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ABSTRACT: Syntheses and characterization of aminooxy  *“ :

terminated polymers of N-(2-hydroxyproyl) methacrylamide e e
(HPMA) of controlled molecular weight and narrow 5
molecular weight distribution are presented here. Design of a

chain transfer agent (CTA) containing N-tert-butoxycarbonyl (t-Boc) protected aminooxy group enabled us to use reversible
addition—fragmentation (RAFT) polymerization technique to polymerize the HPMA monomer. An amide bond was utilized to
link the aminooxy group and the CTA through a triethylene glycol spacer. As a result, the aminooxy group is linked to the
poly(HPMA) backbone through a hydrolytically stable amide bond. By varying the monomer to initiator ratios, polymers with
targeted molecular weights were obtained. The molecular weights of the polymers were determined by gel permeation
chromatography (GPC) and mass spectrometry (ESI and MALDI-TOF). The t-Boc protecting group was quantitatively
removed to generate aminooxy terminated poly(HPMA) macromers. These macromers were converted to rhodamine B
terminated poly(HPMA) by reacting N-hydroxysuccinimide (NHS) ester of the dye with the terminal aminooxy group to form a
stable alkoxyamide bond. Utility of these dye-labeled polymers as molecular probes was evaluated by fluorescence microscopy by
studying their intracellular uptake by renal epithelial cells. These aminooxy terminated poly(HPMA) were also tested as
biocompatible carriers to prepare chemoselective bioconjugates of proteins using transferrin (Tf) as the protein. Oxidation of the
sialic acid side chains of Tf generated aldehyde functionalized protein that was reacted with aminooxy terminated poly(HPMA),
which resulted in protein—polymer bioconjugates carrying oxime linkages. These bioconjugates were characterized by gel
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electrophoresis and MALDI-TOF mass spectrometry.

B INTRODUCTION

There has been significant interest in recent years in discovery
and development of biocompatible polymers for numerous
biomedical applications.' > These polymers have shown
promises as delivery vehicles for human therapeutics (i.e.,
proteins, antibodies, and nucleic acids), as imaging probes for
medical diagnostics and biosensor applications, to mention a
few.*”” For therapeutic applications, polymer conjugates of
therapeutic proteins result in longer plasma circulation times
and increased accumulation of the bioconjugates in targeted
tissues. This leads to improvements in overall pharmacokinetic
profiles and therapeutic indices of these pharmacological
agents.

Poly(ethylene glycol) (PEG) derivatives with terminal
functional groups have been the polymers of choice for
therapeutic applications to prepare polymer—drug and
polymer—protein conjugates.s’9 Several conjugates of PEG
with therapeutic proteins and small molecule drugs have been
synthesized over the past decade including FDA approved
products.'®™'* There has been continuing research interest in
discovering a new generation of hydrophilic functional
polymers with controlled molecular weight and well-defined
architectures to expand the scope of polymer based therapies
and biomaterials."> " Polymers derived from functional vinyl
monomers such as 2-hydroxyethyl methacrylate (HEMA) and
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N-(2-hydroxypropyl)-methacrylamide (HPMA) are two such
systems. In particular, HPMA derived polymers are water-
soluble, nonimmunogenic, and biocompatible. Therefore, these
polymers have been studied quite extensively over the gast
several years as carriers for developing therapeutic agents.'™"®
For example, HPMA based polymeric drugs have exhibited
interesting pharmacological properties as anticancer agents and
some of these compounds have progressed to human clinical
trials.'® >

In general, biomedical properties of HPMA based polymers
have been studied using polymers that have been synthesized
by classical free radical polymerization.”””>* The major
shortcomings of classical free radical polymerization include
lack of control over polymer molecular weight and molecular
weight distribution as well as poorly defined molecular
architectures. The ill-defined molecular properties of polymers
can lead to heterogeneity in pharmacokinetic properties of the
resulting polymeric drugs that might present a major barrier
toward clinical development of these polymer derived
pharmacological agents. Stringent regulatory requirements for
therapeutic agents for human use mandate controlling
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molecular properties of polymer based therapies in a
reproducible manner.*®

The living radical polymerization (LRP) technique has been
utilized in recent years to synthesize (meth)acrylic polymers of
controlled molecular weight with narrow polydispersity.”®™>*
By optimizing the initiator systems appropriately, polymers of
different architectures and polymers containing terminal
functional groups have been synthesized.””*° Two of the
most widely used LRP techniques are atom transfer radical
polymerization (ATRP) and reversible addition—fragmentation
chain transfer (RAFT) polymerization. These two polymer-
ization techniques have been utilized to prepare a variety of
biocompatible polymers, which have been evaluated as carriers
for the syntheses of conju§ates of polymers with various
biologically active agents.>' > With regard to the synthesis of
bioactive HPMA polymers of controlled molecular weight and
narrow polydispersity for these bioconjugation applications,
reported approaches involve synthesis of active ester precursor
polymers such as poly(N-methacryoxy succinimide) and
poly(pentafluorophenyl methacrylate) of controlled molecular
weight by ATRP and their subsequent chemical modification to
synthesize appropriate poly(HPMA) derivatives.>*>> However,
such a postpolymerization chemical modification method leads
to incomplete reaction and/or side reactions, which results in
polymers with structural and compositional heterogeneity.*®
RAFT polymerization technique has recently been optimized
for direct controlled polymerization different (meth)acrylamide
based monomers, including HPMA).>"~3°

In light of these earlier studies, we decided to design and
synthesize appropriate functional chain transfer agents (CTA),
which can be used to synthesize poly(HPMA) macromers
(bearing terminal functional groups) of controlled molecular
weight and narrow polydispersity. The aminooxy group has
been considered as a versatile handle to synthesize protein—
polymer bioconjugates via oxime bonds.*> The oxime linkage
between the aminooxy group and carbonyl group (aldehyde or
ketone) is formed under broader pH range compared to other
covalent bond like Schiff base and hydrazone linkages.* ~* The
conjugated ligand can be released in its intact form from the
carrier at physiologically relevant conditions (e.g, within
intracellular lysosomes and endosomes).** These attractive
features of oxime linkage have been utilized to synthesize
conjugates of proteins and antibodies with various carbohydrate
based targeting ligands and polymers.*™* By using LRP
technique, Maynard and co-workers have synthesized aminooxy
terminated poly(N-isopropylmethacrylamide) and used this
polymer to prepare protein bioconjugates by oxime linkage.*”*°
Esser-Kahn and Francis have synthesized random copolymer of
HPMA containing pendant aminooxy group by classical free
radical polymerization, and the resulting polymers were used to
prepare Iprotein—poly'mer hybrid materials through oxime
ligation.®

