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A new type of acid-labile cationic copolymer consisting of a hydrophilic poly(ethylene glycol) (PEG) block
and a polymethacrylamide block bearing tertiary amines linked by acid-labile ortho ester rings in side
chains (PAOE), with defined chain length, had been synthesized via RAFT polymerization. The co-
polymers could efficiently bind and condense plasmid DNA at neutral pH into narrowly dispersed nano-
scale polyplexes. The hydrolysis of ortho ester group in the side-chains of PAOE followed a distinct
exocyclic mechanism and the rate of hydrolysis was much accelerated at mildly acidic pH, resulting in the
accelerated disruption of polyplexes and the release of intact plasmid DNA. The three polymers were not
toxic to cultured COS-7 cells as measured by MTT assay. As expected, PEG segments of the PEG-b-PAOE
copolymers prevented nonspecific transfection of COS-7 cells. Once conjugated to a targeting ligand to
enhance cell-specific entry, PEG-b-PAOE with its pH-triggered DNA release properties may achieve
efficient intracellular delivery of DNA or other nucleic acid therapeutics.
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1. Introduction

Viral vectors and non-viral vectors are two major approaches
that have been widely utilized in gene therapy. Non-viral vectors
based on cationic polymers have been widely investigated over the
past decades due to potential advantages in large DNA loading
capacity, low immunogenicity, improved safety profile, easy fabri-
cation, and more tailorable structure for functionalization, in vivo
which has been a key issue associated with the use of viral vectors
[1]. Cationic polymers such as poly(ethylenimine) (PEI) [2], poly(L-
lysine) (PLL) [3], chitosan [4], dendritic poly(amidoamine)
(PAMAM) [5] are a few representative polymers that have shown
potential as gene carriers. However, compared with viral vectors,
the major disadvantages of these cationic polymers are their poor
stability and low transfection efficiency in vivo [6—8]. Thus,
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development of non-viral vectors with better efficiency and sta-
bility for systemic in vivo applications remains a major challenge
[9].

Specific challenges for in vivo applications of cationic polymers
include their rapid clearance from the circulation system and
activation of the complement system, which lead to inefficient
delivery to the target cells/tissues. To address these challenges,
poly(ethylene glycol) (PEG) modification of cationic polymers has
been proven a useful method for gene delivery to provide
biocompatibility and charge shielding effect to reduce nonspecific
interactions of the polyplexes with blood components, prolonged
circulation, and low toxicity in vivo [10—13]. Notably, the properties
of PEGylated polycations could be tuned by applying PEG with
different molecular weight and different PEGylation density [14—
16].

Endosomal escape, in particular, is one of the major barriers in
the process of gene delivery [17,18], since DNA trapped in endo-
somes is typically trafficked into lysosomes where DNA is degraded
[19—22]. To facilitate the endosomal escape, a variety of stimuli-
responsive non-viral vectors have been developed [23-26].
Among those, pH-responsive polymers that exploit the pH
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gradients formed in the intracellular vesicular trafficking pathways
have been developed to show improved gene transfection. There
are two methods frequently used to design the polymers. In one
approach, a amine-functional group of low pKa value is incorpo-
rated into the main-chain or side-chain of a polymer gene carrier,
which can buffer the endosomes, resulting in endosomal disruption
and subsequent release of polyplexes into cytoplasm [27—29].
Another promising approach is to develop the polymers of amine
groups with pH-sensitive linkages into polymer main-chains or
side-chains, such as $-amino esters [30,31], acetal [32,33], hydra-
zine [34,35], ketal [27,36], silyl ether [37], and vinyl ether [38,39].
They can degrade into short fragments in the endosomal acidic
environment that might facilitate the endosome disruption,
causing leakage and release of cargos. Thus, we can design a wide
variety of pH-sensitive polymers with different acid-lable linkages,
which can hydrolyze into distinct products according to respective
hydrolysis kinetics and possess unique structures and characters
that other polymers are unmatched.

Poly(ortho esters) (POEs) represent an important family of acid-
sensitive polymers with good biocompatibility [40—43]. Our group
has a lasting interest in designing pH-sensitive polymers through
the incorporation of ortho ester linker in the side chains or main
chains with functional groups [26,44]|. In the present work, we
report a new type of pH-labile cationic copolymer consisting of a
hydrophilic poly (ethylene glycol) (PEG) block and a poly-
methacrylamide block bearing tertiary amines linked by acid-labile
ortho ester rings in side chains (PAOE), PEG-b-PAOE (Scheme 1).
These copolymers were synthesized via reversible addition-
fragmentation chain transfer (RAFT) polymerization. The pH-
sensitive polyplexes are stable at pH 7.4 and have lower cytotox-
icity in comparison to the non-PEGylated polyplexes. The ortho
ester group in side-chains of PAOE hydrolyzed at mildly acidic pH
(e.g. at endosomal pH), resulting in accelerated disruption of pol-
yplexes and release of intact plasmid DNA (Scheme 1). PEGylation
reduces undesired interactions with serum proteins and prevents
nonspecific transfection of cells by decreasing the electrostatic as-
sociation with cell membrane, resulting in low cellular uptake [45].

