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Abstract

A new, convenient pathway is developed to synthesize highly hydrolytically labile poly(ortho ester
amide) (POEA) copolymers that overcomes some of the major weaknesses of the traditional methods
of synthesizing poly(ortho esters) and their derivatives. A diamine monomer containing a built-in,
stabilized ortho ester group was synthesized and was used for polycondensation with diacid esters,
giving rise to a series of POEA copolymers with unique stimuli-responsive properties. The POEA
undergoes temperature-responsive, reversible sol-gel phase transition in water. Phase diagrams of
the POEA/H,0 mixture reveal the concentration-dependent existence of different phases, including
hydrogel and opaque or clear solution. Such behavior may be attributed to the temperature-dependent
hydrogen-bonding involving the amide groups in the POEA backbone and hydrophobic interactions
between POEA chains, and it is tunable by selecting diacid monomers with different chemical
structures. The kinetics of POEA mass loss in physiological agueous buffers and release of a model
macromolecular drug, fluorescently labeled dextran, are nearly zero-order, suggesting predominantly
surface-restricted polymer erosion. The rates of polymer erosion and drug release are much faster at
pH 5.0 than pH 7.4. No cytotoxicity was found for the polymer extracts and the polymer degradation
products at concentrations as high as 1 mg/ml. The normal morphology of fibroblasts cultured directly
in contact with POEA films was not altered. These novel acid-labile temperature-responsive POEA
copolymers may be potentially useful for a wide range of biomedical applications such as minimal
invasive delivery of controlled-release drug formulations that respond to biological temperature and
acidic-pH environments in cells and tissues.

Introduction

Over the past decades a large variety of blodegradable golymers, such as polyesters,L2
polyanhydrldes ’ foly(ortho esters) polyacetals 1% polyphosphazene, 9 and
polyphosphoesters, 0 have been synthesized and investigated for use as surglcal tools, tissue
prostheses, scaffolds for tissue engineering, and drug delivery systems. 11 Despite much
progress in the field, to meet the many challenges in modern medicine, there is an urgent need
for developing novel polymeric materials with more sophisticated properties and degradation
beh%\élorGthat can be tailored to respond to multiple external stimuli such as temperature and
pH.12-1

Biodegradable polymers that undergo surface-erosion are particularly attractive biomedical
materials, due to the ability of achieving precise control over the rate of erosion and other time-
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dependent changes of material properties.17 The design principle of surface-eroding polymers
involves building highly (hydrolytically) labile polymer backbone with tunable chain
hgdrophobicity, as exemplified in the development of polyanhydrides18 and poly(ortho esters).
19 The synthesis of such polymers is challenging, because one has to create highly labile
linkages from unstable monomers, while at the same time, suppress premature polymer
degradation to allow for processing, sterilization, and long-term storage.:° To overcome these
problems, we set out to demonstrate a new, efficient strategy of synthesis of highly
hydrolytically labile polymers, using poly(ortho esters) (POE) as a proof-of-principle. We
further show that this new strategy enables the generation of polymeric materials with a
combination of unique responsive and erosion properties potentially useful for biomedical
applications, i.e., hydrogels capable of temperature-dependent, reversible sol-gel phase
transition and accelerated surface-erosion triggered by mildly acidic pH.

Four generations of POE have been reported by Heller and colleagues since the 1960s and have
been the subject of numerous preclinical and clinical evaluations for use in orthopedic surgery,
implantable medical devices, and controlled drug delivery.5*6 The chemical synthesis of POE
is either through transesterification between an ortho ester and a diol, or through addition
polymerization between a diol and a diketene acetal.19 Both methods have serious weaknesses.
Transesterification requires high vacuum and high temperature, long reaction time, and the
molecular weight of POE is often low and irreproducible. The addition polymerization method
is more successful, however, a spiro diketene acetal, 3,9-diethylidene-2,4,8,10-tetraoxaspiro
[5,5]undecane (DETOSU), is the only known monomer and is highly unstable — hydrolyzing
rapidlilgwith trace amount of water or isomerizing spontaneously during storage into an inactive
form.

