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Poly(2-oxazoline)-drug conjugates with drugs attached via releasable linkages are being developed for drug
delivery. Such conjugates with pendent ester linkages that covalently bind drugs to the polymer backbone exhibit significantly slower hydrolytic release rates in plasma than the corresponding PEG- and dextran-drug
conjugates. The slow drug release rates in-vitro of these POZ-drug conjugates contribute to extended in-vivo
pharmacokinetic profiles. In some instances, the release kinetics may be relatively sustained and ideal for once-aweek subcutaneous injection, whereas the native drug by itself may only have an in-vivo half-life of a few hours.
The origin of this unusual kinetic and pharmacokinetic behavior is proposed here to involve folding of the POZ
conjugate such that the relatively hydrophobic drug forms a central core, and the relatively hydrophilic polymer
wraps around the core and slows enzymatic attack on the drug-polymer chemical linkage. Here we present
evidence supporting this hypothesis and demonstrate how the hypothesis can be used to tune hydrolytic release
rates and pharmacokinetics. Evidence for the folding hypothesis is taken from hydrolysis kinetics of a range of
drugs in plasma, pharmacokinetics of a range of drugs following subcutaneous injection in laboratory animals,
and nuclear magnetic resonance (NMR) studies showing folding of the POZ-rotigotine molecule. The drugs
included in this study to test the hypothesis are: rotigotine, buprenorphine, dexanabinol, cannabidiol (CBD), Δ9tetrahydrocannabinol (THC) and cannabigerol (CBG).

1. Introduction
Use of polyoxazolines (POZ) for drug modification and drug delivery has attracted increasing research activity in recent years [1–6].
One aspect of this research involves attachment of drugs as hydrolytically releasable pendent groups along the polymer backbone.
Structure 1 in Fig. 1 shows such an example in which the drug rotigotine is attached to POZ 20 kDa via a triazole-ester linkage and in
which a is random, as opposed to block, m is typically 190, o is typically
10, and p can be varied to change the hydrolysis rate of the ester. In one
of our recent publications we showed that rotigotine attached via
triazole-ester linkages to branched PEGs, dendrimer PEGs, and modified dextran with pendant functional groups was released in plasma
much more rapidly than rotigotine attached to POZ through the same
linkages; this data is summarized in Table 1 [7]. In contrast, reactive
groups attached to the terminus of a linear POZ show very similar
hydrolysis rates to the corresponding PEG derivative [1].

This surprisingly slow release of rotigotine from the POZ conjugate
in plasma is reflected in a near linear pharmacokinetic (PK) profile for
once-a-week subcutaneous injection of POZ-rotigotine in humans [4].
We have now observed similar behavior in other pendent POZ-drug
conjugates. The purpose of this publication is to provide an explanation
of the unusual and useful slow hydrolysis rates and extended PK profiles
for pendent POZ-drug conjugates.
Our operating hypothesis for the unusually slow pendent POZ-drug
release kinetics has been that the conjugate folds loosely such that the
relatively hydrophobic pendent drugs form a “core” surrounded by the
relatively hydrophilic polymer backbone “shell”. In this “core-shell”
hypothesis, the surrounding polymer shell is flexible and mobile and
interferes with but does not prevent esterase approach to the core. This
interference to esterase approach and binding slows ester hydrolysis
and drug release. Here we describe several experiments designed to test
this core-shell hypothesis. These experiments are: (1) NMR studies of
POZ-rotigotine (Structure 1) and POZ-cholesterol using correlation
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conjugates with less hydrophobic drugs, assuming other factors such as
steric and electronic effects are similar. Third, loading more of a hydrophobic drug onto a POZ backbone should lead to a tighter, morecompact core, and this in turn should give a slower hydrolysis rate.
Fourth, adding inert, hydrophilic molecules in pendent positions would
be expected to attract water and swell and “loosen” the core, which
would lead to increased enzymatic access to the core, and an increase in
hydrolysis rates of attached drugs. Inert hydrophobic pendants would
be expected to have the opposite effect, and such work will be the
subject of future publication.
In the following sections we explore the above four experiments.
Finally, we show how combination of the various controlling factors
(ester linkage, drug loading, polymer MW) can be used to tune the
pharmacokinetics of POZ-drug conjugates.
2. Experimental
2.1. Materials
The ethyl oxazoline monomer was purchased from Polymer
Chemistry Innovation, Tucson, Arizona. The functional pentynyl
monomer was prepared at Serina Therapeutics. The solvents used in the
synthesis and extraction of the polymer and polymer conjugates were
ACS anhydrous grade or better and were acquired from EMD
Chemicals. The initiators, reagents and catalysts used in the synthesis of
the polymer and polymer conjugates were acquired from Sigma-Aldrich
in St. Louis, MO. Samples of the active molecules used in the POZ
conjugation were rotigotine (from Sai Chemicals, Hyderabad, India),
cannabidiol, Δ9-THC, cannabigerol and buprenorphine (from Noramco,
Wilmington, DE), and dexanabinol (from Cayman Chemical, Ann Arbor,
MI). Polyethylene glycol (PEG) reagents with 4-arm and 8-arm chains
were obtained from Creative PEGWorks, Chapel Hill, NC and the dextran 6-arm polymer was synthesized at Serina Therapeutics.

Fig. 1. Structure 1 of POZ-rotigotine conjugate using a degradable ester linkage
where p can be 1–3. A branched alkyl linker can also be used.

Table 1
Effect of polymer on hydrolytic release rate of rotigotine from rotigotine 3-propionate ester conjugates of POZ, PEG, and modified
dextran in female rat plasma at 37 °C [7].
Polymer

Plasma half-life (t1/2)

POZ 10 pendent
PEG 4 arm
PEG 8 arm dendrimer
Dextran 6 pendent

11.9 h
8 min
11 min
< 2 min

2.2. Chemical synthesis of POZ and POZ conjugates

a. POZ is MW 20 kDa, acid terminus, 10 pendants, each pendant terminated with triazole-CH2CH2-COO-rotigotine.
b. PEG 4 arm has propargyl core, MW 10 kDa, each arm terminated
with triazole-CH2CH2-COO-rotigotine.
c. PEG dendrimer, 8 arms, MW 26 kDa, each arm terminated with
triazole-CH2CH2-COO-rotigotine.
d. Dextran 6 pendent MW 20 kDa [8], each pendant terminated with
triazole-CH2CH2-COO-rotigotine [2].