2. Experimental section
2.1. Chemicals and general methods

Acetonitrile was dried from CaH, before use. Dimethylforma-
mide (DMF) was dried over MgS0O4 followed by distillation under
reduced pressure. 2,2,2-Trifluoro-N-(2-methoxy-[1,3]-dioxolan-4-
ylmethyl)acetamide was synthesized as described previously [26].
Branched PEI (M 25,000), 2,2’-azobis(2-methyl propionitrile), 3-
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amino-1,2-propanediol, 2-dimethylamino ethanol, N-succinimidyl
methacrylate, poly(ethylene glycol) methyl ether (4-cyano-4-
pentanoate dodecyl trithiocarbonate) (M, = 5400), 3-(4,5-
dimethyl-thiazol-2-yl)-2,5-diphenyl tetrazodium bromide (MTT)
were purchased from Sigma—Aldrich. Green fluorescent protein
(pEGFP-N1) DNA plasmids were obtained from Promega. Dulbec-
co’s Modified Eagle’s Medium (DMEM) were purchased from Gibco.
COS-7 cells (ATCC) were cultured in DMEM containing 10 mM
HEPES, 10% fetal bovine serum (FBS), 100 U/mL penicillin/strepto-
mycin 5% CO, at 37 °C. Other chemicals and solvents were pur-
chased commercially and used without further purification. High-
resolution Electrospray lonization Mass Spectrometry (ESI-MS)
experiments were conducted on a Bruker MicrOTOF-Q mass spec-
trometer. The 'H and '3C NMR spectra were recorded on a Bruker
Advance III 400 MHz Digital NMR spectrometer using deuterated
dimethylsulfoxide or chloroform as solvents. Chemical shifts were
recorded in ppm and referenced against tetramethylsilane (TMS).
Gel Permeation Chromatography (GPC) experiments to analyze
PEGylation copolymers were performed 35 °C in DMF with a flow
rate of 1 mL/min, a Waters 1512 equipped with three Waters
Styragel HR1, HR2, and HR3 columns. The GPC instrument was
calibrated with polyethylene glycol (PEG) standards. All sample
solutions were filtered through 0.22 um filters before analysis.

2.2. Synthesis of 2-dimethylamino ethanol p-toluene sulfonate

p-toluene sulfonic acid (10.70 g, 56.25 mmol) was placed in
three-necked flack with a magnetic stirrer, and benzene (150 mL)
was added under nitrogen, then the mixture was heated until no
volatile component was distilled. 2-dimethylamino ethanol (5.01 g,
56.25 mmol) was added after cooling to 60 °C, the mixture was
vigorously stirred overnight at room temperature, filtered and then
dried under vacuum for 16 h to yield 14.09 g (96%) of 2-
dimethylamino ethanol p-toluene sulfonate as a white solid. The
solid was used without further purification in the following
reaction.

2.3. Synthesis of 2-(4-(aminomethyl)-1,3-dioxolan-2-yloxy )-N,N-
dimethylethylamine (3)

2-(4-(Aminomethyl)-1,3-dioxolan-2-yloxy)-N,N-dimethylethyl-
amine was synthesized by a two-step reaction. In the first step, a
mixture of 2-dimethylamino ethanol p-toluene sulfonate (11.98 g,
45.84 mmol), pyridinium p-toluene sulfonate (78.00 mg,
0.29 mmol, Py-PTSA) and 2,2,2-trifluoro-N-(2-methoxy-[1,3]-
dioxolan-4-ylmethyl) acetamide (10.01 g, 43.68 mmol) was heated
in an oil-bath at 130 °C for 2 h under vacuum. On cooling to room
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Scheme 1. Illustration of pH-sensitive PEGylated block copolymers and pH-triggered release of DNA.

Please cite this article in press as: Lai ], et al., PEGylated block copolymers containing tertiary amine side-chains cleavable via acid-labile ortho
ester linkages for pH-triggered release of DNA, Polymer (2014), http://dx.doi.org/10.1016/j.polymer.2014.04.036




J. Lai et al. / Polymer xxx (2014) 1-11 3

temperature the residue was dissolved in tetrahydrofuran (200 mL)
and sodium hydroxide (2.0 M, 200 mL). The mixture was stirred
overnight, evaporated, then extracted with dichloromethane and
dried over anhydrous MgSO4, and concentrated to yield 447 g
(54%) of 2-(4-(aminomethyl)-1,3-dioxolan-2-yloxy)-N,N-dimethy-
lethylamine as an oil. TH NMR (400 MHz, CDCl3, 6): 1.48 (b, 2H,
NHa), 2.27 (s, 6H, CH3—N—CH3), 2.51-2.54 (t, 2H, N—CH,), 2.75—
2.95 (m, 2H, CH,—NHy), 3.60—3.67 (m, 2H, N—CH,—CH>), 3.68—4.37
(m, 2H, O—CH,—CH), 4.13—4.22 (m, 1H, 0—CH—CH>), 5.85—5.88 (d,
1H, CH—0—CH>). 13C NMR (CDCls, 6 ppm): 44.66, 46.04, 46.04,
58.85, 62.60, 66.55, 78.54, 115.66. ESI-MS Calcd for (CsH1gN203),
190.2; Found m/z 191.2 (M + H™).