In order to explore new generation of well-defined aminooxy
functional polymers as novel carriers for oxime ligation of
biomolecules, we set out synthesize aminoxy terminated
poly(HPMA) of controlled molecular weight and narrow
polydispersity by RAFT polymerization of HPMA monomer. In
previously reported aminooxy terminated methacrylamide
polymers, the aminooxy group was linked to the polymer
chain through an ester linkage.*”*® Relative instability of ester
groups toward hydrolysis and their sensitivity toward non-
specific esterase enzymes are potential shortcomings of these
polymers to prepare bioconjugates of therapeutic agents. In
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order to overcome this liability, our design of aminoxy chain
transfer agent (CTA) for RAFT polymerization involved
replacement the ester bond with an amide bond. Aminooxy
terminated HPMA polymers with varying molecular weights
were synthesized and characterized by NMR, IR, GPC, and
mass spectrometry. The reactivity of the terminal aminooxy
group in these poly(HPMA) macromers was evaluated by
synthesizing fluorescent dye labeled polymers (linked via amide
bond), which produced well-defined polymeric fluorescent
probes with a single dye molecule per polymer chain.
Furthermore, oxime ligation mediated bioconjugation efficiency
of these polymers with glycoproteins was studied using
transferrin as the model protein.

B EXPERIMENTAL SECTION

Materials. Unless mentioned otherwise, all chemical were
obtained from Sigma Aldrich and were used as received. All
solvents were anhydrous grade. 2,2'-Azobis(2-isobutyronitrile)
(AIBN) was purified by recrystallization from ethanol twice and
dried under reduced pressure and stored at —10 °C until use.
4,4'-Azobis(4-cyanopentanoic acid) (V-501) was purchased
from Wako Pure Chemicals Industries (Tokyo, Japan).
Deionized (DI) water was obtained using a Millipore Milli-Q
reverse osmosis/filtration unit. HMPA monomer was sgnthe—
sized by slight modification of the literature procedure.®

Briefly, to 10.0 g (137.7 mmol) of l-amino-2-propanol
dissolved in 100 mL of anhydrous dichloromethane was added
a prechilled solution of 9.77 g (63.4 mmol) of freshly distilled
methacrylic acid anhydride dissolved in 50 mL of dichloro-
methane in a dropwise manner over 30 min at 0 °C. After
removal of the solvent under reduced pressure, the crude
product was purified by silica gel column chromatography using
a gradient of ethyl acetate:hexane as eluent. The column
purified product was further recrystallized from acetone and
stored at —20 °C.

Instrumentation. Flash column chromatography was
performed on a Teledyne Isco Combiflash Companion system.
"H NMR spectra were recorded on a Bruker Spectrometer
operating at 400 MHz using either CDCl; or DMSO-dy as
solvents. Infrared spectra were taken using a Bruker Tensor 27
FTIR spectrometer. UV—visible spectra were obtained using
Varian Cary 50 Probe UV-—visible spectrophotometer.
Fluorescence spectra were recorded using a Varian Cary
Eclipse fluorescence spectrophotometer. LC-MS measurements
were carried out with Agilent 1100 series system fitted with a
variable wavelength diode array detector operating in the
wavelength range of 210—400 nm. X-bridge phenyl C-18
column and acetonitrile—water gradient as mobile phase were
used for operation. GPC measurements were carried out using
Agilent 1200 series HPLC using DMF containing 100 mM LiBr
as the mobile phase. MALDI-TOF mass spectra were recorded
using Applied Biosystems Voyager DE-STR MALDI-TOF
instrument. For MALDI-TOF analysis, samples were prepared
by diluting 1:1 in sinapinic acid matrix (supersaturated in 50%
ACN, 1% TFA) and spotting 1 uL of the mixture per sample.
MALDI-TOF data were collected using a laser intensity of 2800
over a mass range of 2000—200 000 amu in linear mode. An
average of 500 shots per spectrum was used to give a complete
picture of the sample with high intensity and the spectra were
calibrated against the [M+H]" and [M+2H]*" ions of bovine
serum albumin. Electron spray ionization mass spectrometry
(ESI MS) was carried out using Orbitrap Velos instrument
(Thermofisher Scientific, Bremen) adjusted to operate at 200
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Scheme 1. Synthesis of Aminooxy Functional CTA Reagent for RAFT Polymerization
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000 resolution at m/z of 400. Polymer samples were dissolved
in water:acetonitrile (1:1, v/v) and were analyzed by direct
infusion at S pL/minute. Deconvolution of the resulting
isotope resolved spectra was performed by the Xtraxt algorithm
(Thermofisher Scientific, Bremen). SDS-PAGE was carried out
using 4—12% Bis-Tris Novex NuPAGE gradient gel (Invitrogen
Life Technologies, Grand Island, New York). Protein contents
of Transferrin—HPMA conjugates were determined using the
Bio-Rad RC-DC assay (Bio-Rad Life Science, Hercules,
California) according to the manufacturer’s protocol. Protein
(10 pug) was loaded to the gel and separated in NuPAGE
MOPS-SDS running buffer (Invitrogen Life Technologies,
Grand Island, New York) at 100 V for ~4 h. The SeeBlue Plus2
Pre-Stained standard (Invitrogen Life Technologies, Grand
Island, New York) was used for molecular weight determi-
nation. After separation gels were rinsed with DI water for §
min, stained with LI-COR IRDye Blue (LI-COR Biosciences,
Lincoln, Nebraska), and subsequently imaged using LiCor
Odyssey Image Scanner (LI-COR Biosciences, Lincoln,
Nebraska). Fluorescent microscopy to study cell uptake of
the rhodamine B labeled polymers was carried out using
Olympus IX71 microscope and Q-imaging RETIGA EXi
camera (QImaging, British Columbia, Canada) run by Image
Pro Plus 6.2 software (MediaCybernetics, Bethesda, Maryland).
Mouse renal epithelial cells were seeded on 2 Lab-Tek
Permanox 8-Chamber Nunc slides (Thermo Fisher Scientific,
Rochester, New York) at 1 X 10° cells/chamber and allowed to
grow for 48 h. prior to adding the conjugates. At t = 0, cells
were washed once with PBS and new medium containing
increasing concentrations (3, 10, 30, and 100 M) of the dye
labeled polymers were added. At t = 30 min and ¢ = 240 min,
chamber slides were washed with PBS (3 X 5 mL) and
subsequently fixed in 4% PFA/PBS for 20 min at RT. Slides
where rinsed once more and incubated with DAPI/PBS for 5
min, washed three times in PBS prior to mounting in Prolong
Gold antifade mounting medium (Invitrogen Life Technolo-
gies, Grand Island, New York), and allowed to cure overnight.
Exposures were matched for all images at 118 ms (red) and 31
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ms (blue) using an intensity filter. Background correction and
collage were performed using Photoshop CS2 (Adobe, CA).

