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ABSTRACT: Despite potency against a variety of cancers in preclinical systems,
melittin (MEL), a major peptide in bee venom, exhibits non-specific toxicity, severe
hemolytic activity, and poor pharmacological properties. Therefore, its advancement
in the clinical translation system has been limited to early-stage trials. Herein, we
report a biohybrid involving a bottlebrush-architectured poly(ethylene glycol) (PEG)
and MEL. Termed pacMEL, the conjugate consists of a high-density PEG
arrangement, which provides MEL with steric inhibition against protein access,
while the high molecular weight of pacMEL substantially enhances plasma
pharmacokinetics with a ∼10-fold increase in the area under the curve (AUC∞)
compared to free MEL. pacMEL also significantly reduces hepatic damage and
unwanted innate immune response and all but eliminated hemolytic activities of
MEL. Importantly, pacMEL passively accumulates at subcutaneously inoculated tumor sites and exhibits stronger tumor-suppressive
activity than molecular MEL. Collectively, pacMEL makes MEL a safer and more appealing drug candidate.
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■ INTRODUCTION

High binding constants and exquisite specificity with the target
protein of peptides often give rise to great potencies and few
off-target effects compared with conventional small-molecule
drugs.1−3 Still, only a small fraction of peptides with in vitro
potency eventually achieves regulatory approval, largely due to
the intrinsic low protease stability, rapid renal clearance, and
side effects. For instance, melittin (MEL), a lytic peptide with
promising antitumor activities, is severely limited by its difficult
pharmacological properties and extensive hemolytic activity.
Consisting of 26 amino acids, MEL is the main component of
bee venom (∼50% dried weight). MEL can disrupt the
phospholipid bilayer by generating transmembrane pores and
cause the apoptosis/necrosis of cells. Importantly, MEL is
regarded as one of the most potent anticancer agents as
resistance against physical pore formation on the cell
membrane is very difficult to develop by the cancer cell.4−8

However, at therapeutic concentrations, which are barely
above the sublytic concentrations, MEL causes significant side
effects including hemolysis, coagulopathy, allergic reactions,
and pain at the injection site, which would render MEL a
narrow therapeutic index drug, with slight changes in dosage
inducing therapeutic failures or severe adverse drug reac-
tions.9,10

Observing these obstacles, we recognize that most of them
are associated with unwanted interactions during initial
systematic circulation, such as those with proteins in the
coagulation pathway (coagulopathy), the red blood cell

membrane (hemolysis), and immune cells (allergic reac-
tions).11−13 Suppressing these interactions may therefore
reduce associated side effects, establish a new biodistribution
profile that potentially redirects bioactivity of MEL to tissues of
interest, and improve the therapeutic index. Covalent
conjugation with the synthetic polymer poly(ethylene glycol)
(PEG) is a clinically successful strategy to reduce unwanted
interactions between the therapeutic agent and the biological
environment, which has been adopted in more than 20
approved peptide/protein biopharmaceuticals since the appro-
val of ADAGEN, a PEGylated adenosine deaminase.14 PEG
works by creating a large hydration shell shielding the
conjugated species.15,16 Conventional PEGylation with linear
or slightly branched PEG has not been able to fully overcome
the various toxicity challenges associated with MEL, in part
due to insufficient shielding and the strong lytic properties of
the peptide.17 Recently, the rapid progress in polymer
synthetic approaches allows polymers with more complex
architectures to be obtained, such as the bottlebrush polymers,
which can be easily synthesized by ring-opening metathesis
polymerization.18−20 Consisting of multiple PEG chains
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(usually 15−30) densely arranged on a central polymer
backbone, the bottlebrush PEG creates significantly greater
spatial congestion than linear or slightly branched PEG, which
makes it particularly suitable for steric shielding of highly
promiscuous binders, membrane disruptive agents, and/or
enzymatically vulnerable molecules (such as unmodified
oligonucleotides).21−26 Additionally, the recently reported
degradable polynorbornene-based bottlebrush polymers fur-
ther alleviate the concerns over using these large molecules as
drug delivery vectors.27,28