2.4. Synthesis of poly(ethylene glycol)-block-poly(2-(4-
(aminomethyl)-1,3-dioxolan-2-yloxy )-N,N-dimethylethylamine)
(PEG-b-PAOE)

The three diblock copolymers poly(ethylene glycol )-block-poly(N-
succinimidyl methacrylate) (PEG-b-PNSM) were synthesized by
RAFT. A two-neck flask was charged with poly(ethylene glycol)
methyl ether (4-cyano-4-pentanoate dodecyl trithiocarbonate) (PEG-
CTA) and N-succinimidyl methacrylate (NSM, 1 g, 5.46 mmol), then
dried DMF (2.5 ml) and 2,2’-azobis(2-methyl propionitrile) as an
initiator were added. The mixture was degassed for 30 min and the
flask was sealed and then heated at 70 °C for 20 h. Then the reaction
was terminated, diluted by DMF and precipitated in diethyl ether
twice, then filtered and dried under vacuum at room temperature for
24 h. To obtain PNSM blocks with varying chain length, three different
NSM-to-chain transfer agent (PEG-CTA)-to-initiator feed ratios
(40:1:0.2,60:1:0.2,90:1:0.2) were used. To remove the succinimidyl
groups, 0.30 g of PEG-b-PNSM was dissolved in 4 mL of anhydrous
DME, N(compound 3): NM(repeating units of PNSM block) = 1:1.5 and triethyl-
amine (a trace amount) were added, the mixture were vigorously
stirred for 72 h at45 °C. Then the reaction mixture was cooled to room
temperature and placed in a semi-permeable dialysis membrane
(MW(CO 3500), and dialyzed against distilled water (triethylamine, a
trace amount) for 72 h. The obtained product was lyophilized, and
analyzed by NMR and GPC. The average molecular weight (M) of
PEG-b-PNSM were calculated to be 0.98,1.52, and 1.83 x 10 Da with
the polydispersity index (PDI) of 1.27, 1.26, and 1.27, respectively. The
average molecular weight (My,) of PEG-b-PAOE were calculated to be
115, 1.85, and 2.36 x 10% Da with the polydispersity index (PDI) of
1.26,1.23, and 1.22, respectively.

2.5. Determination of mechanism and rate of hydrolysis of PEG-b-
PAOE bearing ortho ester side-chain

The three copolymers were dissolved in 50 mM d-phosphate
buffer (pH 7.4, 6) and d-acetate buffers (pH 5, 4) at 5 mg/mL, and 'H
NMR spectra were recorded on a Bruker Advance-400 spectrometer
(400 MHz) at different time points. The rate of hydrolysis of ortho
ester side-chains were calculated by 'H NMR.

2.6. Preparation of polyplexes and agarose gel retardation assay

Gel electrophoresis was done to examine DNA binding ability of
the polymers. General procedures for polyplex formation were as
follows: 25 pL of DNA plasmid solution (0.2 mg/mL) was mixed
with 25 pL of polymer solutions at various N/P ratios in HEPES
buffer (20 mM, pH 7.4). After vortexing, the samples were incu-
bated for 30 min at room temperature. Then polyplex solution
(10 pL) was mixed with 6x loading buffer (2 pL) and loaded onto a
1.0% agarose gel containing 0.5 mg/mL ethidium bromide (EB). The
polyplexes were electrophoresed at 100 V for 50 min in 1x TAE
running buffer. The migration of DNA was observed under a

GelDoc-1t™ imaging system (UVP Corporation) and photos were
taken.

2.7. DNase I degradation assay

To further ascertain DNA binding ability and whether polyplexes
could protect DNA from enzymatic degradation, DNase I degrada-
tion assay was performed. Plasmid solution was mixed with poly-
mer solutions with varying N:P ratios and incubated for 30 min.
DNase I (1 pL, 0.6—0.8 U/uL) and DNase I buffer (10 pL) were added
to 90 pL polyplexes. After vortexing, the samples were incubated for
8 min at room temperature. Polyplex solutions were then analyzed
by gel electrophoresis as described in Part 2.6.

2.8. Heparin displacement assay

To determine the strength of DNA binding by the three co-
polymers, polyplexes at N:P ratio of 8 were incubated with
increasing concentrations of heparin (0.1-1.0 IU per pg of DNA),
then all the samples were left for 8 min at room temperature. The
dissociation of polyplex at different heparin levels was detected by
electrophoresis as described in Part 2.6.

2.9. Dynamic light scattering (DLS) and zeta potential
measurements

Particle size and zeta potential of polyplexes were determined
using a Zetasizer dynamic light scattering detector (Malvern Zetasizer
Nano ZS, 6 mW laser; 633 nm incident beam, 173° scattering angle,
25°C). Polyplexes with various N:P ratios were prepared as described
above and diluted 10 times to a final volume of 1 mL in HEPES buffer
(20 mM, pH 7.4) before measurement. The diameter and zeta-
potential of particles were done in triplicates for each sample.

