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Abstract

We report the synthesis and characterization of high-molecular weight poly(, -glutamic acid) based
brush polymers. Utilizing a combination of ring-opening metathesis polymerization of norbornene
based monomers and ring-opening polymerization of y-benzyl- -glutamate A-carboxyanhydride,
high-molecular weight -y-benzyl protected poly(_-glutamic acid) brush polymers are synthesized.
Controlled and complete deprotection of the benzyl groups using trimethylsilyl iodide resulted in
poly(; -glutamic acid) based brush polymers with molecular weights up to 3.6 MDa, which may
potentially be used to prepare size-controlled unimolecular polymeric nanomedicine for drug
delivery applications. Camptothecin brush poly(;, -glutamic acid) conjugates were prepared and
their stability, drug release kinetics, and /n vitrotoxicity were studied.
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INTRODUCTION

Polymer architecture plays an important role in the behavior of a polymer system utilized for
drug delivery applications.1~® Due to modern advances in polymer chemistry, new branched
architectures including dendrimers,” star,® and brush polymers® have been synthesized with
controlled shape and size for applications in the field of nanomedicine.1° The use of
molecular brush polymers in particular is advantageous due to the range of properties that
can be tuned, including the side-chain and backbone composition, the grafting density, and
the backbone and side-chain length. The broad range of properties that can be tuned allows
the polymer architecture to be precisely controlled.11-16 Collectively, these properties
determine the shape, size, and properties of the polymer and are heavily dependent on the
chemistry utilized to construct the polymer. The introduction of ring-opening metathesis
polymerization (ROMP)17 and controlled radical polymerization (CRP)18 has greatly
improved the degree of control over the final brush polymer and has allowed for new
delivery systems that can be tailor-made to a specified shape.219-22 Furthermore, this
chemistry has extended the range of molecular weights (MWs) and thus sizes that can be
achieved. Using currently available techniques, the sizes of molecular brush polymers can
reach up to the scale of colloids (several hundred nm). Being constructed entirely of covalent
bonds, these drug carriers act essentially as unimolecular micelles, which is advantageous as
they do not disassemble upon dilution, a problem with polymeric nanomedicine prepared
through the self-assembly or aggregation of amphiphilic or hydrophobic polymers,23-25
While polymer-drug conjugates possess a stable nano-structure, their sizes are typically very
small (< 20 nm). The ability to access stable nanomedicine with controlled shape, size, and
known stability will be important in understanding the explicit properties of nanomedicine in
biological systems.26

In developing new nanomedicine from the bottom-up, however, the synthesis of brush
polymers of controlled size and shape still remains challenging. This is due to the limited
number of compatible polymerization methods available from which to construct these
polymers. As mentioned above, ROMP and CRP have proven to be powerful methods for
constructing the polymer backbones utilizing the grafting from, grafting through, and
grafting to methods. Most current polymer brushes for drug delivery, however, rely on
poly(ethylene glycol) as the main constituent. Grafting through has been widely utilized to
access these polymers and thus the length of the polymer side-chains is limited due to the
decreased polymerization efficiency at longer macromonomer lengths. Additionally,
poly(ethylene glycol) based brush polymers lack the functional handles necessary to attach
drugs or other targeting ligands at high loadings. Brush polymers with new compositions
remain rare, as do the controlled methods necessary to synthesize them. Poly(, -glutamic
acid) (PGA) is one material that has been recently explored for use in drug delivery systems
and is advantageous due to the biocompatibility, biodegradability, and carboxylic acid
functional sites.27-2° The synthesis of PGA based brush polymers of well-defined
architecture and molecular weight, however, has not yet been achieved.

Here, we report the controlled synthesis of brush polymers composed of PGA utilizing a
simple one-pot procedure. Our strategy utilizes the controlled ring-opening polymerization
(ROP) of y-benzyl- -glutamate A-carboxyanhydride (BLG-NCA) from a poly(norbornene)
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(PNB) based macroinitiator, resulting in poly(y-benzyl-__ glutamate) (PBLG) based brush
polymers. Subsequent treatment with trimethylsilyl iodide (TMSI) at room temperature
resulted in complete removal of the benzyl groups, providing PGA based brush polymers
with controlled molecular weight values and low PDI. We demonstrated that brush polymers
composed of PGA with MW up to 3.6 MDa were easily attainable. We subsequently
demonstrated the ability to attach a model drug, camptothecin (CPT) to the brush polymers
in high loading. These polymers possessed the ability to release drug and showed /in vitro
cytotoxicity toward cancer cells.

