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The inception and development of supramolecular chemistry have
provided a vast library of supramolecular structures and materials
for improved practice of medicine. In the context of therapeutic
delivery, while supramolecular nanostructures offer a wide variety
of morphologies as drug carriers for optimized targeting and
controlled release, concerns are often raised as to how their
morphological stability and structural integrity impact their in vivo
performance. After intravenous (i.v.) administration, the intrinsic
reversible and dynamic feature of supramolecular assemblies may
lead them to dissociate upon plasma dilution to a concentration
below their critical micellization concentration (CMC). As such,
CMC represents an important characteristic for supramolecular
biomaterials design, but its pharmaceutical role remains elusive.
Here, we report the design of a series of self-assembling prodrugs
(SAPDs) that spontaneously associate in aqueous solution into
supramolecular polymers (SPs) with varying CMCs. Two hydrophobic
camptothecin (CPT) molecules were conjugated onto oligoethylene-
glycol (OEG)-decorated segments with various OEG repeat numbers
(2, 4, 6, 8). Our studies show that the lower the CMC, the lower the
maximum tolerated dose (MTD) in rodents. When administrated
at the same dosage of 10 mg/kg (CPT equivalent), SAPD 1, the one
with the lowest CMC, shows the best efficacy in tumor suppres-
sion. These observations can be explained by the circulation and
dissociation of SAPD SPs and the difference in molecular and
supramolecular distribution between excretion and organ uptake.
We believe these findings offer important insight into the role of
supramolecular stability in determining their therapeutic index
and in vivo efficacy.
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Supramolecular polymers (SPs) formed via noncovalent syn-
thesis can serve as effective carriers for therapeutic or di-

agnostic agents (1–8). The incorporation of active compounds
into supramolecular nanostructures by either physical encapsu-
lation or covalent conjugation preserves the payload’s inherent
biological characteristics while adding in beneficial traits beyond
the individual therapeutic agents (9–15). For example, a poorly
water-soluble drug can be encapsulated into the hydrophobic
core of SPs that promotes the drug’s solubility and improves the
performance of the active compound (16, 17). In other examples,
pharmaceutically active compounds are conjugated onto an
auxiliary segment through biodegradable linkers to create SPs for
both systemic and local drug administrations (18–23). This strategy
of using drug-bearing amphiphilic molecules to create well-defined
SPs in aqueous solutions represents a carrier-free drug delivery
approach and also enables precise control over physiochemical
properties of SPs from the molecular level (24–33). In these cases,
one can tune the release kinetics of payloads by altering the

strength and nature of supramolecular interactions, with additional
functionalities readily installed through inclusion of bioactive
ligands.
In the design of SPs for all in vivo biomedical applications,

critical micellization concentration (CMC) is an important consid-
eration, as it reflects the propensity of the molecular building units to
aggregate or dissociate in solution state. In general, self-assembling
units start to aggregate above this threshold concentration to form
stable, well-defined nanostructures. As a result of the noncovalent
nature of interactions that hold the units together, there always exists
a dynamic exchange between assemblies and monomers (10, 34).
This reversible assembly–disassembly process facilitates the supra-
molecular formulation of therapeutic agents and also enables their
specific responsiveness to biomolecular cues to achieve controlled
release at desired sites. However, in cases of therapeutic delivery via
intravenous (i.v.) injection where the solution concentration may
drop unavoidably upon plasma dilution, concerns rise that these SPs
could start to dissociate into monomers and partially lose their well-
designed supramolecular characteristics (34, 35). For example, as-
semblies with too high a CMC value could dissociate quickly in vivo,
resulting in a pharmacokinetic profile that has little to nothing to do
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with their supramolecular traits. In light of this, there have been
some attempts to understand its significance in supramolecular
systems (36–39). Tirrell and coworkers (40) reported a self-
assembling peptide micelle system containing a cytotoxic T cell
epitope with a CMC of 2.2 μM. They found that the micelles in-
cubated with egg phosphatidylcholine liposomes undergo a slow
disassociation with a half-life of 38 h, which is much longer than the
time (1 to 2 h) for nanoparticle to travel to lymph node. Their
results demonstrated the importance of kinetic stability of micellar
assemblies to allow sufficient amount of time to exert their bi-
ological activities. In another work, the Xu laboratory (41) has
shown that the self-assembling ability of small molecules can de-
termine the anticancer activity of enzyme-instructed self-assembly
for inhibiting cancer cells. More recently, the Cao group (42) has
developed a micellar drug delivery system with ultralow critical
micelle concentration of 10−6 mM, which shows great efficacy in a
mouse melanoma model. These studies revealed the important role
of CMC in supramolecular systems for improved targeting and
therapeutic outcomes. However, the clear correlation between
CMC and in vivo performance has yet to be established.
In this article, we report the design and synthesis of four

self-assembling prodrugs (SAPDs) of various CMCs that all
self-assemble into SPs. The direct use of anticancer drug as
molecular building units allows for accurate assessment of CMC
influence on their therapeutic efficacy. Our results suggest that
the CMC value of a SP has a significant impact on their bio-
distribution and pharmacological behavior, which is reflected on
the maximum tolerated dose (MTD), tumor accumulation, tox-
icity, and eventually the therapeutic efficacy in suppressing
tumor growth.