2.10. Stability of polyplexes and pH-triggered release of DNA

To determine whether hydrolysis of ortho ester rings in side-
chains at acidic pH would trigger the release of DNA from poly-
plexes, polyplexes at N:P ratio of 8:1 were exposed to phosphate
and acetate buffers (50 mM, pH 7.4, 6, 5, and 4) at room tempera-
ture for 1 h, 3 h, 8 h, and 24 h, respectively, and followed by agarose
gel electrophoresis at corresponding time points.

2.11. Cytotoxicity assay

The cytotoxicity of copolymers was determined by MTT assay.
COS-7 cells were seeded into 96-well plates at 1 x 10% cells/well
and incubated for 24 h in DMEM (10% FBS, 10 mM HEPES, 100 U/mL
penicillin/streptomycin). All cultured cells were grown at 37 °C in
5% CO humidified atmosphere. To each well, 20 pL of polymer
solutions was added and cultured for another 24 h, the final poly-
mer concentration in growth media varied from 1 to 1000 pg/mL.
MTT in PBS (20 pL, 5 mg/mL) was then added to each well and
incubated for another 4 h, solutions in the wells were removed by
aspiration, and the formazan crystals were dissolved in 150 pL of
DMSO. After 10 min of shaking, the absorbance was measured at
570 nm using a Thermo scientific Multiskan GO 1510 plate reader.
The viability of cells treated with PBS only was taken as 100% and
the relative cell viability of polymer treated cells (mean % + S.D.,
n = 3) was calculated.

2.12. In vitro gene transfection

COS-7 cells were seeded into 12-well plates at 5 x 10% cells/well,
and cultivated for 24 h. Afterwards, the media was removed and the
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Scheme 2. Reagents and conditions: (i) 2-Dimethylamino ethanol p-toluene sulfonate, Py-PTSA; 2 h, 130 °C, under vacuum; (ii) NaOH/H,O/THF; overnight, room temperature; (iii)
2,2’-Azobis(2-methyl propionitrile) (AIBN), DMF; 20 h, 70 °C; (iv) Compound 3, triethylamine, DMF; 72 h, 45 °C.

cells were washed twice by warm PBS. Polyplexes at various N/P
ratios were then added in 1 mL of serum-free DMEM, 2.0 ug of DNA
was used per well. Each N/P ratio had 6 replications and cells
treated with naked DNA acted as the negative control. After incu-
bation for 4 h, the polyplex containing media was discarded and the
cells were washed with 500 pL of PBS and cultured in serum-
containing DMEM for 44 h. The transfected cells were subjected
to flow cytometry or observed under Nikon Eclipse TE2000-u
fluorescence microscope for GFP fluorescence signal visualization.
For flow cytometry, the cells were trypsinized and harvested in
FACS buffer, and analyzed using a FACSCalibur 501 flow cytometer
(Beckman Coulter). In addition, COS-7 cells were transfected by
polyplexes of luciferase plasmid under the same conditions. The
GFP positive gate was set based on polyplexes containing firefly
luciferase to avoid autofluorescence of cells.

3. Results and discussion
3.1. Synthesis and characterization of PEG-b-PAOE
The synthetic routes and chemical structures of PEG-b-PAOE

bearing tertiary amines linked by acid-labile ortho ester rings in
side-chains and the corresponding compound 3 are shown in

Scheme 2. The compound 3, containing a five-membered ortho
ester ring, was synthesized in two steps. The starting material of
2,2,2-Trifluoro-N-(2-methoxy-[1,3]-dioxolan-4-ylmethyl)acetamide
(compound 1) was synthesized using similar procedures reported
by our groups [26]. Compound 2 was obtained by transesterification
in the presence of compound 1 and 2-dimethylamino ethanol
p-toluene sulfonate. The TFA-protecting group of compound 2 was
removed by aqueous sodium hydroxide in THF, and the acid-labile
functional compound 3 was obtained with total yield of approxi-
mately 54%. The 'H and >C NMR spectra confirmed that the com-
pound 3 was pure and structurally correct (Fig. 1).

Here we synthesized PEG-b-PAOE copolymers containing ter-
tiary amine side-chains cleavable via acid-labile ortho ester link-
ages using reversible addition-fragmentation chain transfer (RAFT)
polymerization. In the first step, PEG-b-PNSM was obtained by
RAFT of methacrylate monomer (NSM) reacted with a mono-
functional PEG (M, = 5400) chain-transfer agent (PEG-CTA) using
2,2'-azobis(2-methyl propionitrile) as the initiator. The molar ratio
of NSM, PEG-CTA, and initiator was varied to achieve PEG-b-PNSM
blocks with different lengths. The structure and molecular weight
of PEG-b-PNSM were determined by GPC and NMR, and the results
summarized in Table 1. Three PEG-b-PNSM copolymers with
different NSM block lengths were synthesized with over 80% yield
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Fig. 1. 'H and 3C NMR spectra of compound 3 in CDCls.

