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ABSTRACT: Polymeric nanoparticles are important for the selective delivery of hydrophobic cancer drugs
to tumors, yet most of the polymers studied are limited by compositional diversity. To overcome this
limitation, a series of poly(b,L-lactide-co-2-methyl-2-carboxytrimethylene carbonate) (P(LA-co-TMCC))
was synthesized with low polydispersity index (PDI: 1.25 to 1.36) using organocatalytic ring-opening
copolymerization with pyrenebutanol initiation and 1-[3,5-bis(trifluoromethyl) phenyl]-3-[(1R,2R)-(—)-2-
(dimethylamino) cyclohexyl] thiourea (thiourea-amine) catalysis. The reactivity ratio was estimated at 1.1 for
LA and 0.072 for benzyl-protected TMCC. We controlled the copolymer molar mass and composition by
varying monomer-to-initiator ratios and monomer feed ratios. Methoxy-terminated poly(ethylene glycol)
amine (MeO-PEG-NH,) was coupled to the carboxylic acid groups of the TMCC copolymer backbone using
carbodiimide chemistry. The resulting amphiphilic copolymer self-assembled in aqueous solution to form
nanoparticles with a narrow size distribution. Smaller nanoparticles formed when borate buffer (vs water)
were present during the self-assembly process. The physical properties of the nanoparticles, such as size,
critical micelle concentration (CMC), and & potential were affected by the hydrophilic PEG chain length and
the hydrophobic backbone composition. Those nanoparticles with the lowest CMC are thought to be

sufficiently stable for targeted delivery in cancer.

Introduction

Polymeric nanoparticles are particularly interesting for the
selective delivery of hydrophobic anticancer drugs to tumor tissues
because their size takes advantage of the enhanced permeability
and retention effect,' resulting in improved pharmacological and
therapeutic properties of many anticancer drugs.>> Most poly-
meric nanoparticles are amphiphilic, having a hydrophobic core
that promotes the solubility of hydrophobic drugs and a hydro-
philic shell that allows for longer blood circulation. Encapsulation
or conjugation of clinically approved drugs into nanoscale delivery
vehicles allows for greater tissue targeting and reduced systemic
toxicity in cancer therapy, thereby overcoming the poor biodis-
tribution and systemic toxicity associated with most anticancer
drugs.

The majority of amphiphilic polymers used in drug delivery are
composed of block copolymers of hydrophilic poly(ethylene glycol)
and hydrophobic polymers such as aliphatic polyesters and poly-
carbonates including: poly(lactic acid) (PLA), poly(glycolic acid)
(PGA), their copolymers (PLGA), poly(caprolactone) (PCL), and
poly(trimethylene carbonate) (PTMC).*”” These polymers are
most commonly synthesized by ring-opening polymerization
(ROP) of cyclic esters or carbonates, where coordination—inser-
tion, cationic, anionic, and nucleophilic polymerization routes have
been described.® The classic coordination/insertion mechanism
primarily involves electrophilic activation of the monomer by Lewis
acids, which contain metals such as Sn (II);s’9 however, in the
presence of Sn (II), most polymerizations of cyclic esters result in
broad polymer molar mass distributions.'”'* Moreover, residual
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tin is difficult to completely remove, and this can lead to undesirable
toxicity and inflammation in vivo.

Organocatalysis provides an excellent alternative to transition-
metal catalysis of cyclic esters and carbonates because it avoids
the use of metals and provides better control over the polymer-
ization reaction, resulting in near monodisperse polymers. The
chiral bifunctional organic catalyst containing thiourea and
tertiary amino group 4 (Scheme 1) effectively activates nitro
compounds for enantioselective aza-Henry reaction and Michael
addition.'* !¢ Recently, Hedrick et al.'” used this bifunctional
organocatalyst for solution ROP of lactide, which resulted in
PLA with a narrow polydispersity index (PDI) < 1.08. The molar
mass of PLA was controlled by varying the monomer-to-initiator
ratio.!” Whereas the rate of reaction was slow, with complete
conversion requiring up to 105 h, broadening of PDI was not
observed, indicating that little transesterification of the linear
polymer occurred. Importantly, polymer molar mass increased
with the addition of more monomer, demonstrating that this was
a living polymerization.

We were interested in synthesizing poly(p,L-lactide-co-2-meth-
yl-2-carboxytrimethylene carbonate) (P(LA-co-TMCC)) because
the carboxylate group can be used to graft amine-terminated
poly(ethylene glycol)-methoxy (MeO-PEG-NH,).'*!® These am-
phiphilic P(LA-co-TMCC)-g-PEG self-assemble to nanoparticles
that are compelling for targeted drug delivery in cancer because of
their resulting nanoparticle size and low CMC.'*!? By coupling
PEG-furan or PEG-azide (instead of PEG-methoxy), these poly-
meric nanoparticles were surface-modified by aqueous “click”
chemistry, using Diels—Alder or Huisgen 1,3-cylcoaddition
chemistry, respectively, to immobilize Herceptin'® or arginine-glycine-
aspartic acid (RGD) peptides.'® In these studies, Herceptin-modified
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Scheme 1. Synthesis of P(TMCC-co-LA)-g-PEG by Living, Ring-Opening Polymerization
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nanoparticles bound specifically to HER2+ breast cancer cells,
whereas RGD peptide-modified nanoparticles bound specifically
to rabbit corneal epithelial cells. Notwithstanding these important
results, the bulk polymerization of TMCC and LA, results in
polydisperse polymers, and the resulting nanoparticles have a
broad size distribution.

We hypothesized that the thiourea amine organocatalyst 3
with pyrene butanol 4 initiation (Scheme 1) could be used to
synthesize near monodisperse P(LA-co-TMCC) with a range of
copolymer compositions. Moreover, we hypothesized that these
near monodisperse P(LA-co-TMCC)-g-PEG would self-assemble
to nanoparticles with a narrower size distribution than similarly
self-assembled polydisperse P(LA-co-TMCC)-g-PEG. Using
the dialysis method of self-assembly, polymers are dissolved
in an organic solvent and then dialyzed against water. During
this process, the hydrophobic chains associate by hydrophobic
interactions, and those chains with longer hydrophobic blocks
self-assemble to form micelles first, followed by polymer
chains with shorter hydrophobic blocks. For a polydisperse
sample, we expect this to result in a broad population dis-
tribution of nanoparticles, whereas for a near monodisperse
polymer, we anticipate a narrow population distribution of
nanoparticles.?

