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Abstract: The structural preciseness of dendrimers makes
them perfect drug delivery carriers, particularly in the form of
dendrimer—drug conjugates. Current dendrimer—drug conju-
gates are synthesized by anchoring drug and functional
moieties onto the dendrimer peripheral surface. However,
functional groups exhibiting the same reactivity make it
impossible to precisely control the number and the position
of the functional groups and drug molecules anchored to the
dendrimer surface. This structural heterogeneity causes varia-
ble pharmacokinetics, preventing such conjugates to be trans-
lational. Furthermore, the highly hydrophobic drug molecules
anchored on the dendrimer periphery can interact with blood
components and alter the pharmacokinetic behavior. To
address these problems, we herein report molecularly precise
dendrimer—drug conjugates with drug moieties buried inside
the dendrimers. Surprisingly, the drug release rates of these
conjugates were tailorable by the dendrimer generation, sur-
face chemistry, and acidity.

Dendrimers are monodisperse three-dimensional macro-
molecules and have been applauded as platforms for drug!?
and gene delivery® owing to their unique highly branched
and precise molecular structures, ample surface groups for
functionalizations, and internal cavities for host—guest encap-
sulations™! as well as low intrinsic viscosity facilitating
transport in blood.”! Those characteristics are particularly
epitomized in dendrimer—drug conjugates, which are gener-
ally synthesized by anchoring drug and functional moieties
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onto the peripheral surface.**” This approach is advanta-
geous with regard to the easy synthesis; however, it sacrifices
the unique feature of dendrimers, that is, the preciseness of
their molecular structure, because the high amount of func-
tional groups with the same reactivity make it impossible to
precisely control the number and the position of the func-
tional groups and drugs anchored to the dendrimer surface.!
Such structural heterogeneity causes variable pharmacoki-
netics and is the major hurdle for dendrimer—drug conjugates
to be translational.’’ Additionally, the drug molecules, usually
highly hydrophobic, anchored on the dendrimer periphery
can interact with blood components, thereby altering the
pharmacokinetics."”! Herein, we report molecularly precise
dendrimer—drug conjugates with drug moieties buried inside
the dendrimer structure. Surprisingly, the drug release rates of
these conjugates were tunable by the dendrimer generation,
surface chemistry, and acidity (Figure 1 A).

The conjugates were synthesized using camptothecine
(CPT) as the core-forming compound. CPT is a potent
topoisomerase inhibitor showing strong antitumor activity,"!
but it is too hydrophobic to be administered and has shown
severe side effects in clinical use." CPT was first reacted with
N-Boc-glycine followed by deprotection to prepare campto-
thecin-20(S)-glycinate ester (CPT-NH,). The ester was
reacted with N-Boc-protected lysine followed by deprotec-
tion. Repeating this step produced the CPT-cored polylysine
dendrimers of different generations (CPT-Gx), e.g., the fifth
generation PLL dendrimer conjugated with CPT, CPT-G5
(Figure 1B and Figure S1 in the Supporting Information). As
characterized by MALDI-TOF MS (Figure 1C) and other
methods (NMR spectroscopy, HPLC, and UV/Vis spectros-
copy, Figures S2-S4), all CPT-Gx had precise molecular
structures. They were all monodisperse and the molecular
weights were consistent with the theoretical values (Fig-
ure 1 C and Figure S3 for HPLC traces). The CPT contents of
the conjugates were determined by 'H NMR spectroscopy
and were also consistent with the molecular structures
(Table S1 and Figure S2). Each conjugate contained one
CPT molecule buried in its core and thus the CPT content was
fixed. The low generation conjugates had high CPT contents,
but CPT-GS still contains 8.0 wt% CPT, higher than most
dendrimer—drug conjugates.

