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Abstract

Here we report a novel poly(2-oxazoline)-based block copolymer with the aromatic heterocyclic
side chains in one block, poly(2-methyl-2-oxazoline)-b-poly(2- N, N-dimethyl-1,3,5-triazine-2,4-
diamine-6-ethyl-2-oxazoline) (PMeOx-PcBOXx), and demonstrate its potential application as a drug
delivery platform. The copolymer was synthesized via the condensation of N, A-dimethylbiguanide
with the methyl ester side chain in poly(2-methoxycarboxyethyl-2-oxazoline) block (PMestOx) of
the PMeOx-PMestOx diblock copolymer. We confirmed the N, A-dimethylbiguanide condensation
with PMestOx and the complete conversion of the side chain to the N, NV-dimethyl-1,3,5-
triazine-2,4-diamine-6-ethyl moiety by NMR spectroscopy, MALDI-TOF mass spectroscopy, UV-
Vis spectroscopy, and titration analysis. The PMeOx-PcBOXx copolymer self-assemble into
polymeric micelles in agueous solution. Successful encapsulation into these micelles has been
demonstrated for 1) several poorly soluble drugs, such as bruceantin and LY2109761, and 2)
dichloro(1,2-diaminocyclohexane)platinum(ll) (DachPt). The first class of drugs is incorporated
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possibly via hydrogen bonding and pi-pi interactions with the PcBOX side groups, while the
second one is likely forms coordination bonds with the same side groups. The capability of this
new copolymer to solubilize a uniquely diverse set of active pharmaceutical ingredients suggests
potential applications in drug delivery.
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Biguanide; Condensation; Coordination; Hydrogen bonding; Solubilization; Poly(2-oxaozoline);
Polymeric micelles

1. Introduction

With an increasing number of approved drugs, the design of novel drug molecules has
become more complicated. The challenge in drug design is the concurrent demand for
achieving higher therapeutic potency with proper physicochemical properties and lowering
toxicity. Large pharmaceutical companies employ high throughput screening (HTS) to find
lead compounds, but the structure optimization that takes place after HTS often results in
therapeutic failure. It is well-known that the increased structural complexity of therapeutic
compounds is positively correlated to drug development success rate [1]. Therefore, the use
of additional strategies, such as rational drug design, is a necessity to help simplify this
complex, failure-prone process [2]. One potential approach to simplify drug development is
to take advantage of drug delivery systems. Drug delivery systems can enhance the
therapeutic efficacy and expand the viable drugs by compensating for undesirable
physicochemical properties of therapeutic agents and modulating their pharmacokinetics,
biodistribution, and cellular uptake [3-5].

Among a variety of drug delivery systems, the most successful approach thus far is the
encapsulation of physicochemically challenging active pharmaceutical ingredients (APIs) in
nanoparticles [6,7]. Currently, several drug delivery-based products are approved for the
clinic, and many clinical and preclinical studies are in progress [8]. For example, the
liposomal formulation of Amphotericin B dramatically decreased the risk of systemic side
effects of the compound [9]. Abraxane®, a nanoparticle albumin—bound paclitaxel, has
eliminated the use of toxic excipients [10], and lipid nanoparticle formulations can transform
siRNA into a useful therapeutic which acts on a previously undruggable target [11].

However, the majority of reported nanoformulations are limited by the API’s
physicochemical properties. For example, liposomes are suitable carriers for hydrophilic,
slightly basic compounds [12,13]. On the other hand, previously reported polymeric micelles
are most suitable to load hydrophobic drugs, because the driving force for drug
encapsulation is overwhelmingly due to hydrophobic interactions [3].

N, N-dimethylbiguanide, known more commonly as metformin, has largely been used as an
anti-diabetic medication. It has a strong capacity to form hydrogen bonds due to its nitrogen-
rich structure [14]. It was also reported that NV, A~dimethylbiguanide can condense with alky!l
ester compounds to form heteroaromatic (triazine) ring structures which exhibit strong pi-pi
interactions [15]. We designed a novel polymer functionalized with the condensed form of
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N, N-dimethylbiguanide based on poly(2-oxazoline)s which takes advantage of hydrogen
bonding and pi-pi stacking interactions inherent in this structure. These new interactions
may assist in the solubilization of otherwise incompatible small molecules. The novel
polymer self-assembles into nanoparticles in aqueous medium and shows the ability to
encapsulate a diverse space of therapeutic agents. Taken together, this novel polymer may
increase the success rate of drug development.

2. Materials and methods

2.1. Chemicals

All chemicals for polymer synthesis and dichloro(1,2-diaminocyclohexane)platinum(11)
(DachPt) were purchased from Sigma-Aldrich (St. Louis, MO). Oxaliplatin was purchased
from LC Laboratories (Woburn, MA). Metformin hydrochloride (N, NV-dimethylbiguanide
hydrochloride) was purchased from Tokyo Chemical Industry Co., Ltd. (Portland, OR). N, N,
6-trimethyl-1,3,5-triazine-2,4-diamine (cBG) was purchased from Santa Cruz Biotechnology
(Dallas, TX). 2-methoxycarboxyethyl-2-oxazoline (MestOx) was synthesized as previously
reported [16]. For synthesis of the polymers, the reagents (methyl tri-fluoromethanesulfonate
(MeQTf), 2-methyl-2-oxazoline (MeOXx), MestOx, 2-n-butyl-2-oxazoline (BuOx)) and
solvent (acetonitrile (ACN)) and others were dried by refluxing over calcium hydride (CaH,)
under inert nitrogen gas and subsequently distilled prior to use [17]. P [MeOx35-b-BuOxXyo-
b-MeOx3s5] (P2) was synthesized as described previously [17]. Cell counting kit (CCK-8)
was purchased from Dojindo Molecular Technologies (Rockville, MD).

2.2. Polymer characterization

NMR spectra were recorded on an INOVA 400 at room temperature (RT). The spectra were
calibrated using the solvent signals (CDCl3 7.26 ppm, (CD3),SO 2.50 ppm, D0 4.80 ppm).
Matrix-assisted laser desorption/ionization time-of-flight mass spectroscopy (MALDI-TOF
MS) was performed on a Sciex 5800 MALDI-TOF/TOF mass spectrometer and 2-(4"-
Hydroxybenzeneazo)benzoic acid (HABA) (20 mg/mL in acetonitrile) was used as the
matrix. Gel permeation chromatography (GPC) was performed on a GPCmax VE-2001
system (Viscotek) (RI detector mode, PSS SEC column (GRAM 100 A 8 x 300 mm, SDV 5
um) with A, A-Dimethylformamide (DMF) (25 mM LiBr, 1 mL/min) as eluent and
calibrated against polymethylmethacrylate (PMMA) standards.