To test these hypotheses, we synthesized a series of P(LA-co-
TMCC) where the LA-to-TMCC monomer ratio was varied. The
polymers were characterized for molar mass and PDI. PEG, of
varying molar mass, was grafted to the P(LA-co-TMCC) back-
bone, resulting in an amphiphilic polymer that self-assembled in
water to nanoparticles. The presence of carboxylate groups of
TMCC allowed us to manipulate the self-assembly process with
pH. By varying the molar mass of PEG, the impact of hydro-
phobic to hydrophilic segments on the size, { potential, and
critical micelle concentration (CMC) of self-assembled particles
were also studied.

Experimental Section

Materials. All solvents and reagents were purchased from
Sigma-Aldrich and used as received, unless otherwise noted.
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Thiourea-amine

Methoxy-terminated poly(ethylene glycol) amine 10K (MeO-PEG-
NH, 10K) was obtained from Rapp Polymer (Germany), and the
thiourea-amine catalyst, 1-[3,5-bis(trifluoromethyl)phenyl]-3-
[(1R,2R)-(—)-2(dimethylamino) cyclohexyl] thiourea (R,R-TUC),
was obtained from Strem Chemicals (Newburyport, MA). The
synthesis of 5-methyl-5-benzyloxycarbonyl-1,3-trimethylene carbo-
nate (benzyl-protected TMCC, TMCC-Bn) has been previously
reported.'*> TMCC-Bn and p,L-lactide monomers were purified by
precipitation in toluene. Thiourea-amine and pyrenebutanol were
dried over calcium hydride in freshly distilled dichloromethane
before use. All glassware was flame-dried under vacuum before
use. Dialysis membrane (no. 132109) with a molecular weight cut off
(MWCO) of 2 kDa was purchased from Spectrum Laboratories
Rancho Dominguex (Rancho Dominguex, CA). All dialysis was
carried out in 4 L of distilled water. The water was changed every 2 h
for the first 8 h and then left overnight.

Borate buffer solution preparation: The pH of the borate
buffer was manipulated to control the self-assembly process of
P(LA-co-TMCC)-g-PEG. Boric acid (3.1 g, 0.05 mol, 62 g/mol)
dissolved in 100 mL of distilled water results in a pH 5 solution,
which was used for polymer self-assembly at acidic pH. To
achieve a buffered solution at pH 7 and 9, 10 N NaOH was
added dropwise to the boric acid solution.

Instruments. The '"H NMR spectra were recorded in either
CDCl;3 or DMSO-d; solvent using a Varian Auto X8308-400
spectrometer. Molar mass and PDI of P(LA-co-TMCC-Bn)
were measured by gel permeation chromatography (GPC) in
THEF relative to polystyrene standards on a system equipped
with two-column (Viscoteck GMHhr-M and Viscoteck
GMHhr-H) and triple detector array (TDA302) at room tem-
perature with a flow rate of 0.6 mL/min THF mobile phase. The
CMC was measured using surface tension measurements with a
Wilhelmy plate and a Sigma 700 tensiometer (KVS Instrument,
Ltd.). Particle solutionsin 10 mM PBS (pH 7.4) at concentration
ranges from 0.1 to 300 ug/mL were prepared. The disposable
VWR microcover glass (22 x 50 mm) was used for each
measurement at room temperature. Measurement of the reading
force was taken after 300 s, and the surface tension measure-
ments were plotted against the logarithm of copolymer concen-
tration. The CMC was determined from the intersection of two
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Figure 1. "H NMR spectrum P(LA-co-TMCC-Bn). "H NMR(CDCls): ¢ 1.27 (m, CH; from TMCC), 1.57—1.59 (m, CH; from LA), 4.32 (m, CH,
from TMCC), 4.99 (m, methylene), 5.00—5.19 (m, CH from LA), 7.34 (s, benzyl group), and 7.78—8.25 (m, conjugated pyrene).

straight lines, one in the descending part of the curve and the
other through the plateau. Nanoparticle size was measured by a
Malvern Zetasizer Nano ZS, which is equipped with a 4 mW,
633 nm laser. During the measurement, samples were held in
polystyrene cuvettes (Kiivetten, Germany). The average is reported
of three individual samples, prepared under the same conditions,
with 12 runs each. All samples have a concentration of ~1 mg/mL
and were filtered through NY-0.45 um filter (Progene, QC,
Canada) before measurement. { potential was measured under
the same conditions using folded capillary cells (Malvern, DTS
1060). The TEM images were obtained with a Hitachi H-7000
conventional transmission electron microscope operated at 75 kV.
We prepared samples by placing one drop of particle solution at a
concentration of ~0.4 mg/mL in distilled water on a 300 mesh
Formvar/carbon-film-coated copper grid Electron Microscopy
Sciences (Fort Washington, PA). The solvent was allowed to eva-
porate at room temperature in the fume hood prior to imaging.
Methods.  Synthesis of P(LA-co-TMCC-Bn) (M :[I] = 50, 10%
TMCC) 5. A 25 mL round-bottomed flask with a stir bar and
several molecular sieves (4 A) within was oven-dried overnight and
flame-dried under vacuum before use. 3,6-Dimethyl-1,4-dioxane-
2,5-dione 2 (1.5 g, 10.4 mmol, each monomer contains two repeat-
ing units), 5-methyl-5-benzyloxycarbonyl-1,3-trimethylene carbo-
nate 1 (0.58 g, 2.3 mmol), R,R-TUC (0.14 g, 0.35 mmol), and
pyrenebutanol (70 mg, 0.25 mmol) were dissolved in freshly distilled
CH,Cl, (10 mL) in a round-bottomed flask and sealed with rubber
septum under Argon. After stirring for 7 days at room temperature,
the flask was vented to air, and the solution was precipitated in
hexane: 5 mL of solution was precipitated in 40 mL of hexane. The
precipitate was dried in the vacuum oven at room temperature for 8
h, yielding a white solid 5 (2.1 g, 98%). The crude product was then
dissolved in a small amount of dichloromethane and purified
through a silica column (Silia Flash P60, Silicycle, QC, Canada)

