This document is the Accepted Manuscript version of a Published Work that appeared in final form in
Langmuir 2017, 33, 8, 1959-1968, copyright © 2017 American Chemical Society after peer review and technical editing
by the publisher. To access the final edited and published work see https://doi.org/10.1021/acs.langmuir.6b04242

Non-lsocyanate Polyurethane Soft Nanoparticles Obtained by
Surfactant-Assisted Interfacial Polymerization

Amaury Bossiont#, Gavin O. Jones$, Daniel Taton#, David Mecerreyes®!l, James L. Hedrick$, Zhan
Yuin Ong", Yi Yan Yang ", Haritz Sardon*!l *

TPOLYMAT, University of the Basque Country UPV/EHU, Joxe Mari Korta Center, Avda. Tolosa 72, 20018 Donostia-San
Sebastian, Spain

*Laboratoire de Chimie des Polyméres Organiques (LCPO), UMR 5629-CNRS-Université de Bordeaux - Institut Na-
tional Polytechnique de Bordeaux, 16 Avenue Pey Berland, 33607 Pessac, France

§SIBM Almaden Research Center, 650 Harry Road, San Jose, CA 95120
lllkerbasque, Basque Foundation for Science, E-48011 Bilbao, Spain
“Institute of Bioengineering and Nanotechnology, 31 Biopolis Way, Singapore 138669, Singapore

non-isocyanate polyurethanes, soft nanoparticles, interfacial polymerization, drug-loading, activated carbonates

ABSTRACT: Polyurethanes (PUs) are considered ideal candidates for drug delivery applications due to their easy synthesis,
excellent mechanical properties and biodegradability. Unfortunately, methods for preparing well-defined PU nanoparticles
required miniemulsion polymerization techniques with a non-trivial control of the polymerization conditions due to the
inherent incompatibility of isocyanate-containing monomers and water. In this work, we report the preparation of soft PU
nanoparticles in a one-pot process using interfacial polymerization that employs a non-isocyanate polymerization route
that minimizes side reactions with water. Activated pentafluorophenyl dicarbonates were polymerized with diamines
and/or triamines by interfacial polymerization in the presence of an anionic emulsifier, which afforded non-isocyanate
polyurethane (NIPU) nanoparticles with sizes in the range of 200-300 nm. Notably, 5 wt % of emulsifier was required in
combination with a trifunctional amine to achieve stable PU dispersions and avoid particle aggregation. The versatility of
this polymerization process allows for incorporation of functional groups into the PU nanoparticles, such as carboxylic ac-
ids, which can encapsulate the chemotherapeutic doxorubicin through ionic interactions. Altogether, this waterborne syn-
thetic method for functionalized NIPU soft nanoparticles holds great promise for the preparation of drug delivery nanocar-
riers.

prepare by more conventional processes (e.g. bulk or solu-

INTRODUCTION

Interfacial reactions that occur between two immis-
cible liquids/solvents are attractive for polymer formation
as the reaction occurring at the interface of two liquids
guarantees nearly perfect stoichiometry and high yields.!
However, the majority of the research carried out on inter-
facial reactions have focused on the formation of small
molecules instead of polymerization processes. In a recent
review by Landfester et al,, it was demonstrated that inter-
facial polymerization holds great promise in the areas of
organic and polymer chemistry, and this technique is ex-
pected to expand in the near future.2 Because the reaction
at the interface forces two molecules to undergo a reaction,
which usually enhances the reaction kinetics, interfacial
polymerizations are extremely fast, take place under mild
conditions and offer the possibility of rapid production of
polymers with high molecular weight.3-¢ Moreover, interfa-
cial polymerization is considered to be very convenient for
the preparation of polymers that are normally difficult to

tion polymerization).

Polyurethanes are a family of polymeric materials
which is gaining attention in the biomedical field, due to
their excellent mechanical and biodegradability proper-
ties.”8 These properties can be easily tailored by varying
the nature of the co-monomers used for their synthesis;?-11
this has already been successfully exploited to design ap-
propriate materials for drug delivery applications.1?13
However, PUs derived from step-growth polymerization
cannot be engineered with specific architectures such as
diblock and triblock copolymers, which are highly desired
for narrowly dispersed micelle formation that can encap-
sulate and transport drugs. Moreover, the polymerization
cannot be carried out in aqueous media due to the inherent
incompatibility of isocyanate and water, which further
limits the ability to implement waterborne emulsions and
microemulsions techniques.'* Landfester et al. investigated
the potential of mini-emulsion polymerization as a specific
process in preparing well-defined PU nanoparticles.>15



However, urea formation caused by the side reaction of
water with isocyanate groups could not be avoided during
polymerization. Along these lines, Morral-Ruiz et al. devel-
oped oil in water (0/W) nano-emulsions to achieve well-
defined PUs, but similar issues were reported.1® Because
PU formation from isocyanates raises serious toxicity is-
sues, isocyanate-free approaches should be explored for
biomedical applications.