Synthesis of POZ with pendent functional groups and pendent, releasable drugs (typically with ester linkers to phenolic drugs) via the
route shown in the reaction scheme below (Fig. 2) has been described in
several of our publications and patents [4,7].
POZ conjugates of the following phenolic drugs were prepared by
this procedure (Fig. 3). An azido alkyl carboxylic acid linker was first
coupled to the phenolic –OH of the small molecule drug to make a
mono-ester. Drugs such as cannabidiol and cannabigerol have two potential phenolic –OH groups, and the diesters formed were removed by
preparative chromatography. The azido alkyl esters of these drugs were
then “clicked” to the pentynyl pendants on the POZ polymer as shown
in Fig. 2. Examples of alkyl carboxylic acid linkers are acetic, 2-propionic and 3-propionic acid. The number of drug molecules loaded can
vary and will depend on the number of equivalents (eq) of the DrugLinker-Azide used in the click reaction. When 10 eq are used the conjugate is found to be fully clicked on all 10 pendants of the POZ polymer
chain. Conjugates with lower number of drug loading were also prepared using less than 10 eq of the Drug-Linker-Azide compound; i.e. 8
and 6 eq. The percentage (% w/w) of drug loaded was chromatographically assayed then calculated using the molecular weight of the
small molecule drug.
PEG and dextran conjugates of rotigotine were also prepared using
similar click chemistry conditions as used with the POZ polymer.
Procedures to purify and assay these conjugates were the same.

spectroscopy and diffusometry; (2) effect of drug hydrophobicity on
plasma release kinetics; (3) effect of drug loading on plasma release
kinetics; and (4) effect of hydrophilic pendent groups on rate of release
of hydrophobic drugs.
The reasoning behind choice of these experiments is as follows.
First, NMR spectroscopy is capable of showing chemical shifts correlations consistent with nuclei in close spatial proximity, and thus can
reveal polymer conformation. Moreover, phase-sensitive 1H–1H NOESY
pulse sequence NMR provides molecular self-diffusivity which depends
on polymer conformation, size and aggregation. The concept of collapsing a macromolecule into itself using different polymers such as
polystyrene and poly(methyl methacrylate) in solvents such as toluene
and tetrachloroethane has been previously studied [9]. Some have demonstrated that pulsed-gradient spin-echo NMR (PGSE-NMR) and
small-angle neutron scattering (SANS) can be used to study micelle-like
structures in molecular and supramolecular conformation of polyacetals in solution [10]. SANS was also used to study the effect of drug
loading of N-(2-hydroxypropyl)methacrylamide (HPMA) copolymerdoxorubicin conjugates with gly-phe-leu-gly peptidyl side-chains and to
reveal helical type structures that are more or less tightly wound
[11,12].
Second, POZ-conjugates with increasingly hydrophobic drugs could
be expected to fold more tightly and thus hydrolyze more slowly than

2.3. Chemical synthesis of POZ-Cyanine-5 conjugates
To perform the first set of pharmacokinetic studies with POZ of
different molecular weights, poly(2-ethyl-2-oxazoline) (PEOZ) polymers with an average of ten alkyne pendants per chain were made and
2
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Fig. 2. General reaction scheme for synthesis of POZ pendent polymer and conjugates.

tested using a process previously described [1]. One hundred milligrams (100 mg) of the POZ polymer was weighed into a 50 mL twoneck round bottom flask. A small amount of de-ionized water (4 mL)
was added to the flask and the polymer was dissolved with constant
stirring. A 2 M triethylammonium acetate buffer solution (0.5 mL, pH 7)
was added and the stirring solution was purged with argon. About 5 mg
of the cyanine5-azide-fluorophore (Cy5, Lumiprobe Corp, Hunt Valley,
MD) was dissolved in 5 mL of DMSO and transferred to the flask. The
following agents were added in the following order: aqueous solutions
of sodium ascorbate (∼5 mg in 0.5 mL) and copper sulfate (∼4 mg in
0.5 mL). The resultant dark blue solution was stirred under argon for at
least 20 h to complete the ‘click’ reaction as shown in Fig. 4. Sodium
chloride was added to make a 2.5% salt concentration. The solution was
transferred to a 100 mL separatory flask and extracted 5 times with

5 mL of dichloromethane (DCM). The organic DCM layer was evaporated on a rotary evaporator. The residue was dissolved in about 10 mL
of de-ionized water and evaporated on a rotary evaporator one more
time to remove any residual DCM. The aqueous solution was transferred
into a 2 kDa MWCO dialysis cassette (30 mL size, Spectrum), immersed
in a beaker containing de-ionized water and dialyzed for at least 24 h to
remove any unconjugated Cy5-azide fluorophore. The dialyzed solution
was next transferred into a 50 mL culture tube, frozen in a freezer and
lyophilized for 4 days to obtain a dry fluffy powder of about 100 mg of
final weight (yield 100%). A sample was submitted for NMR and HPLC
analysis to determine the number of pendants with conjugated Cy5 and
the purity, respectively. The final product was stored in the dark and in
a −20 °C freezer.

Fig. 3. Phenolic drugs conjugated to POZ polymers.
3
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Fig. 4. General reaction scheme for synthesis of POZ Cy5 conjugates.

