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PEGylated dendrimers are attractive for biological applications due to their tunable pharmacokinetics and ability
to carry multiple copies of bioactive molecules. The rapid and efficient synthesis of a robust and biodegradable
PEGylated dendrimer based on a polyester—polyamide hybrid core is described. The architecture is designed to
avoid destructive side reactions during dendrimer preparation while maintaining biodegradability. Therefore, a
dendrimer functionalized with doxorubicin (Dox) was prepared from commercial starting materials in nine, high-
yielding linear steps. Both the dendrimer and Doxil were evaluated in parallel using equimolar dosage in the
treatment of C26 murine colon carcinoma, leading to statistically equivalent results with most mice tumor-free at
the end of the 60 day experiment. The attractive features of this dendritic drug carrier are its simple synthesis,
biodegradability, and versatility for application to a variety of drug payloads with high drug loadings.

INTRODUCTION

The use of macromolecular carriers for the delivery of
chemotherapeutics originated from the hypothesis that polymers
may be used to improve both the solubility and the blood
circulation time of small molecule drugs (/, 2). It was later
discovered that macromolecules have the additional benefit of
increased accumulation in tumor tissue as a result of the leaky
vasculature surrounding rapidly growing neoplasm—a concept
known as the enhanced permeation and retention (EPR)
effect (3, 4). Thus, macromolecular carriers can provide both
enhanced pharmacokinetics and a passive targeting mechanism,
characteristics that may be used to increase the efficacy of small
molecule drugs. To this end, carrier systems such as linear
polymers, micellar assemblies, liposomes, polymersomes, and
dendrimers have been studied in an effort to identify an ideal
drug carrier (5—74). Important design features (9) include a long
blood circulation time, high tumor accumulation, high drug
loading, low toxicity, low polydispersity index, and simple
preparation. Considering the above criteria, PEGylated dendri-
mers (15, 16) constitute an attractive platform, because their
size and degree of branching can be precisely controlled and
they possess multiple functional appendages for the attachment
of both drugs and solubilizing groups. Dendritic drug carriers
based on polyesters (/7—19), polyamines (20, 27), melamines
or triazines (22—24), PAMAM (25—30), and other polyamides
(31—33) have all been explored and recently reviewed (/4).
Polyesters constitute a very attractive class of materials because
they are biodegradable; however, the hydrolytic susceptibility of
the ester bond can make the synthesis of drug conjugates somewhat
challenging. The hydrolysis rates of polyesters can vary dramati-
cally depending on the hydrophobicity of the monomer, steric
environment, and the reactivity of functional groups located within
the dendrimer (34). In contrast, polyamide and polyamine den-
drimers can withstand a much wider selection of synthetic
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manipulations, but they do not degrade as easily in the body and
thus they may be more prone to long-term accumulation in vivo
(35). Currently, challenges facing the biological application of
dendrimers are their lengthy syntheses and the need to develop
nontoxic, biodegradable dendrimers that are still resilient to the
reaction conditions encountered during their synthesis and modi-
fication. As a result, accessing a universal, biodegradable, highly
soluble, unimolecular carrier capable of achieving a high drug
loading and low polydispersity has remained a challenge.

In recent studies, we have determined that a family of polyester-
core dendrimer based on a 2,2-bis(hydroxymethyl) propanoic acid
(bis-HMPA) monomer unit, typically functionalized with eight 5
kDa poly(ethylene glycol) (PEG) chains (/8), is biocompatible and
that it is capable of high drug loading while facilitating high tumor
accumulation through its long circulation half-life. An asymmetric
bis-HMPA PEGylated dendrimer functionalized with doxorubicin
via a pH-sensitive acyl hydrazone bond demonstrated outstanding
antitumor activity in mice bearing murine C26 colon carcinoma
(17). Despite these promising in vivo results, further evaluation of
this asymmetric carrier in biological models was slowed by its
lengthy synthesis (37). Therefore, we sought to transpose the
beneficial features (9) of this PEGylated dendrimer onto a simpler
and more readily prepared carrier. Initial approaches involved
simplified multifunctional dendrimers based on bis-HMPA (38, 39);
however, some issues still remained, as undesired degradation of
the polyester backbone was observed during the attachment of
certain drugs.

Herein, we describe the design evolution of three dendrimers
that resulted in the creation of a new PEGylated dendrimer, which
circumvented the synthetic and biological limitations uncovered
in previous studies. We report a very efficient synthesis that
combines the biocompatibility of bis-HMPA dendrimers with the
robustness of polyamide dendrimers, yielding a hybrid scaffold
capable of translation into clinical studies.

MATERIALS AND METHODS

Materials. Materials were used as obtained from commercial
sources unless otherwise noted. Poly(ethylene glycol) was
purchased from Laysan Biosciences Inc. Amino acid derivatives
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Scheme 1. Synthesis of Symmetrically PEGylated Dendrimer
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were purchased from Bachem. Dimethylformamide (DMF),
pyridine, and dichloromethane (DCM) for syntheses were
purged 1 h with nitrogen and further dried by passing them
through commercially available push stills (Glass Contour).
Solvents were removed under reduced pressure using a rotary
evaporator or by vacuum pump evacuation. Compounds 2, 3, 4
(19), 6, 8, 9 (39), 10 (40), 15, 17, 18, and 19 (41) were
synthesized according to published procedures.

