 0.278+0.110 0.114+0.006
*Kidneys 3.643+0.225 2.394+0.147 2.380+0.217
Liver 0.312+0.019 0.193+0.013 0.274+0.026
Spleen 0.198+0.032 0.132+0.005 0.155+0.062
Pancreas 0.211+0.040 0.101+0.021 0.103+0.016
Muscle 0.183+0.009 0.055+0.005 0.043+0.014
Skin 0.927+0.176 0.185+0.028 0.192+0.043
Fat tissue 0.146+0.023 0.041+0.009 0.059+0.007
Stomach 0.318+0.018 0.094+0.016 0.086+0.007
Jejunum 0.260+0.050 0.097+0.015 0.154+0.025
Colon 0.291+0.027 0.091+0.019 0.142+0.043
Bone with marrow 0.495+0.094 0.222+0.034 0.353+0.132
Brain 0.049+0.009 0.015+0.002 0.007+0.001

All values are means of %ID/g+SD (n=3).
*n=6.
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3.2. Biodistribution and pharmacokinetics of PMOx ,4PipDOTA
[ In] and PEOx ;3PipDOTA["" In] in vivo

The measured radioactivity concentrations of PMOx,sPipDOTA
['""In] and PEOx4PipDOTA['''In], expressed as percent of
injected dose per gram of tissue (%ID/g), which are proportional
to the POx concentrations, are summarized in Tables 2 and 3.

The highest tracer concentrations were found in the kidneys,
most likely due to secretion of the polymers. No significant
accumulation of polyoxazolines was found in all tissues tested
as the measured activity concentrations corresponded to a
normal blood pool distribution. The lowest tissue concentration
was found in the brain, indicating that these poly(2-oxazoline)s
do not cross the blood—brain barrier.

The slight increase of radioactivity in the liver, spleen and
bone with marrow from 3 h to 24 h may indicate a small uptake
of PMOx and PEOx by the RES. The total accumulated activity
in liver and spleen together, the organs representing a high
fraction of the RES, was <0.2%ID of PMOx,sPipDOTA['!'In]
and <0.4%ID of PEOx4;PipDOTA['''In] 24 h post injection.
This indicates that the uptake by the RES is almost neg-
ligible. Accordingly, there was no visible uptake by the liver or
spleen in the images obtained by the y-camera, see Section 3.4
and Fig. 6.

3.3. Excretion of the poly(2-oxazoline)s PMOx,4PipDOTA
[ In] and PEOx,;;PipDOTA[" In]

Intravenously injected polyoxazolines were quickly elimi-
nated from the blood (Fig. 4). Only about 2%ID and 0.8%ID of
PMOx,45PipDOTA["'''In] remained in the total blood pool at
30 min and 3 h after tracer injection, respectively. For
PEOx4;PipDOTA[''In], these fractions were 4%ID at 30 min
and 1%ID at 3 h. Tracer excretion proceeded slightly slower
after this time period, with about 0.2—0.3%ID remaining in the
total blood pool 24 h post injection. In the kidneys peak values
were measured 30 min after injection with 1.5%ID/g and 3.6%
ID/g for PMOx4sPipDOTA['''In] and PEOx,;PipDOTA

—o—PEOX,Pip['"In]DOTA
—=—PMOXx,Pip["In|DOTA
o [®™TcIDTPA
o [PMTCMAG3

4.0+

351 —a— PMOX,Pip[ In]DOTA
1 —o— PEOX,Pip[In]DOTA

3'0'_ -0 [*MTc]DTPA

25 o [PPTCIMAGS %

Fig. 5. Comparison of kidney uptake of '''In-labeled POx with **™Tc-DTPA and
9™ Te-MAG3.

[""In], respectively (Fig. 5). This corresponds to a total
accumulated activity per kidney of 0.4%ID for PMOx and
0.6%ID for PEOx at 30 min post injection.