2.4. Characterization of POZ conjugates by NMR

(TFA) in acetonitrile (ACN). The suspension was vortexed to extract the
POZ drug conjugate and the released drug from the crashed plasma
proteins. The solution was centrifuged for 5 min at 14000 rpm and the
supernatant (500 µL) was added to 500 µL 0.1% TFA in H2O and placed
into an HPLC vial.
The samples were analyzed by HPLC, using a Zorbax 300SB C-8
column, 5 mm × 4.6 × 150 mm, and a UV detector, and gradient elution was performed with 0.1% TFA in H2O (Mobile Phase A) and 0.1%
TFA in acetonitrile (Mobile Phase B). A calibration curve was created
for each drug tested using a peak area versus concentration curve to
determine the concentration of hydrolyzed drug at each time point.

All correlation spectroscopy and diffusometry NMR experiments
were carried out using a Bruker 800 mHz Avance III HD spectrometer
equipped with a cryo CNH 5 mm probe operating at 25 °C. The 1H and
13
C chemical shift were assigned using HSQC- and HMBC-based experiments from the Bruker pulse sequence library together with standard one-dimensional 1H and 13C spectra. Intermolecular correlations
of spatial proximity were evaluated using a phase-sensitive 1H–1H
NOESY pulse sequence with water suppression [13,14]. All NMR correlation spectroscopy experiments were conducted on a D2O solution
containing 5 wt% of POZ rotigotine. MestReNova software was used to
achieve the chemical shift assignment.
Self-diffusion experiments were performed using the conventional
PGSTE sequence [15] with 200 ms diffusion time, 5 ms gradient pulse
length, and the gradient strength ramped linearly in 16 steps from 2.95
to 47.19 G/cm. Bruker standard SMSQ10.100 gradient pulses were
used, with stabilization time of 0.2 ms. The diffusion experiments were
performed on three samples of POZ (0.05, 0.5, and 5 wt% in D2O), three
samples of POZ rotigotine (0.05, 0.5, and 5 wt% in D2O), and one
sample of POZ cholesterol (0.05 wt% in D2O). Each sample was measured in triplicate. Self-diffusion coefficients were calculated by regression analysis using Matlab software program.

2.6. Pharmacokinetics of POZ polymers of different molecular weights
The pharmacokinetics of POZ polymers (10, 20, 30, 40 and 60 kDa)
tagged with fluorescent cyanine 5 was studied in male Sprague-Dawley
rats. An in-house institutional animal care and use committee (IACUC)
reviewed and approved the study protocol before start of the study.
After arrival at the vivarium, the rats were placed in a rat cage and
allowed at least 3 days of acclimatization before the start of the dosing.
There were ten groups of animals with 3 animals per group. Five groups
of rats were placed into a restraining device and injected intravenously
into the tail vein of each animal using a 25G BD precision glide needle.
For SC injection, a restraining device was not used, and animals were
injected into the left flank using a 23 G BD precision glide needle. The
dose was 10 mg/kg, dose volume was 1 mL/kg (∼0.25 mL) and the
duration of each injection was approximately 10–15 s. Serial venous
blood samples 100 μL were collected from the tail vein of each animal
at the following time points: 0.25, 1, 3, 8, 12, 24, 48, 72, 96, 120, 144,
168, 240, 336, 408, 504, 576, and 672 h post-dose. Blood was transferred into 1.5 mL Eppendorf tubes that contained a fixed volume
(150 μL) of 1x PBS with 1.2% of a 0.2 N EDTA solution. Samples were
briefly mixed by repeated up and down pipetting. Samples were immediately placed in ice and covered to minimize exposure to light. The
samples were then centrifuged at 10,000 rpm for 3 min at 4 °C. The
supernatant from each tube (100 μL) was pipetted out and placed in a
cryo-labeled tube. The samples were immediately frozen on dry ice and
then transferred to a minus 80 °C freezer. Fluorescence

2.5. In-vitro release of drugs from polymer conjugates
Approximately 50 mg of a sample of a POZ/PEG/dextran drug
conjugate was accurately weighed and added to a 5 mL volumetric flask
and a solution of 5% w/w of dextrose was added to dissolve and dilute
the sample. Under a laminar flow hood, 300 μL of this solution was
added to 3 mL of chilled plasma (rat, monkey or human) and mixed
gently by inverting several times. Using an Eppendorf pipettor, 200 µL
of the plasma solution was aliquoted into separate microcentrifuge
tubes with screw caps and incubated in a shaking water bath at 37 °C, to
allow for the in-vitro hydrolysis of drug from the POZ conjugate. The
experiments were performed in triplicate.
At each time point, a set of tubes was removed, and the samples
were quenched by addition of 1000 µL of 0.1% trifluoroacetic acid
4
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spectrophotometry was used to measure the amount of PEOZ Cyn5
polymer in each plasma sample. The excitation and emission wavelength of cyanine5 azide fluorophore (Cy5) is 650 nm and 670 nm, respectively. A small amount of thawed sample was placed in a 96 well
plate and the absorption data was recorded between 660 and 750 nm at
1 nm intervals.
A stock solution was prepared with each molecular weight of POZ
Cy5 by dissolving a known weight of the compound in PBS EDTA stock
solution. Dilutions of the stock solution were made in PBS EDTA to
make concentrations of 20, 10, 5, 1, 0.5, 0.1 and 0.05 µg/mL. One
hundred and fifty microliters of each standard solution were placed in a
1.5 mL centrifuge tube and 50 µL of freshly collected whole blood was
placed in each tube. The solutions were gently mixed and centrifuged at
3000 rpm for 3 min. Seventy-five microliters of the supernatant of each
standard was pipetted out and placed in the top row of a 96-well plate.
Standards were prepared fresh daily before each measurement. One
plate was prepared for each molecular weight POZ polymer. The plates
were placed in the spectrophotometer holder, one at a time, and the
emission absorbance values were recorded (Au) at 670 nm at signal
gain values set at 80, 100, 120 and 150. A standard curve equation
(peak area versus concentration curve with linear regression) was calculated for each POZ molecular weight standard. These measurements
were done in duplicate for each time point. The concentration of POZ
Cy5 in plasma at each time point was calculated from this equation.