Characterization. NMR spectra were recorded on Bruker
AV 300, AVB 400, AVQ 400, or DRX 500 MHz instruments.
Spectra were recorded in CDCl; or D,O solutions and were
referenced to TMS or the solvent residual peak and taken at
ambient temperature. Elemental analyses were performed at the
UC Berkeley Mass Spectrometry Facility. MALDI-TOF MS was
performed on a PerSeptive Biosystems Voyager-DE using the
following matrices: trans-3-indoleacrylic acid (IAA) for tert-
butyloxycarbonyl (Boc) protected dendrimers; or 2,5-dihyroxy-
benzoic acid (DHB) for amine-terminated dendrimers. Samples
were prepared by diluting dendrimer solutions (~1 M) 40-fold
in 100 mM matrix solutions in tetrahydrofuran and spotting 0.5
uL on the sample plate. Size exclusion chromatography (SEC)
was performed using one of three systems:

SEC System A: a Waters 515 pump, a Waters 717 auto
sampler, a Waters 996 Photodiode Array detector (210—600
nm), and a Waters 2414 differential refractive index (RI)
detector. SEC was performed at 1.0 mL/min in a PLgel Mixed
B (10 um) and a PLgel Mixed C (5 um) column (Polymer
Laboratories, both 300 x 7.5 mm), in that order, using DMF
with 0.2% LiBr as the mobile phase and linear PEO (4200—478 000
MW) as the calibration standards. The columns were thermo-
statted at 70 °C.

SEC System B: The same equipment as System A, but
performed at 1.0 mL/min in two SDV Linear S (5 gm) columns
(Polymer Standards Service, 300 x 8 mm) using DMF with
0.2% LiBr as the mobile phase.

SEC System C: A Waters Alliance separation module 2695
(sample compartment maintained at 37.0 4= 3.0 °C), a Waters
410 differential RI detector, a Waters 996 photodiode array
detector (A = 486 nm), and a Shodex OHpak SB-804 HQ SEC

column. An isocratic flow rate of 0.7 mL/min was used with a
mobile phase composed of 70%/30%/0.05% water/acetonitrile/
formic acid.

Doxorubicin loading was quantified using a Lambda 35
UV —vis spectrometer (PerkinElmer, Wellesley, MA). Measure-
ments were performed in sealed, standard 1 cm quartz cells in
Millipore water at room temperature.

Animal and Tumor Models. All animal experiments were
performed in compliance with National Institutes of Health
guidelines for animal research under a protocol approved by
the Committee on Animal Research at the University of
California (San Francisco, CA) (UCSF). C26 colon carcinoma
cells obtained from the UCSF cell culture facility were cultured
in RPMI medium 1640 containing 10% FBS. Female BALB/c
mice were obtained from Simonsen Laboratories, Inc. (Gilroy,
CA).

EA-G;-Lys(Boc)g (22). Pentaerythritol (353 mg, 2.6 mmol),
BocLys(Boc)-ONp (5.500 g, 11.8 mmol), and 4-dimethylami-
nopyridine (DMAP) (125 mg, 1.0 mmol) were added to a 20
mL reaction vial. Under a nitrogen atmosphere, DMF (5.5 mL)
and triethylamine (1.6 mL, 11.5 mmol) were added and the
reaction stirred for 48 h. MALDI-TOF analysis confirmed the
reaction had gone to completion. N,N-Dimethylethylene diamine
(300 uL, 4.1 mmol) was added to quench excess PNP esters.
After 10 min, the mixture was diluted with ether (200 mL) and
washed with three 100 mL portions of 1 M NaOH, three 100
mL portions of 1 M NaHSO,4, 100 mL DI water, and 100 mL
of brine. The organic layer was dried over Na,SO, and
evaporated to dryness to give 22 (3.455 g, 93% yield) as a white
foam. '"H NMR (400 MHz, CDCl3): 6 1.26—1.49 (m, 88H),
1.58—1.83 (m, 8H), 3.09—3.11 (m, 8H), 4.08—4.18 (m, 12H),
4.80 (s, 4H), 5.3—5.6 (br d, 4H). '*C NMR (100 MHz, CDCl,):
022.5,28.3,28.4,29.6,31.5,39.9,53.4,62.2,79.0, 79.8, 155.7,
156.1. Calc [1\/[]Jr (C69H124N3024) mlz = 1448.87. Found
MALDI-TOF [M+Na]* m/z = 1470.0.

EA-G;-Lys(NH3TFA)g (22a). Compound 22 (209 mg, 144
umol) was dissolved in 1:1 trifluoroacetic acid (TFA)/DCM for
1 h. Quantitative deprotection was confirmed by MALDI-TOF
analysis. The solvents were removed under reduced pressure
to give 22a as a gummy solid in quantitative yield. '"H NMR
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Figure 1. Proposed degradation pathway for polyester dendrimer.