with a solvent mixture of 3% CH3OH and 0.5% NH4OH in
CH,Cl,, The collected fractions were dried by rotary evaporation,
dissolved in 10 mL of chloroform and precipitated again in 80 mL
of hexane, yielding 1.8 g (84%) of P(LA-co-TMCC-Bn). '"H NMR
(CDCly): 6 1.27 (m, CH;3 from TMCC), 1.57—1.59 (m, CHj3 from
LA), 4.32 (m, CH; from TMCC), 4.99 (m, methylene), 5.00—5.19
(m, CH from LA), 7.34 (s, benzyl group, TMCC), and 7.78—8.25
(m, conjugated pyrene, initiator) (Figure 1).

Deprotection of P(LA-co-TMCC-Bn) ((M]:[1] = 50, 10%
TMCC) 6. Prior to deprotection of the benzyl ester, the thiourea
organocatalyst had to be completely removed because thiourea
poisons metal catal?/sts, such as Pd, by irreversibly adsorbing at
their active center.?’ The thiourea was effectively separated from
the benzyl-protected P(LA-co-TMCC-Bn) by column chroma-
tography prior to the hydrogenation reaction. In a 250 mL
round-bottomed flask, P(LA-co-TMCC-Bn) 5 (1.8 g) was dis-
solved in 50 mL of ethylacetate, and activated palladium on
carbon (225 mg, 12.5 wt % of the copolymer) was added. The
flask was purged with nitrogen gas for 10 min and then with
hydrogen gas for another 15 min. The reaction mixture was
allowed to stir under a hydrogen balloon at 1 atm for 5 days. The
hydrogen balloon was refilled every day. The Pd/C catalyst was
removed by centrifugation and filtration through an NY-0.2 um
syringe filter. The filtrate was dried by rotary evaporation,
dissolved in 10 mL of dichloromethane, and precipitated in
80 mL of hexane to yield 1.4 g (92%) of white solid P(LA-
co-TMCC) 6. The success of the benzyl deprotection reaction
can be verified by the disappearance of the peak at 7.34 ppm on
"H NMR spectrum (Figure 2). "H NMR (CDCls): 6 1.29 (m,
CHj; from TMCC), 1.57—1.59 (m, CH; from LA), 4.32 (m, CH,»
from TMCC), 5.00—5.17 (m, CH from LA). The pyrene initiat-
ing group (m, CH at 7.78—8.25) was reduced during the hydro-
genation step.
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Figure 2. "H NMR spectrum of P(LA-co-TMCC) after benzyl deprotection. "H NMR (CDCls): ¢ 1.29 (m, CH; from TMCC), 1.57—1.59 (m, CHj

from LA), 4.32 (m, CH, from TMCC), 5.00—5.17 (m, CH from LA).

Synthesis of P(LA-co-TMCC)-g-PEG ((M]:[1] = 50, 10%
TMCC) 8. Copolymer 6 (7k, 100 mg) was first dissolved in
DMF (3 mL), and then N,N’-diisopropyl-carbodiimide (DIC,
100 uL, 0.65 mmol), N,N'-diisopropylethylamine (DIPEA,
90 uL, 0.52 mmol), and hydroxybenzotriazole (HOBt, 64 mg,
0.48 mmol) were added, and the reaction solution was stirred at
room temperature for 30 min. MeO-PEG-NH, 7 (5k, 200 mg)
was dissolved in 3 mL of DMF and then added to the activated
copolymer solution under Ar with additional DIPEA (90 uL,
0.52 mmol). The reaction mixture was stirred at room tempera-
ture for 48 h, after which 400 4L of borate buffer (pH 9, 500 mM)
was added dropwise, and the solution was dialyzed against
distilled water. The polymer solution in the dialysis bag became
clear overnight. The excess PEG was removed using a Sepharose
CL-6B column equilibrated with distilled water. When PEG
10K was grafted, the identical experiment was done except that
the Sepharose CL-4B column was used instead because it gives
better separation for higher molecular weight. The collected
fractions containing polymers were freeze-dried to give a white
solid 8 (55 mg, 50% yield). For 20 or 30% TMCC polymer, the
quantity of DIC and HOBt was doubled, and that of DIPEA
was increased by 1.5 times. "H NMR (CDCls): 6 1.23 (m, CH;
from TMCC), 1.57—1.59 (m, CH; from LA), 3.64 (bs, PEG),
4.34 (m, methylene from TMCC), and 5.16 (m, CH from LA).

Reactivity Ratio Study of LA and TM CC-Bn. The monomer
reactivity ratios were calculated at low conversion (<10%)
from the copolymer composition at various monomer feed
ratios using the error in variables model (EVM) method?* and
the computer software package reactivity ratios error in variable
model (RREVM).?* The RREVM computer program accounts

for errors in all variables, including errors in measuring the feed
composition, f, and copolymer composition, F. The error was
estimated to be 5% in the initial monomer feed composition
based on mass measurement and 10% for the copolymer
composition based on 'H NMR peak area analysis. We calcu-
lated the reactivity ratios by using the Mayo—Lewis instanta-
neous copolymer composition eq 1

Fra  _ (rLaMpa] + [Mryvice-Bn]) [Mpa] (1)
(rrvce-Bn [Myvice-Bn] + [Mra]) [Mryvcc-Bn)

Fyoe-Ba

where Fi o and Fryicc-pn are the mole fractions of monomers
LA and TMCC-Bn that are incorporated into the copolymer at
instant time; 5 and rrvcc.pn are reactivity ratio values; and [Mp a]
and [Myvcc.a] are the molar feed ratios of monomers LA and
TMCC-Bn. This method requires initial estimation of reactivity
ratios rpa and rrvecpn. The reactivity ratios from Jie** were
chosen as starting values: rp o = 1.03 and rryc = 0.76.