These findings suggest that PMOx and PEOx are predom-
inantly excreted via the kidneys. To further characterize the
mechanism of renal excretion, we compared the rates of blood
clearance of POx with **™Tc-diethylenetriaminepentaacetate
(DTPA) and *™Tc-mercaptoacetyltriglycine (MAG3) (Tables
4a and b, Fig. 4). These two tracers are widely used in nuclear
medicine to assess kidney function and have already been
extensively evaluated [42—46]. DTPA is excreted exclusively
by complete renal glomerular filtration, but is neither secreted
nor reabsorbed in the renal tubuli. Thus, the rate of blood
clearance of DTPA corresponds to the glomerular filtration rate.
In contrast, MAG3 is partly excreted by glomerular filtration
and is additionally secreted by the tubuli almost completely,
resulting in a blood clearance rate nearly corresponding to the
renal plasma flow. As the tested polymers are uncharged (apart
from the DOTA moiety) and have a molar mass of about 5 kDa,
comparable to inulin, we assumed that these tracers would be,
like DTPA, freely filtrated in the glomerulus. As expected, the
blood clearance rates of '''In-labeled POx are high, but are still
significantly lower than those of DTPA and MAG3. This might
indicate that a small fraction of POx binds to plasma proteins
and is thus not accessible to filtration in the glomerulus. This
assumption is supported by the finding that the blood clearance
of PEOX43PipDOTA[mIn] is slower compared to PMOxug
PipDOTA['"'In] which can be explained by the more amphi-
philic nature of the ethyl residues of PEOx, compared to
the methyl residues of PMOx. The higher amphiphilicity could
cause a higher binding affinity of PEOx to e.g. plasma proteins

o x Table 4a
e a Biodistribution of **™Tc-DTPA
0.0 T T T T e
0 1 3 4 20 21 2 23 24 25 30 min 3h 24 h
time (h)
Blood (n=3) 0.667+0.010 0.041+0.011 0.007+0.0002
Kidneys (n=06) 1.778+0.080 0.609+0.063 0.123+0.0210

Fig. 4. Comparison of blood pool clearance of '''In-labeled POx with **™Tc-
DTPA (glomerular filtration) and **™Tc-MAG3 (tubular secretion).

All values are means of %ID/g+SD.
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Table 4b
Biodistribution of **™Tc-MAG3
30 min 3h 24 h
Blood (n=3) 0.223+0.082 0.036+0.004 0.009+0.0005
Kidneys (n=6) 1.126+0.257 0.218+0.036 0.090+0.0144

All values are means of %ID/g+SD.

that could result in a lower fraction of filtration in the kidney as
compared to the hydrophilic PMOx. The observation that the
activity in the kidney does not show a further washout after 3 h
post injection might indicate an uptake and trapping of small
amounts of tracer into the renal tubular cells.

Elimination of POx by hepatobiliary excretion seems to play
only a minor role. Only a very low accumulation of tracer can be
seen in the hepatobiliary tract, but the observation of an increase
of radioactivity between 3 h and 24 h in the liver, jejunum and
colon, but not in the stomach, points to a minute hepatobiliary
excretion of POx.

3.4. Scintigraphic imaging of ' In-labeled polyoxazolines in vivo

In vivo imaging studies were performed 30 min and 3 h after
intravenous administration of PMOx,sPipDOTA['''In]. Both
images obtained are shown in Fig. 6. Areas with notable higher
tracer accumulation are the bladder, the kidneys and the blood
pool in the heart. The remaining tracer activity is distributed
homogeneously over the body with no further significant tracer
accumulation. Significant lower total body activity is visible at
3 h compared to the 30 min image. ROI analysis added up to a
remaining total body activity (excluding bladder activity) of
11%ID at 30 min and 4.5%ID at 3 h after tracer injection.

3.5. Biodistribution of POx compared to previous studies

Biodistribution studies with POx have already been con-
ducted, using '*’I-labeled POx-conjugates with a molecular
weight of 15 kDa and 29 kDa (polyethylene glycol) GPC
calibration; 45 kDa and 120 kDa when calibrated against poly
[N-(2-hydroxypropyl)methacrylamide] poly(HPMA), all values
My,) [6]. The reported blood clearance of these constructs was
significantly slower compared to the constructs described by us,
as about 7% (15 kDa polymer) and 28% (29 kDa polymer) of the
injected dose were present in the blood pool 24 h after injection.
These findings can be explained by the higher molecular weight
of the polymers used, resulting in a lower glomerular filtration
fraction. The uptake of these constructs by the RES was
significantly higher than the uptake of the polymers tested in our
study. Moreover, significant tracer accumulation in the skin and
muscle tissue was reported in this study, whereas we did not find
accumulation in these tissues. These results indicate that the low
molecular weight polymers described by us are more appropriate
for medical use in radionuclide therapy.