MATERIALS AND METHODS

Materials

All solvents and reagents were purchased from Sigma Aldrich and used as received unless
otherwise specified. Anhydrous solvents were prepared by passing nitrogen purged solvents
through activated alumina columns, and were stored over molecular sieves in the glovebox.
v-Benzyl-| -glutamic acid was purchased from ChemImpex. All polymerizations were
carried out under argon in an MBraun glovebox. All vials used to handle trimethylsilyl
(TMS) protected amines were silanzed by allowing vials to sit over vapor of
chlorotrimethylsilane for 4 h in a desiccator under static vacuum. Vials were rinsed with
deionized water, dried at 100 °C, and stored in the glovebox. Grubb’s 3" generation catalyst
(G3),30 N-trimethylsilyl-cis-5-norbornene-endo-2,3-dicarboxylic anhydride (NB),3! -
benzyl-| -glutamate N-carboxyanhydride (Glu-NCA),3! and camptothecin-glycine-
trifluoroacetic acid (CPT-Gly-TFA)32 were synthesized according to previous procedures.

All cell lines were obtained from ATCC and stored in a cryopreservation system until
needed. The cells were thawed and passaged according to procedures outlined by ATCC.
Cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with
10% Fetal Bovine Serum (FBS), 1000 units mL~1 aqueous penicillin G, and 100 ug mL™1
streptomycin. 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT reagent)
was used as purchased from ATCC.

Instrumentation

Nuclear magnetic resonance (NMR) spectra were recorded on a Varian VXR500 or U500
spectrometer. Chemical shifts are references to residual protons in the deuterated NMR
solvents. MestReNova 8.1.1 was used to analyze all spectra. Gel permeation
chromatography (GPC) of poly(y-benzyl-| -glutamate) (PBLG) was performed on a system
equipped with a Model 1200 isocratic pump (Agilent Technologies) in series with a 717
Autosampler (Waters) and size exclusion columns (102 A, 103 A, 10% A, 105 A, 106 A
Phenogel columns, 5 um, 300 x 7.8 mm, Phenomenex) which were maintained at a
temperature of 60°C. A miniDAWN TREOS (Wyatt Technology) multiangle laser light
scattering (MALLS) operating at a wavelength of 658 nm and an Optilab rEX refractive
index detector (Wyatt Technology) operating at a wavelength of 658 nm were used as
detectors. The mobile phase consisted of N, A~dimethylformamide (DMF) containing 0.1M
LiBr at a flow rate of 1 mL min~1. Prior to injection, polymer solutions were filtered using a
0.45 um PFTE filter. Absolute molecular weights of polymers were determined using
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ASTRA 6.1.1.17 software (Wyatt Technology) and calculated from drn/dc values assuming
100% mass recovery (dn/dec PBLG in DMF + 0.1M LiBr = 0.0930). Size exclusion
chromatography (SEC) and high-performance liquid chromatography (HPLC) were carried
out on a Prominence HPLC system (Shimadzu) equipped with a quaternary pump in series
with a 20A5 vacuum degasser, a 20A autosampler, a SPD-M20A photodiode array detector,
and a RF-20A fluorescence detector. For SEC analysis, a miniDAWN TREOS MALLS, and
Optilab rEX refractive index detector were additionally utilized. SEC separations were
performed using a Polysep GFC-P linear column (300 x 7.8 mm, Phenomenex) using H,O
as the mobile phase at a flow rate of 0.8 mL min~1. Absolute molecular weights of polymers
were determined using ASTRA 6.1.1.17 software (Wyatt Technology) and calculated from
anl dc values assuming 100% mass recovery (dn/dc PGA in H,O = 0.1675). HPLC analysis
utilized a Luna Phenyl-Hexyl column (3 um, 50 mm x 4.6 mm, Phenomenex) using a
gradient of acetonitrile in H,O containing 0.1% trifluoroacetic acid at a flow rate of 1.5 mL
min~1. Zeta potentials were measured on Malvern Zetasizer. UV-Vis spectroscopy was
conducted on either a Nanodrop 2000 (Thermo Fisher Scientific) or a Cary 60 (Agilent).
Atomic force microscopy (AFM) was conducted under ambient conditions in tapping mode
on a Cypher (Asylum Research) using BS-Tap 300 Al tips (Budget Sensors). Samples were
prepared by spin coating a polymer solution (~1 ug mL~1 in 1.0 mM MgCl, in H,0) onto
freshly cleaved mica.