Here we report a synthetic pathway to a new family of ortho-ester-containing copolymers, poly
(ortho ester amides, POEA) (Scheme 1), to overcome the drawbacks of the traditional methods
of POE synthesis. The AA-BB-type copolymers were synthesized by facile solution
polycondensation between an acid-labile diamine with a built-in ortho ester bond and fatty
diacid esters with different chain-length. These copolymers showed tunable temperature-
responsive sol-gel transition behavior in water. Erosion of the POEA hydrogels and release of
a model macromolecular drug were monitored in aqueous media at pH 7.4 and 5. Much faster
polymer erosion and drug release were observed at the mildly acidic pH. The nearly zero-order
kinetic of polymer erosion matched that of the drug release, suggesting surface-erosion of the
POEA. Furthermore, cytotoxicity experiments indicated that the POEA polymers are
compatible with cultured fibroblasts.

Experimental Section

Reagents and general methods

THF was distilled over sodium and benzophenone. Acetonitrile was dried by distillation over
CaH,. Disuccinimidyl suberate, disuccinimidyl sebacate, disuccinimidyl dodecanoate were
purchased from Molecular Biosciences, Inc. (Boulder, CO). All other reagents were purchased
commercially and used without further purification unless otherwise specified. Elemental
analysis was conducted on a Carlo Erba 1108 automatic analyzer. High-resolution mass spectra
in electrospray (ESI) experiments were obtained on a Bruker MicrOTOF-Q mass spectrometer.
The *H and 13C- NMR spectra were recorded on a Varian Unity spectrometer (300 MHz), and
chemical shifts were recorded in ppm. The molecular weight and polydispersity of polymers
were determined by gel permeation chromatography (GPC) relative to poly(ethylene glycol)
calibration using a Waters 1525 binary HPLC pump, a Waters 2414 differential refractometer,
and a Waters YMC HPLC column. Methanol with 1% triethylamine (TEA) was the eluent with
a flow rate of 1.0 mL/min at 35°C. All sample solutions were filtered through a 0.45-um filter
before injecting into the GPC system. Thermogravimetric analysis (TGA) was conducted on
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a Perkin EImer TGA7 Thermogravimetric Analyzer with a heating rate of 20 °C/min under a
nitrogen atmosphere.

2,2,2-Trifluoro-N-(2,3-dihydroxypropyl) acetamide (1)

To a stirred mixture of 3-amino-1,2-propanediol (18.80 g, 0.21 mol) in acetonitrile (120 mL)
under argon was added dropwise ethyl trifluoroacetate (34.30 g, 0.24 mol). After 4 h, the
solvent was evaporated, and the residue was dissolved in ethyl acetate (200 ml), washed with
aqueous KHSO4 and brine, then dried over MgSOy, and concentrated to yield 34.90 g (91%)
of 2,2,2-trifluoro-N-(2,3-dihydroxypropyl)-acetamide as colorless oil. 1H NMR (300MHz,
CD30D): 6 (ppm) 3.27-3.29 (m, 2H, NH-CH,), 3.47-3.49 (m, 2H, CH,-OH), 3.70-3.78 (m,
1H, CH-OH), 7.60 (b, 1H, NH).