Herein, we report a bottlebrush PEG-MEL conjugate as a
non-immunogenic, non-hemolytic, and long-circulating anti-
tumor prodrug to treat non-small-cell lung carcinoma
(NSCLC) in a xenograft mouse model. Abbreviated as

pacMEL (polymer-assisted compaction of MEL), the con-
jugate links approximately two molecules of MEL covalently to
the backbone of the bottlebrush PEG via a bioreductively
cleavable disulfide linker or a non-cleavable bond (Scheme 1).
With reduced interactions with blood components, pacMEL
exhibits markedly prolonged plasma pharmacokinetics (∼21 ×
longer elimination half-life compared with free MEL) and
elevated plasma availability [∼10 × greater area under the
curve (AUC∞)], which promotes the passive targeting of
tumor xenografts via the enhanced permeability and retention
(EPR) effect. At a dosage where free MEL has no discernible
effect on tumor growth, pacMEL is able to exert a significant
tumor-suppressive activity. Importantly, pacMEL does not
exhibit the typical toxicity profile of MEL, such as hemolytic

Scheme 1. Chemical Structures and Schematic Illustrations of PEGylated MELs

Figure 1. (A,B) Aqueous GPC chromatograms and agarose gel electrophoresis of purified PEGylated MELs and free MEL. Note that the GPC
peaks for the conjugates display high molecular shoulders (more notable for YPEG-MEL), which suggest that the MEL component may cause slight
aggregation. This peak asymmetry is absent for the parent brush polymer (Figure S2). (C) TEM image of pacMELClv negatively stained with 1%
uranyl acetate. (D) Size distributions of PEGylated MELs (DLS intensity average; experiments were carried out at a scattering angle of 90° at room
temperature in NanoPure water). (E) ζ-potential of free MEL and PEGylated MELs in NanoPure water.
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activity, cytotoxicity, and liver damage. Collectively, we
demonstrate a safer and pharmacologically superior form of
the highly toxic peptide MEL, achieved using predominately
PEG. The findings reported here make MEL a more appealing
therapeutic agent for translational consideration and should
expand the possibilities for the delivery of other types of
narrow-therapeutic index drugs.

■ RESULTS AND DISCUSSION

Preparation and Characterization of pacMEL. To
shield MEL from the biological environment, we designed a
high-grafting-density bottlebrush PEG (degree of polymer-
ization ∼30, Mw 271 kDa, D 1.27) with long side chains (Mn
10 kDa, D 1.05) as the carrier platform based on previous
physiochemical and pharmacological findings.23,25,26 pacMEL
was synthesized via click reaction between the azide-function-
alized bottlebrush polymer and dibenzocyclooctyne-function-
alized MEL.29−31 Unreacted PEG macromonomers and MEL
were removed during the purification via aqueous gel
permeation chromatography (GPC, Figures 1A and S4C).
Because MEL works by forming a tetrameric complex and then
binds to the phospholipid bilayer, it must be released from the
polymer to regain activity.25 Thus, a cysteine modification at
the C-terminus of MEL was used to form a bioreductively
cleavable disulfide linkage with the diblock bottlebrush
copolymer (pacMELClv). We also synthesized two negative
controls: a non-cleavable conjugate, pacMELNClv, and a
conjugate of a low PEG density (Mn = 40 kDa, Y-shaped
PEG, each arm is 20 kDa, D 1.05), YPEG-MEL (Scheme 1).
The number of peptides per bottlebrush was determined to

be 3.3 for pacMELNClv and 2.6 for pacMELClv (Figure 1B; for
details, see SI). The average MEL loading number for
pacMELClv was verified by treatment with tris(2-carboxyethyl)-
phosphine (TCEP) and subsequent GPC analysis (Figure
S4B,C) to be 2.1 MEL per conjugate, which is approximately
consistent with the dye-labeling method. Transmission
electron microscopy (TEM) shows that pacMELClv exhibits a
globular structure with a dry-state diameter of 23 ± 3 nm,
which is in line with dynamic light scattering (DLS) analysis (a
Dh of 34.1 ± 0.4 nm, Figure 1C,D). The observed globular

morphology of pacMEL is the result of the collapse of the
hydrophobic polynorbornene backbone in aqueous solution,
which has been reported in other studies and simulations.32,33