by varying NSM/PEG-CTA/initiator feed ratio. Based on GPC anal-
ysis, the number average molecular weight (M,) of the three
polymers was calculated to be 0.98,1.52, and 1.83 x 10% Da with the
polydispersity index (PDI) of 1.27, 1.26, and 1.27, respectively
(Table 1). The narrow molecular weight distribution of the poly-
mers suggested that controlled polymerization by RAFT was suc-
cessful. The average numbers of repeating units of the PNSM block
were estimated to be 22, 48, and 66 by 'H NMR analysis (Fig. S1 in
Supporting Information), which were thus denoted as PEG-b-
PNSM,,, PEG-b-PNSMyg, and PEG-b-PNSMgg, respectively. In the
second step, the succinimidyl groups of PEG-b-PNSM were
removed by an amidation reaction with 2-(4-(aminomethyl)-1,3-
dioxolan-2-yloxy)-N,N-dimethylethylamine (compound 3),
yielding the final polymer PEG-b-PAOE. As shown in Fig. 2, the 'H
NMR spectra of PEG-b-PAOE acquired in dg-DMSO showed com-
plete disappearance of the diagnostic ethyl proton signal of the
succinimidyl group at ¢ 2.80 ppm, confirming that all succinimidyl
groups had been completely removed. The obtained copolymers
bearing ortho ester side-chains were thus denoted as PEG-b-
PAOE,;, PEG-b-PAOE4s, and PEG-b-PAOEgg, respectively. The

Table 1
Condition of polymerization and characterization of PEGylated copolymers.
Polymer NSM:PEG-CTA: Yield M,? M, PDI®
initiator (%)  (x10*% Da) ( x 10% Da)
(molar feed ratio)
PEG-b-PNSM,” 40:1:0.2 85 0.98 1.12 1.27
PEG-b-PNSMyg”  60:1:0.2 89 1.52 1.78 1.26
PEG-b-PNSMes”  90:1:0.2 82 183 2.1 1.27
PEG-b-PAOE;; \ 97 1.15 131 1.26
PEG-b-PAOE,g \ 97 1.85 2.09 1.23
PEG-b-PAOEge \ 94 2.36 2.66 1.22

2 Average molecular weight and polydispersity index were determined by GPC.
b Average degree of polymerization was determined by 'H NMR in dg-DMSO.
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Fig. 2. "H NMR spectra of PEG-b-PAOE,g in ds-DMSO.

average M, of PEG-b-PAOE was determined by integrating the area
of characteristic peaks of PEG protons (peak “a”) and PAOE protons
(peaks “h”), which agreed well with the average M, values deter-
mined by GPC using DMF as eluent and PEG as standard (Table 1).
As shown in Fig. 3, all three copolymers had single symmetric peaks
and narrow PDI values of 1.26, 1.23, and 1.22, respectively.

3.2. Kinetics of pH-dependence copolymer hydrolysis

Ortho ester structures are easily cleavable in acidic aqueous
condition [46]. There are two possible pathways for hydrolysis of
cyclic ortho esters that involve exocyclic and endocyclic breakage of
the ortho ester bond [42,47]. In a recent report, 2-(5,5-Dimethyl-
1,3-dioxan-2-yloxy) ethyl acrylate, a monomer containing a six-
membered cyclic ortho ester, was copolymerized to produce a
family of block copolymers [48]. This ortho ester ring hydrolyzed
through endocyclic pathways, giving rise to formic acid and 2,2-
dimethyl-1,3-propanediol monoformate [49]. Our group has
recently developed novel poly(ortho ester amidine) copolymers
(POEAmd), the five-membered cyclic ortho ester main-chains of
POEAmd hydrolyzed through endocyclic pathways and shows pH-
dependent hydrolysis kinetics confirmed by 'H NMR [26].
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Fig. 3. GPC chromatograms of PEG-b-PAOE copolymers.

Please cite this article in press as: Lai J, et al., PEGylated block copolymers containing tertiary amine side-chains cleavable via acid-labile ortho
ester linkages for pH-triggered release of DNA, Polymer (2014), http://dx.doi.org/10.1016/j.polymer.2014.04.036




6 J. Lai et al. / Polymer xxx (2014) 111

pH7.4 b a

7d ’ AL
s |, S I VO VY O
W |, LA
" W
o || _NJWML/J\__
pH5  bc. a "

7d |n wj '
sd IA JML w
w4 N DT | R
W | LA
SN I I N V' T S

pHe bc a
7d s __J_N” T
5d | #J..Ju N S
3d " LNAUML_,/J\__
1d D WY V'V R NS
3 || ‘,NﬁN‘JWU\ULﬂ)\gM
pH4  bc a "
7d ll J_/J\)L
5d [ J J._,.»\L
3 | J L A
1d A 1V ) S
3h | _M_JLM\WLJ\%\*

ppm

Fig. 4. "H NMR spectra of PEG-b-PAOE,g (5 mg/mL) in d-buffers of pH 7.4, 6, 5, and 4. Peaks labeled with “a” “b” and “c” are characteristic protons of the cyclic ortho ester, formate

groups, and formic acid, respectively (Scheme 3).