Synthesis of PBLG Brush Polymers

The synthesis was carried out according to a previous literature protocol.3! Briefly, in a
glovebox, NB (9.8 mg, 0.0352 mmol) was weighed into a silanized vial and dissolved in dry
DCM. A solution of G3 (1 mg mL™1) was added at the desired [M]:[I] ratio such that the
final [NB] = 0.02 M. The reaction was stirred at room temperature for 20 minutes per each
100 repeat units and quenched with 10 pL ethyl vinyl ether. The resulting PNB
macroinitiator solutions were stored at —30 °C in the glovebox and used directly.

The PNB-g-PBLG brush polymer was then synthesized by dissolving BLG-NCA (60 mg,
0.228 mmol) in DCM in a silanized vial. Then, the PNB macroinitiator solution was added
at the desired [M]:[1] ratio at [M] = 0.10 M and stirred for 2—4 hours. Polymers for GPC
analysis were prepared by evaporating solvent and dissolving in mobile phase (0.1 M LiBr
in DMF).

Synthesis of PGA Brush Polymers

To PNB-¢g-PBLG solutions (ca. 50 mg) in DCM, fresh, colorless trimethylsilyl iodide
(TMSI, 195 uL, 1.37 mmol, 6 equiv per benzyl group) was added by syringe under a stream
of N, forming a slightly yellow or red/brown solution. The reaction was stirred at room
temperature for 24 hours, and solvent removed /in vacuo. Saturated NaHCO3 solution (4 mL)
and DI H,0 (4 mL) were added to dissolve the resulting residue and a minimal amount of
NaS,03 was added to create a colorless solution. Dissolution of the brush polymers was
allowed to proceed for 24 h under stirring, resulting in a milky solution. The aqueous phase
was washed 3 x 5 mL with ether to remove benzyl iodide. The resulting solution was
transferred to dialysis tubing (50k MWCO) and dialyzed against distilled water for 48 hours.
Lyophilization yielded a fluffy white solid in > 70% yield (ca. 25 mg).
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Preparation of CPT-PGA Conjugates

In an Eppendorf tube, PNB-PGA (1.0 mg, 7.75 pmol -COOH) was dissolved in 100 pL DI
water. Fresh, aqueous solutions of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride (EDCHCI, 100 mg mL~1, 2.84 umol) and A-hydroxysuccinimide (NHS, 100
mg mL™1, 2.84 umol) were added, followed by the addition of 10.88 L of MES buffer (1.0
M, 10x). The reaction was allowed to incubate at room temperature for 15 minutes, after
which 4-dimethylaminepyridine (DMAP, 50 mg mL=1, 0.712 umol), CPT-GlysTFA (10 mg
mL~1in DMF, 0.712 pmol), and 14.76 uL PBS buffer (10x) was added. The reaction was
allowed to sit at room temperature for 48 h. The CPT-PGA conjugate was purified via
ultrafiltration using 100k MWCO Amicon filters (EMD Millipore), washing with distilled
water for a total of 10 spin cycles. Complete removal of free CPT-Gly-TFA was confirmed
by analyzing the flow through by UV-Vis spectroscopy. The purified CPT-PGA conjugate
was lyophilized, yielding a white powder, and stored in the freezer. For conjugation
reactions of varying drug loading, the molar ratio of [EDCeHCI]:[NHS]:[DMAP]:[CPT-Gly]
was maintained at 4:4:1:1.