Copolymer Self-Assembly in Water. P(LA-co-TMCC)-g-PEG
(4 mg) was dissolved in 1.0 mL of DMF, and then 0.5 mL of
distilled water was added dropwise to the stirred solution at a
rate of ~1 drop per 3 s. The resulting colloidal solution was
placed in a dialysis bag and dialyzed against distilled water to
remove the DMF for 24 h.

Copolymer Self-Assembly at pH 5, 7, and 9 with 16 mM Borate
Buffer. P(LA-co-TMCC)-g-PEG (4 mg) was dissolved in 1.0 mL
of DMF, and then 50 uL of borate buffer (pH 5, 7 or 9, 500 mM)
was added. As the addition of buffer progressed, the quality of
the solvent for the backbone decreased gradually. To ensure
clarity of the solution, 0.5 mL (or 35 wt %) of water was slowly
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Table 1. Characterization of P(LA-co-TMCC-Bn) by GPC and 'H NMR

TMCC-Bn in TMCC-Bn in
feed (mol %) [M]:[1] conversion (%) M, (GPC) PDI M, (‘"H NMR) DP TMCC“ DP LA“ copolymer (mol %)
10° 50:1 99 6200 1.25 7400 7 77 8.3¢
109 100:1 97 11800 1.34 12000 12 120 9.1¢
20°¢ 100:1 95 6600 1.36 8400 15 60 20
30°¢ 100:1 95 6900 1.35 9100 23 43 35

“Degree of polymerization was estimated based on 'H NMR. ? Reaction time: r = 7 days.

9Reaction time: 1 = 8 days. ¢ Reaction time: 7 = 12 days.
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Figure 3. "H NMR spectrum of P(LA-co-TMCC)-g-PEG. 'H NMR (CDCls): 6 1.23 (m, CH; from TMCC), 1.57—1.59 (m, CH; from LA), 3.64 (bs,

PEG), 4.34 (m, methylene from TMCC), and 5.16 (m, CH from LA).

added, resulting in a borate buffer concentration of 16 mM. The
resulting colloidal solution was placed in a dialysis bag and
dialyzed against distilled water to remove DMF.

Copolymer Self-Assembly at pH 5 or 7 with 167 mM Borate
Buffer. P(LA-co-TMCC)-g-PEG (4 mg) was dissolved in 1.0 mL
of DMF, and then 0.5 mL of borate buffer (pH 5 or 7, 500 mM)
was added, yielding a borate buffer concentration of 167 mM
and a clear solution. The resulting colloidal solution was placed
in a dialysis bag and dialyzed against distilled water to remove
the DMF for 24 h. (This method cannot be used with pH 9
borate buffer because the sodium borate salt precipitates out of
solution.)

Nanoparticle Stability Test. Nanoparticles were stored in
water at 4 °C over a 4 month period. At the end of every month,
nanoparticle size was measured by Zetasizer.

Results

Synthesis and Characterization of P(LA-co-TMCC-Bn) 5.
P(LA-co-TMCC-Bn) 5 was synthesized by the ROP of

D,L-LA and TMCC-Bn using pyrene butanol initiation and
thiourea amine bifunctional organocatalysis. A series of
copolymers was synthesized. For example, with a monomer
feed ratio of 90 mol % LA and 10 mol % TMCC-Bn and a
monomer-to-initiator ratio, [M]:[I] of 50, LA and TMCC-Bn
were polymerized to P(LA-co-TMCC-Bn) with 99% conver-
sion after 7 days (Table 1). The copolymer had a GPC-
determined number-average molar mass, M, of 6200 g/mol,

a PDI of 1.25, and a degree of polymerization for LA npa,of
77, and for TMCC-Bn, nrmcc.pn, of 7 based on '"H NMR
data. The molar concentration of TMCC-Bn in the copoly-
mer was calculated at 8.3 mol %, which was lower than the
monomer feed ratio of 10 mol %, yet is referred to in the
subsequent text as 10 mol % TMCC in the copolymer.

As the monomer-to-initiator ratio doubled to [M]:[I] of
100, the number-average molar mass of P(LA-co-TMCC-Bn)
with a feed monomer concentration of 10 mol % TMCC-Bn
almost doubled to M, of 11 800 g/mol. By varying the monomer
feed ratio, copolymers with 20 and 35% TMCC-Bn were
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Figure 4. (a) Percent polymer conversion increases with reaction time;
(b) plot of —In(1-conversion) with reaction time demonstrates first-
order kinetics; and (c) M, (LA, ®), M, (TMCC-Bn, B), and M, (total,
A) increases linearly with % monomer conversion to the copolymer, as
estimated by 'H NMR.

synthesized. A longer reaction time was required to achieve 95%
conversion, yet the feed concentrations of TMCC-Bn were
similar to those in the copolymers. The difference in percent
conversion for 10 versus 20 and 30 mol % TMCC primarily
reflects the lower conversion of TMCC (80—90%) relative to
LA (98—100%) and the increased composition of TMCC in the
copolymers.

The initiation efficiency was estimated from the '"H NMR
of the 10% TMCC copolymer. For [M]:[I] = 50, the initiator
efficiency was estimated at 92%, based on the estimated DP
of the copolymer of 46, which is similar to literature values
for pure PLA, which is ~100%."”

To gain greater insight into the polymerization, a series of
1 mL samples, precipitated in 7 mL of hexane, were taken
during the course of the 142 h copolymerization with 10 mol %
TMCC-Bn at a [M]:[I] ratio of 50. The samples were char-
acterized by '"H NMR for both composition and percent
conversion: the relative integrated peak areas of CH, from
TMCC (4.32 ppm) and CHj; from LA (1.57 to 1.59 ppm) to

Lu and Shoichet

the conjugated pyrene (7.78 to 8.25 ppm) were used to
calculate polymer composition, whereas the ratio of un-
reacted to polymerized monomers was used to calculate
conversion. In Figure 4a, increased conversion with time is
shown. To better understand the polymerization kinetics, a
plot of —[In(1-conversion)] versus time showed a linear
relationship, thereby demonstrating first order kinetics.
(Figure 4b). In Figure 4c, a linear increase in polymer molar
mass with percent conversion is observed. This, together
with the observation that PDI of the copolymer decreased
from 2.9 to 1.3 as the polymerization proceeded (Figure 5),
suggests that the polymerization is living. In this water-
sensitive polymerization, water competes with the alcohol
initiator for the thiourea-amine catalyst and terminates the
polymerization, thereby complicating the formation of
monodisperse polymer.