Synthesis of tert-Butoxylcarbonyl (t-Boc) Protected
Aminooxy CTA 1. The RAFT polymerization reagent 1 was
synthesized according to the synthetic procedure shown in
Scheme 1. All the reactions were carried out under nitrogen
atmosphere.

Synthesis of Amine Terminated CTA 4. To a solution of 1 g
(3.58 mmol) of 4-Cyanopentanoic acid Dithiobezoate 3** and
0.796 g (7.876 mmol) of triethylamine in 10 mL of anhydrous
tetrahydrofuran (THF) was added 2.27 g (7.16 mmol) of
propane phosphonic acid anhydride (as 50% (w/w) solution in
ethyl acetate). The reaction mixture was stirred at 0 °C for 10
min. Subsequently, 1.18 g (536 mmol) of 1,4,7,10-trioxa
dodecadiamine dissolved in 15 mL of THF added to the above
cooled solution. The resulting reaction mixture was stirred at 0
°C for 30 min and at RT for 5 h. After removing the solvent
under reduced pressure, the residue was dissolved in 50 mL of
ethyl acetate and extracted with DI water (2 X 50 mL) followed
by brine (25 mL). After drying the organic layer over
anhydrous magnesium sulfate, it was evaporated to dryness
under reduced pressure. The residue was used in the next step
without further purification.

Synthesis of Aminooxy Terminated CTA 1. In an oven-
dried 100 mL round bottomed flask were placed 10 mL of
anhydrous THF, 0.19 g (0.997 mmol) of N-t-Boc aminooxy
acetic acid, and 1.85 g (1.83 mmol) of triethylamine. To this
reaction mixture was added 0.528 g (0.166 mmol) of ethyl
acetate (50%) solution of propane phosphonic acid anhydride.
After stirring the reaction mixture at 0 °C for S min, 0.4 g (0.83
mmol) of crude 4 was added. The resulting reaction mixture
was stirred at 0 °C for 30 min and at RT for 6 h. After
removing the solvent, the crude residue was purified by
preparative HPLC using ethyl acetate:hexane as the mobile
phase yielding 126 mg (26%) of 1. Purity (HPLC) = 96.4%. '"H
NMR (CDCL): 102 (s, 1H, ONH), 8.05 (s, 2H, NH), 7.8
(2H, t, Ar-H), 7.6 (t, 1H, Ar-H), 7.4 (d, 2H, Ar-H), 4.2 (s, 2H,
COCH,-0), 3.6 (m, 8H, OCH,), 3.4 (t, 4H, OCH,-CH,0),
32 (t, 4H, CONHCH,), 2.5 (t, 2H, CN—C-CH,), 2.3 (t, 2H,
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COCH,-CH,), 1.9 (s, 3H, CN-C-CH,), 1.6 (m, 4H, CH,-CH,-
CH,), 1.4 (s, 9H, C(CHj,);). Mass spectrum (LC-MS) calcd.
581.8 m/z; observed 582.4 m/z.

Representative Example of RAFT Polymerization of
HPMA Using 1 as the CTA. All manipulations for the
polymerization reactions were carried out under ultra-high-
purity argon atmosphere. In a 25 mL oven-dried round
bottomed flask were placed 1.0 g (6.9 mmol) of HPMA
monomer and S mL of anhydrous dimethyl sulfoxide (DMSO).
To this solution were added a solution of 22.8 mg (0.035
mmol) of CTA 1 and 1.1S mg (0.007 mmol) of AIBN
dissolved in 1 mL of DMSO. The reaction mixture was purged
with argon for 30 min and it was subsequently stirred at 80 °C
for 1 h. The polymerization reaction was quenched by freezing
the reaction mixture below —40 °C with liquid nitrogen. The
reaction mixture was poured into 100 mL of ethyl acetate and
the resulting precipitate was isolated by filtration. The solid was
redissolved in methanol and precipitated from ethyl acetate.
The process was repeated twice and the resulting precipitate
was dried under reduced pressure yielding 400 mg of the
polymer as an off-white solid.

Removal of t-Boc Protecting Group. To a solution
containing 16 mL of chloroform (16 mL), ethanol (2 mL), and
trifluoroacetic acid (S mL) was added the t-Boc protected
aminooxy terminated poly(HPMA) (250 mg). The reaction
mixture was allowed to stir at RT for 24 h under nitrogen. After
removing the solvent under reduced pressure, the residue was
dissolved in 5 mL of DI water and was dialyzed using a 2000
molecular weight cutoff membrane. After completion of
dialysis, the polymer solution was lyophilized yielding 190 mg
of the deprotected polymer as white solid. "H NMR and FTIR
analysis showed complete removal of the t-Boc protecting
group.

Synthesis of Rhodamine B Terminated Poly(HPMA). In
a 10 mL, light-blocking glass vial were placed 20.3 mg of low
free aminooxy group terminated low molecular weight polymer
and 1 mL of anhydrous DMSO, followed by the addition of
triethylamine (S pL). While stirring, 5.2 mg of rhodamine B
succinimidyl ester (Invitrogen, Eugene, Oregon) dissolved in 1
mL of anhydrous DMSO was added. The resulting reaction
mixture was stirred in the dark at RT for 96 h. The reaction
mixture was extensively dialyzed in DI water using a 3500
molecular weight cutoff membrane to remove any unreacted
dye. The polymer solution was finally passed through a 0.2 ym
syringe filter and the solution was lyophilized yielding 13.1 mg
of a light pink colored solid. The dye labeled polymer was
characterized by UV—visible and fluorescent spectrometry.