Drug Loading and Loading Efficiency

The number of CPT-Gly molecules attached to the PGA brush polymer was quantified by
UV-Vis spectroscopy by comparing against a standard curve. The drug loading and loading
efficiency values were calculated according to the following formula:

M
Drug Loading (wt % ) = __CPT-Gly x 100
PNB-g — PGA
M
Loading Efficiency (% ) = __CPT-Gly x 100

McpT_Gly in feed

where Mcpr.gly refers to the mass of CPT-Gly conjugated to the polymer, Mpng-g-pGA
refers to the mass of the PNB-g-PGA brush polymer, and Mcpt_gly in feed refers to the mass
of CPT-Gly added to the conjugation reaction.

Drug Release

Solutions of CPT-PGA (10 pg mL~1) were incubated at 37 °C in either PBS (pH = 7.4) or
acetate (pH = 5.5) buffer. At each time point, an aliquot was removed and analyzed by
HPLC to determine the free drug released. The study conducted with three independent
replicates.

Cell Viability Assays

Hela, LS174T, and HEK cells were plated in a 96-well plate at a cell density of 1,000,
5,000, and 7,000 cells per well for 24 h. The cell media was carefully aspirated and replaced
with fresh cell media (100 pL). Freshly prepared PNB-g-PGA, CPT-PGA, or CPT in PBS
was added to each well and the cells were incubated for 48 hours at 37 °C. The media was
then aspirated, the cells were washed with 100 puL PBS, and replaced with fresh 100 pL cell
media. MTT reagent (10 pL, 5 mg mL~1 in PBS) was added to each and the cells were
incubated for 4 hours at 37 °C. The media was aspirated and the cells were washed with 3 x
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100 pL PBS. Cells and resulting formazan crystals were then dissolved in 100 uL DMSO,
and the absorbance in each well was quantified using a plate reader at A. = 540 nm.

RESULTS AND DISCUSSION

In order to create PGA based brush polymers that possess varied sizes (or molecular
weights) and shapes, we adopted our previously reported method for the synthesis of
poly(y-benzyl- -glutamate) (PBLG) based brush polymers (Scheme 1).31 Compared to
other routes utilized to access polypeptide based brush polymers,33-37 our method is
advantageous for several reasons. First, the synthesis is extremely rapid. In proceeding from
the synthesis of the polymer backbone through the final polymerization of the PBLG grafts,
less than two hours are required. Second, the synthesis is conducted in dichloromethane, for
not only the synthesis of the backbone and side-chain grafts, but also for the deprotection of
the benzyl groups. This allows all the reactions to be performed in one pot with no
intermediate purification. Last, the methodology we have developed allows us to synthesize
brush polymers with ultra-high molecular weights, providing us access to PGA brush
polymers of a wide range of sizes and shapes.

We elected to synthesize brush polymers with a range of dimensions to assess what factors
might affect the deprotection chemistry, and also to probe what sizes of PGA based brush
polymers we could obtain. We began by synthesizing the PNB backbone at [M]o/[l] ratios
ranging from 50 to 200. This was achieved by polymerizing NB in DCM utilizing Grubbs
third generation catalyst (G3). The reaction (which has been described previously31)
proceeds rapidly and results in polymers of well-controlled molecular weight (MW) and
polydispersity index (PDI) values. Following the synthesis of the PNB backbone, the
macroinitiator solutions were directly utilized to initiate the polymerization of BLG-NCA.
All of the polymerizations were conducted at a relatively low NCA concentration ([M]g =
0.10 M) to avoid the creation of an overly viscous solution. Even at these relatively low
monomer concentrations, the reaction proceeds rapidly, completing in under 1 h with
monomer conversion > 99%. As expected, the resulting brush polymers possessed accurate
MW values and extremely low PDI values, all of which fell below 1.05 (Table 1). The
polymer possessing the largest MW value was PNBgg-g-PBLGyqg at 4.9 MDa with a
polydispersity index (PDI) of 1.02. The GPC traces (Figure 1a) show monomodal traces that
elute earlier with increasing molecular weights. This demonstrates that all of the NCA
monomer is initiated from and added to the PNB macroinitiator, ruling out spontaneous
initiation and polymerization of NCA that would result in linear polymer.