To understand the hydrolytic mechanism of PEG-b-PAOE, NMR
studies were carried out to track the time-course of hydrolysis for
up to 7 d in aqueous buffers at physiological pH and mildly acidic
pHs (6, 5, and 4), and the results were shown in Fig. 4. The peak at
5.90 ppm (denoted as “a”) is the characteristic peak of the ortho
ester proton before hydrolysis (Scheme 3). At pH 7.4 over the course
of 7 d, the area of peak “a” decreased slowly, suggesting that most of
the ortho ester groups remained intact. Concurrently, at pH 7.4, a
new peak at 8.37 ppm (denoted as “b”) appeared after approxi-
mately 24 h, which corresponded to the proton of formate. But for
other pHs (6, 5, and 4), another new peak at 8.14 ppm (denoted as

“c”) appeared. The peak “c” corresponded to the proton of formic
acid, which was the hydrolysis product of polymeric formate
(Fig. 4). The exocyclic pathway of hydrolysis would produce two
different kinds of formate, which constituted a copolymer by
various degrees of polymerization, and a small molecule, 2-dime-
thylamino ethanol (Scheme 3). With prolonged degradation of
PEG-b-PAOQE, part of formate further decomposed to formic acid
(Scheme 3). Here we observed a formate peak at 8.37 ppm, a formic
acid peak at 8.14 ppm and small molecule peaks between 3 and
4.5 ppm after extensive hydrolysis at pH 4 for 7 d (Fig. 4),
demonstrating that the hydrolysis of PEG-b-PAOE followed

o o
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Scheme 3. pH-Dependence hydrolysis of PEG-b-PAOE side-chains.
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Fig. 5. (A) Time and pH-dependence of ortho ester hydrolysis in PEG-b-PAOE based on NMR analysis. (B) Hydrolysis rate constant of PEG-b-PAOE as a function of pH based on

Fig. 5A.

exocyclic pathway exclusively, unlike the six-membered ortho ester
ring reported before [47]. This finding agrees well with previous
studies on other polymers with cyclic ortho esters in the main
chains or side chains [26,42].

Furthermore, we found that at all time points and all pHs, the
increase in the integral area of peaks “b” and “c” were equal to the
decrease of the area of peak “a”, and the total integral area of the
three peaks remained constant (Fig. 4). Taken together, the NMR
data confirm that the ortho ester structure of PEG-b-PAOE undergo
exocyclic cleavage, and are converted quantitatively to a copolymer
composing of a pair of stereo-isomers containing a hydroxyl and a
formate (Scheme 3). The progression of ortho ester hydrolysis was
revealed by NMR analysis, and could be quantified based on the
changing integral area of peak “a” (representing the ortho ester
proton before hydrolysis), peak “b” (representing the formate
proton as a result of hydrolysis) and peak “c” (representing the
formic acid proton as a result of hydrolysis of formate). We define
the degree of hydrolysis to be the percentage of peak “b” and peak
“c” relative to the summed area of peaks “a” “b” and “c”. The time/
pH-dependence of hydrolysis is shown spectroscopically in Fig. 4,

and PEG-b-PAOE4g was chosen as an example and quantitatively
analyzed in Fig. 5.

As expected, hydrolysis of the ortho ester structure is highly
sensitive to mildly acidic environments, and is much accelerated
at more acidic pHs. For example, for PEG-b-PAOE,;, at pH 7.4
and 6, 12% and 65% of the ortho esters were hydrolyzed in 7 d,
whereas the hydrolysis was essentially complete in 7 d and 3 d
when pH was lowered to 5 and 4, respectively (Fig. 5).
Comparing PEG-b-PAOE4g, PEG-b-PAOEgs with PEG-b-PAOEj;
(Fig. 5), the percentage of hydrolysis remained almost the same
at pH 7.4, whereas the hydrolysis rate of ortho ester followed
the general order of PEG-b-PAOE;, > PEG-b-PAOE4g > PEG-b-
PAOEgs when pH was lowered to 6, 5, and 4. The hydrolytic rate
constant for each pH has been calculated from Fig. 5A, and the
rate constant vs pH was ploted, as shown in Fig. 5B. At the same
pH value, PEG-b-PAOE with different hydrophobic chain length
showed almost the same hydrolytic rate constant with a
ExpDec2 correlation.

This result indicates that the chain length of PAOE block may
influence the rate of polymer hydrolysis in that the degradation

Please cite this article in press as: Lai J, et al., PEGylated block copolymers containing tertiary amine side-chains cleavable via acid-labile ortho
ester linkages for pH-triggered release of DNA, Polymer (2014), http://dx.doi.org/10.1016/j.polymer.2014.04.036




8 J. Lai et al. / Polymer xxx (2014) 111

(A) N:P ratio

(®) Heparin(1U)/(ug DNA)

14 1:2 1:1 2.1 4.1 8:1 16:1

PEG-b-PAOE22

PEG-b-PAOE:s

PEG-b-PAOEss

(8) N:P ratio
DNA 1:8 1:1 2.1 4:1 8:1 16:1

PEG-b-PAOE4s
P e

PEG-b-PAOEss

0.1 0.2 0.3 04 05 0.6 0.7 0.8 09 1.0
=

PEG-b-PAOE22

DJM“N&..J\”_*Mh‘

PEG-b-PAOE:s

PEG-b-PAOEss
500 A «» PEG-b-PAOE22
T A o PEG-b-PAOEss
5400 4 PEG-b-PAOEss
8 ,
N300y 3
[ -
g 200 s : 1
o
a 100
0
1:1 2:1 4:1 8:1 16:1 32:1
(E) N:P ratio
32
e
24 e
s A=
E 16 / « PEG-b-PAOE2
= 8 . o PEG-b-PAOEss
= a - PEG-b-PAOEss
s 0 7
<] Z
a .8
3 %
3-16{
241
1:1 2:1 4:1 8:1 16:1 32:1
N:P ratio