In this context, NIPUs have emerged as materials of
interest in the last decade, owing to the lower toxicity and
reduced sensitivity of monomeric building blocks used in
their synthesis to water.817 Notably, isocyanate-free ap-
proaches for forming NIPUs can potentially be performed
directly in aqueous media.l* For example, the formation of
NIPUs by the polymerization of both linear and cyclic car-
bonates in the presence of primary amine-containing co-
monomers in aqueous media was recently demonstrated.1”
However, to the best of our knowledge, a simple and effi-
cient method for the synthesis of NIPU soft nanoparticles is
still lacking. In this work, we describe the one pot synthe-
sis of NIPUs based on surfactant-assisted interfacial
polymerization (SAIP). Activated dicarbonates selectively
react with multifunctional amines in an interfacial poly-
condensation reaction to generate NIPUs. Nevertheless,
this polymerization presents two main drawbacks: the use
of dichloromethane and the release of a leaving group
during the polymerization. It is important to ensure a
proper removal of these compounds prior to use. A com-
parative reactivity study of three different activated dicar-
bonates, containing pentafluorophenol, nitrophenol and
phenol as leaving group, towards polyethylene (bis)amine
(PEG-diamine) were carried out to demonstrate the influ-
ence of the leaving group on the kinetics of the reaction.
Different conditions (i.e. O/W and W/0) were also ex-
plored and a comprehensive computational study was
performed to obtain a better understanding of the effect of
the solvation conditions on the reactivity of the activated
dicarbonates and the role of water in lowering the activa-
tion energies of these reactions. The optimization of both
surfactant type and concentration afforded different isocy-
anate-free PU nanoparticles that were subsequently char-
acterized both in the presence and absence of cargo. Final-
ly, a straightforward method for incorporating carboxylic
acid functionalities into these soft NIPU nanoparticles was
developed as a means to further encapsulate cargos via
ionic interactions.

EXPERIMENTAL SECTION

Instrumentation and Materials. 'H, 13C, and °F
NMR spectra were recorded with Bruker Avance DPX 300
or Bruker Avance 400 spectrometers. The NMR chemical
shifts were reported as § in parts per million (ppm) rela-
tive to the traces of non-deuterated solvent (eg. 6 = 2.50
ppm for ds-DMSO or § = 7.26 for CDCIz). Data were report-
ed as: chemical shift, multiplicity (s = singlet, d = doublet, t
= triplet, m = multiplet, br = broad), coupling constants (J)
given in Hertz (Hz), and integration. Gel permeation chro-
matography (GPC) was performed using a Agilent Tech-
nologies PL-GPC 50 Integrated GPC system, with a Shodex
KD-806M column. For the GPC, N,N-dimethylformamide
with a 10mM concentration of LiBr at 50 °C was used as
the solvent and toluene as a marker. Polystyrene of differ-

ent molecular weights, ranging from 2,100 g mol-1 to
1,920,000 g mol-1, were used for the calibration of the
GPC. DLS measurements were performed using a Zetasiz-
er-Nano S from Malvern operating with a 4 mW He-Ne
laser (633 nm wavelength) and a fixed detector angle of
173 (non-invasive backscattering geometry NIBSTM) and
with the cell holder maintained at constant temperature by
means of a Peltier element. Differential Scanning Calorime-
try was measured in a PerkinElmer 8500DSC equipped
with an Intracooler III. The experiments were performed
under ultrapure nitrogen flow. Samples of 5 mg were used.
In order to determine the glass transition temperature, the
samples were quenched from the melt to -85 °C and af-
terward heated at 20 °C/min.

1,6-Hexanediol (99%), 1,8-
bis(dimethylamino)naphthalene (Proton-Sponge®)
(99%), sodium methoxide (95%), triethylamine (299%),
tris(2-aminoethyl)amine (96%), ethylene diamine (299%),
sodium dodecyl sulfate (98,5%), Pluronic-F68 (Mn 8,400),
dodecyltrimethylammonium bromide (298%), DCM
(299.9%), 4-nitrophenyl chloroformate (96%), 1,1'-
Carbonyldiimidazole (297%), phenyl chloroformate
(97%), ethyl chloroformate (97%), doxorubicin hydro-
chloride, 2,2-bis(methylol) propionic acid (98%), tert-
butyl bromoacetate (98%), trifluoroacetic acid (99%),
dimethyl acetamide (299%), dimethyl sulfoxide (299.5%)
and THF (299.8%) were purchased from Sigma Aldrich.
DMF (GPC grade) and diethyl ether (99%) were purchased
from Fisher. Hexane (reagent grade) was purchased from
Scharlab. Polyoxyethylene (bis)amine (Mw 1,000 and Mw
3,600) were purchased from Alfa Aesar.
(bis)Pentafluorophenyl carbonate (PFC) (97%) was pur-
chased from Manchester Organics. Deuterated solvents
such as CDCls, de-DMSO were purchased from Euro-top. All
materials were used without further purification.

Computational Methodology. All calculations were
performed with GAMESS-US using the dispersion-
corrected B3LY density functional theory (DFT) method.
Geometry optimizations were performed with the 6-
311+G(2d,p) basis set. All geometry optimizations were
followed by single point energy calculations with the aug-
cc-pVTZ basis set. Reported energies are free energies in
kcal/mol. Only vibrational free energy corrections to the
electronic energy at 298 K were used in accordance with
recommendations for molecules optimized in implicit
solvent. Reaction conditions were represented with a con-
tinuum dielectric derived from the IEF-CPCM method.18