2.3. Synthesis of methyl-P[MeOxgg-b-MestOxzg]-piperidine (PMeOx-PMestOx)

Under dry and inert conditions, 32.2 mg (0.2 mmol, 1 eq) of initiator (MeOTf) and 1015 mg
(11.93 mmol, 60 eq) of MeOx monomer were dissolved in 4 mL dry acetonitrile at RT. The
mixture was stirred at 80 °C for 4 h. After cooling to RT, the monomer for the second block,
MestOx (942 mg, 6.01 mmol, 30 eq), was added and the mixture was stirred at 80 °C
overnight. The polymer was terminated by addition of 0.1 mL piperidine (1.01 mmol, 5 eq)
and the mixture was stirred overnight at RT. An excess of K,CO3 was added to the mixture,
and then the mixture was allowed to stir for 12 h. After filteration of the mixture, 5 mL of
chloroform-methanol mixture (1:1) was added to the filtrate containing the product
(PMeOx-PMestOx). After precipitation of the polymer by ice-cold diethyl ether
(approximately 50 times the volume of polymer solution of diethyl ether was added), the
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product was isolated by centrifugation and organic solvent was decanted. The polymer
product was dissolved in ~50 mL of DI water and dialyzed against DI water (3.5 kDa
membrane) for 3 days, changing the water every day, to remove organic solvent and any
remaining monomers. The resulting solution was lyophilized, and the polymer was obtained
as a white powder (1428 mg, 73%). GPC (DMF (25 mM LiBr)): M, = 13.4 kg/mol (PDI
1.038); 1H NMR (D,0, 298 K): 2.4-2.7 (4H, CO-CH,—CH,-CO-OCHy); 3.2-3.7 (7H, -N-
CH,-CH,, -O0-0-CHy3); 1.8-2.0 (3H, —-CO-CHy).

2.4. Synthesis of Methyl-P[MeOxgg-b-(2-N,N-dimethyl-1,3,5-triazine-2,4-diamine-6-ethyl-2-
oxazoline)zg]-piperidine (PMeOx-PcBOXx)

N, N-dimethylbiguanide (Metformin) free base was prepared as previously reported [18].
Briefly, metformin hydrochloride (4.51 g, 27.27 mmol) was suspended in isopropyl alcohol
(+~PrOH) (40 mL) and potassium hydroxide (1.83 g, 32.62 mmol) was added to the
suspension at 50 °C. The white slurry was stirred at 50 °C for 2 h, and then the mixture was
cooled to RT. The resulting mixture was filtered and the filter-cake was washed with acetone
(2 x 10 mL). The combined filtrates were concentrated under reduced pressure yielding a
white solid (metformin free base). Yield: 98% (3.45 g); 1H NMR (400 MHz, D,0) §3.07 (s,
-N-(CHs3)2). Subsequently, N, A-dimethylbiguanide free base (1.55 g, 12.02 mmol (20-fold
excess amount of MestOx unit in polymer)) was added to a solution of PMeOx-PMestOx
(200 mg, 22.2 umol (0.6 mmol of total MestOx unit)) in dimethylformamide (DMF) (15
mL). The mixture was stirred at 75 °C for 48 h to form PcBOx. The reaction mixture was
then diluted with DI water and dialyzed against DI water to completely remove unreacted
free N, N-dimethylbiguanide and organic solvent. The polymer was obtained as a white
powder (162 mg, 81% yield) after lyophilization from water. 1H NMR (D,0, 298 K): 2.2—
2.7 (4H, CO—-CH»-CH>—-C3N3(NH5)(N(CHj3),); 2.6-3.0 (6H, C3N3(NH5)(N(CHs3),); 3.1~
3.7 (4H, -N-CH»—CH>-); 1.8-2.0 (3H, —-CO-CH5).

2.5. Analysis of PMeOx-PcBOx structure

UV-Vis spectroscopic analysis was performed to investigate the formation of poly(2- N, \-
dimethyl-1,3,5-triazine-2,4-diamine-6-ethyl-2-oxazoline) (PcBOX) structure in PMeOx-
PcBOx. Samples (PMeOx-PcBOx, PMeOx-PMestOx, and cBG, and N, \-
dimethylbiguanide) were dissolved (equimolar N, N-dimethylbiguanide or cBG units) in DI
water and UV absorption spectra were measured over the wavelength range of 200 to 300
nm in 1 nm steps. (SpectraMax M5, Molecular Devices). In order to investigate the mass
shift of PMestOx after conjugation with A, A-dimethylbiguanide and confirm the formation
of the defined structure using MALDI-TOF/TOF analysis, we synthesized a PcBOx
homopolymer from MestOx homopolymer with a degree of polymerization (DP) of 10 as
described above. MALDI-TOF/TOF was performed on a Sciex 5800 MALDI-TOF/TOF
mass spectrometer and 2-(4’-Hydroxybenzeneazo)benzoic acid (HABA) (20 mg/mL in
acetonitrile) was used as the matrix. Polymer samples were dissolved in acetonitrile (2 mg/
mL). Analytes were prepared by mixing 10 pL of matrix and 5 pL of polymer samples.
Samples were applied using the dried droplet method.
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2.6. Titration analysis

PMeOx-PcBOXx (12 mg) was dissolved in 10 mL 0.01 N HCI solution and titrated with 0.1 N
NaOH solution added in increments of 0.020 mL after the pH values were stabilized.
Titration assay for control samples (saline, cBG and PMeOx-PMestOx) was performed at
the same molar concentration of cBG units with the same volume of titrant. Derivative AOH/
ApH was plotted from the obtained titration curves to investigate the buffering-capacity of
samples.

2.7. Self-assembly of PMeOx-PcBOXx in aqueous solution and particle formation

2.8.