(400 MHz, MeOD): 6 1.40—1.60 (m, 8H), 1.67—1.75 (m, 8H),
1.87—2.10 (m, 8H), 2.99 (t, J = 8 Hz, 8H), 4.21 (t, J/ = 6 Hz,
4H), 4.40 (s, 8H). 1*C NMR (100 MHz, MeOD): 6 21.8, 26.5,
29.5, 38.7, 42.5, 52.3, 62.9, 161.4, 161.7, 168.6. Calc [M]*
(ngHﬁoNgOg) m/z = 648.45. Found MALDI-TOF [M+H]+ mlz
= 649.6.

EA-G;-Lys(Glu(Bn)Boc)g (24). Compound 22a (89 mg, 63
umol) and BocGlu(OBz)-ONp (290 mg, 632 umol) were added
to a 20 mL reaction vial. Under a nitrogen atmosphere, DMF
(1 mL) and triethylamine (140 xL, 1.0 mmol) were added and
the reaction was allowed to stir for 4 h. MALDI-TOF analysis
showed a single peak corresponding to the fully functionalized
dendrimer. N,N-Dimethylethylene diamine (50 L, 690 gmol)
was added to quench excess PNP esters. The reaction was
diluted with ethyl acetate (100 mL) and washed with three 50
mL portions of 1 M NaHSOy, three 50 mL portions of saturated
K,COs3, 50 mL of DI water, and 50 mL brine. The organic layer
was dried over Na,SO, and evaporated to dryness to give 24
(171 mg, 87% yield) as a white foam. 'H NMR (400 MHz,
MeOD): 6 1.41—1.56 (bm, 96H), 1.60—1.75 (m, 4H), 1.70—2.13
(m, 16H), 2.25—2.40 (m, 4H), 2.44—2.51 (m, 12H), 2.58—2.61
(m, 4H), 3.10—3.20 (m, 8H), 4.09—4.25 (m, 12H), 4.35—4.40
(m, 4H) 5.08—5.09 (2s, 16H), 7.28—7.38 (m, 40H). '3*C NMR
(100 MHz, MeOD): ¢ 23.8, 28.6, 31.5, 40.8, 44.6, 49.0, 54.4,
649, 1634, 1638, 170.7. Calc [M]+ (C165H228N16O4g) mlz =
3201.59. Found MALDI-TOF [M+Na]" m/z = 3223.3.

EA-G;-Lys(Glu(Bn)NH;TFA)g (24a). Compound 24 (100
mg, 31 umol) was dissolved in 1:1 TFA/DCM for 1 h.
Quantitative deprotection was confirmed by MALDI-TOF
analysis. The solvents were removed under reduced pressure
to give 24a as a gummy solid in quantitative yield. 'H NMR
(400 MHz, MeOD): 6 1.19—1.35 (m, 16H), 1.45—1.65 (m, 8H),
2.04—2.20 (m, 16H), 2.38—2.46 (m, 8H), 2.51—2.63 (m, 8H),
2.89—2.93 (m, 4H), 3.09—3.12 (m, 4H), 3.89—3.96 (m, 12H),
4.11 (t, J = 4.4 Hz, 4H), 4.30—4.33 (m, 4H), 4.80—5.00 (m,
16H), 7.17—7.26 (m, 40H). '3*C NMR (100 MHz, MeOD): 6 =
24.1,27.7, 29.7, 30.3, 30.5, 31.6, 40.2, 53.5, 53.9, 54.1, 63.9,

Mass (m/2)

67.8, 116.7, 119.6, 129.2, 129.3, 129.6, 137.3, 162.8, 163.2,
169.8, 170.3, 172.7, 173.6, 173.8. Calc [M]" (C)25H 64N ;032)
mlz = 2402.73. Found MALDI-TOF [M+Na]* m/z = 2424.8.

EA-G;-Lys(Glu(Bn)PEO);s (25). PNP-PEG carbonate (986
mg, 192 umol) and 24a (81 mg, 203 umol NH3) were added to
a 20 mL reaction vial. Under a nitrogen atmosphere, DMF (3
mL) was added. After using a warm water bath to dissolve the
starting material, triethylamine (120 uL, 0.863 mmol) was
added. After stirring for 48 h (reaction monitored by SEC
analysis), no further increase in the molecular weight was
observed and the reaction was considered complete. Piperidine
(50 uL, 0.506 mmol) was added to quench remaining PNP
carbonate. After 1 h, acetic anhydride (400 uL, 4.24 mmol) was
added to acylate any remaining primary amines on the dendrimer
that had not reacted with the PNP-PEG carbonate. After stirring
an additional hour, the reaction mixture was precipitated into
ether (300 mL) and 25 (999 mg) was collected by filtration as
a fluffy white solid. In some cases, residual 5 kDa PEG was
observed after the PEGylation was considered complete. This
could be removed by dialysis using 100 000 MWCO tubing
against water for 24 h. 'H NMR (500 MHz, D,0): 6 1.20—1.80
(br m, 24H), 1.80—2.10 (br d, 16H), 2.35—2.55 (br s, 16H),
3.05—3.20 (br s, 8H), 3.38 (s, 24H), 3.40—3.90 (br m, ~3900H),
4.00—4.40 (br m, 36H), 5.09—5.15 (br s, 16H), 7.25—7.40 (br
m, 40H). DMF SEC: M,;: 32 000 Da, M,,: 35 000 Da, PDI: 1.09.