The drug release of dendrimer—drug conjugates is gen-
erally realized by the cleavage of drug linkages, which can be
enzyme-labile peptides'¥ pH- or external-stimuli-labile
bonds,"“*"l and disulfide bonds."™'" CPT-Gx showed
a very interesting generation-dependent CPT release (Fig-
ure 2 A and Figure S5). The fastest CPT release was observed
with CPT-G1, whereas the slowest release was found for CPT-
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Figure 1. A) Molecularly precise camptothecine—polylysine dendrimer
(PLL) conjugate and its drug release tunable by dendrimer generation,
surface chemistry, or acidity. B) The structure of CPT-5" generation
PLL (CPT-G5). C) The MALDI-TOF MS spectra of the CPT conjugates
with different generation PLLs (CPT-Gx).
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G2 and then increased with increasing dendrimer generation.
The time needed to release 50 % of the CPT (t5,) was only
0.42h for CPT-G1 but 21.3h for CPT-G2, and gradually
decreased to 5.3 h for CPT-G6. Due to the protonation of the
amine, the CPT-release was slower at acidic pH (Figure 2 A).
These results indicate that CPT release from CPT-Gx is an
amine-promoted hydrolysis of the CPT ester. The high
amount of amine groups at high dendrimer generations may
be responsible for the fast CPT release. In aqueous solutions,
the terminal primary amines underwent nucleophilic attack of
the lactone carbonyl electrophile," producing intermediates
eventually releasing active CPT (Figure S5). CPT-G1 had the
fastest CPT release rate, which is probably due to the favored
amine-promoted hydrolysis by intramolecular six-membered-
ring formation.['®)

Since the CPT release from CPT-Gx was catalyzed by
peripheral amine groups, we proposed that an amidation of
the peripheral amines might further tune the CPTrelease rate.
Using CPT-GS5 as an example, its 32 primary amines were
reacted with controlled amounts of O-[2-(2-methoxyethoxy)-
ethyl]glycolic acid pentafluorophenol ester [(EG);-COO-
PFP] to produce conjugates with amidation degrees of 20 %,
40%, 60 %, 80 %, and 100 % (CPT-G50EG), respectively, as
determined by '"H NMR spectra and HPLC (Figure S6). The
ts, values accordingly increased from 8.6 h to 14.9, 28.1, 32.4,
49.6, and 157.2 h, respectively (Figure 2B). Thus, the CPT
release of CPT-GS5 was indeed tunable by the amidation of
surface amine groups.

For cancer drug delivery it is desirable to avoid drug
release at physiological pH, but achieve a quick release in the
acidic tumor extracellular fluid (pH ~ 6-71'") or intracellular
lysosomes (pH ~4-51").081 Some P-carboxylic amides are
stable at neutral or basic pH but quickly hydrolyze to
regenerate the original amines."™!”) Thus, we further propose
that the amidation of the CPT-Gx amines to such (3-carboxylic
amides would inhibit the CPT release; however, in an acidic
environment would hydrolyze the amides and regenerate the
amine to promote CPT release. Along this line, CPT-G5 was
reacted with succinic anhydride (CPT-G5SA), 1,2-dicarbox-
ylic-cyclohexene anhydride (CPT-G5DCA), or 2,3-dimethyl-
maleic anhydride (CPT-G5DM) (Figure 2C and Table S1).
According to the "H NMR spectrum and HPLC data, the
amidation of CPT-G5SA of CPT-GSDCA and CPT-G5DM
were 100 %, 85%, and 78 %, respectively (Figures S6 and S7).
Measurements of the zeta potential showed that in contrast to
the positively charged CPT-G5 (9.42mV), the resulting
amidated conjugates, CPT-G5DM, CPT-G5DCA, and CPT-
G5SA were all negatively charged, —12.9 mV, —17.3 mV, and
—22.3 mV, respectively. The time-dependent zeta potentials
of CPT-G5SA, CPT-G5DM, and CPT-G5DCA are shown in
Figure S8. The amide groups of CPT-G50EG cannot hydro-
lyze and this compound was used as a control. The zeta
potential of CPT-G5SA did not significantly change with time
at both pH 7.4 and 6.0 because the succinic amide of primary
amines is hardly hydrolysable under weakly acidic condi-
tions.'™! At pH 7.4, CPT-G5DM gradually became positively
charged within 2.5 h, whereas CPT-G5DCA remained neg-
atively charged even after 24 h. At pH 6.0, CPT-G5DM and
CPT-G5DCA became positively charged within 0.25h and
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Figure 2. A) The CPT release kinetics of CPT-Gx with different generation. B) Amidation of CPT-G5 with O-[2-(2-methoxyethoxy)ethyl|glycolic acid
(CPT-G50EQ) at various amidation degrees. C) Amidation of CPT-G5 with succinic anhydride (CPT-G5SA), 1,2-dicarboxylic-cyclohexene anhydride

(CPT-G5DCA), and 2,3-dimethylmaleic anhydride (CPT-G5DM).