2,2,2-Trifluoro-N-(2-methoxy-2-methyl-[1,3]-dioxolan-4-yImethyl) acetamide (2)

To a stirred mixture of 1 (10.16 g, 54.30 mmol), trimethyl orthoacetate (30.00 g, 0.25 mol),
and acetonitrile (80 mL) was added p-toluene sulfonic acid (p-TSA; a trace amount). The
mixture was reacted for 6 h at room temperature, followed by evaporation of most of volatile
components. The residue was dissolved in ethyl acetate (250 ml), washed successively with
saturated aqueous sodium hydrogen carbonate and brine, dried over MgSQy, and concentrated
to yield 11.32 g (86%) of 2,2,2-trifluoro-N-(2-methoxy-2-methyl-[1,3] dioxolan-4-yImethyl)
acetamide as oil. 1TH NMR (300MHz, CDCl5): d (ppm) 1.67-1.69 (d, 3H, CH3), 3.27-3.30 (d,
3H, 0-CH3), 3.37-3.72 (m, 2H, NH-CH5), 4.14-4.21 (m, 2H, O-CHy), 4.43-4.51 (m, 1H, O-
CH), 6.86-7.89 (b, 1H, NH).

5-Trifluoroacetylaminopentanol

To a stirred mixture of 5-amino-1-pentanol (10.00 g, 96.94 mmol) in THF (100 mL) under
argon was added dropwise ethyl trifluoroacetate (15.98 g, 112.45 mmol). After 4 h, the solvent
was evaporated, and the residue was dissolved in ethyl acetate (200 ml), washed with aqueous
KHSO4 and brine, then dried over MgSQy, and concentrated to yield 17.33 g (90%) of 5-
trifluoroacetylaminopentanol as colorless oil. 1H NMR (300MHz, CDCls): d (ppm) 1.41-1.49
(m, 2H, CHy), 1.56-1.68 (m, 4H, CH>), 2.19 (b, 1H, O-H), 3.34-3.41 (q, 2H, CH-NH), 3.64—
3.68 (g, 2H, CH-OH), 6.90 (b, 1H, NH).

2,2,2-Trifluoro-N-(2-(5"-trifluoroacetylaminopentyloxy)-2-methyl-[1,3]-dioxolan-4-yImethyl)
acetamide (3)

A mixture of 2 (4.18 g, 17.19 mmol), 5-trifluoroacetylaminopentanol (3.42 g, 17.19 mmol),
and pyridinium p-toluene sulfonate (45.00 mg, 0.17 mmol) was heated at 130°C until no
volatile component was distilled. After cooling to room temperature, the residue was purified
with column chromatography (silica gel, ethyl acetate/hexane (1/1) as eluent) to yield 5.99 g
(85%) of 2,2,2-trifluoro-N-(2-(5'-trifluoroacetylaminopentyloxy)-2-methyl-[1,3]dioxolan-4-
ylmethyl) acetamide as oil. 1H NMR (300MHz, CDCls):  (ppm) 1.41-1.44 (t, 2H, CH5), 1.55—
1.63 (m, 4H, CH,), 2.08-2.09 (d, 3H, CHys), 3.34-3.36 (m, 2H, NH-CH>), 3.61-3.65 (m, 2H,
NH-CH,), 4.02-4.16 (m, 2H, O-CH5), 4.30-4.36 (m, 1H, O-CH), 6.75-6.91 (b, 1H, NH), 7.24—
7.48 (b, 1H, NH).

4-Aminomethyl-2-aminopentyloxy-2-methyl-[1,3]-dioxolan (Monomer)

The trifluoroacetamide 3 (5.98 g, 14.57 mmol) was dissolved in THF (40 ml), and sodium
hydroxide (1.6 M, 40 ml) was added. The mixture was vigorously stirred overnight, extracted
with diethyl ether, dried over MgSQy,, and evaporated. The residue was purified with column
chromatography (silica gel, methanol/dichloromethane (1/10) as eluent) to yield 1.91 g (60%)
of 4-aminomethyl-2-aminopentyloxy- 2-methyl-[1,3]-dioxolan as oil. 1H NMR (300MHz,
CDClsg): d (ppm) 1.45-1.71 (m, 9H, CH,, CHs), 2.67-2.90 (m, 4H, CH,-NH,), 3.48-3.50 (m,
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1H, O-CH,), 3.58-3.62 (t, 2H, O-CHJ>), 3.71-3.72 (m, 1H, O-CH), 4.06-4.16 (m, 1H, O-
CH). 13C NMR (CDClg, 6 ppm): 22.02, 22.32, 23.57, 23.60, 29.63, 32.58, 33.32, 33.60, 44.72,
44.77,62.21, 62.60, 67.19, 67.27, 78.44 (CH), 121.68, 121.90. Calcd: (C1gH22N»03) 218.3,
found m/z 219.2 (M + H*), 241.2 (M + Na*). Anal. Calcd for (C1gH2,N,03): C, 55.02; H,
10.16; N, 12.83. Found: C, 54.87; H, 10.06; N, 12.73.