The corresponding rhodamine B terminated derivative of the
high molecular weight aminooxy terminated poly(HPMA) was
synthesized in an analogous manner by adjusting the
stoichiometry based on the polymer’s molecular weight.

Synthesis of poly(HPMA)—Transferrin (Tf) Conjugates.
All polymer—protein conjugates were synthesized following a
published procedure for the synthesis of polymer-Tf conjugate
via hydrazine linker. ®' We have implemented modifications
appropriate for our polymer and used polymer and Tf at
different ratios. Thus, iron free human Tf (8 mg, 0.1 X 1073
mmol) was dissolved in 4 mL of sodium acetate buffer (0.1 M,
pH 5.5) and allowed to mix gently for 10 min at 4 °C. Sodium
meta-periodate (1 mg, 4.7 X 107> mmol) was added to the Tf
solution, the vial was wrapped with aluminum foil, and the
solution mixed for an additional 30 min at 4 °C. The oxidized
Tf solution was concentrated by centrifugal filtration (30 kDa
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molecular weight cutoff, Amicon Millipore, Billerica, MA) to 1
mL volume and buffer exchanged (3 volumes) with 4-(2-
hydroxyethyl)-1-piperazineethane-sulfonic acid (HEPES) buffer
(0.1 M, pH 7.2). Concentrated Tf solution was transferred into
a new vial and HEPES buffer was added to reach a final volume
of 4 mL. To the protein solution was added 1.6 mg of the low
molecular weight (5000 Da) aminooxy terminated poly-
(HPMA) as 5% (w/v) solution in HEPES buffer. The resulting
reaction mixture was allowed to incubate at RT for 18 h with
gentle mixing. Subsequently, the polymer-Tf conjugate was
purified by centrifugal filtration of 30 kDa molecular weight
cutoff using 3 volumes of HEPES buffer. Protein concentration
was determined by UV spectroscopy (4, = 280 nm) and mass
recovery was 90%. Conjugation of Tf to poly(HPMA) was
analyzed by SDS-PAGE and MALDI-TOF mass spectrometry.

B RESULTS AND DISCUSSION

Synthesis of Aminooxy Functional CTA for RAFT
Polymerization. The key component for the synthesis of
functional group terminated polymers by RAFT polymerization
is the appropriate functional initiator (CTA). For the synthesis
of aminooxy terminated poly(HPMA), design of the CTA
structure includes the presence of aminooxy group in a
protected form. The protecting group is selected so that it can
be removed quantitatively under mild reaction conditions
without affecting physical and chemical properties of the
polymer. Furthermore, an appropriate spacer group between
the aminooxy group and polymer chain is a requisite to
overcome any potential steric hindrance to its chemical
reactivity, in particular, during conjugation of large molecules
such as proteins. Finally, the linker connecting the aminooxy
moiety to the remaining portion of the CTA should be stable to
hydrolysis in the circulation for a prolonged period of time.
After taking these criteria into consideration, compound 1 was
designed as the target CTA. The t-Boc protecting group is
known to be stable during the RAFT polymerization
conditions, yet it can be removed selectively and quantitatively
from the polymer chain.’>>* The hydrophilic triethylene glycol
spacer will not affect the water solubility of the poly(HPMA). It
provides adequate spacing between the polymer chain and
aminooxy group so that reactivity of the latter toward various
reagents including protein-bound carbonyl groups is not
impaired. Finally, the amide bond linking the aminooxy and
thioester moieties to triethylene glycol spacer is expected to be
substantially more stable than an ester bond.

Scheme 1 shows the synthetic steps for the preparation of
CTA reagent 1. Reaction of the dithiobenzoic acid disulfide (2)
with 4,4’-azobis-(cyanopentanoic acid) produced the carboxylic
acid functionalized CTA, 4-cyanopentanoic acid dithiobezoate
(3). Compound 3 was isolated with purity greater than 98% by
column chromatography followed by recrystallization from
benzene with 60% vyield. Compound 3 was subsequently
reacted with 1,4,7,10-trioxadodecadiamine using propane
phosphonic acid anhydride as the coupling agent to produce
the amino terminated CTA, 4. Without any further purification,
compound 4 was reacted with t-Boc protected aminooxyacetic
acid in the presence of propane phosphonic acid anhydride and
triethylamine to form the target aminooxy functional CTA, 1.
Attempts to synthesize compounds 4 and 1 by using other
coupling agents (which have been used in peptide chemistry)
did not yield the desired products.®® The CTA, 1 was isolated
in pure form by preparative HPLC and its structure was
confirmed by 'H NMR and mass spectrometry.
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Synthesis and Characterization of Aminooxy Termi-
nated Poly(HPMA) Macromers. Well-defined poly(HMPA)
macromers of varying molecular weights bearing terminal
aminooxy groups were synthesized by RAFT polymerization of
the HPMA monomer (S) using the functional CTA, 1. The
polymerization reaction leading to formation of the aminooxy
end functionalized poly(HPMA) macromers is shown in
Scheme 2.

Scheme 2. Synthesis of Aminooxy Terminated Poly(HPMA)
by RAFT Polymerization

o

CTA 1
HN
42 AIBN
OH
5
y s
Xo\g/w\o/\{rw /\’Wot/\/NH ms)k@
HN
OH
TFA/Dioxane

S
HaN NH 0} NH
2 o/\[c])/ /\,{/\/ 1\3/\/ MS)I\@

HN

OH

Since commercially available HPMA monomer did not yield
polymers of desired molecular weights and narrow polydisper-
sity, high purity HPMA monomer was synthesized in-house.
Polymerization reactions were carried out under argon
atmosphere at 80 °C using DMSO as the solvent. Although
RAFT polymerization can be carried out using a variety of
thermally activated free radical initiators, we selected AIBN as
the initiator. Reaction conditions were optimized to obtain
polymers of the target molecular weight and narrow
polydispersity. The RAFT initiator system consisting of AIBN
and 1 at the molar ratio of 1:5 was found to be optimum for
controlling the molecular weights and molecular weight
distributions of these aminooxy terminated HPMA polymers.
The living nature of RAFT polymerization enabled us to
synthesize poly(HPMA) with different molecular using HPMA
and the CTA 1 at different molar ratios. Incorporation of the
aminooxy functional moiety of the CTA 1 in the polymer chain
was established by "H NMR and FTIR spectral analysis of the
polymers. Increase in molecular weight of the polymer as a
function of polymerization time was attributed to the living
nature of this polymerization process. The '"H NMR spectra of
polymers recorded at 1 and 2 h time points after polymer-
ization of a representative polymerization system are shown in
Figure 1.