With the PNB-g-PBLG brush polymers in hand, we next determined a viable method to
remove the benzyl protecting groups and release the water soluble PNB-g-PGA brush
polymers. Previous reports have demonstrated that the most traditionally utilized method of
HBr in TFA results in chain cleavage of varying degrees depending on the exact conditions
used.38:39 Additionally, basic hydrolysis is often accompanied by racemization of the a-
carbons along the peptide backbones.2” A mild method utilizing trimethylsilyl iodide
(TMSI) appeared to be the most likely for success, as little cleavage has been reported
(Scheme 1).3940 We found that reaction of PNB-g-PBLG at room temperature for 24 h was
sufficient to provide complete cleavage of the benzyl protecting groups and minimal to no
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cleavage of the PNB backbone or polypeptide side-chains. First, SEC analysis of the
resulting PNB-g-PGA polymers in water utilizing UV, multi-angle laser light scattering
(MALLS), and refractive index detectors revealed polymers with monomodal peaks that
trended towards lower elution volumes with higher MWs (Figure 1b). This suggests that
both backbone and side-chain cleavage is minimal. For PNBsg-g-PGA,qg (Which possesses
an actual side-chain length of 630 due to a grafting density of 30%), the determined MW
(2.02 MDa) is close to the expected value of 1.46 MDa suggesting no significant side-chain
cleavage (Table 1). Furthermore, polymers having a long backbone such as PNBygo-g-
PGAs5 also lie close to the expected MW value of 1.77 MDa, having a MW of 1.92 MDa.
For this polymer, however, a shoulder at longer retention times is noticed, suggesting that the
PNB backbone may be susceptible to cleavage by TMSI, as shorter backbone lengths of 100
and 50 did not show this feature. The PDI values of the deprotected brush polymers are
slightly higher than the PBLG based precursors, yet remain relatively low. For instance, the
polymer with the highest PDI value is PNBgg-g-PGA5 at 1.38. For the majority of the
polymers synthesized, however, the PDI values fall between 1.1 and 1.3, again, suggesting a
minimal degree of side reactions or cleavage during the deprotection reaction. Thus, from
the SEC data of the deprotected polymers, we have demonstrated the successful synthesis of
PGA based brush polymers with MW values up to 3.6 MDa.

Visualization using atomic force microscopy (AFM) was also conducted to confirm the size
and shape of the resulting PGA based brush polymers. Visualization of the PGA brush
polymers was hindered due to the tendency of the polymers to aggregate, especially for the
polymers possessing longer backbones (Figure S1). Additionally, due to poor adhesion of
the polymers to highly oriented pyrolytic graphite (HOPG) or bare mica when spin coated
from water, MgCl, was utilized to aid adhesion. Under optimized conditions, PNBsg-g-
PGAs5, was observed to possess a rod-like structure (Figure 2a), in analogy to their benzyl
protected precursors.3! The polymers had an average length of 47 nm and a length
polydispersity (Ly/Ly) of 1.30 (Figure 2c). The measured length is higher than expected, as
the PNB backbone in the fully extended conformation is expected to have a length of ~35
nm (~0.7 nm/NB). From previous studies of PBLG brush polymers, the grafting density was
found to be ~20% for PBLG side-chains of designed DP = 50, suggesting a contracted
backbone conformation.3! Length measurements of these PBLG polymers by AFM
supported this contention revealing backbone lengths that were shorter than expected. The
longer lengths and higher length dispersity values for the deprotected PGA brush polymers
are, instead, likely due a combination of effects stemming from geometric effects of the
AFM tips, charge repulsion of the carboxylic acid groups, and aggregation of the polymer
brushes.