Synthesis of CsFs0-CO0-(CH2)6-0C0O-0CsFs (Mon-
omer A). The Monomer A was prepared according to liter-
ature!*, PFC (2.2 equiv., 1.8 g, 44 mmol) and Proton-
Sponge® (0.25 equiv., 0.11 g, 0.50 mmol) were dissolved
in THF (8.0 mL) and stirred for 30 min. 1,6-Hexanediol (1.0
equiv., 0.24 g, 2.0 mmol) dissolved in 2.0 mL of THF was
added dropwise to the reaction mixture and allowed to
react at room temperature until completion (4 h). The
reaction mixture was evaporated to dryness and cold di-
chloromethane was added to the residue, in which much of
the pentafluorophenol byproduct was precipitated and
recovered (0.65 g, 68% recovery, with analytical purity
higher than 95%). The product-containing filtrate was
rinsed with saturated aqueous NaHCOs3 and water, dried



over MgS0s4, and concentrated. The crude product was
recrystallized from hexane to afford C¢FsO-COO-(CHz2)s—
0CO-0C¢Fs (Monomer A) as a white crystalline powder
(0.77 g, 73% yield). The structure was confirmed by 'H,
13C, and 19F NMR spectroscopy. 1H NMR (CDClz, 400 MHz,
6) 4.28 (t, OCOOCHz, 4H), 1.75 (t, OCOOCH2CHz, 4H), 1.44
(t, CHz, 4H); 3C NMR (CDCls, 400 MHz, §) 151.0 (0COO0),
142.0, 140.0, 139.0, 136.0 (CAr), 70.0 (s, COOCH2), 28.0
(COOCH2CHz2), 25.0 (CHz2); °F NMR (CDCls, 400 MHz): -154
(d, Ar-F, 4F), =158 (t, Ar-F, 4F), -162 (q, Ar-F, 2F). (M.P.
45°C)

Synthesis of CcH4N020-CO0-(CH2)6-0CO-
0C¢H4sNOz2 (Monomer B). 4-Nitrophenyl chloroformate
(2.2 equiv,, 0.58 g, 2.9 mmol) and triethylamine (TEA, 0.29
g, 2.9 mmol, 2.2 equiv.) were dissolved in THF (8.0 mL),
stirred for 30 minutes, and cooled down to 0° C. 1,6-
Hexanediol (0.24 g, 2.0 mmol, 1.0 equiv.) dissolved in 2.0
mL of THF was added dropwise to the reaction mixture.
The mixture was stirred at room temperature for 4 hours
and filtered to remove triethylamine hydrochloride salt.
The filtrate was concentrated and recrystallized from hex-
anes to afford Monomer B as a yellow crystalline powder
(0.53 g, 76% yield). The structure was confirmed by 'H
NMR (CDCl3, 400 MHz, §) 8.40-7.20 (d, Car, 4H), 4.35 (t,
0COOCH:, 4H), 1.82 (t, OCOOCH2CH>, 4H), 1.52 (t, CHz, 4H).
(M.P. 115°C)

Synthesis of CsHs0-COO-(CH2)6-OCO-0CsHs
(Monomer C). Phenyl chloroformate (2.2 equiv., 0.45 g,
2.9 mmol) and TEA (0.29 g, 2.9 mmol, 2.2 equiv.) were
dissolved in THF (8.0 mL) and stirred for 30 min. 1,6-
hexanediol (0.24 g, 2.0 mmol, 1.0 equiv.) dissolved in 2.0
mL of THF was added dropwise to the reaction mixture
and the mixture was stirred at room temperature 4 hours.
The reaction mixture was filtered to remove triethylamine
hydrochloride salt. The product-containing filtrate was
concentrated and the crude product was recrystallized
from hexanes to afford Monomer C as a white crystalline
powder (0.38 g, 68% yield). The structure was confirmed
by 'H NMR (CDCls, 400 MHz, 8) 7.50-7.10 (m, Car, 5H), 4.30
(t, OCOOCH2, 4H), 1.80 (t, OCOOCH2CHz, 4H), 1.50 (t, CH.,
4H). (M.P. 87°C)

Synthesis of bis-pentafluorophenyl carbonate
monomer containing protected carboxylic acid (Mon-
omer D). The cyclic monomer containing protected acid
was prepared in 3 steps according to literature.1® Briefly, in
the first step 2,2-bis(methylol) propionic acid (bis-MPA)
was modified with tert-butyl bromoacetate (TBBA) to form
the protected acid TBMPA in the presence of NaOH. In a
typical modification procedure, bis-MPA (10 g, 74.6 mmo],
1 equiv.) and NaOH (2.98 g, 74.6 mmol, 1 equiv.) were
placed in DMSO (50 mL) at 80° C and stirred for 24 hours
prior to the drop-wise addition of a solution of tert-butyl
bromoacetate (14.25 g, 73.1 mmol, 0.98 equiv.) dissolved
in DMSO (10 mL). The reaction was stirred at 80° C for
about 8 hours, at which time the reaction was diluted 10-
fold with water and the product was extracted with diethyl
ether. The product solution containing TBMPA was rinsed
with saturated NaHCOs, dried over MgS04, and concentrat-
ed. Yellow liquid was obtained (17 g, 69 % yield). The 'H
NMR spectrum of TBMPA was consistent with published
data. B) In the second step, the synthesized diol, TBMPA,
was reacted with ethyl chloroformate (ECF) in the pres-