Results and Discussion
Molecular Design. Fig. 1 shows the molecular design of the four
SAPDs studied, comprising two hydrophobic CPT molecules and
oligoethylene-glycol (OEG)-decorated peptides of various OEG
numbers (2, 4, 6, 8). The design rationale herein is that the CPT
moiety, in addition to its pharmacological role, can provide di-
rectional, associative π–π interactions to contribute to the self-
assembly process. By fixing the number of CPTs and varying the
hydrophilicity of peptide segments, we are able to create four
SAPDs of different hydrophilic–lipophilic balances (HLBs), leading
to formation of SPs of different stability (43, 44). The use of the
OEG segment to modify the side chain of lysine endows a nonionic
and neutral surface chemistry to the resultant SPs, so as to reduce
protein absorption and increase circulation half-lives (45). In addi-
tion, the CPT and the hydrophilic moiety are connected via a bio-
degradable disulfanyl-ethyl carbonate linker (etcSS), which was
shown to effectively release the parent CPT upon contact with in-
tracellular glutathione (GSH) (31, 32, 46–48). The detailed syn-
thetic procedures and characterizations are included in SI Appendix,
section 2 and Figs. S1–S10). Briefly, the peptide auxiliaries were
synthesized using standard 9-fluorenylmethoxycarbonyl (Fmoc)
solid-phase peptide synthesis protocols (SI Appendix, Fig. S1). The
OEG units were grafted onto lysine side chains by amide for-
mation reaction similar to coupling of amino acids. After pu-
rification using preparative reversed-phase high-performance
liquid chromatography (RP-HPLC), OEG-decorated peptides
were reacted with CPT-etcSS-Pyr to yield SAPDs using a pre-
viously reported method (33, 46). The final products were again
purified using preparative RP-HPLC and characterized using an-
alytical HPLC and mass spectrometry (SI Appendix, Figs. S7–S10).

Self-Assembly of SAPDs. To study the self-assembly behavior of the
SAPDs, we directly dissolved the lyophilized powders in deion-
ized water at a concentration of 2 mM and neutral pH. After
aging overnight, cryogenic transmission electron microscopy
(cryo-TEM) imaging (Fig. 2 A–D) reveals that all of the SAPDs
can self-assemble into one-dimensional (1D) nanostructures.

More specifically, SAPD 1 formed supramolecular filaments of
around 9 nm in diameter and several micrometers in length (Fig.
2A), and SAPD 2 self-assembled into shorter filaments with a
majority less than 400 nm in length (Fig. 2B). Conventional TEM
images (SI Appendix, Fig. S12) clearly reveal the hollowed fila-
ments of assembled SAPDs 1 and 2, a result of highly ordered
packing of CPT moieties within the hydrophobic core (25, 49).
SAPDs 3 (Fig. 2C) and 4 (Fig. 2D) both aggregated into
micrometer-long nanoribbons of various widths with slight
twisting observed. The formation of those 1D assemblies is be-
lieved to be a result of strong π–π interactions among CPT units,
acting in concert with the intermolecular hydrogen bonding
among the OEGlayted peptides. The complex interplay of these
two associative interactions promotes the directional growth of
the observed SPs and defines the resulting morphology, despite
no inclusion of any β-sheeting–forming peptide sequences in
the molecular design (1, 43, 44, 50–52). The slight differences in
the length and morphologies could be plausibly attributed to the
increase of overall HLB values and steric hindrance caused by
OEG moieties that weaken the hydrophobic associations, and
also the strengthened intermolecular hydrogen bonding capacity

Fig. 1. Schematic illustration of the design and self-assembly of self-
assembling prodrugs (SAPDs). (A) Chemical structure of the designed
SAPDs. (B) Cartoon of SAPD platform. Two hydrophobic camptothecin (CPT)
molecules (yellow) were conjugated with four different oligoethylene-glycol
(OEG)-decorated hydrophilic auxiliaries (blue) through the biodegradable
etcSS linker (black) to create SAPDs 1 to 4, respectively. (C) Illustration of self-
assembly of SAPD into supramolecular polymer (SP).
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that could shift the directional associations from π–π dominant
mode to hydrogen bonding controlled manner. Furthermore, the
neutral surface chemistries of the SPs were confirmed by
ζ-potential measurement of all four assembled SAPDs in the
PBS buffer, showing slightly negative values of −6.5, −7.4, −6.5,

and −5.9 mV for SAPDs 1 to 4, respectively (SI Appendix, Fig.
S11). These results indicate that all SAPDs can assemble into
SPs, albeit with slight variations in length and morphology, that
are solely made of prodrugs without any external materials or
pharmaceutical excipients.

CMC Measurement of SAPDs.We next assessed the CMC values for
each of the designed SAPDs in aqueous solution. It is worth
mentioning that for peptide-based amphiphiles it is not un-
common that the CMC values differ from their critical assembly
concentration (CAC). Velichko et al. (53) revealed in a simu-
lation study that peptide amphiphiles with a strong hydrogen
bonding sequences could first assemble into β-sheets before
micellization into well-defined supramolecular nanofibers with a
hydrophobic compartment. Experimentally, the CAC is often
measured using spectrometry techniques such as circular di-
chroism (CD) to reveal the presence of intermolecular associa-
tions and packing at a much lower concentration. In the case
reported here, the CMC values were measured in the PBS buffer
using Nile Red as a probe, which fluoresces intensely in hydro-
phobic environments and is strongly quenched and red-shifted in
aqueous media (54, 55). Measuring fluorescent spectra excited at
550 nm of SAPD solutions of varying concentrations, and then
plotting the ratio of intensity at 635 nm (emission maximum of
the Nile Red in hydrophobic environment) to that at 660 nm
(emission maximum in aqueous conditions) against the concen-
tration of SAPDs, yielded the plots shown in Fig. 3A. According
to the changes in fluorescence intensity, the CMC values are
estimated to be 2.7 and 10.1 μM for SAPDs 1 and 2, respectively.
The CMCs of SAPDs 3 and 4 exceed 200 μM and cannot be
accurately extracted. The CMC experiments suggest that struc-
tural stability of the SAPD SPs would be SAPD 1 > SAPD 2 >
SAPDs 3 and 4 and that SAPDs 3 and 4 are unable to form
stable assemblies at the concentration of submillimolar range.

Fig. 2. Supramolecular polymers (SPs) formed by SAPDs in water. Repre-
sentative cryo-TEM of supramolecular assemblies of SAPD 1 (A), SAPD 2 (B),
SAPD 3 (C), and SAPD 4 (D). TEM images reveal that all of the prodrugs self-
assembled into 1D structures. All concentrations: 2 mM.