Examination of these "H NMR spectra reveals that relative
peak intensities of aromatic ring of the dithiobezoate group in
comparison to HPMA associated peaks are smaller at the 2 h
than the 1 h time point. This suggests an increase in polymer
molecular weight as a function of time, which is characteristic of
living polymerization process.56 After optimizing reaction
conditions, we set out to synthesize two polymers of different
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Figure 1. "H NMR spectra of poly(HPMA) at 1 h (top) and 2 h
(bottom) synthesized by RAFT polymerization using 1 as the CTA.

molecular weights for further studies. The polymer samples
were characterized by 'H NMR spectroscopy, IR spectroscopy,
GPC, and mass spectrometry (MALDI-TOF and ESI). 'H
NMR analyses of the polymers revealed the presence of
appropriate peaks corresponding to structural features of the t-
Boc protected aminooxy group at the terminus of the polymer
chain. For example, the FTIR spectrum of a representative
polymer sample (Figure 2a) showed the presence of amide N—
H stretching band at 3327 cm™ and C=O0 stretching bands
due to amide I and amide II at 1523 cm™! and 1630 cm™),
respectively. More importantly, C=0 stretching band due to
carbamate group associated with t-Boc protecting group of the
aminooxy moiety was present at 1720 cm™".

The molecular weights and molecular weight distributions of
these polymers were determined by GPC using monodispersed
poly(methyl methacrylate) as the molecular weight standards.
The GPC chromatograms of the two polymers of different
molecular weights are shown in Figure 3 and the molecular
weight results of the two polymer samples are summarized in
Table 1.

Both polymer samples exhibit narrow polydispersity (PDI <
1.3) and their molecular weights depend on the ratio of
monomer to CTA wused for polymerization. Since GPC
measurement provides relative molecular weight, exact
molecular weights of these two polymers were determined by
ESI mass spectrometry. The mass spectra of the two polymers
are shown in Figure 4. The main series of peaks in the ESI MS
of both the polymers show an interval of 143.1 mass units,
which correspond to HPMA repeat units. The center peak for
the low molecular weight polymer is at 5299 amu and that of
the high molecular weight polymer is at 9641 amu. This implies
that average molecular weights of the polymers are ~5000 and
10 000 kD, respectively.

There was a clear discrepancy in the molecular weight of the
polymers determined by GPC and mass spectrometry. Mass
spectrometry results revealed that polymers are of significantly
lower molecular weight compared to the values obtained by
GPC method. For the lower molecular weight polymer, the
GPC gives a molecular weight of ~14.4 kDa, and for the high
molecular weight polymer, it was found to be 24.2 kDa.
However, the mass spectral results showed the median
molecular weights of these polymers to be ~5 kDa and 10
kDa, respectively. These findings suggest that molecular
weights of polymers obtained by GPC are not always accurate.
This is because for polymers of similar molecular weights, their
hydrodynamic volumes can be significantly different depending
on their chemical natures (ie., polarity, charge etc.) of the
monomers used, which can result in polymers of different
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Figure 2. FTIR spectra of (a) t-Boc protected, and (b) free aminooxy terminated poly(HPMA) obtained by RAFT polymerization.
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stretching band of the t-Boc group. This confirms the complete
removal of the tBoc protecting group. 'H NMR spectral
analysis of the polymer showed the absence of the methyl
proton signals due to the tertiary butyl group further
confirming the complete removal of the t-Boc group. GPC
analysis of the polymers did not show any change in the

Normalized Intensity
(mAU)

0 oot . molecular weight or molecular weight distribution patterns
10 15 20 25 30 35 (Figure S). Thus, the deprotection reaction condition
Retention Time (mins) employed was selective toward the t-Boc group and does not
appear to affect the polymer chain.
Figure 3. Gel permeation chromatograms of low molecular weight Fluorescent Dye Terminated Poly(HPMA) Macromers.

(solid line) and high molecular weight (dotted line) t-Boc protected

aminooxy terminated poly(HPMA) obtained by RAFT polymer- In order to ascertain the chemical reactivity of terminal

aminooxy group of the poly(HPMA), covalent conjugation of a

ization.

fluorescent dye molecule was carried out. In addition to

providing information on chemical reactivity of the aminooxy
solution conformations (globular vs extended rigid rod).”” In group, these dye labeled polymers may be used as molecular
the present case, the hydrophilic methacrylamide based probes for biological studies. For example, labeled polymers
hydrophilic polymer might possess larger hydrodynamic with appropriate reporter probe have been explored in recent
volume compared to poly(methyl methacrylate). On the years to study in vitro cell uptake as well as in wvivo
other hand, mass spectrometry is a valuable tool to determine biodistribution and pharmacokinetic properties of therapeutic
molecular weights of polymers with higher precision.”® The polymers and polymer—drug conjugates.®®~®' For example,

accuracy of the molecular weights of these polymers
determined by mass spectrometry is further evident in the
polymer—protein conjugate study (see below).

Removal of t-Boc Protecting Group. Reactivity of
terminal aminooxy groups in these poly(HPMA) compounds
was at first assessed by evaluating the ease of removal of the ¢-
Boc protecting group to generate free aminooxy moiety.
Incubation of the polymers in methanolic HCI solution for 1 h
led to removal of the t-Boc group (Scheme 3). After removal of

radioactive-isotope labeled polymers, including poly(HPMA)
have been synthesized to study biodistribution properties of
these polymers by using imaging techniques such as positron
emission tomography (PET) and single photon emission
computed tomography (SPECT).*% Biocompatible polymers
labeled with fluorescent dyes (including near-infrared fluo-
rescence (NIRF) dyes) have been found to be very valuable
imaging probes to study cellular biology, pharmacology, and in

the solvent, the polymers were dialyzed (to remove excess vivo biodistribution of polymers in a noninvasive manner
reagents and low molecular weight components) and without resorting to the use of radioisotopes that are required
lyophilized. The FTIR spectrum of the polymer (Figure 2b) for SPECT and PET techniques.**® Fluorescent dyes with
reveals the absence of the peak at 1720 cm™ in the FTIR appropriate functional groups are commercially available to
spectrum (Figure 2a) corresponding to the carbamate prepare dye labeled biocompatible polymers.