ence of triethylamine (TEA) to form the 6-membered cyclic
carbonate, MTC-TB. In a typical modification procedure,
TBMPA (4 g, 17.1 mmol, 1 equiv.) was dissolved in dry THF
(40 mL) and the resulting solution was cooled in an ice
bath to 0° C prior to the addition of ethyl chloroformate
(4.43 g, 37.6 mmol, 2.2 equiv.). Subsequently, triethyla-
mine (TEA) (3.79 g, 37.6 mmol, 2.2 equiv.) was dissolved in
dry THF (20 mL) and added drop-wise to the reaction
mixture, which was maintained under Nz. Upon completion
(about 8 hours), the reaction was concentrated and recrys-
tallized in diethyl ether to give cyclic carbonate monomer
trimethylenecarbonate-5-methyl-5-carboxy-tert-
butylacetate (MTC-tBAc) (2.2 g, yield 50%). The 'H NMR
spectrum of MTC-tBAc was consistent with published data.
In the third step, the cyclic monomer MTC-tBAc was ring
opened with ethylene diamine and functionalized with the
bis(pentafluorophenyl) carbonate in the presence of pro-
ton sponge to form the activated carbonate Monomer D. In
a typical modification procedure, MTC-tBAc (1 g, 0.0036
mmol, 1 equiv.) was dissolved in dry THF (4 mL). The re-
sulting solution was cooled in an ice bath prior to the drop-
wise addition of ethylene diamine (0.108 g, 0.0018 mmol,
0.5 equiv.). Upon completion (about 1 hour),
bis(pentafluorophenyl) carbonate (1.1 g, 0.0022 mmol, 1.2
equiv.) and proton sponge (0.12 g, 0.00055 mmol, 0.25
equiv.) were dissolved in dry THF (4 mL), and the resulting
solution was added drop-wise to the reaction mixture. The
reaction was carried out at 20° C under nitrogen. Upon
completion (about 12 hours), the reaction mixture was
concentrated and dissolved in methylene chloride, upon
which much of the pentafluorophenol byproduct precipi-
tated and was recovered. The solution containing the
product Monomer C was then rinsed with saturated aque-
ous NaHCOs followed by water, dried over MgS0s, and
concentrated. The crude product Monomer D was recrys-
tallized in hexane to afford a viscous liquid (1.2 g, 73%
yield). 1H NMR spectrum of Monomer D clearly shows that
the methylene groups linked to the pentafluorophenyl
carbonate are shifted to 4.5 ppm. Moreover, the t-butyl
group is not affected by the pentafluorophenyl carbonate
modification. TH NMR (CDClz, 400 MHz, §) 4.65-4.55 (m,
OCOOCHz, 4H), 4.40-4.20 (m, OCOOCHz 4H), 3.28 (m,
OCONHCH_, 4H), 1.48 (s, CHs, 18H), 1.40 (s, CHs, 6H).
General procedure for the comparative study of acy-
clic activated bis-carbonates reactivity toward PEG dia-
mine. In a typical procedure, carbonate (1 equiv., 82.5
umol) was added into a vial and dissolved in DCM (0.01M).
Separately, PEG diamine (1 equiv., 82.5 umol) and triethyl-
amine (2.1 equiv., 175 umol) was dissolved in DCM
(0.01M) and added dropwise into the carbonate solution.
The reaction was then stirred for 48 h at room tempera-
ture. Aliquots were taken at specific intervals of time and
dried under reduce pressure prior to FTIR analysis.
General procedure for the comparative study of
different DCM/ H:0 ration in the interfacial polymeri-
zation. In a typical procedure, Monomer A (1 equiv., 165
umol) was dissolved in DCM. Separetely, PEG diamine (1
equiv., 165 umol) and triethylamine (2.1 equiv., 350 umol)
was dissolved in deionized water and added dropwise into
the carbonate solution. The reaction was then stirred for
24 h at room temperature. Aliquots were taken at specific



intervals of time and dried under reduce pressure prior to
FTIR analysis.

Synthesis of isocyanate free linear polyurethanes
using the surfactant assisted interfacial polymeriza-
tion. In a typical procedure, Monomer A (1 equiv., 82.5
umol) was dissolved in 0.25 mL of DCM. Separately, poly-
oxyethylene (bis)amine (Mw 1,000) (1 equiv., 82.5 umol)
was dissolved in 0.25 mL of deionized water, triethylamine
(2.1 equiv.,, 175 umol) and surfactant were dissolved in
0.75 mL of deionized water. Monomer A solution and sur-
factant solution were mixed together to form a pre-
reaction mixture. The pre-reaction mixture was then soni-
cated for 10 sec followed by the “one shot” insertion of the
polyoxyethylene (bis)amine solution. The reaction mixture
was further stirred at room temperature for 10 min prior
to DLS, ' H NMR and FTIR analysis

Synthesis of isocyanate free polyurethane soft
nanoparticles using the surfactant assisted interfacial
polymerization. Monomer D (0.1g, 0.09 mmol, 1 equiv.)
was dissolved in 3 mL of methylene chloride to form an
organic phase. Sodium dodecyl sulfate (SDS) (0.02 g) was
dissolved in distilled water (15 mL) to form an aqueous
phase. Both phases were mixed vigorously using a soni-
cator cup to form a stable emulsion. Subsequently, PEG-DA
(Mw=3600, 0.32 g, 0.09 mmol, 0.8 equiv.) and TEAE (0.005
g, 0.034 mmol, 0.2 equiv.) were dissolved in distilled water
(8 mL) and the resulting solution was added dropwise at
10 mL/hour to the emulsion. The polymerization was
carried out at room temperature for 1h. The reaction was
followed by 'H NMR. The characteristic signal of the acti-
vated carbonate end units at 4.45 ppm disappeared com-
pletely and a new signal attributed to the methylene group
linked to the O-CO-NH appeared at 4.2 ppm. The average
particle size for this system was 245 nm having a size dis-
persity of 0.145. In the third step, the t-butyl ester groups
were selectively converted to carboxylic acid groups by
mixing the resulting polyurethane solution with trifluoroa-
cetic acid (TFA) (1:1 vol/vol). The modification was con-
firmed by 'H NMR following the dissipation of tert-butyl
group 'H NMR signal.