Fig. 3. CMC, stability, and drug release studies of SAPDs. (A) CMC measurement of SAPDs using a Nile Red method. CMCs of SAPDs 1 and 2 are estimated to
be 2.7 and 10.1 μM, respectively. CMCs of SAPDs 3 and 4 exceed 200 μM, and the exact values cannot be directly determined here. (B) CD spectra of SAPDs at
200 μM in water. SAPD 1 shows very strong absorptions attributed to CPT chromophore interactions and intermolecular hydrogen bonding. SAPD 2 shows a
similar pattern with largely reduced intensities. The lack of typical hydrogen-bonding interactions and characteristic CPT absorptions in SAPDs 3 and 4 in-
dicates that they may not form 1D nanostructures at the concentration of 200 μM. The chromophore absorptions can be ascribed to intramolecular CPT
interactions within a single prodrug. (C) CD spectra of SAPDs at 200 μM in 10% rat plasma. No apparent difference in the absorptions of SAPDs 1 and 2 were
observed compared with those in water, while slight changes can be seen in the cases of SAPDs 3 and 4. (D) Plots of absorption of SAPD 1 and SAPD 2
assemblies at 389 nm in the time- and concentration-dependent CD measurement. Drug release plots of SAPDs at 200 μM in PBS (E) and rat plasma (G) with
10 mM GSH. Cumulative drug degradation plots of SAPDs at 200 μM in PBS (F) and rat plasma (H) without GSH. n = 3 for all drug release studies.
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Molecular Packing of SAPD Monomeric Units in the SPs. To further
validate our hypothesis that the increase of OEG repeat numbers
in peptides would decrease the supramolecular stability of the
resulting SPs, we performed CD spectroscopy measurements to
understand the molecular arrangement within the SPs at the
concentration of 200 μM (Fig. 3B). CD spectrum of assembled
SAPD 1 shows two bisignate signals centered at 266 and 367 nm,
and a strong positive signal at 389 nm, suggesting the highly
ordered internal packing of CPT molecules (25, 56). The nega-
tive peak around 223 nm corresponds to hydrogen-bonding in-
teractions among the peptide segments (57, 58). SAPD 2
solution presents similar CD pattern to that of SAPD 1, but with
significantly decreased intensity, revealing that these two build-
ing units have similar interior molecular packing (Fig. 3B). The
lower intensity of SAPD 2 can be probably attributed to a looser
CPT packing as a result of increased hydrophilic–lipophilic ratio
and steric repulsive force posed within the peptide auxiliaries
that weakens the π–π stacking among CPT units. These findings
are also consistent with TEM results (Fig. 2 A and B and SI
Appendix, Fig. S12) that both SAPD 1 and 2 form filamentous
assemblies, but the length of assembled SAPD 1 is much longer
than that of SAPD 2. The CD spectra of SAPDs 3 and 4 both
show a small hump between 350 and 400 nm, a blue-shifted
bisignate signal at 256 nm, and a negative peak around 204
nm, which are drastically different from those of SAPDs 1 and 2
(Fig. 3B). The lack of typical hydrogen-bonding absorption in-
dicates that SAPDs 3 and 4 may not be able to form any stable
SPs at this studied concentration (200 μM), and the chromo-
phore absorptions could be possibly attributed to intramolecular
CPT association within an individual prodrug, along with some
loose intermolecular associations. These observations suggest
that the number of OEG repeat units is critical for the formation
of stable SPs, and the increased OEG chains would raise the
concentration threshold for directional supramolecular growth
of SAPD monomers.

Stability of SAPDs in Protein Environments. The interactions of
nanoparticles with serum proteins are known to impact the dis-
association of supramolecular assemblies in biologically relevant
environment. For example, Talmon and coworkers (59) have
reported the disassociation of multilamellar lipoplexes in the
presence of serum via cryo-TEM. To assess the stability of as-
sembled SAPDs in more complex biological media, we per-
formed CD experiments to investigate their long-term stability in
various serum environments. SAPD solutions (2 mM) were di-
luted using rat plasma (Fig. 3C), FBS (SI Appendix, Fig. S13A),
and mice plasma (SI Appendix, Fig. S13B) to yield a final con-
centration of 200 μM, which were then aged overnight before CD
measurement was taken. We found no noticeable changes in the
absorptions of SAPDs 1 and 2 in the protein environments (Fig.
3C and SI Appendix, Fig. S13) compared with those in aqueous
solution (Fig. 3B), while some slight changes can be observed for
SAPDs 3 and 4. These results show that serum proteins had
limited impact on the stability of SAPD 1 and 2 assemblies, but
could be a factor destabilizing the assemblies of SAPDs 3 and 4.
We also performed experiments to assess their kinetic stability
upon plasma dilution, mimicking the dissociation process of SPs
after i.v. injection. Solutions of SAPDs 1 and 2 (2 mM) were
diluted to 100, 50, 25, 10, and 5 μM in rat plasma, and time-
dependent CD spectra were recorded at 5 min, 1 h, 4 h, and 12 h
(SI Appendix, Fig. S14). By monitoring the absorption intensity at
389 nm (Fig. 3D), we found that SAPD 1 is highly stable upon
dilution over time at concentrations above 25 μM. However, at
10 and 5 μM, the absorption at 5 min was observed to drop by
10% and 15%, respectively. At 12 h, the decrease reached 22%
and 33%, respectively. SAPD 2 demonstrated a similar trend but
showed a higher propensity to dissociate as a result of its higher
CMC value. These results suggest that the SAPD assemblies

tend to disassociate upon dilution, and the dissociation became
apparent when the concentration of the diluted solutions drops
near their CMCs.