4.3 h, respectively, indicating the hydrolysis of the amides and
the regeneration of the primary amine.'™ This also indicates
that the amide resulting from 2,3-dimethylmaleic anhydride
(DM) is much more acid-labile than the amide resulting from
1,2-dicarboxylic-cyclohexene anhydride (DCA). Accordingly,
at pH 7.4 the CPT-release from CPT-G5SA, CPT-G5DCA,
and CPT-G5DM was significantly decreased compared with
that from CPT-GS5. At pH 6.5, the acid-labile CPT-G5DM
quickly hydrolyzed and recovered the amines, and thus it had
a CPT release rate similar to that of CPT-GS5 at this pH (5
~37h), whereas the slowly hydrolysable CPT-G5DCA
released CPT slowly (f5,~146h) and CPT-G5SA hardly
released any CPT at this acidic pH. Thus, the amidation of the
CPT-GS peripheral amines could tailor the CPT release rate
by controlling the acid lability of the (-carboxylic amides.
Another advantage of these amidated conjugates is their
neutral or negatively charged surface, which reduces the
plasma protein adsorption and lowers the nonspecific cellular
uptake for invivo applications; however, as soon as the
nanocarriers reach, e.g., the acidic tumor extracellular fluid,
the amines would be recovered and accelerate the CPT
release and cellular uptake.

The cellular uptake of CPT-G5 and its amidated products
were measured by flow cytometry after labeling with a fluo-
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rescent dye Cy5 (Figure 3 A). At pH 7.4, CPT-G5/Cy5 showed
a faster cellular uptake than the amidated compounds, which
is due to its positive charge-induced electrostatic adsorp-
tion.!”) For CPT-G5DM/Cy5 pH-dependent cellular uptake
rates were observed. The cells cultured with CPT-G5DM/Cy5
at pH 6.5 had a fluorescent intensity that was 3.6 times higher
than that of the cells cultured at pH 7.4. In contrast, the
cellular uptake of CPT-G5SA/Cy5 or CPT-G50EG/Cy5 at
pH7.4 and 6.5 were very similar; suggesting that the
amidation of CPT-G5 to CPT-G5DM reduced the nonspecific
cellular uptake at neutral pH but regained the high cellular
uptake in acidic tumor fluid. The cellular uptake of the
different conjugates was further investigated by confocal
microscopy (Figure 3B). CPT-G5/Cy5 at both pH values and
CPT-G5DM/Cy5 at pH 6.5 were mainly present in the cells
and not in the lysosomes/endosomes, whereas much less CPT-
GS5SA/Cy5 and CPT-G50EG/Cy5 was found in the cells and
appeared as yellow spots in the overlay images of the
fluorescence of Cy5 and lysotracker, indicating that they
were trapped in lysosomes/endosomes. Protonation and the
resulting positive charges of CPT-G5/Cy5 and CPT-G5DM/
Cy5 enabled them to escape from the lysosomes/endosomes
through the “proton-sponge” effect,'® but the noncharge-
reversal CPT-G5SA/Cy5 and CPT-G50EG/Cy5 could not
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Figure 3. Cellular uptake of CPT-G5 and its amidated products labeled with a fluorescent dye Cy5 (CPT-G5/Cy5, CPT-G5DM/Cy5, CPT-G5SA/CyS5,
and CPT-G50EG/Cy5) measured A) by flow cytometry and B) investigated by confocal microscopy (dendrimer—Cy5: red; LysoTracker: green;
nuclear dye Hoechst 33342: blue). The cells were cultured with CPT-G5amide/Cy5 (Cy5 equivalent 1 pm) for 3 h at pH 7.4 or 6.5. C) The
cytotoxicity of CPT and the conjugates against SKOV-3 and MDA-MB-231 cells cultured for 72 h was estimated by the MTT assay. Data represent

the mean values 4 standard deviation, n=5.

escape due to their negative charges and inability to induce
the “proton-sponge” effect.