Reactivity Ratios of LA and TMCC-Bn. On the basis of the
mole fraction feed composition, f; o, and the mole fraction
copolymer composition, Fy (summarized in Table 2), the
monomer reactivity ratios for LA and TMCC-Bn were
calculated for rq 4y at 1.1 and rermec-pny at 0.072. Figure
6a shows the ellipse calculated from the EVM method using
the estimated error values.

Figure 6b shows a graphical presentation of the Mayo—
Lewis equation for the instantaneous copolymer composi-
tion of PLA as a function of LA content in the monomer feed
composition. The copolymer composition is more enriched
with LA than with TMCC-Bn at all monomer feed ratios,
indicating that both LA is consumed more rapidly than
TMCC-Bn, and compositional drift likely occurs during
the course of the polymerization. Because TMCC-Bn is
much less reactive than LA, an increase in TMCC-Bn
content decreases the rate of ring-opening copolymeri-
zation as well as lowers the total degree of polymerization
(Table 1).

Self-Assembly of P(LA-co-TMCC)-g-PEG. Methoxy-
terminated poly(ethylene glycol) amine (MeO-PEG-NH,) with
a molar mass of either 5 or 10 kg/mol was grafted to P(LA-co-
TMCC) with 10, 20, or 35% TMCC using DIC chemistry. In
the '"H NMR spectrum of P(LA-co-TMCC)-g-PEG, the char-
acteristic peak of PEG appeared at 3.64 ppm, confirming the
successful grafting of PEG to the copolymer backbone (Figure
3). On the basis of the integrated peak areas at 4.34 (CH, from
TMCC) and 3.64 ppm (CH, from PEG), it was estimated that
there was one grafted PEG chain to every P(LA-co-TMCC)
backbone.'” In brief, the number of PEGs per copolymer
backbone was calculated based on eq 2

n(H on PEG) x n(PEG)
DP(rmcc) X 3

__ Apeg) @)

A TMCC-methyl group

where 71 on pEG) 1 the total number of protons per PEG chain;
nepeG) is the number of PEG chains per copolymer backbone;
DPrmcc) is the degree of polymerization of TMCC; A pgg) is
the integral area of PEG protons from the "H NMR spectrum,
and A1mcc-methyl group 1 the intergral area of methyl protons on
TMCC.

Because P(LA-co-TMCC) is a random copolymer with
likely enriched LA and TMCC repeats due to the disparity in
monomer reactivity ratios, steric hindrance may limit graft-
ing of additional PEG chains after the first chain is grafted.
Consequently, the resulting P(LA-co-TMCC)-g-PEG has a
hydrophobic P(LA-co-TMCC) backbone and a hydrophilic
PEG pendant group, resulting in an amphiphilic polymer
that self-assembles in aqueous environments.

The size, { potential and CMC of self-assembled poly-
meric nanoparticles depend on several factors including
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Figure 5. Evolution of gel permeation chromatogram for benzyl-protected P(LA-co-TMCC-Bn) obtained from ring-opening copolymerization at 6,
19,42, 70, and 142 h. THF was the mobile phase. The peaks on the left are the copolymers formed, whereas the peaks on the right are predominantly
unreacted monomers. The inset shows the decrease in copolymer PDI with increased polymerization time.

Table 2. Series of P(LA-co-TMCC-Bn) Were Synthesized at Low Conversion to Allow Reactivity Ratios to Be Calculated

% TMCC-Bn

% LA % TMCC-Bn“ copolymerization time (h) % conversion” % LA in copolymer® in copolymer®
45 10 5.0 7.4 45 11
35 30 6.0 9.9 38 25
25 50 5.5 8.7 33 34
15 70 5.5 9.2 30 40
5 90 5.5 9.0 20 60

“Monomer feed ratio. Each LA monomer contains two repeating units. ® Determined by 'H NMR measurement in CDCl5. Calculated by comparing
the integral signals from unreacted and polymerized monomers. ¢ Determined by '"H NMR measurements in CDCl;. Calculated by comparing the
integrated peak areas of the signals at d 4.32 (CH,, TMCC-Bn) with those measured at 6 1.35—1.55 (CH;, LA).
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Figure 6. (a) Monomer reactivity ratios for r(rmcc-pn) and r(a) were calculated at 0.072 and 1.1, respectively, using the error-in-variables method and
the RREVM software package. The elliptical shape on the graph shows the 95% posterior probability contour; (b) composition curve of P(LA-co-
TMCC-Bn) where (®) represents LA. The straight line represents conditions when both monomers have the same reactivity ratio (r; = r,).

copolymer composition, the hydrophobic to hydrophilic
molar mass ratio, and pH of the borate buffer during dialysis
processing.>>

Copolymer Self-Assembly in Water versus in pH 9 Borate
Buffer. Because P(LA-co-TMCC)-g-PEG is insoluble in
water, self-assembled nanoparticles were prepared by dialy-
sis. The copolymer was first dissolved in dimethyl formamide
(DMF), which is miscible in water and a good solvent for
both hydrophobic and hydrophilic blocks of P(LA-co-

TMCC)-g-PEG. Then, either water or borate buffer solution
was added gradually to decrease the quality of the solvent for
the hydrophobic backbone, resulting in the self-assembly of
hydrophobic P(LA-co-TMCC) in the core and hydrophilic
PEG in the corona, exposed to water. The excess organic
solvent was removed by dialysis.