Table 1. RAFT Polymerization of HPMA Monomer Using 1 as the CTA®

HPMA CTA 1 AIBN DMSO polymn. temp. polymn. time M,/

entry (g) (2) (mg) (mL) (°C) (min.) target mol. wt X 10™* M, x 10™* M, x 107" M,
1 10 0.228 11.0 60 80 60 1.0 1.39 1.53 1.10

2 20 0.456 22.0 120 80 180 2.0 242 2.73 1.12

“Polymer molecular weights were determined by GPC method using monodispersed poly(methyl methacrylate) as molecular weight standard.
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Figure 4. ESI mass spectra of (a) low molecular weight, and (b) high molecular weight aminooxy terminated poly(HPMA) obtained by RAFT

polymerization.

Scheme 3. Deprotection and Conjugation of Rhodamine B
to Aminooxy-Terminated Poly(HPMA)
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Figure 5. Gel permeation chromatogram of t-Boc protected (solid
line) and deprotected (dotted line) aminooxy terminated poly-
(HPMA).

We chose rhodamine B as the fluorescent dye to prepare dye
labeled poly(HPMA). In the published literature dye labeled
polymers are largely synthesized with multiple copies of dye
molecules linked to polymers. In the current approach, by
utilizing terminal aminooxy group as the linking site, it was
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possible to prepare dye labeled polymers bearing a single dye
molecule per polymer chain. The aminooxy group is known to
behave like the amino group and reacts with carboxylic acid
groups to form amide bonds.*® N-Hydroxysuccinimide (NHS)
derivative of rhodamine B was used as the reagents to produce
fluorescent dye labeled poly(HPMA). Thus, rhodamine B NHS
ester (6) was allowed to react with aminooxy terminated
poly(HPMA) in anhydrous DMSO (Scheme 3). In this
manner, both samples of poly(HPMA) of two different
molecular weights were converted to their corresponding
rhodamine B terminated macromers. To achieve complete
conversion, 5-fold molar excess of the NHS dye with respect to
aminooxy group was used. After completion of the reaction, the
dye-labeled polymers were purified by extensive dialysis
followed by membrane filtration to remove excess free
rhodamine B.

Figure 6 shows the UV spectra of one of the labeled
polymers and the free rhodamine B in methanol. The

1.5 -

Abs.

0.5

550 600 650

Wavelength (nm)

500

Figure 6. UV—vis spectrum of rhodamine B terminated low molecular
weight poly(HPMA).

absorption maxima (A,,,) of the free dye and the dye labeled
polymer were found to be at 560 nm. On the other hand, the
dye labeled polymer exhibited a 4, at 575 nm in water, which
is ascribed to expected solvatochromic shift. Also, the
fluorescent spectra of these polymers were measured along
with that of the free dye for comparison purposes. Fluorescence
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emission behavior of the polymer bound rhodamine B was
essentially similar to that of the free dye (Figure 7).

Intensity

T T T T T d
580 600 620 640 660 680

Wavelength (nm)

560

Figure 7. Excitation (solid line) and emission (dotted line) spectra of
rthodamine B terminated low molecular weight poly(HPMA).

Thus, the emission maximum (4,,,) of the free dye is 580 nm
(excitation wavelength (A.,) = S60 nm) and A, of the
corresponding polymer appeared at 581 nm. These results
indicate that since only one dye molecule was present per
polymer chain, any dye—dye interaction leading to fluorescent
quenching was minimized.

These rhodamine B labeled HPMA polymers were used as
molecular probes to study intracellular uptake of HPMA
polymers in renal epithelial cells. Epithelial cells are known to
take up foreign molecules from their environment through a
variety of processes, such as endo-, pino-, and phagocytosis.””
To determine intracellular uptake of polymers, the cultured
cells were incubated with increasing amounts (3, 10, 30, and
100 uM) of the dye labeled polymer (both low molecular
weight and high molecular polymers) at 37 °C for 30 min and 4
h. At the end of the incubation time, the cells were washed
multiple times to remove any free dye labeled polymers. Cells
were subsequently fixed and costained with DAPI to highlight
cell nuclei that allowed the ability to focus on an intracellular
plane as opposed to only looking at the cell surface.

Figure 8 shows the fluorescence microscopy images of the
polymer incubated cells at 30 min. A steady increase in polymer
uptake by the cells in a concentration dependent manner was
observed for both polymers. However, the low molecular
weight polymer was found to be located both in the cytoplasm
and on the membrane in a concentration dependent manner.
On the other hand, the high molecular polymer showed similar
concentration dependence uptake, but was present predom-

inantly inside the cytoplasm of the cell. This is probably due to
a size dependent endocytosis that is more efficient for larger-
sized polymers. Interestingly, after 4 h both polymers are
present inside the cell (Figure 9). This suggests that these
soluble HPMA-conjugates can be taken up by live cells in both
concentration and time dependent manner, most likely through
nonspecific pinocytosis, or fluid phase endocytosis.”® Thus,
these well-defined dye labeled polymers can be used as novel
reporter molecules to study cellular uptake of therapeutic
polymers. Efforts are currently underway in our laboratory to
conjugate ligands for specific cell surface receptors together
with fluorescent dyes to the same polymer chain to study
receptor mediated intracellular uptake of polymers.