Polymerization

The three copolymers (POEAL, 2 and 3) were synthesized using the same procedure of
polycondensation, and the synthesis of POEA 1 is described here as an example:
Disuccinimidyl suberate (0.34 g, 0.92 mmol) was added to a stirred mixture of monomer (0.20
g, 0.92 mmol), TEA (0.40 ml, 2.87 mmol), and dimethylformamide (DMF) (2.5 mL) under
argon, reacted overnight at room temperature, and added dropwise to stirred diethyl ether. The
precipitated polymer was collected, washed with diethyl ether repeatedly, and dried under high
vacuum to yield 271 mg (83%) of POEA 1 as white powder. 1H NMR (300MHz, deuterated
dimethyl sulfoxide (d-DMSO): ¢ (ppm) 1.15-1.41 (m, 20H, CH>), 1.92-1.97 (m, 3H, CH3),
2.43-2.44 (m, 4H, OC-CHy), 2.92 (m, 4H, NH-CH5), 3.28 (m, 4H, O-CH5), 4.29 (b, 1H, O-
CH). 7.65 (b, 1H, NH). Anal. Calcd for (C1gH32N»05),: C, 60.65; H, 9.05; N, 7.86. Found: C,
57.18; H, 8.75; N, 7.51. To demonstrate degradability of POEA, 30 mg of POEA 2 was stirred
in 10 mL of 1 M hydrochloric acid for 1 hour at room temperature, and then adjusted to pH
7.4 with 1 M NaOH. The mixture was centrifuged at 4000 rpm for 30 minutes, and the obtained
precipitate was dried overnight under vacuum. The molecular weight and polydispersity of the
degradated product was determined by GPC.

Temperature-responsive Sol-gel Phase Transition

POEA was added to phosphate-buffered saline (PBS, pH 7.4) at 10 wt% and dissolved
completely by heating to at least 80 °C. 50 uL of the solution was placed in a glass cuvette and
sealed to prevent loss due to evaporation. The polymer solution was heated to >90°C, and was
cooled at a constant rate of 5°C per minute, and the optical transmittance of the sample at 500
nm was recorded every 12 seconds using a DU 640B spectrophotometer (Beckman Coulter).
Repeated cooling and heating using a thermostat-controlled water-bath was conducted to assess
the reversibility of the sol-gel phase transition behavior.

Phase Diagram of POEA/H,0 Mixtures

A series of POEA solutions in PBS (pH 7.4) with concentrations ranging from 5 to 35% was
prepared by heating to complete dissolution. 0.4 mL of polymer solution was transferred to a
microtube of 2 mL, placed in a water-bath, and cooled to room temperature. The sample was
then heated stepwise every 1°C, held at each temperature point for 5 minutes to reach
equilibrium, and the physical state of the sample was determined by inverting the tubes. The
sol to gel transition manifested as the change from a fluidic solution to a non-fluidic gel. The
procedure was repeated for all three POEA polymers.