The cytotoxicity of the conjugates against SKOV-3
ovarian cancer cells and MDA-MB-231 breast cancer cells
were compared using the MTT assay (Figure 3C and Fig-
ure S9). To both of the cell lines, CPT-Gx showed a gener-
ation-dependent cytotoxicity corresponding to the CPT
release rate, which is consistent with the previous finding
that a faster intracellular release from nanocarriers leads to
a higher cytotoxicity.?*) The ICs, values of CPT-Gx to
SKOV-3 or MDA-MB-231 cancer cells were as low as 8.5 and
5.1 ngmL™', in comparison to those of CPT, which are 21 and
16 ngmL™", respectively. Acid-labile CPT-G5DM showed
cytotoxicity very comparable to that of CPT-GS5, but the
slow CPT-releasing CPT-GSOEG and CPT-G5SA were much
less cytotoxic (Figure 3C).

The positively charged CPT-Gx may have a rapid clear-
ance from the blood circulation® and thus may not be
suitable for intravenous tumor treatments, but could be useful
for local cancer treatment.” Advanced ovarian cancer is
known to easily spread to intraperitoneal (ip) cavities and ip
treatment is recommended as a preferred method. Thus, the
ip treatment of ovarian tumors was used as a model to
evaluate the in vivo antitumor activity of CPT-GS5 (Figure 4).
Athymic mice bearing ip SKOV-3 ovarian tumors were
treated by ip injection of CPT-G5 or CPT at a dose of 1 mg
CPT equivalent per kg (Figure 4A). CPT-G5 was found to
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significantly suppress tumor growth compared to both PBS
(P=0.00005 by weight, P=0.00034 by number) and CPT
(P=0.00214 by weight, P=0.0237 by number) (Figure 4 B-
D). The tumors in the mice treated with CPT-G5 had fewer
blood vessels (indicated by “*” in Figure 4E) and more
pyknotic cells, which had highly condensed pyknotic nuclei
(indicated by arrows in Figure 4E) and are considered as
apoptotic or dead cells.’” Moreover, an in situ TUNEL assay
showed the highest level of cell apoptosis in the tumors
treated with CPT-GS5 (Figure 4F), indicating that the
enhanced tumor growth inhibition activity of CPT-GS5
resulted from its increased proapoptotic effect. This improved
efficacy of CPT-G5 may be a combined result of the stabilized
active lactone form of CPT buried in the core of the
dendrimer, the fast cellular uptake, and the fast release. In
addition, no significant weight change of the mice was
observed during the 28 day treatment, indicating the low
toxicity of ip-injected CPT-G5 (Figure S10).

The amidated CPT-GS5 conjugates were neutral or neg-
atively charged and thus may be useful for intravenous cancer
treatments. Thus, their anticancer activities were evaluated by
iv treatment of athymic mice bearing a subcutaneous (sc)
MDA-MB-231-GFP breast tumor (Figure 5). Both free CPT
and CPT-G50OEG slowed the tumor growth, but could not
stop it even after seven injections. However, one injection of
CPT-G5DM or two injections of CPT-GS5 stopped the tumor
growth and further treatments nearly eradicated the tumors

Angew. Chem. 2014, 126, 11129 -11135
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Figure 4. A) The experimental timeline and dosing schedule following the ip tumor inoculation. Athymic mice were ip-injected with SKOV-3
ovarian cancer cells (107). The treatment was achieved by ip injection of CPT-G5 or CPT (1 mg CPT equivalents per kg) or PBS (n=10). B) The
image of the tumors harvested from the mice and C) the average tumor weight or D) number per mouse in each group after eight treatments. (*)
P<0.05, (**) P<0.01. E) Representative histological sections of the tumors stained with hematoxylin and eosin; blood vessels are marked by *;
some typical pyknotic cells (highly condensed pyknotic nuclei) are indicated by arrows. F) The TUNEL labeling for apoptosis in the tumor tissues
was visualized by BrdUTP incorporation and detected using red fluorescence labeled anti-BrdU monoclonal antibody (red) and DAPI for the nuclei

(blue).