In Vitro Drug Release Assessment of SAPDs in Physiological
Environments. We next discovered that the four SPs possess
very different in vitro drug release profiles in both PBS buffer
and rat plasma. In these experiments, we first prepared a series
of sample solutions to investigate the drug release of four SAPDs
at the concentration of 200 μM in PBS buffer at 37 °C with or
without 10 mM GSH, respectively (Fig. 3 E and F and SI Ap-
pendix, Figs. S15 and S16). Fig. 3E shows the summary of drug
release of SAPDs over 60 min in the presence of GSH, and SI
Appendix, Fig. S15A exhibits the representative analytical RP-
HPLC traces of drug release in GSH environment at 5 min.
Clearly, the drug release rate is SAPD 1 < SAPD 2 < SAPDs 3
and 4, with 8% of SAPD 1, 45% of SAPD 2, 93% of SAPD 3,
and 92% of SAPD 4 degraded within 5 min (Fig. 3E and SI
Appendix, Fig. S15A), evidently demonstrating that more stable
SPs show increased resistance to GSH-relevant cleavage com-
pared with the less stable ones. It is highly plausible that SAPDs
in the assembled state could shield the hydrophobic CPTs and
biodegradable linkers from the external environment and thus
hinder the liberation of drugs. At this studied concentration,
more SAPD 1 exists in the SP form than SAPD 2, while SAPDs 3
and 4 mostly exist in the monomeric forms, thus showing little
resistance to GSH. Fig. 3F presents the chemical degradation
profile of SAPDs over 120 h in the absence of GSH, with the
representative analytical RP-HPLC traces included in SI Ap-
pendix, Fig. S15B. In the absence of GSH, hydrolysis of the
carbonate ester linker is considered to be mainly responsible for
the prodrug degradation. Similar to the findings in the GSH
environment, SAPD 1 exhibits the most resistance toward hy-
drolytic cleavage with 96% of conjugates remaining intact,
compared to 87% of SAPD 2 and less than 60% of SAPDs 3 and
4 after 120-h incubation (Fig. 3F and SI Appendix, Fig. S16). We
also repeated this drug release experiment in rat plasma con-
taining a myriad of proteins and enzymes (Fig. 3 G and H). The
same drug release trend of SAPD 1 < SAPD 2 < SAPDs 3 and 4
was observed, albert with slightly faster drug release rates rela-
tive to those in PBS, likely caused by protein-promoted dissoci-
ation and enzyme-induced degradation. The percentages of
SAPDs 1 to 4 of remaining drugs in plasma at 96 h without GSH
are 89%, 78%, 15%, and 18% (Fig. 3H), respectively, in com-
parison to 95%, 86%, 63%, and 61% in PBS (Fig. 3F). Alto-
gether, these results clearly suggest that SPs with a lower CMC
value are more resistant to disassemble and liberate the free
drugs in physiological environments.

Dose–Response Inhibition against Colon Cancer Cells. As a result of
the effective release of potent CPT in a GSH-rich environment,
all SAPDs were found to demonstrate great efficacy against
cancer cells. The in vitro cytotoxicities of SAPDs were evaluated
against HT-29 and HCT-116 human colorectal cancer cells
through a dose–response relationship assay based on CPT con-
centration using the sulforhodamine B method. SAPDs of vari-
ous concentrations were incubated with cancer cells for 72 h with
both free CPT and irinotecan, a clinically used prodrug of CPT
for treatment of colorectal cancer, as controls (Fig. 4). All of the
prodrugs exhibited a higher potency against cancer cells com-
pared with irinotecan, which must be hydrolyzed prior to exerting
its therapeutic efficacy (60). Although showing slight variations,
the IC50 values of SAPDs are within similar ranges, which are
two orders of magnitude lower than that of irinotecan in both
cell lines. These results led us to conclude that the design of
GSH-responsive etcSS linker enables SAPDs to undergo a
rapid GSH-induced restoration of potent free CPT that is much
faster than hydrolysis of irinotecan, and the differences in CMC
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values and the related free drug release rate are not reflected
on their in vitro efficacy against cancer cells.

Antitumor Performance of SAPDs of Various CMCs at the Same Dose.
To better understand the role of CMC in its in vivo performance,
we next assessed antitumor effect of SAPDs of various CMCs in a
HT-29 mouse xenograft model through i.v. administration of four
prodrugs at a dose of 10 mg/kg (CPT equivalent) on days 1, 5, 9,
and 13 (n = 6 for each group) with PBS (n = 5) and free CPT
(9 mg/kg, n = 5) as controls. Hydrophobic free CPT was dissolved in
a mixture of DMSO/ethanol/PEG-400/water at a volumetric ratio
of 1:1:2:1 and administrated through intraperitoneal (i.p.) in-
jection to minimize the toxicity of organic solvents (61). Although
i.p. injection of organic solvent is tolerable, administration of free
CPT at 9 mg/kg still resulted in the death of all five mice after the

second dose due to the associated severe toxicity of the free CPT
drug (Fig. 5C). In addition, irinotecan (n = 5) at its reported MTD
of 100 mg/kg was also intraperitoneally injected on days 1, 8, and
15 as another control (61). Significant tumor regression (Fig. 5A)
with much improved survival (Fig. 5C) was observed in mice
treated with all SAPDs compared with the control group. SAPD 1
showed the best tumor suppression activity with a mean tumor
volume of 60 mm3 on day 25 compared with 255, 304, 286, and
194 mm3 for SAPDs 2 to 4 and irinotecan, respectively (Fig. 5A).
Also, the administration of SAPD 1 increased the median survival
from 27 d (the control group) to 56 d, while the median sur-
vivals of other groups were 46 d (SAPD 2), 42 d (SAPD 3), 47 d
(SAPD 4), and 51 d (irinotecan), respectively. These results sug-
gest that the most stable SPs assembled from SAPD 1 exhibited
the best efficacy compared with other SAPDs when administrated
at the same dose. One possible explanation could be that less
stable SPs may dissociate into more monomeric forms of the
prodrugs upon plasma dilution, which is subject to a rapid renal
clearance. Importantly, one could notice that SAPD 1 generated
the most toxicity according to the body weight change, although it
is within acceptable toxicity range (Fig. 5B).