The self-assembled nanoparticles prepared in water versus
pH 9 borate buffer were compared for a series of compositions
in terms of size and distribution (Figure 7). For all polymer
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Figure 7. Particles self-assembled at pH 9 with 16 mM borate buffer (black bars) and in water (white bars). For each P(LA-co-TMCC)-g-PEG sample,
the % TMCC in the copolymer is indicated, and the first number is the molar mass of the P(LA-co-TMCC), whereas the second number is the molar
mass of the PEG grafted. For example, 10% TMCC 7K, 5K represents P(LA-co-TMCC) with 10% TMCC in the copolymer, having a backbone molar
mass of 7 kg/mol and a PEG grafted molar mass of 5 kg/mol. The numbers above each bar are the mean particle diameter + standard deviation (nm)
and PDI measured by the Zetasizer (n = 3 independent tests). ANOVA was used for statistical analysis where different letters indicate significant
differences (p < 0.05) according to the Newman—Keuls multiple comparison test.

compositions compared, nanoparticles self-assembled in pH 9
borate buffer were consistently (and significantly) smaller than
those self-assembled in water. At pH 9, most of the TMCC
carboxylic acids are deprotonated, resulting in repulsion among
the P(LA-co-TMCC) chains. This limits the number of chains
that can self-assemble into the nanoparticles, thereby constrain-
ing the diameter of the nanoparticles formed, and is consistent
with previous reports.'®

Unlike traditional amphiphilic block copolymers where
the hydrophobic segments lack ionic or hydrophilic substitutes,
our copolymers contain TMCC carboxylic acids. The presence
of carboxylic acids impacts the thermodynamic stability of self-
assembled nanoparticles. Interestingly, nanoparticle size in-
creased with TMCC mol % in the copolymer whether self-
assembled in water or pH 9 buffer (Figure 7). The increase in
nanoparticle size was observed for copolymer compositions
with: PEG 10K from 10% TMCC (12K, 10K) to 20% TMCC
(8K, 10K) to 35% TMCC (9K, 10K) and PEG 5K from 10%
TMCC (12K, 5K) to 20% TMCC (8K, 5K). As TMCC mol %
increased, the LA mol % necessarily decreased (Table 1),
resulting in a less hydrophobic backbone. To form stable
nanoparticles based on hydrophobic interactions in the core,
more polymer chains were required to self-assemble, thereby
accounting for the increased size.

The stability of nanoparticles stored at 4 °C was tested
over time using the 10% TMCC (12K, 5K) self-assembled
nanoparticles processed with borate buffer (pH 9, 500 mM).
Particle size was determined every month. We found that the
nanoparticles were stable for at least 3 months, as indicated
by a constant nanoparticle size at: time 0: 52 £+ 3 nm, PDI =
0.110; 1 month: 53 & 1 nm, PDI = 0.113; 2 months: 52 +
4 nm, PDI = 0.130; and 3 months (49 & 3 nm, PDI = 0.110).

Particle Self-Assembly As a Function of pH. To understand
the effect of pH on self-assembly, P(LA-co-TMCC)-g-PEG
having 10 mol % TMCC, a backbone molar mass of 12 kg/
mol, and a PEG molar mass of 5 kg/mol was self-assembled
in the presence of borate buffer (16 mM vs 167 mM) at pH 5,
7,0r 9, the data of which are summarized in Figure 8. The pH
of the borate buffer had a significant effect on nanoparticle
size, whereas the concentration of borate buffer did not. As
pH decreased from pH 9 to 7 to 5, P(LA-co-TMCC) carboxy-
late anions became protonated, resulting in nanoparticles
with greater diameters likely because more chains self-
assembled into the nanoparticles because of the decreased
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Figure 8. Self-assembled nanoparticle diameter as a function of pH
with a final borate buffer concentration of 16 (black) and 167 mM
(white) prepared from P(LA-co-TMCC)-g-PEG with 10 mol % TMCC,
12 kg/mol P(LA-co-TMCC), and 5 kg/mol PEG. Shown are the mean
standard deviation for n = 3 independent tests. One-way ANOVA was
used for statistical analysis. The Newman—Keuls multiple comparison
test showed that there is a statistical difference (p < 0.05) between the
different letters. Note that at the higher 167 mM borate buffer
concentration at pH 9, the sodium borate salt precipitates out of the
solution prohibiting nanoparticle formation.

repulsion of TMCC carboxylate ions; however, the nano-
particle distribution also increased with the decreased pH,
suggesting some aggregation at pH 5. The slightly charged
core of nanoparticles synthesized at pH 9 may prevent their
aggregation. This is consistent with DLVO theory,?” where
electrostatic repulsion between small colloidal particles with
the same charge results in stable particles.

Interestingly, the presence of buffer resulted in smaller
nanoparticles. For example, nanoparticles self-assembled in
water had a diameter of 141 + 18 nm (Figure 7, 10% TMCC
12k, 5k) whereas those self-assembled in pH 7 borate buffer
had a diameter of 68 4+ 4 nm (at 16 mM borate buffer) and
62 + 5 (at 167 mM borate buffer, Figure 8). The decreased
nanoparticle size observed in the pH 7 borate buffer (relative
to pH 7 water) likely results from borate anions lowering the
interfacial free energy between nanoparticles and aqueous
solutions.

C Potential and Critical Micelle Concentration. The
potential of each nanoparticle solution was measured at
1 mg/mL in water. Because the polymer backbone comprises
carboxylate functional groups, the nanoparticle core has a
negative charge and a negative ¢ potential value (Figure 9a).
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Figure 9. Particles were self-assembled at pH 9 with 16 mM of borate
buffer. (a) ¢ potential measurement of nanoparticles in water at 1 mg/mL;
(b) CMC of nanoparticles in 10 mM PBS at pH 7.4, as determined by
Whilhelmy balance; (c) correlation between ¢ potential and CMC.

Several trends were observed. The negative { potential
increased with TMCC content at a given PEG molar mass:
for PEG 5 kg/mol, the negative § potential increased from
—17.5to —27.2 mV for P(LA-co-TMCC) with 10 and 20%
TMCC, respectively; similarly for PEG 10 kg/mol, the
negative { potential increased from —14.0 to —27.2 to
—35.1 mV for P(LA-co-TMCC) with 10, 20, and 35%
TMCC, respectively. Moreover, at a given TMCC concen-
tration, a decrease in the negative ¢ potential was observed as
PEG molar mass increased as exemplified at: 10% TMCC
12K, 5K (—23.3 mV) versus 12K, 10K (—15.7 mV); 10%
TMCC 7K, 5K (—=17.5 mV) versus 7K, 10K (—14.0 mV);
and 20% TMCC 8K, 5K (—27.2 mV) versus 8K, 10K
(—21.2 mV). This suggests that the longer PEG chains in
the corona more effectively shield the core TMCC carboxy-
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late groups in the backbone from water than the shorter PEG
chains.