Microtainer tubes containing NaF/disodium EDTA, gently mixed and
placed in an ice batch. Plasma was harvested by centrifugation at
3000 rpm for 15 min at 4 °C. Plasma aliquots of 250 μL were collected in
separate tubes containing 10 μL of a solution of 3 N HCl acid, gently
mixed and immediately frozen and stored at −70 °C.
The plasma samples were processed by the ‘protein crash’ method
using cold acetonitrile. The samples were mixed, centrifuged at
13,000 rpm for 15 min and the organic phase sampled and assayed for
either rotigotine, buprenorphine or cannabidiol using a qualified LCMS/MS method. Internal standards of rotigotine-d3, buprenorphine-d4
and cannabidiol-d3 were used in the assays.
3. Results and discussion
3.1. Characterization of POZ-Cyanine-5 conjugates
The POZ polymers used in the conjugation to the cyanine5-azidefluorophore were characterized by size exclusion chromatography
methods described in earlier publications [1]. As mentioned above, H1NMR was used to calculate the number of Cy5 molecules per POZ
polymer backbone. In addition, RP-HPLC was used to check for the
purity of each conjugate and to confirm the absence of the free Cy5azide fluorophore. The results are tabulated below.
3.2. NMR characterization of POZ conjugates

2.7. Pharmacokinetics of drugs released from POZ conjugates

As noted above, NMR spectroscopy is capable of showing chemical
shift correlations consistent with nuclei in close spatial proximity, and
thus can reveal polymer conformation. Moreover, NMR provides molecular self-diffusivity which depends on polymer conformation, size,
and aggregation. The HSQC-type two-dimensional NMR experiment
performed here provides cross-peaks for directly bonded 1H and 13C
atoms, while the HMBC-based experiments reveals 1H–13C connections
with 2–4 covalent bonds in between. The complete HSQC and HMBC
identification of POZ-rotigotine in aqueous solution resulted in a map of
1
H and 13C chemical shift assignments, respectively, that are illustrated
in Fig. 5.
The two-dimensional NOESY spectrum displays 1H–1H in-space
correlations in terms of cross peaks, i.e. pairs of 1H signals corresponding to 1H nuclei that are in close spatial proximity (within 5 Å).
In spectral analysis of a functionalized polymer such as POZ-rotigotine, it is important to keep in mind that the NMR signals of the POZ
backbone are of significantly larger amplitude than the signals from the
rotigotine attachment as a result of the higher abundance of m-groups
(approximately 190) compared to o-groups (approximately 10) (Fig. 1)
in the polymer. These large signals dominate the spectrum, and in addition they produce so-called noise lines in the two-dimensional spectrum – both vertically (T1-noise) and horizontally (“tails” of the large
signals). Hence, potential NOESY cross-peaks from spatial couplings
between rotigotine and the POZ backbone appear in the spectral areas
where significant noise is also found. Moreover, 1H nuclei within the
rotigotine attachment that are of close proximity also generate a significant diversity of cross peaks. Indeed, almost all detectable NOESY
correlations were found to arise from atoms covalently close to each
other following the constitution of the molecule (both POZ backbone
and rotigotine).
However, a distinct correlation was found that specifies a correlation between the NMR signals at 3.42 ppm and 6.95 ppm, respectively.
This finding would indicate a coupling between methylene in the POZ
backbone and the thiophene ring of rotigotine. In other words, such
spatial proximity of these groups is a sign of a complete loop of the
rotigotine chain back to the POZ backbone. It is of high relevance to
validate that this signal correlation is not a result of noise effects. A true
NOESY cross peak is tilted by 45° from the original axis whereas the
noise is linear in horizontal and vertical directions. A strictly 45°-tilted
feature was found for this between 3.42 and 6.95 ppm.

The plasma levels of rotigotine, buprenorphine and cannabidiol
were measured in rodent (Sprague Dawley rats) and non-human primates (Macaca fascicularis, cynomolgus monkeys) following single
subcutaneous injections of their respective POZ conjugates with different linkers and drug loading wt%. The molecular weight of POZ used
in these studies was 20 kDa. An in-house institutional animal care and
use committee (IACUC) reviewed and approved each study protocol
before start of the studies
Male Sprague Dawley naïve rats (age 8–9 weeks, weight 200–250 g)
were acquired and placed in rat cages and allowed at least 3 days of
acclimatization before the start of the dosing. Each test group contained
3 rats. The POZ conjugates were dissolved 5% dextrose injection and
the pH of the solution was adjusted to about 4.0 with 0.1 N hydrochloric acid. Each animal received a single subcutaneous (SC) injection
of test article solution equivalent to a dose of 1.5–1.6 mg/kg (based in
drug equivalents) and at a volume of 1 mL/kg, and into the left flank
using a 23 G BD precision glide needle. The duration of each injection
was approximately 10–15 s. Serial venous blood samples of 400–500 μL
were collected from the tail vein of each animal at the following time
points: 3, 6, 12, 24, 48, 72, 96, and 168 h post-dose. All blood samples
were collected in pre-labeled BD Microtainer tubes containing NaF/
disodium EDTA, gently mixed and placed in an ice batch. Plasma was
harvested by centrifugation at 3000 rpm for 15 min at 4 °C. Plasma
aliquots of 100 μL were collected in separate tubes containing 10 μL of a
solution of 3 N HCl acid, gently mixed and immediately frozen and
stored at −70 °C.
Female cynomolgus non-naïve monkeys (> 2 years of age, weight
2.5–3.5 kg) were acquired and placed in cages for the studies. The animals (n = 3 per group) had a washout period of at least 30 days since
the end of the previous study. The POZ conjugates were dissolved 5%
dextrose injection and the pH of the solution was adjusted to about 4.0
with 0.1 N hydrochloric acid. Each animal received a single subcutaneous (SC) injection of test article solution equivalent to a dose of
1.5 mg/kg (based in drug equivalents) and at a volume of 0.3 mL/kg,
and into the right shoulder using a 23 G BD precision glide needle. The
duration of each injection was approximately 10–15 s. Blood samples of
about 1000 μL were collected from a peripheral vein of each animal at
the following time points: 3, 6, 12, 24, 48, 72, 96, 120, 144, 168, 240
and 336 h post-dose. All blood samples were collected in pre-labeled BD
5
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Fig. 5. Assigned chemical shifts for the structure with rotigotine attached to POZ. Red italic numbers correspond to 1H while blue numbers in regular font are the
assigned 13C chemical shifts. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