In Vivo Circulation Study of SAPDs. To provide more insight into
the circulation fate of SAPD assemblies in vivo, we collected the
pharmacokinetic profiles of the four SAPD SPs in Sprague–
Dawley (SD) rats (n = 3 for each prodrug) through i.v. injection
at the dose of 10 mg/kg (CPT equivalent). The initial concen-
tration of SAPDs upon plasma dilution is roughly estimated to
be around 150 μM (SI Appendix), a value above the CMCs of
SAPDs 1 and 2 but below those of SAPDs 3 and 4. We found
that the SAPD 1 group showed the slowest clearance of drugs
from the plasma, followed by SAPD 2, SAPD 3, and SAPD 4. As

Fig. 4. In vitro cell cytotoxicity of SAPDs against HT-29 colorectal adeno-
carcinoma cells (A) and HCT-116 colorectal carcinoma cells (B), with both free
CPT and irinotecan as controls (72-h incubation, n = 3).

Fig. 5. In vivo antitumor efficacy and circulation study of SAPDs at the same dose (10 mg/kg, CPT equivalent). SAPDs were i.v. injected q4dx4 (black arrows)
at days 1, 5, 9, and 13 at a dose of 10 mg/kg mice (n = 6). Blank PBS group and free CPT (i.p.) at a dose of 9 mg/kg (q4dx4) at days 1, 5, 9, and 13 were taken as
controls (n = 5); however, administration of CPT resulted in death of all five mice after the second dose. Irinotecan (i.p.) at a dose of 100 mg/kg (qwkx3, red
arrows) at days 1, 8, and 15 was another control (n = 5). Tumor volume (A), body weight (B), and cumulative survival (C) plots of mice. Loss of mice is a result of
treatment-related death or killing after predetermined end point was reached. All of the data are presented as mean ± SD and analyzed by one-way ANOVA
(Fisher; 0.01 < *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001). Real-time concentration of total CPT (D) and bounded CPT in SAPDs (E) in the circulation study on SD rats
(n = 3) at 5 min, 15 min, 30 min, 1 h, 2 h, 4 h, 8 h, and 12 h. (F) The ratio of bounded CPT in SAPDs to total CPT within 1 h after injection.
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shown in Fig. 5D, the total CPT concentrations for SAPDS 1 to 4
are 15.3, 7.0, 2.8, and 4.7 μM at 1 h, and 8.1, 2.2, 1.3, and 1.0 μM
at 2 h, respectively. More importantly, SAPD 1 maintained the
lowest degradation in plasma (Fig. 5E), with 86% of CPT
remained in the bounded form at 5 min in comparison to only
28% for SAPD 2 (Fig. 5F). Even at 1 h, more than 72% of total
CPT retained the conjugate form (Fig. 5 E and F). In sharp
contrast, both SAPD 3 and SAPD 4 rapidly broke down into free
CPT upon injection, with more than 98% CPT released within
5 min (Fig. 5 D and F and SI Appendix, Fig. S17), suggesting that
after i.v. injection their assemblies quickly dissociate into mo-
nomeric form upon plasma dilution and that their unassembled
forms are vulnerable to in vivo enzymatic/hydrolytic degradation.
These results are consistent with our in vitro studies, further
supporting the notion that CMCs represent an important char-
acteristic to determine the morphological and structural integrity
of supramolecular assemblies during circulation.

Systemic Toxicity and MTD Determination of SAPDs. Given that the
therapeutic index of a drug is determined by both systemic tox-
icity and therapeutic efficacy, it is important to investigate the
role of CMC of a SP in its systemic toxicity. We then studied the
MTD of SAPDs by a dose escalation study in healthy female
athymic nude mice (Table 1 and SI Appendix, Table S1), which is
defined by the largest dose given to a rodent that did not result in
more than a 20% body weight loss or death. We found that
SAPDs 1 to 4 have MTDs of 24, 54, 72, and 72 mg/kg, re-
spectively (49). The MTD trend of SAPD 1 < SAPD 2 < SAPD 3
and SAPD 4 (Table 1 and SI Appendix, Table S1), along with
body weight fluctuation in the above-mentioned efficacy study
(Fig. 5B), led us to draw the conclusion that the lower the CMC
of a SP, the lower its MTD and the higher the drug’s systemic
toxicity. The decrease of MTD upon using stable nanostructures
as drug carriers was also reported in the design of liposomal
irinotecan (62–65). Previous studies have shown that encapsu-
lation of irinotecan into liposomes showed higher toxicity than
the free irinotecan in tumor-free SCID/Rag-2M mice and ad-
ministration of irinotecan-encapsulated liposome at the MTD of

free irinotecan resulted in significant body weight loss of studied
mice (62). In addition, the MTD of ONIVYDE monotherapy at
3-wk interval was reported as 120 mg/m2 in clinic compared
with that of 320 mg/m2 for irinotecan (63–65). The corrobo-
ration of our findings with these reports suggest that it is likely
that small-molecule drugs can undergo a rapid clearance from the
body that largely reduces their bioavailability. The liposomal for-
mulation protects the drugs within stable nanostructures, which
could improve the circulation, but at the same time increase the
drugs’ accumulation in healthy organs. Therefore, we speculate
that SAPD assemblies in more stable forms enable a longer re-
tention time by reducing its body clearance, which could result in
higher uptake by the major organs and thus the higher toxicity at
the same dose level.