pH-Dependent Erosion of POEA Hydrogels and Release Kinetics of FITC-dextran

POEA 2 (30 mg) and FITC-labeled dextran (FITC-dex, 70 kDa, Pierce, 1 mg) were dissolved
by heating in 0.1 ml of phosphate buffer (20 mM, pH 7.4) in an Eppendorf tube, cooled to
room temperature to form hydrogel, and vacuum-dried for 1 to 2 hours until constant weight.
The FITC-dex-containing hydrogel was placed in 2 ml of neutral and acidic buffers — 20 mM
phosphate buffer (pH 7.4) and 20 mM phosphate-citrate buffer (pH 5), respectively, and
incubated at 37°C under mild agitation (60 rpm) using a platform shaker. The release medium
was completely removed at predetermined time points, and 0.2 ml of the recovered buffer was
used for quantifying the amount of released FITC-dex by fluorometry. The samples were
excited at 490 nm, and the emission fluorescence intensity at 520 nm was determined using a
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Synergy HT microplate reader equipped with a 530 = 15 nm band-pass filter (Bio-TEK). The
equipment was calibrated using serially diluted standard solutions of FITC-dex. Cumulative
release of FITC-dex at any given time point was calculated as the percentile of the total FITC-
dex loaded into the hydrogels. After removal of the release medium, the remaining hydrogel
was vacuum-dried and the dry weight measured. Polymer erosion was quantified by the time
dependence of hydrogel dry weight normalized to the dry weight at time zero. Triplicate
hydrogel samples were tested at each time point until day 14.

Determination of Cytotoxicity of Polymer Extract

The procedure is adapted from a method described in 1ISO 10993-5. POEA films were prepared
by dissolving the polymers in ethanol at a concentration of 10 mg/mL and allowing the ethanol
to evaporate overnight from the wells of a 96-well plate. Each well contained 50 pL of solution
equivalent to 500 pug polymer. Cell culture media (200 uL, Dulbecco’s Modified Eagle Medium
with 10% fetal bovine serum, 100 units/mL of penicillin/streptomycin, 2.5% glucose, pH 7.4)
was then added to each well to extract the polymer films overnight at 37 °C with mild agitation.
The polymer extract was transferred to a separate 96-well plate containing fibroblasts
(NIH3T3) seeded at 5000 cells/well and was incubated at 37 °C in 5% CO», for 24 hours before
performing the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay to
determine cell viability. To perform the assay, 20 uL of MTT stock solution (5 mg/mL in PBS)
was added to the cells in each well and incubated for 4 hours. Cell culture media was then
removed and replaced with 100 pL DMSO, and absorbance was read at 570 nm using a Synergy
HT microplate reader (Bio-TEK). After subtracting background signal, cell viability (%) was
calculated as the ratio between the absorbance of cells incubated with polymer extract and cells
treated with culture media only.

Determination of Cytotoxicity of Polymer Degradation Products

POEA (6 mg) was added to 100 pL hydrochloric acid (1 N) to complete dissolution and
incubated at 37°C overnight. Cell culture media (300 uL) was added and the pH was adjusted
to 7 with NaOH (1 N). More cell culture media was added to a total volume of 600 pL with an
equivalent polymer concentration of 10 mg/mL. This solution of polymer degradation products
was then added to NIH 3T3 fibroblasts plated at 5000 cells/well in a 96-well plate in a series
of dilutions. Cells were incubated for 24 hours and the MTT assay was performed to determine
cell viability.

Cell Morphology by Direct Contact

The procedure is adapted from a method described in ISO 10993-5. POEA polymer films were
prepared by dissolving polymers in ethanol at a concentration of 10 mg/mL, adding to a 6-well
plate, and allowing the ethanol to evaporate overnight. NIH3T3 fibroblasts were seeded over
the polymer film at 150,000 cells per well in 2 mL cell culture media and incubated for 24
hours at 37°C in 5% CO». Following staining with a nucleus dye, Hoescht 333422 (Invitrogen,
5 ug/mL), for 30 minutes at 37 °C, cell morphology was examined using an Olympus BX60
upright microscope under polarized light. Cells cultured on tissue-culture-treated plates
without exposure to polymer were used for comparison.