Fig. 6. Characterization of plasmid DNA binding and condensation by PEG-b-PAOE. (A) Gel retardation assay of polyplexes prepared at N:P ratios ranging from 1/8 to 16; (B) DNase I
degradation assay of polyplexes prepared at N:P ratios ranging from 1/8 to 16; (C) Destabilization of polyplexes induced by increasing amount of heparin; (D) DLS measurement of
average particle size of polyplexes in aqueous buffer (20 mM HEPES, pH 7.4) as a function of N:P ratio; (E) Zeta potential of polyplexes in aqueous buffer (20 mM HEPES, pH 7.4) as a

function of N:P ratio.

rate decreases with the increase of their repeating units. The ability
of achieving markedly different hydrolysis kinetics from hours to
days over a fairly narrow pH range (from 4 to 7.4), as we have
demonstrated here, bodes well for the potential use of such poly-
mer systems for pH-triggered gene delivery.

3.3. DNA binding and condensation

Agarose gel retardation assay qualitatively revealed the differ-
ence in DNA binding affinity among the three PEG-b-PAOE co-
polymers. For all the three copolymers, complete retardation of
plasmid DNA occurred when the N/P ratio was 2:1, regardless of the
chain-length of PAOE block (Fig. 6A). Such results were further
supported by the DNase I degradation experiment where DNA in
compact polyplexes was protected from enzyme degradation
(Fig. 6B). In addition, polyplexes at N:P ratio of 8 were selected to
evaluate polyplex stability in physiological conditions. The poly-
plexes were analyzed by agarose gel electrophoresis after incuba-
tion in the presence of increasing amount of heparin, a polyanion
that could compete with DNA for the binding to polycations. As
shown in Fig. 6C, the threshold concentration of heparin at which
polyplex disruption occurred were 0.4, 0.5, and 0.5 IU/ng of DNA for

PEG-b-PAOE3;, PEG-b-PAOE4s, and PEG-b-PAOEgg, respectively. The
findings suggest that polyplexes formed with longer PAOE chains
were more stable than shorter ones. This conclusion agrees well
with findings of other PEGylated cationic copolymer carriers, such
as PEG-b-PAEM [50].

DLS reveals that average particle size of polyplexes in aqueous
buffer spanned a range of 160—580 nm with much dependence on
the N:P ratio (Fig. 6D). The size distribution of each type of polyplex
was narrow with PDI ranging from 0.13 to 0.29. The particle size for
all three polyplexes was most prominent at N:P ratio of 2:1, and
gradually decreased as an increasing or decreasing of the N:P ratio
(Fig. 6D). Average particle size stabilized around 200 nm for all
three polyplexes at N/P ratios higher than 4 (Fig. 6D). As shown in
Fig. 6E, There was no distinct difference in zeta potential of three
types of polyplexes, zeta potential of polyplexes raised with an
increase of the N:P ratio. At N:P ratio of 1:1, all the tested complexes
shared similar zeta potential values at around —16 mV (Fig. 6E),
suggesting that PEG moieties might serve as a hydrophilic corona
on the complex surface to partially shield the cationic charges of
the PAOE segment. Taken together, these results confirm that PEG-
b-PAOE can effectively condense DNA into narrowly dispersed
nanoparticles, and that polymer chain length has an important
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influence on the ability to condense DNA and polyplex stability
against competition of polyanions.

3.4. pH-Triggered DNA release

To determine whether the copolymer hydrolysis at acidic pH
triggered the release of DNA, polyplexes at N:P ratio of 8:1 were
exposed to phosphate and acetate buffers (50 mM, pH 7.4, 6, 5, and
4), and analyzed by agarose gel electrophoresis. The three acid-
labile PEG-b-PAOE copolymers bound to DNA stably at pH 7.4 and
released free DNA at pH 6, 5, and 4 (Fig. 7A). Migration of free DNA
occurred after 3 h, 8 h and 24 h when pH was lowered to 4, 5, and 6
respectively. PEG-b-PAOE with different PAOE chain length showed
similar DNA release profiles, and time and pH-dependence of DNA
release based on Fig. 7A was plotted as Fig. 7B. As shown in Fig. 7B,
all DNA could be completely released in 24 h at pH 6, and in 8 h at
pH 5 and 4. This was presumably due to the hydrolysis of ortho
ester side chains and the subsequent loss of DNA condensing
cationic charges. At pH 4 after 3 h there was at least 20% polymer
hydrolysis (Fig. 5A) and DNA release was observed (Fig. 7), but at pH
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of 7.4—5, polymer hydrolysis was less than 20% (Fig. 5) and there
was no DNA release (Fig. 7). This suggests that achieving at least
20% polymer hydrolysis might be necessary to trigger DNA release.
The hydrolysis of PEG-b-PAOE caused the polymer chains to lose
their cationic charges and be converted to a neutral hydroxylated
structure (Scheme 3), thereby losing the ability to bind DNA. Taken
together, these experiments established that the acid-catalyzed