Antitumor Performance of SAPDs at Their Respective MTDs. Given that
SAPDs 1 to 4 showed excellent tolerability in the above-mentioned
efficacy study (Fig. 5) and that intensification of dosage to improve
treatment outcome is often favored within a drug’s tolerability, we
decided to elevate the dose to assess whether a better tumor in-
hibition efficacy can be achieved. Based on our previous experi-
ences, the MTD of multiple injections (three doses and 4 d a dose)
could be around one-half of the MTD of a single injection (Table 1
and SI Appendix, Table S1). For example, the MTD of SAPD 1 of
multiple injections is 12 mg/kg, which is one-half of the MTD
(24 mg/kg) of a single injection (49). Thus, in the following efficacy
study, we used the dose of one-half MTD for each prodrug, which is
12 mg/kg (one-half MTD) for SAPD 1 and 36 mg/kg for both
SAPD 3 and 4, respectively. Regardless of a slightly lower MTD
(54 mg/kg) of SAPD 2 compared with that of SAPDs 3 and 4
(72 mg/kg), we decided to use 36mg/kg for consistency; the irinotecan
group and PBS group were also used as controls (Fig. 6). Again, all
of the SAPDs significantly suppressed the tumor growth at the dose
of their estimated MTDs relative to the control group (Fig. 6A).
The treated mice showed a mean tumor volume of 172, 330, 322,
408, and 358 mm3 for SAPDs 1 to 4 and irinotecan, respectively,
on day 28 (Fig. 6A). SAPD 1 was a bit more effective than other
SAPDs; however, it is not statistically significant as analyzed by one-
way ANOVA (P > 0.05), except relative to SAPD 4 (P = 0.02).
Furthermore, SAPD 2 showed systemic toxicity with one treatment-
related death (Fig. 6C), which also indicates that the predetermined
dose could be higher than theMTD of SAPD 2. A similar trend was
observed in survival, in which SAPD 1 slightly improved the survival
of mice compared with the other groups. Although we cannot rule
out that further increase of the dose of SAPDs 2 to 4 would lead to
an even better efficacy (it may also lead to more severe toxicity), our
current results suggest that the efficacy of SAPDs 2 to 4 does not
exceed SAPD 1 even at their respective estimated MTDs.
These in vivo experimental results collectively demonstrate the

significant role of CMC values in determining the circulation, ther-
apeutic efficacies, and systemic toxicities of SPs. Scheme 1 illustrates
the possible four destinations that therapeutic SPs could reach after
systemic administration, which are closely related to their circulation,
efficacy, and toxicity. Following i.v. injection, SPs could be contained
within plasma (circulation), accumulate in tumorous tissues (efficacy)
or healthy organs (toxicity), or get cleared out through the excretion
systems. As a result of their supramolecular nature, all SAPD SPs
are expected to undergo spontaneous dissociation after plasma di-
lution into fragmented pieces and monomeric units (66). From the
perspective of pharmacokinetics, smaller fragments (<6 nm) and
monomeric prodrugs can be rapidly excreted through the renal sys-
tem (Scheme 1). This explains why SAPDs 2 to 4 had a higher re-
spective MTD than SAPD 1 because more of their monomers were
likely excreted out of the studied mice. Since fewer SAPDs 2 to 4 are
left within the body, it consequently lowered the accumulation in
both tumor and healthy tissues, thus leading to reduced treatment
efficacy and increased MTD. In contrast, a larger percentage of
SAPD 1 is expected to assume the supramolecular form during the

Table 1. MTD of SAPDs 2 to 4 by dose escalation studies in
healthy athymic nude mice

Prodrug Dose, mg/kg Maximum % BW loss, d Survival/total

SAPD 2 108 N.D. 0/3
72 11.4 (2) 2/3
54 3.5 (2) 3/3
45 4.0 (2) 3/3
36 2.1 (6) 3/3
18 6.2 (5) 3/3

SAPD 3 108 N.D. 2/3
72 0 3/3
54 1.6 (1) 3/3
45 2.5 (4) 3/3
36 1.4 (4) 3/3
18 5.5 (4) 3/3

SAPD 4 108 N.D. 1/3
72 1.2 (1) 2/3
54 3.9 (3) 3/3
45 0 3/3
36 7.2 (2) 3/3
18 3.1 (5) 3/3

A single i.v. injection of SAPDs was administered, and body weights (BWs)
of mice were recorded for 2 wk (n = 3 for each group). All of the doses are
CPT equivalent. The MTD of SAPD 1 was previously determined in our lab-
oratory (SI Appendix, Table S1). SAPDs 1 to 4 have MTDs of 24, 54, 72, and
72 mg/kg, respectively. If the BW of a mouse decreases more than 20%, the
mouse will be killed and counted as a death.
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circulation, which is too big for renal clearance, so as to improve
accumulation in tumors for better treatment efficacy. Although
SAPD 2 has a CMC value (10.1 μM) close to that of SAPD 1
(2.7 μM) and behaved similarly in their in vitro stability under the
quiescent conditions (Fig. 3 C and D) and prodrug release in the
absence of GSH (Fig. 3 F and H), SAPD 2 filaments were ob-
served to rapidly dissociate into monomeric units after i.v. ad-
ministration (Fig. 5E). As a result, SAPD 2 demonstrated a much
higher MTD (54 vs. 24 mg/kg) and a much reduced efficacy in
tumor suppression. These observations suggest that the CMCs,
in vitro stability, and drug release data measured under quiescent
conditions only provide qualitative information to predict the
drug’s in vivo performance. It is the drug’s in vivo stability and
pharmacokinetic profile that afford more reliable prediction of
its in vivo efficacy.
On basis of our in vivo study results, SAPD 1 appears to be the

best candidate for further development as it revealed the best ef-
ficacy in suppressing tumor growth at the same dosage (10 mg/kg),
and also a comparable efficacy even when SAPDs 2 to 4 were
administered at their respective MTD. However, it should be
noted that, although SAPD 1 demonstrated the best in vivo
efficacy, it also revealed the greatest toxicity by having the lowest
MTD. Thus, an optimal CMC value should exist to balance the
healthy organ toxicity with the tumor treatment efficacy. This
statement also eludes that permanent locking of supramolecular
nanostructures through shell or internal cross-linking may not

represent the best strategy as it would also boost toxicity to
healthy organs, and also highlights the important role that su-
pramolecular assemblies could play in the development of more
effective drug carriers. In drug development, therapeutic index is
an important measure of therapeutic efficacy relative to the
toxicity it may cause. A higher therapeutic index is often pre-
ferred as it suggests a favorable safety and efficacy profile. In our
case, although we cannot directly assess the therapeutic index for
each SAPD design, we can envision an improved therapeutic
index for all of the studied SAPDs over the parent drug CPT.
Our studies also reveal the tunability of therapeutic index
through molecular engineering of SAPDs, given their difference
in MTD and treatment efficacy.