EA-G-Lys(GIuPEQ)g (25a). Compound 25 (402 mg, 10.1
umol) was added to a 20 mL reaction vial and dissolved in
MeOH (9 mL). Activated Pd/C (10 wt %, 50 mg) was added
and the reaction put under hydrogen atmosphere. The reaction
was stirred overnight, then filtered and solvent removed via
rotary evaporation to give 25a (387 mg) as a white solid. 'H
NMR (500 MHz, D,O): 6 1.20—1.80 (br m, 24H), 1.80—2.1
(br d, 16H), 2.40—2.51 (m, 16H), 3.15—3.25 (br s, 8H), 3.38
(s, 24H), 3.40—3.90 (br m, ~3900H), 4.00—4.40 (br m, ~36H).

EA-G;-Lys(Glu(NNBoc)PEQO)s (26). Compound 25a (710
mg, 142 umol COOH), t-butyl carbazate (94 mg, 711 umol),
and DMAP (10 mg, 81 umol) was added to a 20 mL reaction
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vial. Under a nitrogen atmosphere, DCM (8 mL) was added
dropwise. The solution was cooled to 0 °C followed by the
addition of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)
(136 mg, 709 umol). The reaction was allowed to warm to room
temperature and stirred overnight. The reaction was dialyzed
against MeOH in 12 kDa—14 kDa MWCO dialysis with 3
solvent changes over 18 h. Concentration of the bag contents
in vacuo gave 26 (660 mg) as a white solid. 'H NMR (500
MHz, D,0): 6 1.30—1.60 (br m, 100H), 1.65—2.20 (br m, 20H),
2.30—2.45 (br s, 16H), 3.15—3.25 (br s, 8H), 3.38 (s, 24H),
3.50—3.90 (br m, ~3900H), 4.00—4.45 (br m, 40H).

EA-G-Lys(Glu(NNH;TFA)PEO)s (26a). Compound 26
(102 mg) was dissolved in 1:1 TFA/DCM for 1 h. The solvents
were removed under reduced pressure to give 100 mg of 26a
as a gummy solid. '"H NMR (500 MHz, D,0): 6 1.15—1.80 (br
m, 24H), 1.85-2.00 (br m,16), 2.05—2.15 (br m, 16H),
2.15—2.25 (br m, 16H), 3.05—3.15 (br s,8H), 3.38 (s, 24H),
3.50—3.90 (br m, ~3900H), 4.00—4.45 (br m, 40H).

EA-G;-Lys(Glu(NNDox)PEO)s (27). Compound 26a (72
mg, 14 umol NNBoc) and doxorubicin (50 mg, 92 umol) were
added to a 20 mL reaction vial and were dissolved in MeOH
(3 mL), pyridine (100 uL), and acetic acid (100 uL). The
reaction was purged with nitrogen and stirred at 60 °C in the
dark for 18 h. The reaction mixture was loaded directly onto a
Sephadex LH-20 column and eluted with methanol. The first
dark red band was collected and the solvent removed by rotary
evaporation. The solid material was further purified using a
Biorad PD-10 column with water as the eluent. After lyophiliza-
tion, 67.2 mg of red powder remained. The Dox loading was
quantified using the absorbance at 486 nm (e = 11 500) (42) to
be 9.6 wt %, or 88% of the maximum theoretical loading.

Polymer Degradation Study. Compound 26 (20 mg) was
dissolved in 1.5 mL of 1x PBS buffer and incubated at 37 °C. At
t=0,1,2,3,6, 15, and 20 days, 100 uL aliquots were taken out
and immediately frozen followed by lyophilization. At the end of
the experiment, each sample was dissolved in 0.5 mL DMF from
the System A mobile phase, filtered though a 0.2 um PVTF filter,
and measured by the RI detector on system A.

Hydrolysis of Dox from Compound 27 at pH 7.4 and
pH 5. Drug release rates were determined by a modified
published procedure (43). Compound 27 was dissolved in either
1x PBS or pH 5 acetate buffer (30 mM with 70 mM NaNO3),
at 1 mg/mL. Buffers were preheated to 37 °C before dissolving
polymer and maintained at this temperature throughout the
experiment. At each time point, 25 L. was injected onto SEC
system C for analysis.