Synthesis of Transferrin—poly(HPMA) Conjugate. Site
specific and chemoselective conjugation of aminooxy functional
polymers with aldehyde containing proteins offers a novel
approach to prepare stable oxime linked protein—polymer
bioconjugates of defined composition.”” Typically, aldehyde
and ketone groups have been introduced into proteins by
chemical modification of specific amino acid residues or by site
directed mutagenesis using carbonyl group containing un-
natural amino acids.””~”> A large number of therapeutic
proteins and antibodies are glycoproteins and glycosylation is
needed to suppress the immunogenicity of these recombinant
biotherapeutics.”>’* Carbohydrate components (also called
glycans) of glycoproteins are located on the surfaces of these
proteins and are usually remote from the active site. Therefore,
glycan-directed synthesis of protein—polymer bioconjugates
can avoid any potential interference with the biological
activities of the therapeutic proteins and antibodies. These
glycan moieties generally contain terminal sialic acid residues
that can be oxidized to generate aldehyde groups, which are
reactive with aminooxy functional polymers.””¢

To demonstrate the ability of these aminooxy terminated
poly(HPMA) macromers to form oxime-mediated protein—
polymer conjugates, serum Tf was used as the test glycoprotein.
Tf is responsible for intracellular uptake of iron from the blood,
which is mediated by cell surface receptor mediated endocytosis
of an iron-Tf complex.”” Tf receptors are overexpressed in
various tumor cells and this phenomenon has been used as a
strategy for targeted therapy to selectively deliver drugs and
nucleic acids to cancer cells as Tf-conjugates.””” Tf is an 80
kDa glycoprotein bearing two glycan chains attached to
aspargines 413 and 611 in the C-terminal domain.** Although
Tf is microheterogeneous in terms of sialic acid contents, nearly

Figure 8. Fluorescence microscopy images of live renal epithelial cells incubated with varying concentrations of Rhodamine B terminated low
molecular weight (top panel) and high molecular weight (bottom panel) poly(HPMA) for 30 min.

872

dx.doi.org/10.1021/bc300472e | Bioconjugate Chem. 2013, 24, 865—-877



Bioconjugate Chemistry

Figure 9. Fluorescence microscopy images of live renal epithelial cells incubated with varying concentrations of Rhodamine B terminated low
molecular weight (top panel) and high molecular weight (bottom panel) poly(HPMA) for 4 h.

80% of the isoforms contain four sialic acid units (tetrasialo-
Tf). Remaining isoforms consist of triasialo-Tf and pentasialo-
Tf. Since the glycan moieties of Tf neither participate in
receptor interaction nor metal binding, the side chain diols of
the sialic acid residues of the glycan moieties have been used as
anchors to prepare (bio)conjugates of Tf.

Sodium periodate mediated oxidation of the sialic acid
residues in Tf generated aldehyde group containing Tf. The
oxidizing agent was found to be mild and selective toward side
chain diol of sialic acid.®" Optimization of the oxidation
condition was needed to avoid unwanted protein oxidation as
well as limit the oxidation to the side chain diol of sialic
residues. Thus, while typical literature procedures involve use of
4 mM of sodium periodate followed by coupling at pH 5.6, we
were able to achieve oxidation using 1 mM of sodium periodate
and coupling pH at 7.2. After completion of the reaction, excess
reagents and low molecular weight side products were removed
by dialysis using a 35000 molecular weight cutoff membrane.
Subsequently Tf-polymer conjugates were synthesized by
reacting the oxidized protein with aminooxy terminated
poly(HPMA) macromers. After the conjugation reaction was
completed, the reaction mixture was subjected to dialysis (35
000 molecular weight cutoff) followed by gel filtration using
sephadex column to remove any unreacted polymers. Synthetic
steps used for the preparation of these oxime linked Tf
bioconjugates are shown in Scheme 4. Polymer to protein ratio
was varied to evaluate the reactivity of the polymer bound
aminooxy group toward the aldehydes groups in Tf. Table 2
summarizes these experimental conditions.

Characterization of these protein—polymer conjugates was
carried out by gel electrophoresis (SDS-PAGE) and MALDI-
TOF mass spectroscopy. After running the samples on the gel
for 4 h, protein bands were stained using Li-Cor IR Dye Blue
and were imaged on a Li-Cor scanner at 700 nm. The HPMA
polymers do not stain under these conditions. Electrophero-
grams of the bioconjugates along with those of the native and
oxidized Tf are shown in Figure 10. The electropherogram of
native Tf shows that the protein was predominantly present as
the monomeric species with molecular weight ~80 kDa.
However, the presence of small amounts of dimeric and
trimeric forms of the protein was evident in the electrophero-
gram (lane 4). Periodate mediated oxidation of Tf affects
neither the protein’s molecular weight nor its monomer:-
dimer:trimer distribution ratio (lane S). Syntheses of poly-
(HPMA)-Tf conjugates were studied by using different molar
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Scheme 4. Chemoselective Bioconjugation of Transferrin
with Aminooxy Terminated Poly(HPMA) via Oxime
Ligation
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Table 2. Synthesis of Poly(HPMA)—Transferrin Conjugates
via Oxime Linkage by Varying Protein to Polymer Ratio®

Amount of Transferrin Amount Polymer

Entry  Polymer Used used (mg) used (mg)

1 S kDa 8 1.6
poly(HPMA)

2 S kDa 8 6.4
poly(HPMA)

3 S kDa 8 14.6
poly(HPMA)

4 S kDa. 8 29.0
poly(HPMA)

N 10 kDa 4 1.3
poly(HPMA)

6 10 kDa 4 4.4
poly(HPMA)

7 10 kDa 4 12.1
poly(HPMA)

8 10 kDa 4 242
poly(HPMA)

“For details on conjugation conditions, please see Experimental
Section

equivalents of the polymer for a fixed amount of the protein.
This enabled us to evaluate the reactivity of the protein bound
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Figure 10. SDS-PAGE electropherogram of conjugates of transferrin
with aminooxy terminated poly(HPMA): band 4 -- Native Tf; band §
-- periodate oxidized Tf; bands 1, 2, and 3 -- conjugates prepared
using 1.1, 4.4, and 10 mol equiv of the S kDa poly(HPMA); bands 6,
7, and 8 -- conjugates prepared using 1.1, 4.4, and 10 mol equiv of the
10 kDa poly(HPMA).