Conclusion
In this article, we developed a series of SAPDs to achieve a
better understanding of the fundamental role of CMC of SPs in
their in vivo efficacy in tumor inhibition and systemic toxicity.
Our results provided a general guiding principle in design of SPs
from two important perspectives: 1) antitumor efficacy and 2)
toxicity. The antitumor efficacy is largely dependent upon the
stability of the SPs, which allows for reduced clearance and thus
improved accumulation in tumor sites. At the same time, the
toxicity is more closely related to the monomer clearance, with
less stable SPs having a higher MTD. Our results suggested that
lowering the CMC value would lead to increased toxicity (body
weight loss) yet improved efficacy in tumor suppression in ro-
dents. Although we cannot rule out the potential impact of the
morphology and length, our studies identified the primary design
principles of self-assembling building units and the essential roles
of supramolecular integrity in altering therapeutic index of SPs.
We hope that these findings will contribute to the eventual
elucidation of supramolecular drug delivery systems and lead to
successful design of clinically usable SPs.

Materials and Methods
Detailed synthesis and experimental protocols, in addition to SI Appendix,
Figs. S1–S17 and Table S1, can be found in SI Appendix.

CMCMeasurement.Nile Redmethod was used to investigate the CMCs of four
SAPDs by taking advantage of its unique fluorescent behavior in the hy-
drophobic environments (54, 55). Once the concentration exceeds CMC, Nile
Red could associate with hydrophobic domain within the assemblies and
emit strong fluorescence. A stock solution of Nile Red at the concentration
of 500 μM was prepared in acetone. Then 10 μL of the prepared stock so-
lution was added to microcentrifuge tubes, which was allowed to evaporate
the acetone in the dark. The 500-μL SAPD solutions of various concentrations
were added into those microcentrifuge tubes and allowed to age overnight.

Fig. 6. In vivo antitumor efficacy of SAPDs at their respective estimated MTDs. SAPDs were i.v. injected q4dx3 (black arrows) on days 1, 5, and 9 at doses of
12 mg/kg (CPT equivalent) for SAPD 1, and 36 mg/kg for all other three SAPDs (n = 5). Blank PBS group (n = 5) was taken as a control, and irinotecan (i.p.) at a
dose of 100 mg/kg (qwkx3, red arrows) on days 1, 8, and 15 was another control (n = 5). Tumor volume (A), body weight (B), and cumulative survival (C) plots
of mice. Slight decrease of body weight was observed in all treated groups with one treatment-related death in the SAPD 2 group. All of the data are
presented as mean ± SD and analyzed by one-way ANOVA (Fisher; 0.01 < *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001).

Scheme 1. Illustration of the circulation fate of a supramolecular polymer
(SP) after entering into the circulation. SP (1) may dissociate into fragments/
monomers in the plasma upon dilution, and the dissociation kinetics is
mostly dictated by its CMC. SP has the tendency to accumulate more in the
tumor (2) and major organs (3) (liver, spleen, kidney, lung, and heart), while
fragments/monomers (4) tend to undergo a rapid renal clearance. Thus, the
lower the CMC of a SP, the lower the percentage of fragments and mono-
mers, leading to reduced excretion and enhanced tumor (improved efficacy)
and healthy organ uptake (increased toxicity).
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The emission spectra from 580 to 720 nm were acquired on a Fluorolog spec-
trofluorometer (Horiba Jobin Yvon) with an excitation wavelength of 550 nm.
The ratios of intensity at 635 nm (emission maximum in hydrophobic envi-
ronment) to that at 660 nm (emission maximum in aqueous conditions) of
various solutions were calculated and plotted against the concentrations.

CD Measurement of SAPDs in Physiological Environments. Stock solutions of
SAPDs were prepared at 2 mM and aged overnight. The solutions were di-
luted to 200 μM in 10% FBS, 10% mice plasma, and 10% rat plasma, aged
overnight before CD measurement. To study the kinetic stability of the as-
sembled SAPDs upon dilution, the stock solutions of SAPDs 1 and 2 were
diluted to 100, 50, 25, 10, and 5 μM in 10% rat plasma. The CD spectra were
recorded at 5 min, 1 h, 4 h, and 12 h. All of the CD spectra were recorded
from 300 to 450 nm using a 1-mm path length quartz cell. The spectra were
collected and normalized from ellipticity (millidegrees) to molar ellipticity
(degree-centimeter squared per decimole).

Drug Release and Chemical Stability Studies of SAPDs. Drug release studies of
four SAPDs were performed at a concentration of 200 μM in PBS buffer with
or without the reducing agent GSH. Briefly, 400 μM stock solutions of SAPDs
in water were prepared and aged overnight. Stock solutions containing 2×
PBS (20 mM) with or without 20 mM GSH were prepared 1 h before the
experiment, and the pH was tuned to 7.4 with NaOH. The prodrug solutions
were further diluted to 200 μM with 20 mM (2×) PBS buffer with or without
GSH (20 mM) to give final solutions of 200 μM prodrug, 10 mM PBS, and with
or without 10 mM GSH. Three replicates of each SAPD were prepared with
or without GSH and were incubated at 37 °C. Samples with GSH were col-
lected at 0 min, 5 min, 10 min, 15 min, 30 min, 1 h, and 2 h, while samples
without GSH were collected at 0, 6, 12, 24, 48, 72, 96, and 120 h. To prevent
further reaction after sample collection, the collected samples (50 μL each
point) were acidified by adding 0.2 μL of 2 M HCl, frozen with liquid ni-
trogen, and stored at −30 °C. The release profile was determined by ana-
lytical RP-HPLC using the following conditions: Varian Pursuit XRs C18 (5 μm,
150 × 4.6 mm); 362-nm detection wavelength; 1 mL/min flow rate; the
gradient began at 15 to 85% acetonitrile containing 0.1% TFA by 15 min
and back to initial gradient at 18 min. The calculated data points were
plotted as a percentage of the total CPT concentration against time. Rep-
resentative HPLC traces over time were also integrated for comparison.