In a separate set of experiments, self-diffusion coefficients were
derived by NMR, as described in the Experimental section above.
Experimental self-diffusion coefficients for POZ, POZ-rotigotine, and
POZ-cholesterol are shown in Fig. 6 as a function of concentration (xaxis in log scale with insert in linear scale). The self-diffusion coefficient
of a polymer, of known molecular weight in specific solvent and temperature, can typically be affected by three physical phenomena: (i)
diffusive obstruction by other polymers in the solution, (ii) intermolecular self-aggregation between the polymers, and (iii) conformational changes. Comparing the three different polymers (POZ, POZ-rotigotine, and POZ-cholesterol), the molecular weight is almost identical,
∼20 kDa, and any weight difference could be neglected in terms of
strong influence on the self-diffusivity. As seen from the self-diffusion
coefficients, the pure POZ increases linearly with concentration due to
obstruction. We could state that a concentration of 0.05% POZ corresponds to free diffusivity and any obstruction effects are, at this low
concentration, insignificant.

The self-diffusion coefficient of POZ-rotigotine (Mw ∼ 22 kDa) is to
some extent lower than that of the pure POZ (Mw ∼ 21 kDa) at 0.05 wt
% and also at 0.5 wt% but here to a smaller extent. These results are in
line with freely diffusing pure POZ and where the slightly higher molecular weight generates slightly lower values. At 5 wt% POZ-rotigotine, the value of the diffusion coefficient has decreased compared to
lower concentrations, which most probably is due to obstruction effects
just like the case for the pure POZ polymer. More noteworthy however,
is the slightly larger value of the diffusion coefficient for POZ-rotigotine
compared to pure POZ. This result strengthens the findings from the
NOESY experiment indicating a certain degree of intramolecular selfassociation. Intramolecular folding of the POZ-rotigotine causes less
obstruction between the polymer molecules compared to a more
stretched state. In other words, a conformational change occurs for the
POZ polymer when rotigotine is attached where this latter group folds
into a loop.
The experimental self-diffusion coefficients further provide
6
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Fig. 6. Self-diffusion coefficients of pure POZ
(□), POZ-rotigotine (○), and POZ-cholesterol
(△). Dashed line shows linearity of POZ diffusion due to obstruction. Insert provides identical
data on linear scale.

Secondly, as can be seen from Table 3, there is a rough correlation
between log P values and hydrolysis rates, with higher log P giving slower
hydrolysis and longer half-lives. For example, with 3-propionate linker and
7.5% loading, rotigotine, with a log P of 4.9, undergoes hydrolysis faster
(half-life 17 h) than THC with a log P of 7.2 (half-life 90 h), as predicted.
However, there are some exceptions in the Table. For example, for 3-propionate linker and 6.1% loading, cannabidiol with log P of 6.1 has a halflife of 168 h, while the more hydrophobic THC with log P of 7.0 has a halflife of 49 h, counter to the general trend. While our folding hypothesis
suggests that increasing log P should lead to a tighter core and a slower
hydrolysis rate, it is also expected that changing the pendent drug changes
more factors than log P. For example, even though the attachment point in
all cases is a phenolic group on the drug and the ester linkages are the
same, the size and shape of these molecules varies significantly. This variation would be expected to lead to different steric effects on folding and on
esterase binding. Also, there are probably small but significant differences
in electronic effects for the different drugs, and these also would affect
hydrolysis rates for the ester linkages. Thus, it is not surprising that the
correlation between drug log P and hydrolysis half-life is rough (Table 2)
because of the difficulty in controlling steric and electronic effects among
different drugs.
In the course of assembling this data we became aware that weight
% drug loading has a strong influence on hydrolysis rates, Table 3, and
we examine this factor in detail in the next section. However, the data
in Table 3 can be used to make comparisons of the effect of Log P where
weight % drug loading is controlled and not a factor. The examples
discussed in the preceding paragraph were for the same degree of drug
loading.
Some variation in rates with plasma batch was noted. For the most
part, the rates in this work were determined with the same batch of
plasma.

information that no intermolecular association between POZ-rotigotine
molecules appears in the concentration regime up to 5 wt%. This conclusion can be drawn by the linear correlation of the self-diffusion
coefficient as a function of concentration, analogous to the pure POZ in
aqueous solution.
Compared to pure POZ as well as POZ-rotigotine, the cholesterolmodified POZ has a significantly lower water solubility. Therefore, only
one sample with a concentration of 0.05 wt% was investigated. The selfdiffusion coefficient of POZ-cholesterol was remarkably lower than the
ones for pure POZ and POZ-rotigotine, approximately one fifth at the
same concentration. Such a low self-diffusion coefficient for cholesterol-modified POZ strongly indicates intermolecular self-association of
this substance in aqueous solution (Fig. 6).
In conclusion, the 2-D NMR experiments show intramolecular
folding of the POZ-rotigotine molecule such that the pendent rotigotine
loops around and is closely associated with the POZ backbone.
Secondly, self-diffusion coefficients from NMR show that POZ-cholesterol aggregates, but POZ-rotigotine does not. Thirdly, comparison of
self-diffusion coefficients of unmodified POZ and POZ-rotigotine shows
that POZ-rotigotine occupies a smaller volume than POZ, presumably as
a result of intramolecular folding of POZ-rotigotine.
3.3. Effects of pendent drug hydrophobicity on hydrolysis rates
Table 3 shows plasma hydrolysis half-lives for several POZ conjugates with phenolic drugs with different ester linkages and different
log P values (structures in Fig. 2). The effect of ester linkage has been
described previously [4,7], and as noted there and as shown in Table 3
the plasma hydrolysis rates decrease in the order acetate > 2-propionate > 3-propionate. The ability to control plasma hydrolysis rates by
changing ester linkages is critical to controlling PK behavior [4,7].
Table 2
Properties of POZ Cy5 conjugates prepared for the pharmacokinetic studies.
Polymer
POZ
POZ
POZ
POZ
POZ