Briefly, the sample was diluted with DI water to yield 1 mg/mL final polymer concentration
before the measurement. Particle z-average effective diameter and polydispersity index
(PDI) were measured by dynamic light scattering (DLS) (Nano-ZS, Malvern Instruments,
UK). Results are the mean of three independent sample measurements. The morphology of
PMeOx-PcBOX particle in aqueous media was determined using a LEO EM910 TEM
operating at 80 kV (Carl Zeiss SMT Inc., Peabody, MA). One drop of PMeOx-PcBOx
solution (1 mg/mL final polymer concentration) was deposited on a copper grid/carbon film
for 5 min and excess solution was wiped off using fine filter paper. Then one drop of
negative staining solution (1% uranyl acetate) was added and allowed to dry for 10 s prior to
the TEM imaging. Digital images were obtained using a Gatan Orius SC1000 CCD Digital
Camera in combination with Digital Micrograph 3.11.0 software (Gatan Inc., Pleasanton,
CA). Two dimensional nuclear Overhauser effect spectroscopy (2D NOESY) NMR
measurement were performed for both PMeOx-PMestOx and PMeOx-PcBOx in D50 at 1
mg/mL polymer concentration to investigate the molecular interactions of the polymers in
aqueous media. Critical micelle concentration (CMC) of PMeOx-PcBOx was determined by
DLS [19]. PMeOx-PcBOx solution in DI water (1 mg/mL) was gradually diluted with DI
water and derived count rates (kcps) were measured in triplicate after mixing. The CMC was
taken as the polymer concentration at wich a significant and consistent increase in derived
count rate was observed [19].

Drug encapsulation

2.8.1. Encapsulation of water-insoluble drugs and in vitro drug release—
Drug-encapsulated polymeric nanoparticle formulations were prepared by the thin film
hydration method as previously described [17]. For bruceantin, LY2109761, imiquimod,
paclitaxel, SN-38, LY364947, GDC-0941, aclacinomycin A, wortmannin, and GW788388
stock solutions of PMeOx-PcBOx and drugs in chloroform:methanol (9:1) solution were
mixed together at the pre-determined ratios (3:10 drug to polymer wiw ratio (LY2109761),
2:10 w/w ratio (bruceantin and imiquimod), 1:10 w/w ratio (paclitaxel, SN-38, wortmannin,
LY 364947, GDC-0941, aclacinomycin A, GW788388)). All samples were first tested at the
10:1 polymer to drug feeding ratio. If encapsulation was successful, we proceeded to test
10:2 and other feeding ratios. The reported data for maximal dispersion is the formulation
which achieved the highest LC and absolute solubility of the hydrophobic drugs. This was
determined by screening through the feeding ratios.

The organic solvent was evaporated at 58 °C under a stream of inert gas to form a thin-film
of drug-polymer homogenous mixture. Next, the thin films were hydrated with saline and
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then incubated for 5-10 min at 45 °C to form drug-encapsulated polymeric micelle
solutions. All samples were prepared with 2 mg of polymer and hydrated with 200 uL of
saline. The formed micelle solutions were centrifuged at 10,000 rpm for 3 min (Sorvall
Legend Micro 21R Centrifuge, Thermo Scientific) to remove any precipitate of unloaded
drug or polymer. The final concentration of drugs in PMeOx-PcBOx micelles was analyzed
by HPLC (Agilent Technologies 1200 series) using a mixture of acetonitrile/water
(70%/30% wlv for bruceantin, imiquimod, wortmannin, GW788388 and paclitaxel;
50%/50% v/v for LY2109761, GDC-0941, aclacinomycin A, LY364947, and SN-38) as the
mobile phase. The samples were diluted with mobile phase to final concentration of ~100
pg/mL of drugs and injected (10 uL) into the HPLC system. The flow rate was 1.0 mL/min,
and column temperature was 40 °C. Detection wavelength were 227 nm for bruceantin,
paclitaxel, LY2109761, GDC-0941, GW788388, aclacinomycin A, LY364947 and SN-38
and 254 nm for imiquimod and wortmannin. Drug concentration was quantified against free
drug calibration curves.

The drug release from PMeOx-PcBOx nanoparticle was studied using the membrane
dialysis method against phosphate buffered saline (PBS), pH 7.4 at 37 °C. Briefly, the drug
loaded PMeOx-PcBOXx nanoparticle formulations (paclitaxel and bruceantin) were diluted
with saline to obtain solution of approximately 0.1 mg/mL of polymer. Then the diluted
nanoparticle formulations (100 pL) were placed in 100 pL floatble Slide-A-Lyzer MINI
dialysis devices with a MWCO of 3.5 kDa (Thermo Scientific) and suspended in 20 mL of
PBS to comply with sink conditions. Three devices were used for every time point. At each
time point, the samples were withdrawn from the dialysis device and the remaining drug
amount of sample were quantified by HPLC as described above. Stability of both
nanoparticle formulations (paclitaxel and bruceantin) was investigated via monitoring drug
loading (HPLC) and size distribution (DLS) for 8 days at 4 °C.

2.8.2. Accounting for molecular characteristics of insoluble drugs—The
number of hydrogen bond acceptors and donors in each drug substance were counted by
Chem3D. The number of rotatable bonds in each drug substance was counted as previously
reported [20]. Briefly, any single bond not in ring structures, except for the bonds connected
to the terminal atom and the bonds present in amide bonding, were counted as 1. The Log P
values of polymer unit structures and each drug substance were predicted by Chem3D. The
definition of electron deficient aromatic ring herein is an aromatic ring, which has more
electron withdrawing atoms or groups than electron donating atoms or groups. The score of
each drug substance is the number of the parameters which meet our criteria: 1) electron
deficient aromatic ring is present, 2,3) the number of hydrogen bonding acceptors and
donors are more than 6 and 2, respectively, 4) LogP is less than 3, and 5) the number of
rotatable bonds is more than 5.