The drug release in rat plasma (10% [vol/vol]) were performed using similar
protocols as those in PBS. To determine the amount of SAPDs and free CPT in
each sample, 50 μL of sample was mixed with 200 μL of acetonitrile (containing
0.1% TFA) and sonicated for 1 min. The supernatants were collected using cen-
trifugation. All samples were filtered through a 0.22-μm membrane before anal-
ysis by an ultraperformance liquid chromatography (UPLC) system (Waters
ACQuityTMUltra Performance LC) equippedwith a reverse-phase column (ACQuity
UPLC@BEH, C18, 1.7 μm, 2.1 × 150 mm) and a fluorescence detector (ACQuity
FLR; excitation/emission = 362/430 nm). The column was flushed with a mixture
of water (0.1% TFA) and acetonitrile (0.1% TFA) at 0.3 mL/min with the fol-
lowing gradient: 5% acetonitrile (0 to 1 min), 5 to 95% acetonitrile (1 to 5 min),
95% acetonitrile (5 to 8 min), 95 to 5% acetonitrile (8 to 9 min), and 5% ace-
tonitrile (9 to 10 min). Peaks of SAPDs and free CPT were monitored and recor-
ded, and the concentrations were calculated by comparing with standard curves.

Antitumor Efficacy Study of SAPDs at the Same Dose on a HT-29 Tumor Model.
HT-29 tumor model was established by s.c. injection of 5 × 106 HT-29 cells into
the right shoulder of female athymic nude mice (8 to 9 wk old). When the
averaged tumor size reached 75 to 95 mm3, mice were randomly divided
into six groups. Four different SAPDs were all i.v. dosed at 10 mg/kg (CPT
equivalent) at days 1, 5, 9, and 13 (n = 6 for each group) with PBS (n = 5),
free CPT (n = 5, i.p. injection, 9 mg/kg at days 1, 5, 9, and 13), and irinotecan
(n = 5, i.p. injection, 100 mg/kg at days 1, 8, and 15) as controls. Hydrophobic

CPT was dissolved in a mixture of DMSO/ethanol/PEG-400/water at a volumetric
ratio of 1:1:2:1 and administered through i.p. injection with a total volume
of 100 μL to minimize the toxicity of organic solvent (61). Based on our expe-
rience, i.v. injection of 100 μL of organic solvent will result in immediate
death of the studied mice as a result of solvent-related toxicity, but i.p. in-
jection of 100 μL of solvent is tolerable. Here, the dose of irinotecan is its
MTD as reported in the literature, and i.p. injection achieved similar efficacy
to i.v. injection while reducing the side effects (61). The dosing volumes of
SAPDs and irinotecan were estimated by a ratio of 200 μL for a 20-g mouse.
The tumor volumes and body weights were monitored and recorded every 2
or 3 d. The tumor volume was estimated by measuring the length and width
with calipers and using the equation “tumor volume = (length × width2)/2.”
Mice were killed once the tumor volume reached 1,000 mm3.

Circulation Studies of SAPDs in Rats. Female SD rats (200 to 250 g) were
randomly grouped into four groups with three rats in each group. SAPDs
were all i.v. dosed at 10 mg/kg (CPT equivalent). The dosing volumes of SAPDs
were estimated by a ratio of 1 mL for a 200-g rat. The blood samples were
collected at 5 min, 15 min, 30 min, 1 h, 2 h, 4 h, 8 h, and 12 h, which were
immediately centrifuged to take plasma for further analysis and stored at
−80 °C. The plasma proteins were precipitated using similar protocols as
mentioned above in drug release section and the determination of SAPDs
and free CPT in the plasma by UPLC also used the same conditions.

MTD Studies. MTD of SAPD 1 has been previously determined in our labo-
ratory (SI Appendix, Table S1). MTDs of other SAPDs were determined by
dose escalation studies in healthy female athymic nude mice (Charles River;
12 to 13 wk old). A single i.v. injection of SAPD was dosed at day 1, and the
body weights of each mouse (n = 3) were recorded every day for 6 d and
every the other day until 2 wk. The dosing volume was determined based
upon a ratio of 200 μL for a 20-g mouse. Doses of SAPDs used in the studied
were 108, 72, 54, 45, 36, and 18 mg/kg (CPT equivalent). The MTD was de-
termined by the largest dose that did not result in more than a 20% body
weight loss or death of an animal.

Antitumor Efficacy Study of SAPDs at near MTD on a HT-29 Tumor Model. HT-29
tumor model was established as described above. When the averaged tumor
size reached 70 to 110 mm3, mice were randomly divided into six groups (n = 5
for each group). Four different SAPDs were all i.v. dosed at near or slightly
lower than their estimated MTDs. According to our experience, the MTD of
multiple injections (three doses and 4 d a dose) could be around one-half of
the MTD of a single injection (Table 1 and SI Appendix, Table S1). For ex-
ample, MTD of SAPD 1 of multiple injections is 12 mg/kg, which is one-half of
the MTD (24 mg/kg) of a single injection. The estimation is consistent with
our previous findings. Thus, in this study, the dose of SAPD 1 is 12 mg/kg
(one-half MTD). The dose of SAPDs 3 and 4 is 36 mg/kg (one-half MTD).
Although SAPD 2 has slightly lower MTD, we also used the same dose as
SAPDs 3 and 4 to make them consistent. The irinotecan (i.p. injection;
100 mg/kg at days 1, 8, and 15) and the PBS groups were used as controls. All
other protocols were similar to those in the above-mentioned efficacy study.

Data Availability. Necessary materials are available from the corresponding
author on reasonable request.
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