Cytotoxicity Studies in Cells. The cytotoxicities of free Dox,
26, and 27 were determined by using the MTT assay with C26
cells. Cells were seeded onto a 96-well plate at a density of 5.0
x 10° cells per well in 100 uL of medium and incubated
overnight (37 °C, 5% CO,, and 80% humidity). An additional
100 uL of new medium (RPMI medium 1640, 10% FBS, 1%
penicillin—streptomycin, 1% Glutamax) containing varying
concentrations of Dox, 26, or 27 were added to each well. After
incubation for 72 h, 40 uL of media containing thiazolyl blue
tetrazolium bromide (5 mg/mL) was added. The cells were
incubated for 3 h, after which time the medium was carefully
removed. To the resulting purple crystals was added 200 uL of
DMSO and 25 uL of pH 10.5 glycine buffer (0.1 M glycine/
0.1 M NaCl). Optical densities were measure at 570 nm by a
SpectraMAX 190 microplate reader (Molecular Devices, Sunny-
vale, CA). Optical densities measured for wells containing cells
that received neither dendrimer nor drug were considered to
represent 100% viability. ICsy values were obtained from
sigmoidal fits of the data using Origin 7 SR4 8.0552 software
(OriginLab, Northampton, MA).
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Biodistribution Study in Xenograph Mice. Six- to eight-
week-old female Balb/C mice were injected in the right hind
flank with 3 x 10° C26 cells. Twelve days after tumor
inoculation, mice were randomized into two groups. Mice were
injected by means of the tail vein either with Doxil (8§ mg Dox
eq/kg; 3 mice) or with 27 (8 mg Dox eq/kg; 6 mice) in ~200
uL of PBS. Blood was collected from half of the mice injected
with polymer by submandibular bleeds 60 and 1440 min after
dosing (data not shown); after 2880 min, the three mice were
sacrificed. The remaining six mice were sacrificed at 1 wk
postinjection. The blood (collected by heart puncture), heart,
liver, spleen, kidney, muscle, and tumor were collected for
analysis. Each organ was weighed and 200—300 mg of the
collected organs were homogenized with zirconium beads and
1 mL acidified isopropyl alcohol (0.075 M HCl, 90% IPA). The
samples then incubated at 4 °C for 24 h. Serum was collected
using Microtainer serum separator vials and processed in the
same manner as the organs. The samples were frozen in a —80
°C freezer until measurements could be made. At measurement
time, samples were thawed, briefly vortexed, and centrifuged
for 3 min at 8000 rpm. Then, 80 uL of supernatant was
combined with 920 uL of acidified IPA for fluorescence
measurements. Dox fluorescence (excitation 490 nm; emission
590 nm) was measured on a PTI fluorimeter (Birmingham, NJ).
Calibration curves were made from organ samples collected
from an untreated mouse.

Chemotherapy Experiments. While under anesthesia, fe-
male Balb/C mice were shaved, and C26 cells (3 x 103 cells in
50 uL) were injected subcutaneously in the right-hand flank.
At eight days post-tumor implantation, mice were randomly
distributed into treatment groups of 10 animals. Mice were
injected by means of the tail vein with Doxil (20 mg Dox/kg)
or 27 (10, 15, and 20 mg Dox/kg) in approximately 200 uL of
solution. Mice were weighed and tumors measured every other
day. The tumor volume was estimated by measuring the tumor
volume in three dimensions with calipers and calculated using
the formula tumor volume = length x width x height. Mice
were removed from the study when (i) a mouse lost 15% of its
initial weight, (ii) any tumor dimension was >20 mm, or (iii)
the mouse was found dead. The mice were followed until day
60 post-tumor inoculation. Statistical analysis was performed
as previously described (47) using MedCalc 8.2.1.0 for Windows
(MedCalc Software, Mariakerke, Belgium). The tumor growth
delay was calculated based upon a designated tumor volume of
400 mm?>,

RESULTS AND DISCUSSION

Exploring Polyester-Core Dendrimers. Polyester dendrim-
ers based on bis(HMPA) monomer units are an attractive
scaffold for biological applications because they are nonimmu-
nogenic, biodegradable, and nontoxic (36). Scheme 1 outlines
the synthesis of a core-functionalized PEGylated dendrimer we
have developed earlier (39). Briefly, the tetrafunctional pen-
taerythritol core 1 was modified with a benzylidene-protected
bis(HMPA) monomer 2 to afford the first-generation dendrimer
3. After removal of the protecting groups via hydrogenolysis,
the eight peripheral hydroxyl groups were functionalized with
orthogonally protected aspartic acid to give 6. Subsequent
deprotection of the amino groups of 6 followed by PEGylation
with the 5 kDa PEG electrophiles gave dendrimer 8. Removal
of the benzyl ester protecting groups of 8 via hydrogenolysis
afforded dendrimer 9 with eight carboxylic acids moieties
available for potential drug attachment. However, early attempts
at the functionalization of this dendrimer with #-butyl carbazate
or glutamic acid derivative 10 were unsuccessful as degradation
of the dendrimer was observed during this reaction.