The AFM height data may also support the conformational transition of the a-helical side-
chains of PBLG into the random coil structure of PGA. PBLG based brush polymers with a-
helical structure have heights near ~3.0 nm which corresponds to the width of ~2 a-helices.
31 After removal of the benzyl groups, the Z-average height of the brushes was reduced to
0.8+0.1 nm which is less than the width of an a-helix (Figure 2b). It is important to note
here, however, that circular dichroism (CD) measurements of the PGA brush polymers in
water reveal a random coil structure, whereas a structure with a low degree of helicity (20%)
is present in the presence of magnesium cations (Figure S2).41
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In order to confirm complete removal of the benzyl groups from the polymer side-chains, 1H
NMR analysis was conducted in D,0O. The peaks typical of PGA were clearly evident at &
4.29, 2.43, and 2.06 ppm, in a ratio of 1:2:2, respectively (Figure 3a). Notably, however,
there were no aromatic signals in the spectrum suggesting complete removal of the benzyl
groups. UV-Vis analysis of the PGA based brush polymers also suggested the absence of any
benzyl groups, evidenced by the lack of absorbance near 252 nm (Figure 3b).

For biological applications, the control over the size and the excellent solubility and solution
stability of these materials suggests their advantageous use as a drug carrier. Indeed, linear
PGA based drug carriers have been successfully utilized already. With this goal in mind, we
investigated the utility of the PGA based brush polymers to solubilize, carry, and release the
cytotoxic topoisomerase inhibitor camptothecin (CPT). Initially, we were concerned with the
terminal amines of the PGA chains that might lead to crosslinking and aggregation of the
brush polymers. Our experience, however, in attempting to utilize these amines for
conjugation reactions with isothiocyanate based dyes led to no conjugation, suggesting that
the terminal groups have cyclized to form pyroglutamic acid moieties. It was then
straightforward to carry out our initial attempts to conjugate CPT directly to the side-chain
carboxylate groups of PGA. Utilizing the hydroxyl group of CPT to form an ester bond with
PGA provided poor conjugation efficiency using 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) N-hydroxysuccinimide (NHS) coupling, likely
due to the sterically hindered tertiary alcohol of CPT.28:42 |nstead, modifying CPT with a
glycine linker (CPT-Gly) on the 20-OH position resulted in a much more efficient
conjugation reaction due to the decreased steric hindrance at the drug site, and the
nucleophilic amine of the glycine (Figure 4a). Under optimal coupling conditions we were
able to achieve up to 27 wt% loading of CPT-Gly onto the PGA brush polymers resulting in
a loading efficiency of 73%, identical to experiments performed with linear PGAgg under
identical conditions (Table S1). The resulting CPT-PGA brush polymers still maintained
excellent aqueous solubility at these loadings of CPT-Gly. We attempted higher drug
loading, however, both the loading of drug and loading efficiency decreased due to
precipitation of the NHS ester of the PGA brush polymers during conjugation (Table S1).
Yields of the final polymers after purification and lyophilization were quantitative. The new
CPT-PGA based brush polymers were confirmed by UV-Vis spectroscopy to possess an
absorbance profile consistent with intact CPT (Figure 3b).

The C-potential of the brush polymers was also measured at basic, neutral, and acidic pH
values (Figure 4b). Under mildly basic pH conditions (pH = 8.5), the C-potential of the
polymers was measured at =51 mV, suggesting a stable solution of polymer brushes. As the
pH was lowered to physiological conditions (pH = 7.4) the C-potential decreased to —33 mV.
Further decreasing the pH to 5.5 at which the polymers still maintained good solubility
resulted in an additional decrease in the C-potential to —23 mV, suggesting a decrease in
colloidal stability. These values agree well with the measured pKa of the PGA brush
polymer which was measured to be 5.3 (Figure S3). This pKa value is slightly higher than
the measured pKa of the linear polymer, which possessed a value of 4.9, likely due to the
increased charge repulsion upon deprotonation in the brush polymer architecture.
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Release of the final drug from the PGA carrier is necessary for the drug to reach its target in
the active form. The Kinetics of this release and the form of the released drug are crucial
during this process. For these reasons, we monitored the kinetics of CPT release under both
physiological pH (7.4) and acidic pH (5.5) which is encountered in tumor tissues (Figure
4c). The release of drug from CPT-PGA occurred over the course of one month under these
conditions, and occurred via ester hydrolysis. The release of drug under neutral conditions
occurred at a faster release rate, possessing a pseudo-first order rate constant of 1.18 x 1076
s~L. The release under acidic conditions occurred over 3x slower, at a rate of 3.32 x 1077 s
~1. These values correspond to a half-lives of 6.8 and 24 days, respectively. The slower
release at acidic pH values is consistent with previous data for CPT-Gly based drug
conjugates utilizing polymers such as B-cyclodextrin and HPMA 4344 The timescale for
release is longer than PEG32 or B-cyclodextrin®3 based conjugates of CPT-Gly, but shorter
than linear PGA conjugated to CPT.#> Additionally, the release of the free, intact CPT drug
was confirmed via HPLC analysis confirming that hydrolysis occurred only at the ester site
of the CPT-PGA conjugate (Figure 4d).