The CMC of the nanoparticles was measured using the
Wilhelmy plate method, as previously described?®? using a
Sigma 700 tensiometer (Figure 9b). As the percent TMCC
increased, the CMC increased, suggesting that the nanopar-
ticles are more likely to disassemble upon dilution with
greater charge (and hydrophilicity) in the core. For example,
for P(LA-co-TMCC)-g-PEG with 10 kg/mol PEG, the CMC
increased from 0.075 uM (1.2 mg/L) for 10% TMCC to
1.4 uM (25 mg/L) for 20% TMCC to 15 uM (190 mg/L) for
35% TMCC. Even at 10% TMCC, the CMC increased with
an increase in the backbone from 0.075 uM (1.2 mg/mL) for
the 7 kg/mol backbone to 0.56 uM (12 mg/L) for the 12 kg/
mol backbone. Furthermore, the 35% TMCC nanoparticles
with 10 kg/mol PEG were recovered at only 10% yield,
whereas those with 5 kg/mol PEG were unrecoverable. This
suggests that the TMCC carboxylate groups significantly
destabilize the core resulting in a high CMC.

The ratio of hydrophilic to hydrophobic chain length also
affected the CMC. For a given TMCC composition, as the
molar mass ratio of PEG to P(LA-co-TMCC) increased, the
CMC decreased, demonstrating more thermodynamically
stable nanoparticles. For example, at 10 mol % TMCC, the
nanoparticles had the lowest CMC at the PEG-to-backbone
molar mass ratio of 10K:7K (0.075 uM or 1.2 mg/L), followed
by 5K:7K (0.26 uM or 12 mg/L) and then 5K:12K (2.0 uM or
35mg/L). A similar trend was observed for 20 mol % TMCC.
Because the PEG corona shields the P(LA-co-TMCC) from
water, the longer the PEG chain relative to the backbone, the
more effective this shielding and the lower the CMC. In
Figure 9c, a correlation of { potential and CMC shows a
general trend that nanoparticles having a more negative
potential correspond to higher CMC values and thus less
thermodynamically stable self-assembled nanoparticles.

To complement our understanding of the P(LA-co-TMCC)-
g-PEG nanoparticle structure, the nanoparticles were imaged
by TEM. As shown by the representative images in Figure 10,
the nanoparticles appear to have a spherical structure. The
mean diameter (+standard deviation) of the nanoparticles was
measured at 54 & 9 nm (n = 100 nanoparticles), which is similar
to the size measured by dynamic light scattering of 52 4+ 3 nm
(shown in Figure 8). The nanoparticles imaged were prepared in
water of P(LA-co-TMCC)-g-PEG having 10 mol % TMCC, 12
kg/mol backbone, and 5 kg/mol PEG.

Discussion

ROP using organocatalysts has been advanced in the past few
years by Hedrick et al.'”**~ for the synthesis of several poly-
mers including poly(e-caprolactone), poly(carbosiloxane), poly-
(lactide), and PTMC with controlled molar mass and low PDI.
We advanced this living ROP methodology in the synthesis of
P(LA-co-TMCC), demonstrating the first example of a random
copolymer of D,.-LA and TMCC using thiourea-amine organo-
catalysis with pyrene butanol initiation. This bifunctional catalyst
brings the monomer and initiator close together through
H-bonding interactions between carbonyl and alcohol functional
groups, likely accounting for the living nature of the copolymer-
ization. Importantly, the thiourea catalyst residues can be easily
removed using chromatography, thereby eliminating any poten-
tial cytotoxicity associated with unreacted initiator. This is in
contrast with standard synthetic methods of PLA and PTMCC
where metal catalysts, such as Sn, are difficult to remove and
known to be cytotoxic, even at low levels.

The PDI of P(LA-co-TMCC) synthesized by thiourea amine
organocatalysis with pyrene butanol initiation was significantly
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Figure 10. Representative TEM images of P(LA-co-TMCC)-g-PEG nanoparticles prepared in pH 9 borate buffer (16 mM) with 10 mol % TMCC,
12 kg/mol backbone, and 5 kg/mol PEG at: (a) low and (b) high magnification (scale bar is 100 nm in both images). The mean (and standard deviation)

diameter of the nanoparticles is 54 + 9 nm (» = 100 nanoparticles).

narrower (between 1.25 and 1.36) than that previously synthe-
sized by stannous octanoate melt polymerization (between 2.30
and 2.70)."%1° Moreover, comparing copolymers with 10 mol %
TMCC, the self-assembled nanoparticles of P(LA-co-TMCC)-g-
PEG formed from the near monodisperse polymer had a nar-
rower population distribution (0.092 to 0.14) than those formed
from the polydisperse polymer (0.21 to 0.29), thereby proving our
hypothesis. Having a narrow population distribution of poly-
meric nanoparticles is desirable for applications in drug delivery
because the encapsulation efficiency and drug loading will be
more uniform across the nanoparticles, which directly impacts
the drug release profile.”® Furthermore, in cancer applications,
nanoparticle size is critical to its ability to cross the hyperper-
meabilized vascularature of many tumors.'