2.8.3. Encapsulation of platinum-based drug (DachPt)—DachPt powder (5 mg)
was suspended in PMeOx-PcBOx (10 mg) aqueous solution (3 mL) and the reaction mixture
was refluxed for 48 h. After that the mixture was cooled to RT and centrifuged to precipitate
free DachPt. Clear supernatant solution was then dialyzed against DI water for 3 days in 3.5
kDa dialysis membrane and lyophilized to obtain powder form of DachPt-loaded PMeOx-
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PcBOx (DachPt-PMeOx-PcBOX). Actual Pt loading was measured via Inductively coupled
plasma mass spectrometry (ICP-MS) analysis using NexlON 300D inductively coupled
plasma mass spectrometer (PerkinElmer, USA) equipped with SC4-DX autosamplers (ESI,
USA). Decomposition of the samples matrix was performed by heating at 70 °C for 20 h
after the addition of trace metal grade nitric acid (20% aqueous solution) and hydrochloric
acid (5% aqueous solution). Digested samples were diluted (1:10) with DI water, a second
dilution (1:100) was performed with 2% nitric acid. ICP-MS was operated in standard mode,
all operating parameters were optimized to meet requirements as defined by the
manufacturer prior to method calibration and analysis. Calibration curves were constructed
using a zero point standard and a six point calibration curve in a range 1-100 ppb. Five
replicates were analyzed per sample. Quantification was performed with Bi as an internal
standard.

2.8.4. Loading efficiency (LE) and loading capacity (LC) calculations—The
following equations were used to calculate LE and LC of drug in PMeOx-PcBOx micelles:

LE(%) = Mdrug/ (Mdrug added) x 100% @

LC(%) = Mdrug/(Mdrug + Mexcipient) X 100% )

where Mgryg and Mexcipient are the mass of the solubilized drug and polymer in the solution
respectively, while Myryg added i the weight amount of the drug added to the dispersion
during the preparation of the micelle formulation.

2.9. Cell culture and cytotoxicity

In vitro cytotoxicity of DachPt-PMeOx-PcBOXx, oxaliplatin, and PMeOx-PcBOx was
evaluated in MDA-MB-231 and 344SQ cancer cell lines by following previously reported
method [21] using [2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-
disulfophenyl)-2H-tetrazolium, monosodium salt] (WST-8) (Cell-Counting Kit-8 assay).
Briefly, cells were seeded in 96-well plates at a density of 5000 cells/well 24 h prior to the
treatment. Subsequently, cells were treated with DachPt-PMeOx-PcBOXx, oxaliplatin, or
PMeOx-PcBOX in full medium at the same concentration of platinum. Following 72 h, the
incubation medium was removed, and 100 pL of fresh medium with WST-8 (10 pL/well)
was added and incubated for 4 h at 37 °C. Subsequently, absorbance was read at 450 nm
using a plate reader (SpectraMax M5, Molecular Devices). Cell survival rates were
calculated and normalized to the control untreated wells. Data represents average of six
replicates in means + standard deviation (SD). The mean drug concentration required for
50% growth inhibition (IC50) was determined using Graphpad Prism 7 software.

3. Results

3.1

Polymer synthesis and post-polymerization modification

We first synthesized PMeOx-PMestOx diblock copolymer as the starting material via living
cationic ring-opening polymerization [16] and then converted it to A, A-dimethylbiguanide
derivative by the polymer analogous condensation reaction of the MestOx block with A, -
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dimethylbiguanide (Scheme 1). The full conversion of PMestOx was confirmed by 1H NMR
spectra (*H NMR (CDCl3, 298 K)) of the reaction mixture as the methyl ester signal of the
polymer (at & 3.5 ppm) disappeared after the condensation with A, A-dimethylbiguanide
(Fig. S1). The block length and the molecular weight of the PMeOx-PMestOx precursor
were confirmed via *H NMR spectroscopy (*H NMR (D,0, 298 K)) (Fig. S2) (PMeOx =
60, PMestOx = 30, Mp, = 9.9 kg/mol) and GPC (Mn = 13.4 kg/mol, PDI = 1.038).

After the purification of PMeOx-PcBOx, 1H NMR spectrum of precursor (PMeOx-
PMestOx), cBG, and PMeOx-PcBOXx were analyzed to confirm the conversion of cBOXx
structure (*H NMR ((CD3),S0, 298 K)). The disappearance of the methyl ester signal
(marked by arrow in Fig. 1A and not present in Fig. 1C) suggests that there was a complete
conversion from methyl ester to a new structure. The IH NMR spectrum of the newly
synthesized side chain was nearly identical to that of the reference molecule (cBG) (Fig. 1B
and C) indicating that the condensed cBG-like ring structure was formed on the side chain of
the polymer, consistent with PcBOXx. Also, new peaks attributed to protons g and f appeared
at 3.0 ppm and 6.6 ppm, respectively. There were no changes exhibited in the NMR
spectrum of the other polymer block (PMeOx) (Fig. 1A and C, proton a). This suggests the
conversion of PMeOx-PMestOx to PMeOx-PcBOXx was successful and proceeded without
side reactions. The 13C NMR spectrum of PMeOx-PcBOXx was also identical to that of the
reference molecule (cBG) (Fig. S3) indicating the formation of cBG strucrue on the side
chain of the polymer and the disappearance of the methyl ester signal (51 ppm) suggests a
complete conversion from methyl ester to cBG structure. Also, new peaks attributed to four
carbons appeared at 36 ppm, 165.4 ppm, 168.8 ppm, and 176.5 ppm. There were no changes
exhibited in the NMR spectrum of the other polymer block (PMeOx) (Fig. S3). The
molecular mass of PMeOx-PcBOx was estimated by 1H NMR spectroscopy (*H NMR
(D20, 298 K)) (Fig. S2) (M, = 12.2 kg/mol). The GPC value (M, = 12.2 kg/mol, PDI =
1.056) was relatively low when compared that of the the precursor PMeOx-PMestOx, which
is possibly to be due to interaction of the cBOx (polyamine moiety) with the GPC column,
resulting in the apparent decrease in the molecular weight, previously reported for GPC
analysis of polyamine compounds [22]. Alhough the absolute molecular weight value can
not be obtained from the GPC analysis, the PDI value of PMeOx-PcBOX is narrow and
suggests that no side reaction or crosslinking of the polymer chains occured.