Results and Discussion

Synthesis and Characterization

The key acid-labile ortho ester diamine monomer was synthesized in four steps (Scheme 1):
2,2,2-trifluoro-N-(2,3-dihydroxypropyl) acetamide (1) was obtained by using 3-amino-1,2-
propanediol as the starting material, and then reacted with trimethyl orthoacetate in the presence
of catalytic p-toluenesulfonic acid to give the ortho ester 2. The compound 3 was easily
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obtained by transesterification between compound 2 and trifluoroacetylaminopentanol. The
TFA-protecting groups of compound 3 were removed by aqueous sodium hydroxide in THF,
and the acid-labile bifunctional monomer was easily obtained with the total yield of
approximately 40%. The IH and 13C NMR spectra confirmed that the monomer was pure and
structurally correct (see the Supporting Information, Figure S1). This monomer is unique in
the following aspects. First, the highly hydrolytically labile ortho ester is built into the monomer
and is stabilized by the neighboring primary amines, allowing for easy handling and long-term
storage. In fact, our NMR study confirmed that the monomer remained intact for at least one
year at room temperature without desiccation (data not shown). Second, the diamine monomer
can be copolymerized readily with any multifunctional amine-reactive monomers to produce
a range of structurally and functionally diverse, biodegradable copolymers, for examples,
ortho-ester-containing polyamides, polyurea, polyurethane, etc. Therefore, our new pathway
of synthesis not only overcomes the drawbacks of the traditional method of synthesizing POE,
but also opens up an array of possibilities that may lead to new biodegradable polymer
structures and materials.

To demonstrate the feasibility of this strategy, we synthesized poly(ortho ester amides) (POEA)
via polycondensation of the ortho ester diamine monomer with active esters of different
aliphatic diacid (Scheme 1). Three polymers (POEA 1~3) were synthesized with high yield
(Table 1) and their chemical structures were confirmed by *H-NMR (Figure S2). The average
molecular weight and distribution of the polymers was similar, ranging between 15,000 and
20,000 with polydispersity index of 1.8~2.0, as determined by GPC (Figure S3, Table 1). We
found that the polymers could be hydrolyzed completely. For example, after treatment in
concentrated acid (1 M HCI, 1 hour, room temperature), POEA 2 degraded to fragments with
molecular weight of a few hundreds (Figure S3). TGA revealed that the polymers had relatively
high thermal stability with initial degradation temperature in the range of 200~260°C (Figure
S4, Table 1). With further optimization of the polymerization conditions, we expect that POEA
with even higher molecular weight could be obtained.

Temperature-responsive Sol-Gel Transition Behavior

Surprisingly, we found that the POEA copolymers underwent temperature-responsive,
reversible sol-gel phase transition in polar solvents such as water. As an example, the optical
transparency of 10 wt% POEA 2 in PBS (pH 7.4) was recorded at 500 nm at different
temperature (Figure 1a). The polymer dissolved completely as a slightly yellowish but clear
solution at above 80°C. As the temperature was lowered, the polymer solution turned opaque,
eventually solidifying to form an opaque gel at below 70°C. The sol-gel phase transition was
fully reversible with little hysteresis. Apparently, both the amide groups with hydrogen-
bonding potential and the hydrophobic segments within the POEA copolymers play important
roles in facilitating hydrogel formation and temperature-responsive sol-gel transition.

The temperature-responsive behavior of the POEA copolymers can be tuned by adjusting the
number of methylene carbons in the diacid repeating unit, which affects the hydrophobicity of
the polymer chain (Scheme 1). As shown in Figure 1b, the sol-gel transition temperature, Ty,
increased as the number of methylene carbons in the polymers increased in the order of POEA
1 to 3, given that the polymers had similar average molecular weight and distribution. Phase
diagrams of the polymers were constructed by equilibrating microtubes containing POEA
solutions (5 to 35% in PBS, pH 7.4) at different temperature and observing the sol/gel state of
the samples by inverting the tubes. All three polymers can exist as either hydrogel, opaque
solution, or clear solution, in addition to POEA 1 precipitating at concentrations below 15%
and at temperatures below 40 °C (Figure 1c¢). While the concentration dependence of phase
transition is similar among POEA 1~3, the range of transition temperatures varies considerably,
which appears to correlate with the difference in polymer hydrophobicity. Therefore, it is
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possible to tune the sol-gel phase transition of POEA over a wide range of temperatures,
including the physiological temperature (~37 °C), through adjusting the chemical composition
of the diacid monomers (Figure 1c).