(Figure 5B,C and Figure S11). CPT-G5DM and CPT-G5 were
found to significantly suppress tumor growth compared to
both PBS and CPT (P < 0.01) (Figure S11). TUNEL analysis
showed that the tumor inhibition activities of the conjugates
were directly correlated to their apoptosis-inducing activities.
Significantly more apoptotic cells were found in the tumors
treated with CPT-G5 or CPT-G5DM than in the other groups
(Figure 5F). The blood clearance study (Figure 5D) revealed
that CPT was quickly removed from the blood, accounting for
its low activity. CPT-G5DM and CPT-G50EG showed longer
blood retention times than CPT-G5, and thus it can be
concluded that the amidation of CPT-GS5 indeed slowed its
clearance from the blood. The similar blood circulation time
but lower therapeutic efficacy of CPT-G50EG compared
with CPT-G5DM indicates that the slow drug release from the
carrier (Figure 2) deteriorates the drug activity. In contrast,
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the high efficacy of CPT-G5DM may result from its charge-
reversal capability, which enabled the conjugate to retain in
the blood for a longer time, thereby enabling accumulation in
the tumor by the enhanced permeation and retention
effect.” The positive charges are regenerated quickly once
the conjugate is in the tumor or the cell lysosomes, leading to
a fast cellular uptake and fast drug release.”*! Very
surprisingly, CPT-G5 also had strong anticancer activity
even though its circulation time was very short. However, it
caused mice to lose about 10 % body weight within the first
week of treatment and the mice could not recover during the
whole treatment period (Figure S12). Thus, CPT-G5 may be
suitable only for ip treatment as discussed above, but not for
iv treatment. In contrast, the body weights of mice treated
with CPT-G5DM slightly decreased in the first week, but
quickly recovered thereafter. There was no significant differ-

www.angewandte.de

Chemie

11133


http://www.angewandte.de

Angewandte

Zuschriften
A) C) D) 18
i 7 treatments 300{ _g pgs 16] = CPT
Inoculate mice . CPT-G5
| l l | | l ! l 2501 —A— CPT-G50EG 14 —0— CPT-G5DM
| I I I | o= —0— CPT-G5DM / 3 12] —O— CPT-G50EG
f L E 200 —o—CPT-GS . 2
Days 0 14 18 22 26 3034 38 s / 2"
E 150 — 7 e = 8
2 /E _— % 6l
Day 14 Day 35 2" lg"‘/‘//J J b
4]
B) nl il £ 50 - —o— ) i\ \Q\
—i i 2 e
g I\- — \9
PBS 0 r r r r r ) 0 " T T . T
12 16 24 28 32 36 40 30 60 90 120 150 180 210 240
Days post tumor cells inoculation Time (Min)
E)
Free CPT
w
T
CPT-G50EG - F) Free CPT CPT-G50EG CPT-G5DM CPT-G5
o
o
=z
S
2
[
<
o - ) ----

Figure 5. A) The treatment timeline and dosing schedule after the subcutaneous tumor inoculation in nude mice of MDA-MB-231-GFP breast
cancer cells (10%). The treatment was achieved by tail vein injection of CPT or the conjugates at 2.5 mg CPT equivalents per kg (each group n=4).
B) Representative in vivo Maestro fluorescent imaging of MD-MB-231-GFP tumors in nude mice before (day 14) and after six treatments (day 35).
C) The average tumor weight per mouse as a function of time of each group. D) The blood clearance profiles after a single tail vein injection of
2.5 mg CPT equivalents per kg. E) Representative histological sections of the tumors stained with hematoxylin and eosin; blood vessels are
marked by *; some typical pyknotic cells (highly condensed pyknotic nuclei) are indicated by arrows. F) The TUNEL labeling for apoptosis in the
tumor tissues was visualized by BrdUTP incorporation and detected using red fluorescence labeled anti-BrdU monoclonal antibody (red) and

DAPI for nuclei (blue).

ence in the body weight between the groups treated with CPT-
G5DM and PBS at the later period, suggesting that CPT-
G5DM had a low systemic toxicity.

In summary, we synthesized camptothecin-cored poly(L-
lysine) dendrimers as macromolecular prodrugs for cancer
therapy. These CPT-dendrimer conjugates exhibit precise
molecular structures and fixed drug contents. The drug
release rates are tunable by the dendrimer’s generation, the
peripheral amine groups, the amidation of these amines, and
the pH. CPT-G5 had a much improved antitumor efficacy in
ip tumor treatment and its amidated analogue showed
a stronger antitumor efficacy compared with free CPT in
the systemic treatment of sc tumors with a greatly decreased
toxicity.
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