DOX loading. DOX encapsulation was done through
the equilibrium adsorption method. DOX (5 mg) was dis-
solved in 1.5 mL of N,N-dimethylacetamide (DMAc) and
neutralized with 3 mole excess of triethylamine. The DOX
solution was added dropwise to NIPU soft nanoparticles
solution (10 mg in 1.5 mL DMAc) under stirring, and the
resultant suspension was equilibrated at 25 °C for 24 h.
After this, the mixture was dialyzed against 1 L of DI water
using a 1000 Da molecular weight cutoff membrane for 48
h and lyophilized. Each experiment was performed in trip-
licate. To determine the DOX loading level, a known
amount of lyophilized DOX-polymer was dissolved in 10
mL of dimethylformamide (DMF) and the absorbance of
the solution was measured using the UV-vis spectrometer
(Perkin Elmer, U.S.A.) at 485 nm. The DOX loading level
was determined using well-established protocol.!2

RESULTS AND DISCUSSION

Activated carbonates were selected as precursors for
NIPUs because the carbonate moiety has previously been
demonstrated to be easily displaced by suitable nucleo-
philes under mild conditions.20-22 [nspired by these re-

ports, the reactivity and the reaction mechanism of three
activated carbonates with amines were studied to evaluate
their potential as model NIPU precursors. Following the
evaluation of these model reactions, conditions were opti-
mized for the interfacial polymerization with respect to
solvent and polymerization kinetics. In addition, the effects
of different emulsifiers and concentrations, as well as the
different combinations of both difunctional and trifunc-
tional amines, were studied to obtain stable NIPU soft
nanoparticles, (nanoparticles with T below room temper-
ature). Finally, the incorporation of functional monomers
in the NIPU nanoparticles was demonstrated as a means to
sequester doxorubicin, a model anticancer drug.'?

Comparative study of different acyclic activated
bis-carbonates reactivity towards PEG diamine. Acti-
vated acyclic carbonates are ideal candidates for the prep-
aration of NIPUs in aqueous media, since, despite their
high reactivity towards primary amines, they are stable for
up to 24 hours in aqueous media.l* Thus, these monomers
are able to form high molecular weight NIPUs in the pres-
ence of water without suffering side reactions. In order to
evaluate the most suitable activated bis-carbonate for
interfacial polymerization, aminolysis of PEG diamine was
carried out at room temperature, using three different

acyclic  bis-carbonate  precursors, including 1,6-
bis[(perfluorophenoxy)carbonyloxy] hexane (pentafluro-
phenolate) (Monomer A), 1,6-bis[(4-
nitrophenoxy)carbonyloxy] = hexane  (nitrophenolate)

(Monomer B), and 1,6-bis(phenoxycarbonyloxy) hexane
(phenolate) (Monomer C), (SI section), (Figure la & b).
Reaction kinetics for the reactions of bis-carbonate with
PEG diamine in a 1:1 molar ratio in dichloromethane
(DCM; 0.1M) at 25 °C were monitored by FTIR. Urethane
formation was confirmed by the disappearance of the car-
bonate carbonyl characteristic band at 1760 cm-! and the
appearance of the urethane stretching band (amide I) at
1720 cmL. A plot of the evolution of monomer conversion
vs. time shows that the bis-carbonates featuring the pen-
tafluorophenolate leaving group are more reactive than
the other acyclic activated bis-carbonates (Figure 1c). It is
known that the basicity of the leaving group determines
the reactivity of the activated carbonate.
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Figure 1. a) Condensation reaction between acyclic acti-
vated bis(carbonates) and PEG-diamine. b) Leaving groups
investigated for the synthesis of urethanes from activated
bis(carbonates). c¢) Reactivity of acyclic activated
bis(carbonates) toward PEG-diamine calculated by FTIR.

The stronger the acidity of the phenol, the weaker the
phenoxide conjugate base, the better the leaving group and
the faster the reaction. This is confirmed by the PKa values
of the respective phenols and phenoxide conjugate bases
used in our study: the pKa value of (PhOH/PHO") is 9.95,
while the pKa values of (NO2PhOH/ NO2PhO-) and
(FsPhOH/FsPhO-) are 7.15 and 5.5, respectively. Since
pentafluorophenol is more acidic than the other leaving
groups, its conjugated base will be weaker, hence pen-
tafluorophenolate is the best leaving group in this series.

We next investigated the reactivity of Monomer A in a
heterogeneous process (Figure 2). Interfacial conditions
were created by dissolving Monomer A in DCM and PEG
diamine in water. The water to DCM ratios were varied and
conversion monitored by FTIR. Two general phenomena
were observed: firstly, the rate of the reaction increased in
all cases when performing at the interface. This result is in
good agreement with literature where usually higher reac-
tion Kkinetics could be observed when performing the
polymerization at the interface. Secondly, full conversion
could be achieved faster when using a water to DCM ratio
of 80:20.
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Figure 2. Condensation reaction between monomer A and
PEG-diamine using different DCM to H:0 ratios.