Cy5
Cy5
Cy5
Cy5
Cy5

10 kDa
20 kDa
30 kDa
40 kDa
60 kDa

Starting POZ Mp

Starting POZ Ð

Average number of Pendants attached with Cy5

Calculated POZ Mp after conjugation

9200
19,700
29,400
40,700
63,600

1.39
1.03
1.05
1.08
1.10

1.6
1.5
1.6
1.4
1.8

10,200
20,600
30,400
41,500
64,700

Note: MW of Cyanine 5 fluorophore ∼601 Da.
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Table 3
Effect of log P, ester linkage and drug loading (% w/w) on hydrolysis rates of
POZ conjugates with phenolic drugs in female human plasma at 37 °C.
Hydrolysis half-life (hours) of different ester
linkages
Drug

Log P

% Loading

acetate

2-propionate

3-propionate

Rotigotine

4.9

Buprenorphine

5.0

Cannabidiol

6.1

Δ9-THC

7.0

7.5
7.9
8.5
9.7
10.7
11.8
11.3
15.5
1.6
3.6
6.1
6.3
6.6
8.9
10.3
6.1
6.6
7.5
10.2
10.3

–
–
2.5
–
–
–
–
–
–
–
–
11
–
–
37
–
–
–
–
–

–
8.2
–
–
–
–
–
5
10
16
–
–
37
87
–
–
–
–
10
–

17
–
31
52
60
76
18
–
–
–
168
–
–
–
–
49
65
90
–
> 7 days

Cannabigerol

7.2

Dexanabinol

7.6

4.3
5.7
7.6
10.5
8.8

–
–
–
–
–

–
–
14
17
–

54
> 3 days
–
–
210

Fig. 7. Structure of POZ cannabidiol with additional pendent carboxyl groups.

lead to enhanced enzymatic access, increased hydrolysis rates and
shorter half-lives in-vivo. To test this hypothesis, we prepared two pairs
of POZ-cannabidiols (CBD) with the 2-propionate linker, one pair
having six pendent cannabidiols with and without four pendent propionic acids, and one pair having eight cannabidiols with and without
two pendent propionic acids, Fig. 7. As can be seen from Table 5, the
conjugates with added propionic acids indeed do hydrolyze more rapidly. The half-life for the conjugate with six cannabidiols is 64 h and
for the conjugate with six cannabidiols and four propionic acids is 54 h.
Similarly, the half-life for the conjugate with eight cannabidiols is 87 h
and for the conjugate with eight cannabidiols and two propionic acids is
74 h. The predicted rate enhancement from introducing hydrophilic
pendent groups is seen.
In a separate experiment (in a different batch of plasma) we compared the effect of pendent propionic acid with pendent PEG7-OH on
plasma hydrolysis rates. The results for POZ-20 kDa showed hydrolysis
half-lives as follows: 10 CBD pendants, 70 h > 8 CBD pendants,
61 h > 8 CBD and 2 propionic acid pendants, 45 h > 8 CBD and 2
PEG7-OH pendants, 40 h. Thus, the hydrophilic PEG and propionic acid
pendants are roughly equally effective at speeding up the hydrolysis of
the cannabidiol conjugates. This result is consistent with the hypothesis
that hydrophilic pendants loosen the folded conjugate and give enhanced enzymatic access.
Two batches of female human plasma were used in experiments 1
and 2, Table 5. The measured half-lives were slightly different, but the
trends remain the same. The slight difference is attributed to the different levels of butrylcholinesterase activity in blood [17].
Surprisingly, in a third experiment, a different result was obtained
with POZ-20 K-buprenorphine (BUP) conjugates with the 3-propionate
linker. In this case, the human plasma hydrolysis rates at 37 °C showed
the following pattern of half-lives: 10 BUP pendants, 17 h; 8 BUP
pendants, 11 h; 8 BUP and 2 propionic acid pendants, 14 h; and 8 BUP
and 2 PEG7-OH pendants, 12 h. Thus, the conjugates with pendent
propionic acids and pendent PEGs have about the same hydrolysis rates,
but they do not hydrolyze faster than the corresponding conjugate
without these pendants. This result contrasts with the above results for

3.4. Effect of drug loading on plasma release kinetics
As noted above, loading more of a hydrophobic drug onto a POZ
backbone would be expected, according to our folding hypothesis, to
lead to a tighter, more-compact core, and this tighter core should interfere with esterase binding and give a slower hydrolysis rate. Table 4
presents a comparison of percent loading with hydrolysis half-life for
four phenolic drugs, cannabidiol, rotigotine, Δ9-THC, and cannabigerol.
As can be seen, the hydrolysis half-lives are indeed longer in every case
for the more highly loaded conjugates, consistent with the folding
theory. We also note that the hydrolysis half-lives in rat plasma are
shorter than in human plasma. This is attributed to the high level of
soluble carboxylesterase activity in rat plasma when compared to
human or monkey plasma [16].
3.5. Effect of attaching inert, hydrophilic molecules in pendent positions
According to our POZ-drug folding hypothesis one would expect the
addition of hydrophilic pendent groups to attract water and “swell” the
core of hydrophobic drugs. Such swelling should loosen the core and

Table 4
Effects of drug loading (% w/w) on plasma hydrolysis rates of phenolic drugs on POZ-pendent polymer in female rat plasma or human plasma (in parentheses) at
37 °C.
Rotigotinea