3.6. Biodistribution of POx compared to HPMA and PEG

N-(2-hydroxypropyl)-methacrylamide (HPMA) copolymers
have been conjugated with a variety of molecules and are being

studied as promising drug carriers for tumor therapy, either
using the unspecific enhanced permeability and retention (EPR)
effect or specific targeting molecules to increase tumor uptake
and reduce side effects [2,47—50]. Biodistribution studies of
9mTc-labeled HPMA copolymers of different molecular
weights and charge have already been conducted in SCID
mice [51]. A neutral 7 kDa (M) **™Tc-HPMA copolymer
fraction, comparable to the neutral 5 kDa POx presented in our
study, displayed a clearly higher blood pool activity (13 times),
higher kidney uptake (1.5—4 times) and more activity in the
spleen and liver (19—47 times) 24 h post injection, showing
slower excretion and indicating higher uptake by the RES. A
negatively charged variant of the 7 kDa HPMA copolymer was
excreted faster and uptake by spleen and liver was reduced
significantly, blood pool, spleen and liver uptake were
comparable to POx, whereas kidney uptake was still signifi-
cantly higher (3.5-8.5 times). This suggests that functionalized
POx may be better suitable for targeted therapy of tumors than
HPMA copolymers. However, it is important to keep in mind
that the molar mass, as determined by GPC strongly depends on
the used mobile phase and the calibration. This has to be
considered for the comparison of biodistribution results for
polymers of different analytical background.

Whereas our intended use for radiolabeled POx is multiple
functionalization of the side chains to increase the avidity of
tumor-targeting molecules while maintaining rapid blood clear-
ance to minimize radiation exposure of the patient, the medical
use of PEG-based polymers is based on another approach, as it is
difficult to introduce multiple functionalities into these polymers.
They are mainly used to PEGylate biological active molecules to
alter their immunogenicity and pharmacokinetics like protection
from degradation, increased water solubility and reduced
renal excretion [2,3]. In contrast, POx are well-known to be

Fig. 6. y-camera imaging of in vivo distribution of PMOx,gPipDOTA[''In] in a
CD1 mouse 30 min and 3 h after intravenous injection. Areas with highest
activity concentration are the bladder (thin arrowhead), the kidneys (arrows) and
the blood pool in the heart (thick arrowhead).
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functionalizable at the side chains by a number of different
efficient coupling methods, including thioisocyanate coupling
[34,52], ester and amide formation [53,54], oxime formation
[33] and click chemistry [10]. Moreover, PEG-polymers are
present in the circulation for longer times compared to hydro-
philic poly(2-alkyl-2-oxazoline)s. '*C-labeled PEG with an
average molar mass of 4000 g/mol showed an excretion of
93.2% one day after intravenous injection [55], whereas ROI
analysis showed that PMOx,sPipDOTA['''In] was excreted by
95.5% already 3 h after administration (see Section 3.4). The
slower excretion would increase side effects in radionuclide
therapy as the effective half life of the radionuclides adminis-
tered would be longer, resulting in a higher radiation exposure
of the patient. Therefore, hydrophilic poly(2-oxazoline)s may
turn out to be more effective carriers in radionuclide therapy in
the future.

4. Conclusion

Water-soluble poly(2-oxazoline)s fulfill all requirements for
carrier molecules in radionuclide therapy and tumor imaging. Here
we report the synthesis of chemically well defined, water-
soluble DOTA-PMOx and DOTA-PEOx conjugates, labeling
of the polymers with '"'In and their application for in vivo
imaging studies. The radiolabeled PMOx,sPipDOTA[''In]
and PEOx4;PipDOTA['""In] are rapidly cleared from the blood
pool, predominantly by renal glomerular filtration and do not
accumulate in body tissues, thus minimizing radiation exposure of
the patient. The uptake into the RES is minimal. In the future,
DOTA-coupled poly(2-oxazoline)s can be conjugated with
multiple functionalities such as tumor-targeting peptides via
functional monomer units and therapeutically active radionuclides
such as *°Y. Further studies are justified to generate and to test
these polymers and related work is currently in progress in our
laboratories.
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