Two possible reasons could explain the trend in the
reaction kinetics: a) the monomers are located in the or-
ganic phase and the local reagents concentration is higher
and b) the possible coordination of water in the active
transition state. In order to understand which factor is
responsible for the increase of the reaction rate in the
polymerization kinetics observed in the interfacial
polymerization, we performed the same reaction but re-
ducing the total amount of DCM. When we compared the
polymerization kinetics of 20% DCM (0.4 mL) / 80% H:0
(1. 6 mL) and the one with only DCM (0.4 mL), although
there was a substantial increase on the reaction rate when
performing the reaction at higher monomer concentration
in solution, still the interfacial one was slightly faster (SI).
Therefore, a comprehensive computational study with the
dispersion-corrected?? B3LYP24-26 density functional theo-
ry (DFT) method was conducted to provide insights on the
experimentally observed reactivities during polyurethane
formation. Reaction profiles in three different types of
solvation conditions were computed in order to explore
how these reactions proceed under interfacial conditions.
Thus, reaction mechanisms in implicit CH2Clz and implicit
water using continuum dielectrics derived from the IEF-
CPCM method were explored as well as mechanisms in-
volving the use of explicit water molecules bound to the
carbonyl oxygen and the amine proton.. The latter condi-
tions are an attempt to account for the fact that water
molecules can form hydrogen-bonds with the reactants at
the interface of CHz2Clz solvents.

Reactions of methylamine with methyl phenylcar-
bonate, methyl (4-nitrophenyl) carbonate, and methyl
(perfluorophenyl) carbonate were computed as the sim-
plest models of aliphatic amines and phenylcarbonates
used in experiment. Although different studies have sug-
gested that a six centered ring intermediate, considering a
second amine molecule as proton shuttling, could be
formed during the formation of urethanes from car-
bonates, a simple computational model is proposed in



order to compare the reactivity of different carbonates
(Scheme 1).10

Scheme 1. Mechanisms for carbamate formation by
reactions of various methyl (aryl) carbonates with
methylamine. Water molecules have been omitted for
clarity for mechanisms involving explicit water mole-
cules participating as catalysts.
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The first step involves formation of a reactant complex
in which the amine is loosely bound to the carbonyl
group. INT1 is then formed by nucleophilic attack of
the amino nitrogen on the carbonyl carbon in TS1. The
next step of the reaction involves the transfer of the
amine proton to the phenol oxygen concomitant with
cleavage of the bond between the phenolic oxygen and
the carbonyl carbon in TS2. Thereafter, TS2 leads to
formation of the product complex and finally to the
products.

Results show that free energies of activation for rate-
determining steps decrease in the order HsCeO- >
NO2H4C60- > FsCeO-. Complexation of water molecules to
carbonate and amine reactants lowers free energies of
activation by 7-13 kcal/mol in comparison to reactions
performed in purely organic or purely aqueous solvents.
These results are congruent with experimental findings,
where we observed a sharp reactivity increase when per-
forming the reaction at the interface.

Table 1. Free energies of activation, in kcal/mol, for the
rate-determining step in reactions of methylamine with
various types of carbonates in a variety of solvation condi-
tions. The identity of the rate-determining transition state
is shown in parentheses.

Solvent Monomer A Monomer B Monomer C
DCM 13.6 (TS2) 16.1 (TS2) 22.6 (TS2)
H20 12.5 (TS2) 14.9 (TS2) 21.9 (TS2)
Interface 5.0 (TS1) 9.6 (TS1) 10.2 (TS2)
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Figure 3. Scale expanded 'H NMR of the NIPU obtained at
full conversion.

Overall, these calculations strongly suggest that, no
matter in which phase reactions occur, water molecules
are always involved in the polymerization enhancing the
polymerization rate. Moreover, pentafluorophenol appears
to be the best leaving group whatever the reaction condi-
tions.

Synthesis of non-isocyanate polyurethanes (NI-
PUs) soft nanoparticles by interfacial polymerization.
Polymerizations were performed at room temperature
using water and DCM in a volumetric ratio of 80:20, where
Monomer A was dissolved in DCM while polyoxyethylene
(bis)amine was dissolved in aqueous media at 0.1 M.

After dissolving both monomers in a pair of immisci-
ble liquids, they were mixed together and a white solid
formed immediately. Monitoring the reaction by *H NMR
and FTIR (Figure 3 and 4) indicated that polymerization
was completed within 10 min. The pH along the polymeri-
zation was constant at 9 due to the presence of TEA. This
was evidenced by the disappearance of characteristic sig-
nals at § = 4.45 ppm due to the methylene protons located
next to activated carbonates, and the appearance of new
signal due to methylene protons attached to the urethane
groups at 6 = 4.2 ppm. PU formation was further confirmed
by FTIR analysis, showing a complete disappearance of the
carbonate (C=0) stretch at 1760 cm-1. Two new bands
appeared at 1720 cm (amide I) and at 1550 cm™! (amide
I1), confirming successful urethane formation.
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Figure 4. Scale expanded FTIR of Monomer A and the NIPU
obtained at full conversion.