To confirm that these CPT-PGA drug conjugates are capable of killing tumor cells, we
conducted cell viability assays, comparing the PGA brush polymer carrier alone, CPT-PGA,
and free CPT (Figure 5). The MTT viability assay of the PGA brushes alone confirmed low
cytotoxicity at values as high as 1 mg mL~1 for HeLa, LS174T, and HEK cell lines. When
the HeLa and LS174T cancer cell lines were tested against the CPT-PGA based carriers, a
dose dependent response was observed that followed the trend of free CPT itself. For
LS174T cells, the CPT-PGA had an ICsg of 560 nM, with CPT having an ICgq of 30 nM. In
HelLa cells, these values are 85 nM and 20 nM for CPT-PGA and CPT, respectively.

CONCLUSION

In conclusion, we have shown that utilizing the controlled polymerization chemistry
performed in chlorinated solvents, we are able to synthesize large MW PBLG based brush
polymers and deprotect them completely forming PGA based brush polymers, with MW
values up to 3.6 MDa. This polymerization chemistry affords polymers with PDI values
typically between 1.2 and 1.3. We then demonstrated the ability of these large MW polymers
to act as unimolecular nanocarriers for CPT, efficiently solubilizing and releasing the drug in
its native form. The PGA brush polymers themselves are non-toxic to cells, yet the CPT-
PGA brush polymers show cytotoxicity, demonstrating the potential of these carriers for
applications in drug delivery.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
a. GPC-LS traces of PNB-g-PBLG brush polymers. b. SEC traces of PNB-g-PGA brush

polymers after deprotection of the benzyl groups.

Biomater Sci. Author manuscript; available in PMC 2019 August 30.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Baumgartner et al.

Page 14
b1‘25 c 10 -
1.00 8
Eo75 € 6l
= s
5050 2

2 £
0.25 =i
2

000 1ty e Ak 0‘, [ ¥ . .

0.00 025 050 075 1.00 1.25 0 25 50 75 100 125 150 175

Distance (um) Length (nm)

Figure 2.
a—c. AFM height image (a), height profile (b) and length histogram (7= 104) (c) of
deprotected PNBsgg-g-PGAs5g brush polymers spin coated from 1.0 mM MgCl, on mica.
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Figure 3.

a. IH NMR of PNBsg-g-PGAsq brush polymer in D,0. b. UV-Vis spectrum of PNBsg-g-
PGAGgq (red), CPT-PGA (blue) and free CPT (dotted).
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a. Conjugation scheme for attaching CPT-Gly to PNBsg-g-PGAs5 forming CPT-PGA. b. C-
potential of PNBsp-g-PGA5( at various pH values. ¢. Release of CPT from CPT-PGA at pH
= 7.4 and 5.5 over the course of 30 days at 37 °C. d. HPLC fluorescence chromatograms of
CPT, CPT-Gly, and drug released from CPT-PGA, demonstrating drug is released as native

CPT.
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Figure 5.

a. MTT toxicity profiles of PNBgg-g-PGAsg on LS174T, HelLa, and HEK cells. b. MTT
viability assay of CPT-PGA and CPT on HeLa cells c. MTT viability assay of CPT-PGA and
CPT on LS14T cells. Error bars refer to standard deviations of 7= 5 independent replicates.
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Synthetic route to PNBp-g-PGA, polymers. Ring-opening metathesis polymerization
(ROMP) of NB followed by ring-opening polymerization (ROP) of A-~carboxyanhydrides
and subsequent deprotection of benzyl groups using trimethylsilyl iodide.
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