A large number of noncovalently self-assembled polymeric hydrogels has been reported over
the years, many of which are known to undergo temperature-responsive sol-gel transition in
water and have been used as injectable systems for minimal invasive delivery of drugs and
cells to humans.29:21 Some of these polymers, such as poIy(N—isopropylacryl;:\mide)22 and
the Pluronic® block copolymers,23 are not biodegradable. Others, such as the ABA-block
copolymers of polyethylene glycol (PEG) and ponesters,24-25 are degradable but not
responsive to physiological pH. Recently there is much interest in designing materials that
respond to mildly acidic pH environments such as those found in the endosome of cells, in
solid tumors and other tissues inflicted with inflammatory diseases.26-31 As a result, several
biodegradable5polymer hydrogels combining temperature- and pH-sensitivities have been
reported.32‘3 These materials, however, respond to pH fluctuations through reversible
protonation-deprotonation of chemical groups, leading to changes in solubility, rather than
degradability, of the polymer chains. The POEA copolymers reported here are not only capable
of temperature-responsive sol-gel transition, but also completely degradable in response to
mildly acidic pH via the acid-labile ortho ester groups in the polymer backbone, which may
be an advantage over non-degradable systems.

pH-dependent Erosion of POEA Hydrogels and Release Kinetics of FITC-dextran

To demonstrate pH-responsive erosion of the acid-labile POEA copolymers and their utility
in pH-triggered molecular delivery, we prepared a hydrogel of 30% POEA 2 loaded with 1%
of a model drug, fluorescein isothiocyanate (FITC)-labeled dextran (FITC-dex, 70 kDa). The
hydrogel was incubated at 37°C in aqueous buffers of pH 7.4 and 5.0. At different time points,
the mass loss of hydrogel and the amount of FITC-dex released into the buffers were
determined. The hydrogel lost approximately 20% of its mass after 14 days at physiological
pH 7.4 but eroded completely by day-10 at mildly acidic pH 5.0 (Figure 2a). Accordingly, only
20% of the FITC-dex was released after 14 days at pH 7.4, whereas complete release was
achieved by day-10 at pH 5 (Figure 2b). The process of hydrogel mass loss is nearly zero-order
and matches the profile of release kinetics very well at both pHs, indicating that the release of
FITC-dex is predominantly driven by surface-restricted polymer erosion.”9:19 jtwas reported
that PEG-POE graft copolymers could form temperature-responsive hydrogels with modest
but poorly controlled pH—sensitivity.36 Synthesis of these graft copolymers required multiple
steps from a highly unstable monomer (DETOSU) and the purification process was
complicated.36 In contrast, the POEA copolymers described here can be synthesized from
stable monomers in a single step, and the POEA hydrogels displayed tunable temperature-
sensitivity and highly pH-sensitive surface-erosion, enabling precise control over drug release.