We performed UV-Vis spectroscopic analysis to investigate the formation of the PMeOx-
PcBOX structure. As shown in Fig. 2A, the UV spectrum of the PMeOx-PcBOx showed
specific peak absorbance around 227 nm while uncondensed N, N-dimethylbiguanide did
not show particular UV absorbance. We found only PMeOx-PcBOx exhibited a clear peak
absorbance around 227 nm (PMeOx-PcBOXx) confirming the formation of the PcBOx
structure. These results suggest the methyl ester group in PMestOx had been condensed with
N, N-dimethylbiguanide to form PcBOx. The PMeOx-PcBOx and cBG UV measurements
were done with equimolar amounts of cBG molecules and PcBOX side chains, meaning we
would expect nearly identical absorbance, which we see in Fig. 2A. This, along with the
NMR data, indicate a full conversion of the PMestOx unit to PcBOx.

To show the mass shift of PMestOx unit after conjugation with A, A-dimethylbiguanide,
MALDI-TOF analysis was performed on PcBOx homopolymer with DP of 10. MALDI-
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TOF MS of the PMestOx revealed the expected spacing of 157.07 /m/z corresponding to the
MestOx monomer, while after the condensation reaction the spacing increased to 236.14
m/z. This data provides evidence supporting the condensation of N, A-dimethylbiguanide
with PMestOx yielding the PcBOx structure (spacing of 236.14 m/z corresponding to
repeating unit of PcBOXx) (Fig. S4).

The pH-dependent protonation of PMeOx-PcBOX polymer in saline was evaluated by
titration (Fig. 2B). The titration curve and dOH/dpH curve of cBG clearly showed its proton
buffering profile and its pKa was estimated to be around 5. PMeOx-PcBOx copolymer also
had similar but broader protonation profile, whereas PMeOx-PMestOx didn’t show any
proton buffering capacity. This indicatesthe protonation profile of PMeOx-PcBOx was
derived from the cBG moiety.

3.2. Self-assembly of PMeOx-PcBOx copolymer

Self-assembly of PMeOx-PcBOx copolymer and formation of particles in aqueous media
was investigated by DLS and confirmed by TEM. The particles had a volume measured
diameter of 28.0 nm and PDI of 0.28 as determined by DLS (Fig. S5). The particles were
non-spherical, with partially elongated morphology (Fig. 2C). The dual spherical and
elongated morphologies contribute to the high PDI value in the DLS measurements.

To examine the molecular interactions of PMeOx-PcBOx chains in aqueous media, 2D
NOESY NMR measurements were conducted. The 2D NOESY NMR spectra (Fig. S6), in
PMeOx-PcBOX dispersions display strong correlation of PcBOX protons (2.6 ppm to 3.0
ppm, 6H, C3N3(NH5)(N(CHj3),) with other PcBOX protons (2.2 ppm to 2.7 ppm, 4H, CO-
CH>—CH»—C3N3(NH2)(N(CHj3),) and protons of the polymer backbone (3.1 ppm to 3.7
ppm, 3.1-3.7 (4H, -N-CH,—CH,-). This highlights some of the intramolecular and
intermolecular interactions present in the PMeOx-PcBOXx polymer. In the case of PMeOx-
PMestOx, 2D NOESY NMR did not show any correlation of protons of PMeOx-PMestOx.
Taken together, this evidence supports that the molecular interaction of PMeOx-PcBOx
arises from PcBOx structure and contributes to the polymer self-assembly into particles in
aqueous media.

To investigate the effect of polymer concentration on the formation of the particle in aqueous
solution, the CMC of PMeOx-PcBOx was determined by DLS. Light scattering intensity
and count rate of the particle was monitored over a range of PMeOx-PcBOXx concentrations
and the point where derived count rate becomes constant corresponds to the CMC. As shown
in Fig. S7, the CMC of PMeOx-PcBOx was approximately 40 mg/L in DI water.

3.3. Solubilization of poorly soluble small molecules

We examined several poorly soluble active pharmaceutical ingredients to assess their
solubilization in PMeOx-PcBOXx polymeric micelles and compared it with the solubilization
of these molecules in the micelles of our reference polymer P[MeOx35-b-BuOxyq-b-
MeOxzs] (P2) [17,23-25]. The molecules examined belonged to different classes including
transforming growth factor p (TGF-) receptor inhibitors (LY2109761, GW788388 and
LY364947), protein synthesis inhibitors (bruceantin), toll-like receptor (TLR) 7 agonist
(imiquimod), phosphatidylinositol 3-kinase (P13K) inhibitors (wortmannin and pictilisib
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(GDC-0941)), microtubule inhibitor (paclitaxel), and topoisomerase inhibitors
(Aclacinomycin A and SN-38). In these experiments, we kept the polymer concentration
constant at 10 mg/mL and varied the feed concentration of the drug until its maximal
solubility was observed. We screened drugs at various ratios, beginning at 1:10
(drug:polymer), and increased the ratio until maximal solubility was obtained. As shown in
Fig. 3, PMeOx-PcBOx micelle formulation displayed a reasonably good capacity for
solubilization of several poorly soluble drug compounds (see also Table S1). In particular,
we solubilized nearly ~3.28 mg/mL of LY2109761 with 24.7% LC and little if any drug
precipitate (82% LE). Bruceantin also showed reasonably good maximal solubilization in
this formulation: 1.87 mg/mL, 11.5% LC, 65% LE. On the other hand, paclitaxel and other
drugs were not as soluble as LY209761and bruceantin (6.8% LC for aclacinomycin A, 6.3%
LC for paclitaxel, 4.3% LC for GDC-0941, 3.8% LC for wortmannin), while LY364947
(0.3% LC) GW788388 (0.2% LC), Imiquimod (undetectable) and SN-38 (undetectable)
were practically insoluble. Comparison of the solubilization profile of these molecules for
PMeOx-PcBOx and P2 triblock copolymer micelles reveals distinct selectivity of each
polymer for some of these APIs (Fig. 3, see also Table S1). With P2, we observed the ultra-
high loading of bruceantin with least amount of drug precipitate (as much as 9.98 mg/mL,
50.0% LC, 99% LE). Also, as previously reported [17], paclitaxel was solubilized at
maximal concentration of 6.89 mg/mL (41% LC and 86% LE). LY2109761 showed fairly
high solubilization in P2 micelles (1.5 mg/mL, 14.0% LC, 78% LE) although it was
distinctively less than that observed in PMeOx-PcBOx micelles. Solubilization of
aclacinomycin A was low but generally comparable in both micelle systems. On the other
hand, GDC-0941 and wortmannin were practically insoluble in P2 system, while theywere
distinctively more soluble in PMeOx-PcBOX. The other compounds tested (GDC-0941,
LY364947, SN-38, and Imiquimod) were practically insoluble in both micelle solutions.
This data is briefly summarized in Supplementary Table S2 along with innate water
solubilities of the drug compounds with their absolute loading (mg/mL).