In order to gain insight into the degradation pathway, we
prepared the dendrimer probe 11 and attempted to functionalize
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its aspartic acid chain-ends with #-butyl carbazate. Probe
molecule 11 was selected instead of PEGylated dendrimer 9 as
progress of its reaction could be more easily monitored by
MALDI-TOF since it does not contain PEG chains (Figure 1).
As a result of a degradation side reaction, only a small amount
of the target product was formed, leading to the appearance of
lower molecular weight products with molecular weights that
decreased in increments of 329 amu, likely as a result of
intramolecular cyclization reactions as proposed in Figure 1.
This type of cyclization reaction on benzyl ester-protected
aspartic acid residues is documented in the peptide literature
and additives have been developed to suppress such reactions
(44). For example, pentachlorophenol (PCP) has been used to
decrease the production of the aminosuccinyl byproduct by
inhibiting amide deprotonation. Under these buffered conditions,
the primary amines are still available to react with p-nitrophenyl
(PNP) carbonates and other electrophiles. The use of PCP as
an additive proved beneficial in our hands as it allowed the
functionalization of the carboxylic acid side chains of dendrimer
9 with protected nucleophile10 to give dendrimer 12 (Scheme
2). Finally, doxorubicin hydrazone conjugate 14 was obtained
after removal of the Boc groups from the hydrazide linkers in
12 and condensation of the resulting amines with the ketone
group of doxorubicin 13. In order to determine how rapidly
this polyester architecture breaks down under physiological
conditions, 12 was incubated in PBS buffer at 37 °C and the
evolution of its molecular weight with time was monitored by
SEC. This revealed that the a-amino esters located did not
survive long enough for use of 12 in vivo as significant
degradation was observed after only 10 h. For this reason, we
began exploring alternative dendrimer scaffolds based on more
robust polyamide cores.

Exploring Polylysine-Core Dendrimers. In contrast to
polyester dendrimers, polyamide dendrimers are less susceptible
to hydrolysis, but this increased stability may hamper their break
down in vivo. Recently, Fox et al. functionalized a PEGylated
polylysine with camptothecin and observed 100% survival in
transgenic mice with HT-29 human colon carcinoma over a 70
day experiment (47). While the degradation of amide bonds in
linear peptides in vivo is well established, the fate of branched,
acylated, and PEGylated polyamide dendrimers is less certain
as proteases may not be able to access amide bonds near the
core of the structure. However, even slow or incomplete
degradation of the carrier may be permissible for drug delivery
applications if the byproduct are nontoxic and small in
size (45, 46). In order to apply the polylysine carrier used by
Fox (41) to the delivery of doxorubicin, dendrimer 18 with a
protected hydrazide had to be prepared.

Lysine dendrimer 185, first described by Denkewalter (47) in
1982, was used as the starting material. Its peripheral amines
were acylated with PNP-Asp(Bn)Boc to afford dendrimer 17
(Scheme 3). It is worth noting that the PCP additive was also
needed when attaching aspartic acid to the G, lysine periphery.
Otherwise, a five-membered amino succinyl byproduct can form
via amidolysis of the benzyl ester protected side chain. Depro-
tection of the amino groups of the aspartate termini and
PEGylation with PEG-p-nitrophenyl carbonate afforded 18.
Unfortunately, the coupling of z-butyl carbazate to the depro-
tected side chain carboxylic acid terminal moieties (/9) led to
the appearance of degradation byproducts such as 20 (Figure
2). Monitoring of the reaction by size exclusion chromatography
(Figure 2) showed the formation of lower molecular weight by
products—presumably formed as a result of attack of the
hydrazide nitrogens onto the carbamate linkers to PEG, thus
forming a six-membered cyclic byproduct and releasing PEG.

This side reaction could be circumvented in two ways (see
Supporting Information): (i) replacement of the carbamate in
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Scheme 2. Linker Attachment and Dox Loading
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18 with a more stable amide linkage by using carboxymethyl
terminated PEG instead of a PNP carbamate; or (ii) use of a
glutamic acid spacer between the nucleophilic hydrazides and

the relatively labile carbamate linkages to PEG. The latter route
requires more synthetic operations, but has the added benefit
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Scheme 3. PEGylated Polylysine Synthesis
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of doubling the number of hydrazides through which drug
molecules can be attached. Overall, while feasible, this route
did not fully meet our criteria for an optimized dendritic drug
carrier.

Exploring Hybrid Ester-Amide-Core Dendrimers. The
important lessons learned from the synthesis of both the
polyester and polyamide carriers ultimately led us to consider
a hybrid approach that combines their separate virtues in one
scaffold. It appears that the combination of a hydrolytically
degradable ester core and a more chemically resistant amide
periphery might be ideal for the construction of PEGylated drug
conjugates. Furthermore, the early designs we tested (vide supra)
also underscored the importance of avoiding the positioning
nucleophilic sites at a 5- or 6-atom distance from potential
leaving groups (43). Hybrid dendrimer 24 (Scheme 4), repre-
senting such an architecture was obtained in three simple steps
and 81% overall yield without any chromatographic purification.