Finally, SEC analysis showed that high molecular
weight PUs were obtained from this activated carbonate
route, without any side reaction (Entry 1, Table 2). How-
ever, during the polymerization process, a tendency for
polymer particles in suspension to settle down in water, in
which they are dispersed leading to the formation of two
distinguishable phases, was evidenced (Figure SI). The use
of an emulsifier was expected to improve the stability of
the dispersed polymer in the water phase prepared via
interfacial polymerization.2 Critical features include the
influence of the surfactant concentration (1.25, 2.5 and 5.0
wt. %), the nature of the surfactant (anionic, cationic and
nonionic) and the dispersion stability. Thus, sodium do-
decyl sulfate (SDS), dodecyltrimethylammonium bromide
and Pluronic F-68 were investigated as surfactants for the
preparation of PUs by interfacial polymerization (Figure
5).
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Figure 5. a) Interfacial polymerization of isocyanate free polyurethanes using Monomer A and polyoxyethylene (bis)amine.
b) Schematic representation of surfactant assisted interfacial polymerization of isocyanate free polyurethane soft nanopar-

ticles.



Figure 6.TEM images of polyurethane soft-nanoparticles after dialysis.

In an initial study, 5 wt. % of each of the three differ-
ent surfactants were used in the interfacial polymerization
reactions at room temperature with Monomer A and poly-
oxyethylene (bis)amine (PEG-diamine). An optimal value
of 5 wt. % in SDS (sample 4) was found, particles of around
170 nm being obtained under such conditions. Conversely,
the nonionic pluronic F-68 surfactant (sample 7) provided
a monodisperse suspension, where the resulting particle
size was approximately 17 times the particle size of sample
4. High molecular weight NIPUs were obtained by this
process. The use of the cationic dodecyltrimethylammoni-
um bromide surfactant (sample 8), resulted in the precipi-
tation of the reaction mixture. From this evaluation, SDS
proved to be the best-suited surfactant for this interfacial
polymerization. The surfactant concentration was next
varied to achieve an optimal dispersion stability, which
included samples 1 (no surfactant), 2 (1.25wt% SDS), 3
(2.5wt% SDS) and 4 (5wt% SDS) (Table 2). Although no
significant difference in the final molecular weight was
noted, stability of the final nanoparticles differed drastical-
ly from one experiment to another, the more stable and
lower particle size distributions being achieved using 2.5
and 5 wt. % of SDS. It should be mentioned that this
amount of surfactant is slightly higher than in the case of
similar system obtained by miniemulsion polymeriza-
tion.27.28 This fact could be explained due to the DCM used
in the interfacial reactions which requires higher amount
of surfactant to stabilize the droplet.

Careful removal of DCM under vacuum was supposed to
yield nanoparticles in aqueous solution. Yet, polymer par-
ticles tended to coalesce in water, as the particle size in-
creased tremendously (these values were too large to be
properly analyzed by DLS and some precipitate was ob-
served after DCM removal, confirming the low stability of
the non-crosslink particles). To counter the softness of the
particles resulting in this phenomenon, we resorted to a
trifunctional amine co-monomer, namely, (tris(2-
aminoethyl)amine) (TAEA) as a crosslinking agent as a
means to achieve a stable suspension after evaporating the
organic solvent. Two different polymers were thus synthe-

sized, using 10 and 20 mol% of TAEA relative to the acyclic
activated dicarbonate (samples 5 and 6, Table 2). Compar-
ing samples 4, 5 and 6, all the systems contain similar par-
ticle size and the particle size distribution before removing
DCM. Once DCM was evaporated, however, changes were
observed in the particle size and particle size distribution
depending on the crosslinking concentration. Thus, by
comparing of samples 5 and 6, one can note that varying
the crosslinking density led to different particle size after
removing DCM and thus, demonstrated that a minimum
amount of cross-linker is required to form stable suspen-
sion. TEM images of sample 6 after removing DCM are
presented in Figure 6. As observed after careful removal of
DCM and pentafluorophenol by dialysis, evaluated by 1° F
NMR (SI), we could observe that the particles are in the
nanometer scale. According to the results, we were able to
form relatively stable suspensions even after removing the
organic solvent by synthesizing harder particles using a
suitable amount of a triamine crosslinking agent.

Functionalization of NIPU soft nanoparticles. NIPU
nanoparticles containing molecular recognition groups
that specifically interact with the cargo are expected to
enhance the drug loading capacity.2230 A number of anti-
cancer drugs contain amine groups in their molecular
structures, including doxorubicin (DOX). Acid-containing
groups polymers are prone to sequester such amine-
containing drugs.3?® We thus explored a simple way to in-
corporate functionality into the soft nanoparticles by de-
signing an acid-containing dicarbonate co-monomer.31-33



Table 2. Molecular features of NIPUs synthesized in 80/20 volume % of deionized water/DCM mixture at room tempera-

ture for 10 min.

Surfactant con-

M
Entry Surfactant centration TAEOA Dpwsies/ gcm ppip  Dpwater !
(Wt%%)s (mol%) (nm) (nm)e (g.mol-1)d
No
factant - - -d -d -d 27,700 1,63
surfactan

2 SDS 1.25 - 300 0.47 2,427 26,600 1.26
3 SDS 2.5 - 274 0.28 3,222 26,700 1.22
4 SDS 5 - 162 0.17 1,910 23,300 1.55
5 SDS 5 10 146 0.15 1,174 -e -e
6 SDS 5 20 148 013 298 - -
7 Pluronic 5 ; 2,698 063 3,127 29,200 121
8 DTAB 5 ; -f f f ¥ f

aBased on monomers (g) b Particle sizes and particle size distributions were calculated using Dynamic Light Scattering (DLS) in
water/DCM mixture. ¢ Particle sizes and particle size distributions were calculated using Dynamic Light Scattering (DLS) after DCM
removal. 4 Mn values were calculated by GPC in DMF. d Phase separation was observed in that case (non stable suspension). ¢ Mn
values were unobtainable due to crosslinking. f Precipitation occurred due to the complex formation between the bromide counter

ion and pentafluorophenolate.
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Figure 7. a) Schematic representation of the functionalized pentafluorophenyl bis(carbonate). b) Schematic representation
of functionalized NIPU containing -COOH groups that specifically interact with the cargo -NHa.