aldehyde groups toward the polymeric aminooxy reagents and
to optimize reaction parameters for complete conjugation of Tf.
As can be seen in Figure 10, when 1.1 mol equiv of the polymer
was used, a heterogeneous population of the conjugates were
formed and a significant amount of the protein remains
unconjugated for both the low molecular weight and high
molecular weight poly(HPMA) macromers (lanes 1 and 6). By
increasing the polymer amount to 4.4 equiv, conjugate
formation appears to be completed (lanes 2 and 7). When
the polymer amount is increased to 10 equiv, the electro-
pherogram does not appear to change any further (lanes 3 and
8). However, a close examination suggests that with 4.4 equiv
of the polymers, some conjugates with three polymer chains per
protein are present. On the other hand, when 10 equiv of the
polymer were used, all the four aldehyde groups of Tf have
been involved in oxime formation. Furthermore, shift in the
bands of dimeric and trimeric proteins suggests that all forms of
protein are conjugated. Relative positions of the bands of the
conjugates for the two sets of polymers are attributed to the
difference in their molecular weights. The smear in electro-
pherograms of the conjugates is attributed to the fact that the
aminooxy terminated poly(HPMA) macromers used are not
single molecular entities. These narrowly dispersed polymers
contain chains of different molecular weights within a narrow
range. As a result, a relatively small population of protein—
polymer conjugates of varying molecular weights was formed.

Figure 11 shows the MALDI-TOF mass spectra of the naked
and periodate oxidized Tf are shown in Figure 11. For the
native protein (Figure 11a), the major peak at m/z = 79 379 is
attributed to the monomeric Tf. The peak at m/z = 158 772 is
due to the Tf dimer. These results agree with those obtained by
SDS-PAGE analysis. However, a peak at 39749 amu
(approximately half of the Tf molecular ion peak) was observed
in the mass spectra of the protein, which is absent in the SDS-
PAGE. Being a soft ionization method, dominant species in
MALDI-TOF are generally single protonated molecular ions.
However, some times, a doubly charged species at approx-
imately half the m/z value can appear.** Thus, the peak at 39
379 amu is most likely due to this phenomenon. The mass
spectral profile of the periodate oxidized Tf is similar to that of
the native protein (Figure 11b), except with a slightly lower
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Figure 11. MALDI-TOF mass spectra of conjugates of native
transferrin (a) and periodate oxidized transferrin (b).

molecular weight of the individual peaks due to modification of
terminal sialic acid groups of the glycan components to
generate aldehyde groups.

MALDI-TOF mass spectra of the polymer bioconjugates of
Tf by using low and high molecular weight poly(HPMA)
macromers are shown in Figures 12 and 13, respectively. For
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Figure 12. MALDI-TOF mass spectra of conjugates of transferrin with
low molecular weight (5.5 kDa) aminooxy terminated Poly(HPMA) at
polymer to protein ratio of 1.1 (a); 4.4 (b); and 10 (c).

the conjugates with low molecular weight polymer using 1.1
mol equiv of the polymer, the mass spectra (Figure 12a) shows
two key peaks; a peak at 79 372 amu corresponding to the free
protein and a peak at 87647 amu corresponding to the
conjugate carrying mostly one polymer chain per protein. In
the mass spectra of the conjugates obtained with 4.4 and 10
mol equiv of the polymer (Figure 12b,c), the peak
corresponding to the free protein has completely disappeared
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Figure 13. MALDI-TOF mass spectra of conjugates of transferrin with
high molecular weight (10 kDa) aminooxy terminated Poly(HPMA)
at polymer to protein ratio of 1.1 (a); 4.4 (b); and 10 (c).

and the major peaks are centered at 102 894 and 109 553 amu,
respectively. Since the polymer used in this case has a molecular
weight ~5500 Da, these peaks correspond to attachment of
four to five polymer chains per protein. The broadening of the
mass spectra of the conjugates compared to the native protein
might be due to polydispersity of the poly(HPMA) macromers,
which results in multiple species of close molecular weights. In
other words, since the polymer is composed of chains of
varying lengths, the conjugates thus obtained, even with the
same degree of modification, are of varying molecular weights.
The protein conjugates obtained using the high molecular
weight poly(HPMA) macromer showed a parallel pattern in
mass spectra. Mass spectrum of the conjugates obtained with
1.1 mol equiv of this polymer contains a peak at 89 144 amu (in
addition to the peak due to the naked protein at 79 195 amu),
which is ascribed to conjugate containing mostly one polymer
chain attached to the protein (Figure 13a). Although mass
spectra of the conjugates obtained with excess polymers are
broad, with 4.4 equiv of the polymer, the mean peak centered
around 110 037 amu (Figure 13b) suggests that the majority of
the conjugates carry three polymer chains per protein. On the
other hand, with 10-fold excess of polymer, the main peak
centered around 122 456 amu (Figure 13c) suggests that all the
four aldehyde groups have been reacted with the aminooxy
macromer. Thus, the polymer chain length appears to have
imparted some steric effect on conjugation reaction and excess
of reagent is needed to achieve complete conjugation. Such a
phenomenon is not uncommon in polymeric systems.

B CONCLUSIONS

A novel functional RAFT polymerization reagent to synthesize
molecular weight controlled poly(HPMA) macromers of
narrow molecular weight distribution with a-terminal aminooxy
group has been developed. By direct polymerization of the
HPMA monomer using an amide bond containing RAFT
reagent, polymers with chemical compositional homogeneity
and with greater hydrolytic stability of the linker arm were
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obtained. It enabled us to overcome the structural hetero-
geneity issues associated with synthesis of the poly(HPMA) by
chemical modification of active ester precursor polymers. These
aminooxy end terminated polymers were systematically
characterized. In particular, ESI and MALDI-TOF mass spectral
analyses have been helpful in establishing the precise molecular
weights of these polymers. The terminal aminooxy group has
been found to participate in various chemical reactions, thus
making these polymers novel macromolecular reagents for
various biological studies. Fluorescent dye labeled macromer
was found to be useful as a molecular probe to study cell uptake
characteristics of this class of biocompatible polymers. Ability of
these aminoxy end-functionalized poly(HPMA) macromers to
conjugate glycoproteins by chemoselective oxime ligation
makes them promising carriers for the development of
bioconjugates of therapeutic proteins and antibodies for various
biomedical applications. Facile synthesis of the functional
RAFT reagents with stable linkage makes it a modular approach
to prepare tailored functional initiators. Thus, beyond the
examples presented in this article, the approach presented here
may expand the scope of the functional groups that can be
introduced at the chain terminus and polymer structures that
may be achieved.
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