Synthesis of the hybrid carrier began by treatment of
pentaerythritol 1 with the p-nitrophenyl ester of lysine 21
(Scheme 4). The amine protecting groups of the resulting
dendrimer 22 were then removed and the molecule was provided
with “differentiated end functionalities” by reacting each of its
eight primary amino groups with orthogonally protected PNP-
glutamic acid 23. Glutamic acid was selected over aspartic acid
for the following reasons: (i) pentachlorophenol was no longer
needed to prevent amidolysis of the benzyl ester group, since
formation of the 6-membered amino succinyl byproduct was
not observed; and (ii) #-butyl carbazate could be attached directly
to the glutamic acid side chain without any degradation as
cyclization of the acyl hydrazide onto the carbamate to form a
seven-membered ring was not an issue. Eight 5 kDa PEG chains
were then installed on the dendrimer periphery via a carbamate
linkage. This was accomplished by quantitative removal of the
Boc protecting groups and subsequent PEGylation with 1 equiv
(per amine) of PNP-PEG (Scheme 4). The PEGylation reaction
was extended over two days, at which time, piperidine was
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115
added to quench any unreacted PNP-PEG, and then acetic
anhydride was added to acylate any remaining primary amines
on the dendrimer scaffold. The resulting PEGylated dendrimer
25 was purified via precipitation into ether to give a polymer
with MW ~40 000 Da and PDI < 1.1, with an average particle
size of 12 nm as determined by dynamic light scattering (DLS).
Finally, residual linear PEG could be removed by dialysis using
100 000 MW cutoff dialysis tubing in water.

The benzyl ester protected side chains of the glutamic acid
moieties in 25 were removed via hydrogenolysis, and the
resultant carboxylic acids were treated with #-butyl carbazate
and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) to
give dendrimer 26 with eight protected hydrazides available for
drug attachment. Finally, target drug conjugate 27 was suc-
cessfully obtained from the protected precursor 26 by removal
of the Boc groups and subsequent condensation with doxoru-
bicin in 5% pyridine/acetic acid solution of methanol at 60 °C.

The degradation profile of the ester-amide dendrimer hybrid
was evaluated under physiological conditions. Polymer 26 was
incubated at 37 °C in phosphate buffer at physiological pH and
the molecular weight was monitored over 20 days by size
exclusion chromatography (Figure 3a). As expected, the polymer
degraded into 10 kDa and 5 kDa fragments as a result of the
slow hydrolysis of both ester and carbamate moieties. Given
that the threshold for renal clearance for linear polymers is
estimated to be near 45 000 Da (48), cleavage of the 40 000
Da branched polymer following delivery of its payload con-
tributes to prevent its long-term accumulation. The observed
degradation profile is promising, as it suggests that hybrid
dendrimer 26 is sufficiently stable to allow for selective tumor
uptake, yet can be eventually broken down and cleared (9). It
is also noteworthy that the drug is attached to a narrow
population of polymeric material and that no significant amount
of free drug is present as confirmed by the absence of a peak
corresponding to free drug at 590 nm in the UV —vis trace of
the conjugate (Figure 3b).
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Figure 2. PEGylated polylysine degradation: (a) SEC of compound 19, (b) SEC of reaction mixture with byproduct 20.
Scheme 4. Synthesis of Drug Loaded PEGylated Ester-Amide Dendrimer
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Carrier drug loading was determined via UV—vis spectros- conditions similar to those found in the lysosome (43). At pH

copy and could be varied from 6—10 wt/wt% depending on 7.4, less than 5% of drug was released over 48 h, while the
how many equivalents of doxorubicin were used in the loading half-life of hydrolysis at pH 5 was 22 h.
step. This correlates to 55—92% of the theoretical maximum In Vitro Toxicity of Ester-Amide Dendrimer. The in vitro
doxorubicin loading for a ~40 kDa polymer with 8 sites for cytotoxicity tests showed that 26 remained nontoxic toward C26
drug attachment. Doxorubicin was chosen for attachment cells at a concentration of 5 mg/mL. When Dox was conjugated
because it is a well-established and highly effective chemo- to the carrier, a 10-fold decrease in toxicity was observed over
therapeutic agent (49) that can benefit from conjugation to a the free Dox (ICspp7) = 529.6 £ 3.8 nM; ICsppox) = 52.4 £
carrier to decrease its innate cardiotoxicity. It is important to 12.7 nM). The decrease in toxicity may be attributed to the
note that a variety of drugs, prodrugs, or other biological agents slower rate of uptake of the ester-amide carrier compared to
may potentially be attached to dendritic carriers based on 2§ free Dox and the slow hydrolysis of the drug from the carrier.
through its latent carboxylic acid side chains. The pH- Biodistribution in Tumored Mice. The biodistribution of
dependence for the rate of hydrolysis of the hydrazone bond the ester-amide dendrimer was determined in C26 tumored
we formed is well-studied (43, 50, 51), and we could confirm female Balb/C mice (Figure 4). Mice were injected with 8

that the drug would be selectively released under acidic mg Dox eq/kg, formulated as Doxil or 27. After 48 h, Dox
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Figure 3. (a) Size exclusion chromatographs of 26 in pH 7.4 PBS buffer at 37 °C. (b) UV—vis size exclusion chromatograph of 27 at 590 nm.
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Figure 4. 48 h and 1 week biodistribution of 27 and 1 week biodistribution of Doxil in mice with s.c. C26 colon carcinoma.