PMeOx-PcBOx micelle dispersions displayed sub-100 nm size distribution in DLS effective
diameter measurements; 85 nm for paclitaxel (PDI = 0.298, Dv10 = 23.3 nm, Dv50 = 34.6
nm, Dv90 = 80.9 nm), 60 nm for bruceantin (PDI = 0.48, Dv10 = 17.2 nm, Dv50 = 25.2 nm,
Dv90 = 42.9 nm), and 50 nm for LY 2109761 (PDI = 0.4, Dv10 = 15.5 nm, Dv50 = 21.5 nm,
Dv90 = 34.8 nm). TEM images of particles in both formulations are shown in Fig. 4A and
B. The images reveal small-sized particles (approximately 30 nm) in both formulations,
corresponding to the DLS measurement (volume-based). Small portions of particle
aggregates were observed in both formulations and this may explain the relatively high value
of PDI.

We investigated the relese profile of encapsulated drugs (paclitaxel and bruceantin) in
PMeOx-PcBOx. Both paclitaxel and bruceantin were continuously released from PMeOx-
PcBOx nanoparticle, with over 80% of drugs being released at 24 h time point (Fig. 4C).
The release rates were similar for bruceantin in both polymers. Interestingly, the release rate
was very different for paclitxael in P2 vs. PMeOx-PcBOx (Fig. 4D). After 24 h, most of the
PTX was released in PcBOx whereas not even 50% was released from P2. This kind of
release data is consistent with previously published data at the low (10:1) polymer:drug
feeding ratio [23]. Both paclitaxel and bruceantin formulation in PMeOx-PcBOx were
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proven stable for 8 days at 4 °C as we monitored the drug loading and size distribution (Fig.
4E and F).

Finally, we summarized the relationship between LC and the physicochemical properties of
the drug molecules that could be related to the interaction with PMeOx-PcBOx (Fig. 5). The
designated potentially “influential” parameters are the presence of electron deficient
aromatic structures (EDA), the numbers of hydrogen bonding acceptors (HBA) and donors
(HBD), LogP, and the number of rotatable bonds (RBN).

3.4. Water-soluble DachPt encapsulation

3.5.

We investigated whether the cBG side chain of the PMeOx-PcBOx copolymer can facilitate
incorporation of platinum drug (DachPt) in the polymeric micelles via coordination bonding.
The loading was accomplished by co-incubation of the DachPt and PMeOx-PcBOx micelles
in the aqueous solution followed by separation of the drug loaded micelles from
unincorporated drug. The total platinum mass percent in the resulting DachPt-PMeOx-
PcBOx formulation was about 17.7% as measured by ICP-MS. When converted to the
equivalent content of DachPt this value results in ~34.5% LC. The analysis of DachPt-
PMeOx-PcBOXx formulation by DLS revealed a unimodal size distribution with an effective
diameter of ~35 nm and PDI of 0.49 (Fig. S5B), The increase of the particle size and
polydispersity when compared to the free PMeOx-PcBOx micelles (~28 nm, PDI = 0.28),
was possibly due to conformational changes in the core-forming block and volume increase
induced by DachtPt incorporation.

In vitro cytotoxicity DachPt-PMeOx-PcBOx formulation

We evaluated the in vitro cytotoxicity of DachPt-PMeOx-PcBOx in comparison with the free
oxaliplatin in 344SQ murine NSCLC cells and MDA-MB-231 human breast cancer cell
lines. The cytotoxicity was measured by the CCK-8 assay. Free polymer PMeOx-PcBOx
was found to be non-toxic in both cell lines up to 4 mg/mL dose. On the other hand,
PMeOx-PcBOx-DachPt displayed platinum concentration-dependent cytotoxicity profile in
both cell lines, albeit the corresponding its IC50 exceeded those of oxaliplatin by 10 to 50
times (Fig. 6).

4. Discussion

The motivation for our work was to develop an alternative polymer for drug
nanoformulations which is compatible with drugs that cannot be otherwise formulated in
existing drug delivery platforms. Previously, we described a poly(2-oxazoline)-based
polymeric micelle platform, which is unique in its ability to incorporate large amounts of
insoluble compounds, as demonstrated across many drugs and drug candidates, such as
taxanes [17,26]. The hydrophobic PBuOx block in P2 (P [MeOx35-b-BuOx,g-b-MeOx3s])
has polar and hydrated amide functionality in each repeating unit. These micelles represent a
unique dueal polar/hydrophobic environment for incorporation of drug molecules, such as
paclitaxel [17,26]. These interactions are facilitated, perhaps, by the relatively small size and
flexibility of the of the butyl side chain in the BuOx. In fact, substitution of the butyl group
for a more hydrophobic nonyl group results in a drastic decrease in the solubility of taxanes
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in these poly(2-oxazoline) based micelles [17,26]. The resultant injectable aqueous micellar
solutions are readily prepared and are stable for days and weeks. These formulations can
contain up to 50-100 g/L of poorly soluble drugs [23,25,26]. The drug to polymer wt. ratio
in these micellar formulations is also up to a hundred times better than the amounts of
excipients in the current formulations. For example, for paclitaxel, the amount of P2
polymer per 1 g of drug is ~100—- and ~10- times less than the amounts of excipients used in
Taxol® and Abraxane®, respectively [23]. This high loading contributes strongly to the
widening of the therapeutic window and allows high dose therapy as the excipient-based
toxicity is drastically reduced [23].