(R)

Side Scatter

PEG-b-PAOEgs PEG-b-PAOE5 PEG-b-PAOEy,

(B)

PEI

N:P=32

FL1-H, SSC.H subset

£ FL1+SSCH subset
§ 0332%

0488%

PEG-b-PAOE;,

&

R FLI-H, SSC-H subset
0a4s2%

FLI1-H, SSC-H subset
0536%

Bl FLI-H, SSC-H subset
" oazn

/¥

Side Scatter

PEG-b-PAOEg

FL1-H, SSC-H subset
§ g 04m%

FLI-H, SSC-H susel
B 0asn

PEG-b-PAOEgg

> GFP

Fig. 9. In vitro transfection results on COS-7 cells determined by the fluorescence
microscopy observation and flow cytometry. (A) Fluorescent microscope images of
COS-7 cells transfected by pEGFP containing polyplexes; (B) Representative dot plots of
transfected cells.

hydrolysis of the ortho ester linkages of PEG-b-PAOE side-chains
were indeed capable of controlling the release of DNA at different
pHs.

3.5. In vitro cytotoxicity and gene transfection

To evaluate the effect of PEG shielding on biological properties
of polyplexes, in vitro cytotoxicity and transfection efficiency were
tested on COS-7 cells. Branched polyethylenimine (PEI)
(M,y = 25 kDa) was used as a control. The three PEG-b-PAOE co-
polymers regardless of chain length were not toxic to COS-7 cells at
concentrations as high as 0.1 mg/mL (Fig. 8). In contrast, branched
PEI was more toxic, killing almost all of the COS-7 cells. The low
cytotoxicity of PEG-b-PAOE was expected and could be largely due
to the presence of PEG shielding layer. Nonetheless, at a rather high
concentration of 1 mg/mL, moderate toxicity was observed for all
three PEG-b-PAOE copolymers, and the level of toxicity correlated
with the chain-length of the PAOE block, where polymers bearing
longer PAOE block were more toxic (Fig. 8), however, cell viability
was still above 60%.

To validate low nonspecific gene transfection, in vitro trans-
fection efficiency on COS-7 cells was assessed using GFP as the
reporter gene. Images of transfected cells by fluorescence micro-
scopy were showed in Fig. 9A, and the expression level of GFP was
determined by flow cytometry (Fig. 9B). Luciferase plasmid was
used as negative controls to set the GFP+ gate (Fig. S2 in Supporting
Information). At N:P ratio of 8, tansfection efficiency of PEI poly-
plexes measured by the percentage of GFP" cells around 16%
(Fig. 9B). Compared to PEI, transfection efficiency of PEG-b-PAOE
polyplexes ranged from around 0.33% to 0.61% (Fig. 9B). Therefore,
these results imply that the PEG shielding layer lowered zeta po-
tential of the polyplexes and reduced their interaction with cell
membrane, resulting in reduced cellular uptake and low nonspe-
cific transfection efficiency [51,52].

Overall, we demonstrated the synthesis of a new type of acid-
labile block copolymer bearing tertiary amines in side chains,
PEG-b-PAQE, and the potential for such polymers as non-viral gene
carriers. We also comprehensively investigated the physical—
chemical properties of PEG-b-PAOE/DNA complexes as well as their
biological performance including cytocompatibility and lack of
nonspecific gene transfection. This structure—function relationship
study focused on the influence of polycation chain length and acid-
sensitive side chain hydrolysis on properties of the polyplexes and
on pH-triggered DNA release. Our findings could help design more
efficient and sophisticated polymeric gene carriers, due to the high
flexibility and controllability of the synthetic routes of this type of
polymers. In addition, PEG-b-PAOE could be re-engineered in the
future with targeting ligands to serve as cell-specific gene carriers
for particular medical applications. For example, T-cell-specific
antibodies could be conjugated onto PEG-b-PAOE to transfect T
lymphocytes, where receptor-mediated endocytosis and minimum
off-target transfection on other cell types are highly desired [53].

4. Conclusions

We reported a new type of acid-labile block copolymer, PEG-b-
PAOE, which was synthesized by RAFT polymerization. These
PEGylated block copolymers were designed to bear tertiary amines
linked by ortho ester rings in side chains of PAOE blocks to impart
the capability of condensing DNA at physiological pH and releasing
DNA at mild acid pH. At physiological pH, PEG-b-PAOE could effi-
ciently bind and condense plasmid DNA into narrowly dispersed
nanoparticles, whose size and colloidal stability depended on the
length of PAOE blocks. These polyplexes were stable at pH 7.4, but
in mildly acidic media, DNA was released due to hydrolysis of the
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ortho ester linkages. In general, shorter PAOE block and more acidic
pH resulted in quicker DNA release. PEG-b-PAOE polymers had no
obvious cytotoxicity on COS-7 cells and the corresponding poly-
plexes resulted in minimal level of non-cell-specific gene trans-
fection. This comprehensive structure—function relationship study
on PEG-b-PAOE demonstrates the feasibility of pH-triggered release
of DNA using a simple but versatile family of acid-labile polymers,
which serve as promising prototypes for further functionalization
to achieve cell-specific DNA delivery.
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