Cytotoxicity and Cell Morphology by Direct Contact

We established that the POEA copolymers are nontoxic and compatible with cells using several
in vitro assays following the international regulatory guidelines for implantable biomaterials
(1SO 10993-5). First, polymers were extracted with cell culture media for 24 hours. Fibroblasts
(NIH3T3) were exposed to the polymer extract and found to be completely viable compared
with cells treated with media only, based on a MTT cytotoxicity assay, suggesting that there
was no cytotoxic leachable species in the polymers (Figure S5). To evaluate potential toxicity
of POEA degradation products, the polymers were completely hydrolyzed in 1 N HCI, adjusted
to pH 7, and incubated with fibroblasts for 24 hours. No toxicity was found for polymer
concentration as high as 1 mg/mL. Only at even higher concentrations (e.g. 5 mg/mL) did the
cell viability drop to below 50% (Figzure 3a). These results are comparable or better than that
of the poly(lactic-co-glycolic acids), 7 a well-known biocompatible polymer widely used in
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biomedicine. Finally, morphology of fibroblasts cultured in direct contact with the POEA
copolymers was examined. POEA films were prepared by dissolving polymers in ethanol,
followed by casting into a cell culture plate and drying overnight. Fibroblasts were then cultured
with the POEA films for 24 hours and observed with optical microscopy. The erosion of POEA
was apparently much more rapid in the presence of cells than in buffer, perhaps due to a
combination of cellular activity and mechanical disruption. Cells cultured with POEA films
appeared normal and fully-spread (Figure 3b-d) and were morphologically indistinguishable
to cells cultured on bioadhesive tissue culture plates (Figure 3e). In the cases of POEA 2 and
3, cells were also seen adhering to residual polymers (Figure 3c,d).

Conclusions

We report the synthesis of ortho-ester-containing copolymers as responsive, biocompatible,
and biodegradable materials. This method is based on a unique ortho ester diamine monomer
that overcomes the major weaknesses of the traditional synthesis of POE, and could be used
to generate a large variety of novel polymer structures with unique properties via facile
copolymerization with amine-reactive monomers. One type of such structure, POEA
copolymers, forms hydrogels that undergo temperature-responsive reversible sol-gel transition
in agueous medium. Furthermore, the POEA hydrogels are highly acid-labile, capable of
releasing a model drug through surface-erosion in response to mildly acidic pH. We envision
that, with further optimization, POEA-based materials could be potentially useful for a wide
range of biomedical applications as injectable controlled drug release devices, cell scaffolds,
coatings of medical implants, and “smart” drug carriers in the forms of micro- and nano-
particulates, capable of responding to biological temperature and acidic pH in subcellular
compartments and inflammatory tissues.
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Figure 1.
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POEA copolymers undergo temperature-responsive, reversible sol-gel transition in aqueous
medium. a) Temperature dependence of optical transmittance at 500 nm for 10 wt% POEA 2
aqueous mixture at pH 7.4. Insets are images of the hydrogel and solution phases. b)
Dependence of sol-gel transition temperature (T;) on polymer structure. c) Phase diagrams of
POEA in PBS (pH 7.4). Phases: (1) hydrogel; (1) opaque solution; (I11) clear solution; (1V)

precipitate.
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Figure 2.
pH-dependence of kinetics of a) polymer erosion/mass loss and b) release of FITC-dex from
POEA 2 hydrogel (30%).
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Cell compatibility evaluation of POEA polymers. a) Viability of NIH3T3 fibroblasts exposed
to degradation products of POEA for 24 hours determined by the MTT assay. b—d) Cell
morphology after direct contact with POEA film for 24 hours. e) Cells cultured on tissue culture
plate without exposure to polymer. Shown are merged white light and fluorescence images.
Nuclei of cells were stained with Hoescht 333422 (in blue). Arrows point to cells adhering
apparently to substantially degraded polymer residues. b) POEA 1, ¢) POEA 2, d) POEA 3.

Magnification: 10x objective.
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Synthesis of poly(ortho ester amides) (POEA). Reaction conditions: (i) ethyl trifluoroacetate,
acetonitrile; ii) trimethyl orthoacetate, p-toluene sulfonic acid (p-TSA), acetonitrile; (iii) 5-
trifluoroacetylamino-1-pentanol, pyridinium p-TSA; (iv) NaOH/H,O/THF; (v) triethylamine,
DMF.
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