While BuOx-based polymers, such as P2, have been extremely successful solubilizers for
over two dozen drugs and drug candidates, there are many compounds which have failed to
display equally good solubilization in this system [27]. This has raised a necessity for the
structural modification of the block copolymers to improve solubility of the otherwise
failing to be formulated drugs. Advancement in this area has been achieved recently by
Luxenhofer group who modified the hydrophobic block in such polymers by replacing a
substituted poly(2-oxazoline) for a substituted poly(2-oxazine), which has an additional
methylene group in the backbone of the main chain [28]. The hydro-philic blocks (PMeOx)
in the new copolymers remained unmodified. A novel selectivity of the new poly(2-
oxazine)-based copolymers differentiating them from poly(2-oxazolines) with respect to the
drugs that they can solubilize was observed [27,28]. In particular, P2 was highly effective in
solubilizing paclitaxel, but much less effective with curcumin. In contrast, a copolymer
containing a hydrophobic block made of 2-n-propyl-2-oxazine, which is a structural isomer
of BuOx, had a clear solubilization preference for curcumin vs. paclitaxel [27,28].

In the present study, we sought to develop a novel polymeric micelle platform with
differential solubilizing capacity that could bring these therapeutic advantages to a new array
of insoluble drug compounds. We employed a very different approach to modification of the
polymer hydrophobic block. Rather than adjusting the polymer backbone or adding a longer
alkyl side chaine, we completely replaced the alkyl side chain of PBuOXx for a substituted
aromatic heterocyclic ring. To test this approach we designed and synthesized a novel
poly(2-oxazoline) diblock copolymer, PMeOx-PcBOx, with an A, A-dimethyl-1,3,5-
triazine-2,4-diamine-6-ethyl side chain in the “hydrophobic block.” The copolymer structure
has been confirmed by the 1H NMR, 2D NOESY NMR, MALDI-TOF MS, and UV-Vis
spectroscopic analysis. The copolymer demonstrated the ability to self-assemble into
micelle-like structures.

Next, we evaluated the drug loading capacity of this newly developed copolymer. We used
drugs across the chemical space, including those molecules that have failed to be solubilized
in P2 polymer. For the selected drugs that were not well formulated in P2 micelles, such as
LY2109761 (and Wortmannin and GDC-0941 to lesser extents), the new block copolymer
displayed a good solubilization capacitysuperior to that of P2. Despite having lower
hydrophobicity of the core-forming block than P2 (the estimated LogP value of cBOX is
-0.27 while that of BuOx is 1.61), PMeOx-PcBOx can still solubilize a variety of drug
compounds. Interestingly, all poorly soluble compounds that show reasonably good
solubilization in PMeOx-PcBOXx micelles (bruceantin and LY2109761,) are moderately
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hydrophobic and have LogPs of 1.4 and 2.8 respectively. At the same time the more
hydrophobic compounds with LogP around 4 and above (including, paclitaxel) are less
soluble or practically insoluble in these micelles.

The capability of NV, A-dimethyl-1,3,5-triazine-2,4-diamine-6-ethyl side chain to engage in
multiple interactions with the drug molecules is likely to be important for drug
solubilization. In particular, N,A~dimethyl-1,3,5-triazine-2,4-diamine-6-ethyl has a three-
heteroatom aromatic ring, which is highly electron deficient. It is known that electron-
deficient aromatic rings can form stable pi-pi stacking dimers in part due to strong
interactions between pi electrons and sigma electron-deficient orbitals [29]. When
considering this feature, N, A-dimethyl-1,3,5-triazine-2,4-diamine-6-ethyl groups may
enable strong pi-pi stacking interactions both with each other, resulting in the self-assembly
of the PcBOXx blocks in the micelle core, and with drug molecules, some of which also have
electron deficient aromatic rings. Indeed, of all the studied drugs, this new polymer has a
clear “preference” for LY2109761, which has highly electron deficient aromatic rings.

Additionally, the N, A-dimethyl-1,3,5-triazine-2,4-diamine-6-ethyl side chain can serve as
both a hydrogen bond acceptor and a hydrogen bond donor. Since hydrogen bond formation
requires strict conformational angle and distance [30], the rigid 1,3,5-triazine ring may act as
a molecular “scaffold” enabling efficient hydrogen bonding with selected drugs. At the same
time, flexibility of the drug structure may be important for their ability to adjust the angles
and distances necessary for maximal hydrogen bonding with the cBOx units. This may
explain a tendency for better solubilization observed for some drugs having higher number
of rotatable bonds. Interestingly, PMeOx-PcBOXx micelles appeared to have solubilization
preference for some of the compounds that have higher hydrogen bonding capacity and
greater number of rotatable bonds, which is known to be detrimental for drug absorption into
target cells [31]. Thus, the new PMeOx-PcBOXx block copolymer, and the overall class of
poly(2-oxazolines) with side chains containing substituted aromatic heterocycles, may hold
the potential to expand the design space of APIs and spark the development of novel
polymeric micelle formulations based on multiple drug-polymer interactions.

It could be useful to quantify and correlate the physicochemical properties of drug molecules
and their solubilization in PMeOx-PcBOx micelles. For this purpose we attempted to
develop a simplified scoring system using the presence of electron deficient aromatic
structures (EDA) as an indicator for pi-pi stacking interaction, the numbers of hydrogen
bonds acceptors (HBA) and donors (HBD) as indicators for hydrogen bonding, LogP as an
indicator of hydrophobicity, and rotatable bonds number (RBN) as indicator for the ease
with which a drug molecule can exhibit specific interactions with the PcBOXx side chains. We
could not establish a clear and simple correlation between any one parameter and drug
solubilization in the PMeOx-PcBOx polymeric micelles. However, when taking into account
multiple parameters, this system showed some ability to rationalize the drug solubilization.
For instance, bruceantin does not have an electron deficient aromatic ring whereas
GW?788388 does. But the solubilization of bruceantin in PMeOx-PcBOx micelles was high,
whereas that of GW788388 was low. This difference could be explained by additional
interactions bruceantin may have in the core of the micelles that GW788388 does not have
(bruceantin Score = 4, GW788388 Score = 2). At the same time, the higher point total in this

J Control Release. Author manuscript; available in PMC 2020 September 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hwang et al.