Cannabidiolb

Δ9-THCa

Cannabigerolb

% loading

t½ (h)

% loading

t½ (h)

% loading

t½ (h)

% loading

t½ (h)

7.5
8.5
9.7
10.7
11.1
11.8

–
–
–
–
–
–

1.6
3.6
6.7
9.5

0.5 (10)
1.5 (16)
8.6 (37)
33 (50)

6.1
6.6
7.5
10.3

–
–
–
–

7.6
10.5

– (14)
– (17)

a
b

(17)
(31)
(52)
(60)
(68)
(76)

3-propionate ester.
2-propionate ester.
8

(49)
(65)
(90)
(> 7d)
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Plasma concentration (ng/mL)

Table 5
Effect of hydrophilic pendent groups on the hydrolysis rates of POZ-20 K-cannabidiol (CBD) and POZ-20 K-buprenorphine (BUP) in female human plasma at
37 °C.
Number of pendants
Experiment

DRUG

Propionic acid

PEG7 oligomer

Half-life (hours)

Number 1
CBD

6
6
8
8
10
8
8
8
10
8
8
8

0
4
0
2
0
0
2
0
0
0
2
0

–
–
–
–
0
0
0
2
0
0
0
2

66
54
87
74
70
61
45
40
17
11
14
12

Number 2
CBD
Number 3
BUP

100

10

1

0.1

0.01

0

24

48

72
96
Time (h)

120

144

168

Fig. 8. Pharmacokinetic profile of rotigotine following a single SC injection of
rotigotine and POZ rotigotine to male rats. Rotigotine, dose 0.5 mg/kg (□),
acetate linker, loading 10.9%, dose 1.6 mg/kg (△), and 3-propionate linker,
loading 13.3%, dose 1.6 mg/kg (∇). (n = 3 ± SD).

Note: Experiments 1, 2 and 3 were conducted with different batches of human
plasma.

(structure 1) with acetyl and 3-propionyl ester linkages. As shown in
Table 3 the 3-propionate ester undergoes plasma hydrolysis substantially more slowly than the acetate ester, and as expected the in-vivo
steady-state PK profile of Fig. 8 shows that the 3-propionate ester has a
longer blood residence time and less of an initial Cmax “burst effect”
than the acetate ester. An injection of rotigotine alone, clears the body
in less than 24 h.
Similarly, Fig. 9 shows the PK profile of buprenorphine in rats and
monkeys, and the 3-propionate ester also gives a longer plasma t½ and
a flatter PK profile than the 2-propionate ester. Plasma levels for buprenorphine are virtually flat for 4–5 days in both rat and monkey, at
the dose of 1.5 mg/kg (based on buprenorphine equivalents). Such a
profile indicates that POZ conjugates are suitable compounds for a
once-a-week subcutaneous injection to treat post-operative pain.
The above discussion in Section 3.3 showed that more-highlyloaded POZ-drug conjugates release drug more slowly in plasma and
thus these conjugates would be expected to have longer PK half-lives invivo. Figs. 10 and 11 show PK profiles for POZ-rotigotine and POZcannabidiol conjugates when administered subcutaneously to monkeys.
As expected, the in-vivo release of rotigotine and cannabidiol was observed to be faster when the drug loading % was less.
One concern about use of these POZ-drug conjugates therapeutically
is that they must not accumulate after repeated injections. Fig. 12
shows the results of a repeat-dose study of POZ-rotigotine in monkeys.
As can be seen, the plasma levels of conjugate and free drug do not
build up after four injections. In addition, the plasma levels of conjugate
and free drug fall off rapidly after the final injection. We have taken this
POZ-rotigotine (SER-214) into the clinic for treatment of Parkinson’s
disease, and results from these studies have shown similar flat steadystate plasma levels of rotigotine, a lack of accumulation, and washout
after termination (results to be published separately). The steady-state
delivery of rotigotine allows for continuous dopaminergic stimulation
in the brain, which may lead to reduced episodes of motor fluctuations
and dyskinesia in Parkinson’s disease [21].

the cannabidiol conjugate and would appear to be inconsistent with our
folding hypothesis.
The buprenorphine and cannabidiol conjugates do show some interesting differences in physical properties. Buprenorphine is more
hydrophilic than cannabidiol (Log Poct/wat values of 5.0 and 6.1, at
25 °C, respectively), and we have observed in this work that the buprenorphine conjugates are readily soluble in aqueous media while the
cannabidiol conjugates dissolve slowly in buffer and are sparingly soluble in water. In addition, cannabidiol conjugates that are highly drug
loaded are prone to “cloud point” behavior [18–20]. Based on these
differences, it is not surprising that, the buprenorphine conjugates undergo plasma hydrolysis much more rapidly than cannabidiol conjugates, indicating that the buprenorphine conjugates are not tightly
folded and are relatively open to enzymatic access.
We propose that tightly folded conjugates, such as those formed
with the relatively hydrophobic cannabidiol, will be responsive to introduction of inert hydrophilic groups, and will swell substantially upon
introduction of these groups. On the other hand, loosely folded conjugates, such as those formed with the relatively hydrophilic buprenorphine, will not swell substantially upon introduction of hydrophilic
pendants and thus will not show enhanced enzymatic hydrolysis upon
introduction of these groups. In other words, we find the folding hypothesis to remain useful in explaining properties of POZ-drug conjugates despite the lack of response of the buprenorphine conjugates to
insertion of inert hydrophilic pendants.
3.6. Tuning pharmacokinetics in-vivo
We have shown in the above work that we can tune POZ-drug invitro hydrolysis rates by changing the linker, by changing loading of
drug, and by adding inert hydrophilic pendent groups. Our next goal is
to correlate the in-vivo POZ-drug pharmacokinetics with the in-vitro
plasma half-lives, which one would expect to be a more complex task as
pharmacokinetic (PK) behavior is influenced by several other factors
such renal and hepatic clearance. We have a particular interest in utilizing patient-friendly subcutaneous (SC) injection to provide extended
duration of drug blood levels with flat steady-state PK profiles. In many
instances a once-a-week injection with a flat steady-state PK profile
would be of great utility, especially for drugs having short half-lives invivo.
In general, one can expect that slow in-vitro plasma hydrolysis rates
of POZ-drug conjugates will lead to a longer in-vivo plasma presence for
the released drug, and we have observed this in our experiments. For
example, Fig. 8 shows the pharmacokinetic (PK) profile of rotigotine in
rats following a single SC injection of rotigotine and POZ-rotigotine