A key driving force in nanoparticle self-assembly is the mini-
mization of the interfacial free energy. The interfacial free energy
is governed by the balance of forces between van der Waals
interactions among the hydrophobic groups and opposing hy-
dration of the hydrophilic chain.** In this study, the factors that
influence the interfacial free energy include the addition of borate
buffer (salt effect), change of pH (acid effect), and the percentage
of LA in P(LA-co-TMCC) (hydrophobic effect). During the
nanoparticle self-assembly, hydrophilic PEG chains present in
the corona are hydrated by water through hydrogen bondin%
interactions between the ether oxygen and the water molecules.’
The presence of borate anions disrupts the hydrogen bondin%
between PEG and water, thereby dehydrating the PEG chain.’
The repulsion due to hydration of PEG chains is thus reduced;
therefore, the interfacial tension is also reduced. This results in
smaller nanoparticles (Figure 7). As the pH decreases in the
system from pH 9 to 5 (Figure 8), the ether oxygens on PEG likely
become protonated, forming oxonium ions.** Consequently,
repulsion between the PEG chains increases, resulting in larger
nanoparticles.*®

Nanoparticles that are self-assembled from amphiphilic co-
polymers containing polar monomer repeat units in the hydro-
phobic segment are rarely studied yet provide another mechanism

to control nanoparticle size. At pH 9, most of the carboxylic acids
are deprotonated and increase the repulsion among the hydro-
phobic groups. Therefore, less polymer self-assembles to form
micelles, resulting in smaller nanoparticles.

Consistent with minimization of the interfacial free energy
being a driving force for self-assembly, P(LA-co-TMCC)-g-PEG
nanoparticles increased in size with increased TMCC composi-
tion (Figure 7). Here the polar headgroup is composed of
primarily PEG, yet TMCC carboxylates expand the headgroup
surface area, whereas the length of hydrophobic group (mostly
composed of LA) decreases. This leads to an increase in inter-
facial tension as reflected in the higher CMC data. The size of the
nanoparticles increases to accommodate the larger surface area of
the hydrophilic headgroup.

The living polymer synthesis that was used to synthesize P(LA-
c0-TMCC)-g-PEG allowed us to manipulate polymer composi-
tion, molar mass, and distribution, which influenced nanoparticle
size, distribution, and CMC. The CMC is critical in drug delivery
applications where the stability of the polymeric nanoparticle
affects the success of releasing encapsulated drugs at the desired
tissue site. Typically, in cancer, nanoparticle formulations are
injected intravenously, where there is an immediate dilution in
blood. It is for this reason that CMC is a key feature in
nanoparticle systems.

The CMC of an amphiphilic copolymer is influenced by many
factors, such as the nature and the length of the core-forming
block, length of the hydrophilic block, and presence of a
surfactant.” The hydrophobicity of the hydrophobic block
impacts the CMC where the more hydrophobic the block, the
lower the CMC in water.? For example, the CMC values for PS-
h-PEO copolymers range between 1 and 5 mg/L,’ whereas a
PLA-b-PEO system has a CMC of 35 mg/L.%’ In our system, the
CMC range was from 1.2 to 190 mg/L, where the higher CMC
corresponded to those nanoparticles formed from polymers
having 35 mol % TMCC. The most stable nanoparticles (with
a CMC of 1.2 mg/L) had 10 mol % TMCC in the backbone and
higher molar mass ratio of PEG to P(LA-co-TMCC).
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For most amphiphilic copolymers, increasing the molar mass
of the core-forming hydrophobic block while keeping the corona-
forming hydrophilic block constant results in a decreased CMC
(i.e., more stable nanoparticles).*** In our system, however, the
CMCincreased as the hydrophobic chain length increased from 7
to 12 kg/mol at constant PEG molar mass for P(LA-co-TMCC)-
g-PEG with 10% TMCC. With the increase in the hydrophobic
chain length, the number of TMCC carboxylates also increased,
resulting in a relatively less hydrophobic backbone. The higher
CMC with increased P(LA-co-TMCC) molar mass was observed
with both 5 and 10 kg/mol PEG grafts. The increased TMCC
carboxylate concentration was reflected in the ¢ potential mea-
surements, which were more negative for 12 versus 7 kg/mol
backbone regardless of molar mass of the PEG graft. The effect
was significant at 5 kg/mol PEG. By increasing PEG molar mass
from 5 to 10 kg/mol and keeping polymer backbone composition
constant, the self-assembled nanoparticles were more stable, as
reflected by a decreased CMC. The longer PEG chains more
effectively shield the TMCC carboxylate charged groups, result-
ing in this decreased CMC.

The inclusion of PEG in the nanoparticle design was important to
the self-assembly process and also to the ultimate application in drug
delivery, where PEG modification promotes longer blood circula-
tion times by decreasing protein adsoggtion and phagocytosis by
macrophages, among other cell types.™ Whereas high concentra-
tions of TMCC significantly decreased the nanoparticle stability, as
reflected in higher CMCs, lower concentrations of TMCC resulted
in acceptable CMC values and at the same time provide a means to
graft PEG (as shown herein) and other molecules, such as fluoro-
phores for imaging purposes. With a CMC of 0.075 uM, these
amphiphilic polymeric nanoparticles can be diluted to a concentra-
tion of 75 nM before disassembling. For example, given that the
blood volume in a mouse is ~1.5 to 2 mL and the maximum injected
volume is 200 uL, a 10-fold dilution of the nanoparticles will occur
upon injection. This suggests that nanoparticles injected at a
concentration >0.75 uM (12 mg/L) will be stable; however, we
acknowledge that blood—protein interactions may further destabi-
lize the nanoparticles, albeit through a different mechanism, which
forms the basis of future studies.

Conclusions

P(LA-co-TMCC-Bn) was successfully synthesized with pyrene
butanol initiation and thiourea amine organocatalysis with differ-
ent molar masses and percentages of TMCC-Bn. A linear increase
in polymer molar mass versus percent conversion as well as a
decrease in PDI indicated a living copolymerization. The monomer
reactivity ratios, estimated by the EVM method, demonstrated that
LA is 15 times more reactive than TMCC-Bn. The P(LA-co-
TMCC) grafted with PEG resulted in an amphiphilic polymer that
self-assembled in aqueous solution to form nanoparticles. By
controlling the pH and the copolymer composition, the nanopar-
ticle size, ¢ potential, and CMC were tuned. The TEM data
confirmed the DLS results of nanoparticle diameter and narrow
size distribution resulting from near monodisperse polymer. In
ongoing studies, the nanoparticles are being studied for targeted
drug delivery applications in cancer, where size and composition
will influence blood circulation time and biodistribution.
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