Page 14

scoring system does not necessarily mean that a given drug is more soluble than another
drug with a lower score. A higher score simply means that there is a higher probability of
some solubility being achieved. For example, aclacinomycin A scored the highest among all
analyzed compounds (Score = 5), but its solubilization was far from best and comparable to
that of wortmannin that does not have a high hydrogen bonding capacity and has a relatively
low number of rotatable bonds. The modest solubilization of aclacinomycin A may be
connected to its relatively large volume (molecular mass 811.86 g/mol). Similarly, paclitaxel
has a relatively high score (Score = 4) but shows modest solubilization, which in addition to
the high molecular mass of this drug (853.90 g/mol) may be also induced by its high LogP
value. With a larger data set created the relative contributions of each parameter could
perhaps be, elucidated and optimized to account for differences in the drug solubilization. A
prediction of the success of compounds applicable for a given polymeric micelle formulation
would allow the rational design of the copolymers, or conversely, the selection of APlIs,
which are preferable for a given polymeric micelle system. We hope that this scoring system
can provide some intuition for the design of more complex computational models to
accurately predict drug solubility in these unique micelle systems.

While relying on different mechanisms for loading hydrophobic drugs, the micelles were
still able to produce a similar release profile for bruceantin. Additionally, for paclitaxel, the
PcBOx allowed access to a different, more complete, release profile at the given 1:10 drug to
polymer ratio. Utilizing different block structures it is possible to tune the release profile of
the polymeric micelles. This could be advantageous for tuning in vivo drug pharmacokinetic
properties to reduce toxicity or increase therapeutic efficacy.

Heteroaromatic compounds such as substituted 1,3,5-triazine in cBOx are well known to
form chelating complexes with a variety of metal species including Ag, Au, Cu, and Pt [29].
In this regard we evaluated and successfully loaded in the PMeOx-PcBOXx micelles DachPt,
which is an active form of the platinum chemotherapeutics, oxaliplatin and miriplatin. The
resulting DachPt-PMeOx-PcBOx formulation displayed an anticancer activity in two
different cancer cell lines, albeit in each cell line it had higher ICsq values than oxaliplatin.
This difference in ICsq could be attributed to two factors; 1) the cell uptake mechanism is
different between nanoparticle (DachPt-PMeOx-PcBOXx) and small molecules (oxaliplatin),
and 2) the onset of the cell damage is delayed for DachPt-PMeOx-PcBOXx due to slower
DachPt release mechanism compared to oxaliplatin that readily forms DachPt in cytosolic
reducing conditions [32]. Further investigation is warranted to elucidate the mechanism of
DachPt release in physiological conditions and cell uptake of the DachPt-PMeOx-PcBOXx
formulation.

Platinum drugs are widely used chemotherapies of cancer, but are known to cause peripheral
neuropathy, especially sensory ataxia, due to the accumulation in the dorsal root ganglion
[33]. To reduce this adverse effect, and maximize the therapeutic index, various delivery
systems are explored for this drug class [34,35]. More generally, metal nanoparticle systems
are interesting subjects not just for therapeutics, but also for diagnostics and imaging
especially in the field of oncology [36]. For example, manganese (Mn) or gadolinium (Gd)
containing nanoparticles can be used as MRI contrast agents [37,38] and gold nanoparticles
are known to be useful as CT contrast agents [39]. Ruthenium (Ru) organometallic
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complexes were reported as photo-luminescence imaging agents that can detect hypoxic
tumors [40]. While the new polymer class described in this work may not have applications
in all these instances, it is truly remarkable that the same polymer excipient displays ability
for incorporating both poorly soluble APIs as well as relatively well solubilized metal
complexes used in chemotherapy.

5. Conclusion

In conclusion, we have designed a novel poly(2-oxazoline)-based block copolymer with a
heterocyclic, aromatic side chain that can be used for 1) solubilization of a unique set of
poorly soluble compounds that have previously failed in other polymeric systems, as well as
2) loading of platinum drugs through metal complexation. It is promising that the new block
copolymer class can expand the application of polymeric micelle technologies to a new set
of drugs and impact the drug design space by providing alternatives to hydrophobic
interactions as a means of incorporation of poorly soluble APIs in the micelles. Future
studies well validate this conclusion for a higher number of compounds and elucidate drug/
polymer interaction mechanisms important for predictions of drug solubilization.
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Overlay of the 1H NMR spectra of PMeOx-PMestOx, cBG and PMeOx-PcBOx (*H NMR
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Fig. 2.

(Ag UV spectra of PMeOx-PcBOx, cBG, PMeOx-PMestOx and N, A-dimethylbiguanide in
the range of 200-300 nm. (B) Acid-base titration curves (left) and derivative plot dOH/dpH
as a function of pH (right) of PMeOx-PcBOX, cBG, PMeOx-PMestOx and saline. (C) TEM
image of self-assembled PMeOx-PcBOXx. Scale bar = 200 nm (left), 50 nm (right).
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Page 20

Differential solubilization of drugs indicated by their maximum LC in PMeOx-PcBOx (blue

bars) and P2 (orange bars). Polymers concentration 10 mg/mL. (n= 3 for all drugs and

polymers except for GW788388, GDC-0941, and LY 364947 in PMeOx-PcBOXx groups,
which has n=1). (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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Fig. 4.

TIgM image of (A) paclitaxel-PMeOx-PcBOx formulation and (B) bruceantin-PMeOx-
PcBOXx formulation, Release profile of (C) paclitaxel (left) and bruceantin (right) from
PMeOx-PcBOx nanoparticle formulation and (D) paclitaxel (left) and bruceantin (right)
from P2 polymer and stability profile of (E) paclitaxel-PMeOx-PcBOx-formulation and (F)
bruceantin-PMeOx-PcBOx formulation (n = 3).
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Fig. 5.

(A) Evaluated drug structures and (B) comparison of the maximal LC of each drug in
PMeOx-PcBOx and P2 micelles with the molecular characteristics of these drugs. The
scores correspond to the presence of electron deficient aromatic rings (EDA), the numbers of
hydrogen bonding acceptors and donors (HBA and HBD, respectively), lipophilicity (LogP)
and the number of rotatable bonds (RBN).
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Cytotoxicity and ICgq values of PMeOx-PcBOX, DachPt-PMeOx-PcBOx and free
oxaliplatin in (A) 344SQ murine NSCLC cells and (B) MDA-MB-231human breast cancer
cells. DachPt-PMeOx-PcBOx concentration is presented as the oxaliplatin equivalent
concentration. PMeOx-PcBOXx concentration is presented as the block copolymer
concentration equivalent to that in DachPt-PMeOx-PcBOx formulation.
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Scheme 1.
Synthesis of PMeOx-PcBOXx via N, N-dimethylbiguanide condensation.
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