3.7. Pharmacokinetics of POZ polymers of different molecular weights
One would expect that increasing the molecular weight of POZ
would lead to a longer PK half-life because of slower clearance of the
larger polymers via the kidney [22]. To test this concept, we attached
the fluorescent dye cyanine-5 to POZ of molecular weights 10, 20, 30,
40 and 60 kDa. Note in this case the cyanine-5 is not attached via a
degradable linkage. These labeled polymers were then injected intravenously and subcutaneously into male rats and the blood concentration of cyanine-5 was monitored over time via fluorescence
spectrophotometry. As can be seen from Figs. 13 and 14, the expected
molecular weight dependent clearance pattern is observed. The 10 kDa
9
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100
Plasma concentration (ng/mL)

Plasma concentration (ng/mL)

100

10

1

0.1

0.01

0

24

48

72
96
Time (h)

120

144

168

10

1

0.1

B

48

96

144
192
Time (h)

240

288

336

Fig. 11. Pharmacokinetic profile of cannabidiol following a single SC injection
of POZ cannabidiol to male monkeys at a dose of 4.5 mg/kg. Drug loading of
2.8% (○) and 7.1% (□). (n = 3 ± SD).

100
Plasma concentration (ng/mL)

0

10

1

0.1

0.01

0

24

48

72
96
Time (h)

120

144

168

Fig. 9. Pharmacokinetic profile of buprenorphine following a single SC injection of POZ buprenorphine to male rats (panel A) and male monkeys (panel B).
2-propionate linker, drug loading 11.2%, dose 1.5 mg/kg (△), and 3-propionate linker, drug loading 13.3%, dose 1.5 mg/kg (∇). (n = 3 ± SD).

Fig. 12. Plasma levels of released (●) and total (□) rotigotine following four
weekly SC injections of POZ rotigotine to monkeys. Drug loading was 11.8%
and the dose was 1.0 mg/kg. (n = 3 ± SD).
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100
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Concentration ( g/mL)
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0.1

0.01

0
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120
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168
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216
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1
0.1
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0.01

0.001

Fig. 10. Pharmacokinetic profile of rotigotine following a single SC injection of
POZ rotigotine to male monkeys at a dose of 1.5 mg/kg. Drug loading of 7.5%
(□), 9.7% (△) and 11.8 (○). (n = 3 ± SD).

10 kDa
20 kDa
30 kDa
40 kDa
60 kDa

0

7

14
Time (day)

21

28

Fig. 13. Plasma concentrations of POZ cyanine 5 of different molecular weights
after intravenous injection to rats at a dose of 10 mg/kg. The molecular weights
tested are 10 kDa (●), 20 kDa (■), 30 kDa (▲), 40 kDa (▾) and 60 kDa (♦).
(n = 3 ± SD).

POZ-cyanine concentration falls below the level of detection after three
days, while the 40 and 60 kDa POZ-cyanine concentrations are still
present at significant levels after 28 days when the experiment was
terminated. The 20 and 30 kDa POZ polymers gave steady blood levels
over 14 and 21 days, respectively. Similar observations were reported

with 89Zr-labeled POZ polymers in pharmacokinetic studies in mice
using μPET imaging. The cut-off for glomerular filtration of POZ was
reported to be around 40 kDa [23].
10
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Fig. 14. Plasma concentrations of POZ cyanine 5 of different molecular weights
after subcutaneous injection to rats at a dose of 10 mg/kg. The molecular
weights tested are 10 kDa (●), 20 kDa (■), 30 kDa (▲), 40 kDa (▾) and 60 kDa
(♦). (n = 3 ± SD).

Each plot has a distinctive pharmacokinetic profile. Fig. 13 shows
two phases correlating to the distribution and elimination of the POZ
polymers after intravenous administration, while Fig. 14 shows three
phases correlating to the absorption, distribution and elimination of the
POZ polymers after subcutaneous administration. Both plots show that
a POZ polymer of the same MW will have the same distribution and
elimination rates from the central compartment (blood), irrespective of
the route of administration.
4. Conclusion
Polyoxazoline-drug conjugates using ester linkages to link drugs to
the polymer exhibit significantly slower hydrolytic release rates in invitro and in-vivo studies than the corresponding PEG- and dextran-drug
conjugates. These slow release rates for POZ-drug conjugates contribute
to extended pharmacokinetic profiles, and in the case of POZ-rotigotine
(SER-214) we can achieve continuous drug delivery of rotigotine in the
known therapeutic window for control of symptoms in early-stage
Parkinson’s disease. The origin of this unusual kinetic and pharmacokinetic behavior is proposed to involve folding of the POZ conjugate
such that the relatively hydrophobic drug forms a central core, and the
relatively hydrophilic polymer wraps around the core and shields the
drug-polymer chemical linkage from enzymatic attack. The evidence
presented here supports this hypothesis and demonstrates how polymer
conformation can be used to tune hydrolytic release rates and pharmacokinetics for POZ-drug conjugates.
Acknowledgements
The outstanding administrative assistance of Mrs. Stephanie Green
is noted. The NMR measurements were carried out at the Swedish NMR
Centre, Göteborg, Sweden.
Data statement
The data presented in this manuscript is the proprietary research of
Serina Therapeutics. Those requiring access to specific protocols and
procedures should make a request to the lead author of this paper at the
address provided above.

11