accumulation within the tumor was 5.5 & 0.7% ID/g of tissue
(compared to vital organs, p < 0.001), whereas accumulation
in the vital organs was less than 2% ID/g of tissue. This
result is comparable to the levels of accumulation we have
previously observed for related macromolecules (36, 39).
Furthermore, we were pleased to find a measurable level of
Dox still remained within the tumor tissue (compared to vital
organs, p < 0.05) after one week with little accumulation
within the vital organs. Mice injected with 27 or Doxil had
comparable tumor accumulation after one week, 3.7 = 0.51%
ID/g of tissue and 5.27 4+ 5.19% ID/g of tissue respectively.
The ester-amide dendrimer showed lower accumulation
within the spleen than Doxil. Lowering Dox accumulation
in the vital organs is important for reducing systemic toxicity,
while uptake by tumor tissue must be maintained to promote
treatment efficacy.

Chemotherapy Study in Tumored Mice. A dose—response
experiment was performed in C26 tumored Balb/C mice; four
treatment groups were investigated, Doxil (20 mg Dox/kg)
and 27 (10, 15, and 20 mg Dox/kg). Dose-dependent survival
was observed and all three groups treated with 27 showed
significant tumor growth delay (TGD) and prolonged survival

(Table 1, Figure 5). Mice treated with 27 at 20 mg Dox/kg
had 9 out of 10 mice tumor free at the end of the study (day
60), with TGD of 229% (p < 0.0001) and median survival
time of 60 days. For 27 administered at 15 mg Dox/kg and
10 mg Dox/kg, the treatment groups had 175% (p < 0.0001)
and 74% TGD (p < 0.0001) and a median survival time of
60 and 33 days, respectively. Doxil had 8 out of 10 mice
alive at day 60, but the two deaths appeared to be due to
treatment-related toxicity. Weight loss due to treatment
toxicity was on average not severe, with a mean weight loss
of 6.4% for Doxil and 4.3% for 27 (20 mg Dox/kg). This
result is comparable to the chemotherapy experiment with
the asymmetrically PEGylated dendrimer vs Doxil, both
administered at 20 mg Dox/kg (/7). In this earlier study, there
was complete tumor regression with the asymmetrically
PEGylated dendrimer carrier with a single toxic death
observed in the parallel Doxil experiment. Therefore, both
the current and the earlier studies confirm that Dox-loaded
PEGylated dendrimer carriers are as effective as Doxil against
the C26 tumor model. The ester-amide dendrimer 27 may
exhibit less toxicity than Doxil at equivalent Dox dosages
and its biodegradability, streamlined synthesis, and facile
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Table 1. In Vivo Efficacy of Ester Amide Dendrimer Conjugate and
Controls against Balb/C Mice with C26 Colon Carcinoma“

median
mean survival
treatment no. dose TGD time
group mice (mg/kg) (%) (days) TRD LTS
PBS 10 20 0 0
Doxil 10 20 245" 60" 2 8
27 10 20 229 60” 0 9
27 10 15 175" 60” 0 6
27 10 10 74¢ 33° 0 1

“TGD, tumor growth delay, calculate from time of growth to 400
mm?®; TRD, treatment-related death; LTS, long term survivors.
b Compared to PBS, P < 0.0001. © Compared to PBS, P = 0.004.

Cummulative survival probability

0.21 OO0

0.14 l—:— H—0—0—0—0

0.0 T —® T T T d
0 10 20 30 40 50 60

Days after tumor inoculation

Figure 5. Survival probability versus time for Balb/C mice bearing
s.c. C26 colon carcinoma after a single injection of PEGylated polyester-
amide Dox conjugate or control. Mice were treated 8 days after
tumoring. 4, 27 (20 mg Dox equiv/kg); B, 27 (15 mg Dox equiv/kg);
O, 27 (10 mg Dox equiv/kg); A, Doxil (20 mg Dox equiv/kg); ¢, PBS.

storage as a dry powder offer significant advantages over
existing treatments.

CONCLUSION

In conclusion, the attractive features of polyester and polya-
mide dendrimers have been combined to form a robust yet
degradable polyvalent macromolecular scaffold that can be
prepared in a scalable fashion. The final drug-loaded dendrimer
is made entirely from commercial starting materials in nine high-
yielding steps, four of which are near-quantitative deprotection
steps. No chromatographic steps are required during the
dendrimer preparation. This scaffold will be studied with
additional tumor models and drugs as it shows promise as a
clinically relevant delivery vehicle.
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