Corresponding NIPUs were obtained in a four-step
approach, involving (1) cyclic carbonate monomer synthe-
sis bearing the carboxylic acid functionality,'® (2) synthesis
of a pentafluorophenyl bis-carbonate monomer containing
the same functionality, (3) formation of the NIPU by sur-
factant-assisted interfacial polymerization and (4) conver-
sion of the t-butyl ester moiety into carboxylic acid groups.

After preparing the monomer bearing the protected
acid functionality, 2 equiv. of a monomer derived from 2,2-
bis(methylol)propionic acid bearing pendant tert-butyl
groups (MTC-tBAC) were reacted with 1 equiv. of eth-
ylenediamine, the diol being activated with

bis(pentafluorophenyl) carbonate (Figure 7a). In the third
step, NIPU particles were formed in aqueous media by
surfactant-assisted interfacial polymerization (Figure 7b).
After dissolving both monomers in a pair of immiscible
liquids, activated carbonate was reacted with PEG dia-
mines and 20 mol% of trifunctional amine TEAE. The reac-
tion was characterized by FTIR, and DLS (SI section). In all
cases, >98% conversion by FTIR was observed within 60
min., demonstrating high monomer reactivity (SI section).
In the last step, the tert-butyl ester groups were selectively
converted to carboxylic acid groups by mixing the result-
ing PU soft nanoparticles with DCM/trifluoroacetic acid



(1:1 vol/vol) to achieve NIPU-COOH. Evidence of the suc-
cessful deprotection of carboxylic acid was shown by 1H
NMR analyses, which revealed the disappearance of the
residual tert-butoxy methyl proton resonance at 1.48 ppm
without affecting the polyurethane backbone chemical
shifts.

Doxorubicin (DOX) is considered as an amphiphilic
anticancer drug. Loading of DOX into the soft NIPU nano-
particles was carried out by first neutralizing a fixed
amount of DOX-HCl with 3-molar equivalent of triethyla-
mine. Subsequently, the DOX solution was encapsulated
through the equilibrium adsorption method. The DOX
solution was added dropwise to NIPU soft nanoparticles
solution (10 mg in 1.5 mL DMAc) under stirring, and the
resultant suspension was equilibrated at 25 °C for 24. After
48 hours of dialysis, the DOX-loaded nanoparticles were
isolated by freeze-drying. To determine the DOX-loading
level, a known amount of soft nanoparticles was suspend-
ed in 10 mL of DMF and vortexed vigorously. NIPU carriers
were able to load up to 10.6 mg of DOX per 100 mg of pol-
ymer. In addition, after DOX loading the particle size was
below 200 nm (Dp = 195 nm) with narrow particle size
distribution (PDI = 0.1), ideal for drug delivery applica-
tions.

Compared with previous isocyanate-based PUs con-
taining molecular recognition groups,3435 these NIPUs have
two main advantages: 1) the PU soft nanoparticles can be
directly prepared in aqueous media and 2) the toxic isocy-
anate is replaced by much more benign acyclic activated
carbonates. This is the first example where well-defined
isocyanate free polyurethane soft nanoparticles have been
prepared by surfactant assisted interfacial polymerization.
In addition, we showed that functionality can be easily
incorporated without affecting the polymerization.

CONCLUSION

A new method is presented for the preparation of
well-defined polyurethane soft nanoparticles by reacting
activated acyclic carbonates with diamines or triamines by
surfactant-assisted interfacial polymerization. Pentafluor-
ophenyl activated carbonates (Monomer A) and heteroge-
neous polymerization conditions were found to be the
most efficient route. DFT calculations indicated that the
nature of the leaving group as well as solvation condition,
influence the polymerization rate. In addition, the com-
plexation of explicit water molecules to carbonate and
amine reactants lowers free energies of activation by 7-13
kcal/mol enhancing the kinetics. Moreover, we have
demonstrated that adding an external surfactant and a
trifunctional amine, stable nanoparticles can be easily
prepared using the interfacial polymerization. Finally,
carboxylic acid functionalized NIPUs were prepared and
they showed excellent ability for doxorubicin loading. In
view of the increasing demand for biocompatible nanocar-
riers, it is believed that this new method will provide a
versatile tool for the preparation of well-defined function-
alized polyurethane soft nanoparticles.
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A new method is presented for the preparation of well-defined polyurethane soft nanoparticles by reacting activated
acyclic carbonates with diamines or triamines by surfactant-assisted interfacial polymerization. Thus, non-isocyanate
polyurethane soft nanoparticles are prepared almost instantaneously with well-defined particles sized and function-
ality using this simple method. In view of the increasing demand for biocompatible nanocarriers, it is believed that
this new method will provide a versatile tool for the preparation of well-defined functionalized polyurethane soft
nanoparticles for biomedical applications.
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