Considering the number of the side chains (DPn ∼ 30) in our
design, the polymer used in pacMEL has entered the
bottlebrush regime and should offer stronger steric inhibition
of external macromolecules than the slightly branched star
polymers.21,34 YPEG-MEL exhibits an expected smaller
cumulant Dh of 21.0 ± 0.5 nm. ζ-potential measurements
indicate that PEGylation reduces the overall positive charge of
MEL, especially by the bottlebrush PEG; both the pacMELs
exhibit a near-neutral ζ-potential (0.3 mV) compared with
natural MEL (∼8 mV, Figure 1E).

Reductive Cleavage and Proteinase Stability. We first
tested the bioreductive release of pacMELClv, which offers a
secondary tumor-targeting effect by releasing active MEL more
readily at tumor sites in addition to the primary EPR effect.
Glutathione levels are reported to be elevated in several human
cancers, including NSCLC, which is used as a model to
investigate the efficacy of pacMEL formulations (vide
infra).35,36 Dithiothreitol (DTT) [10 mM in phosphate-
buffered saline (PBS)] was used to simulate the intracellular
reducing environment in cancer cells, and agarose gel
electrophoresis was used to monitor the release kinetics of
MEL from the conjugate (Figure 2B). Using band
densitometry analysis, a release profile is plotted as a function
of incubation time. It is found that 50% MEL is released from
pacMELClv during the first hour, and 80% release is achieved in
∼4 h (Figure 2C). The faster release kinetics relative to
clearance (vide infra) suggests that the majority of conjugated
MEL will become bioavailable as opposed to remaining in the
prodrug form after clearance.
Next, we studied whether the bottlebrush PEG can shield

MEL better than conventional PEG using a proteinase assay.
In this assay, α-chymotrypsin, which can catalyze the
hydrolysis of peptide bonds on the C-terminal side of
tryptophan and leucine,37 was used to treat the MEL-
containing samples, and cleaved versus intact MEL can be
quantified after polyacrylamide gel electrophoresis (PAGE,
Figure 2D). Upon the addition of α-chymotrypsin, free MEL

Figure 2. (A) Schematic illustration of the bioreductive release of MEL from pacMELClv and degradation of the MEL component by α-
chymotrypsin (Protein Data Bank ID 2CHA). (B) Agarose gel electrophoresis (2%) of pacMELClv treated with 10 mM DTT with varying
treatment times. (C) The release profile for pacMELClv was determined by gel band densitometry analysis. (D) PAGE showing α-chymotrypsin
degradation of pacMELClv, YPEG-MEL, and free MEL. The percentage of MEL degradation after 120 min of treatment is shown in (E). **P < 0.01
and ****P < 0.0001 (two-tailed t-test).

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c14285
ACS Appl. Mater. Interfaces 2021, 13, 42533−42542

42535

https://pubs.acs.org/doi/suppl/10.1021/acsami.1c14285/suppl_file/am1c14285_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c14285/suppl_file/am1c14285_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c14285/suppl_file/am1c14285_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.1c14285?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c14285?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c14285?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c14285?fig=fig2&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c14285?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


and YPEG-MEL were digested rapidly; the bands correspond-
ing to intact MEL diminished significantly after 15 min. In
contrast, the majority (∼60%) of pacMELClv remain intact
after 2 h (Figure 2E). These results suggest that the
bottlebrush PEG can offer markedly better steric shielding
than slightly branched PEG and in principle can more
effectively inhibit unwanted interactions between MEL and
various proteins/cells in the circulation system. Of note, α-
chymotrypsin is a relatively small protein with a molecule
weight of 25 kDa;38 larger proteins are expected to be blocked
against to an even greater extent by the bottlebrush polymer.
Cellular Uptake, Cytotoxicity, and Blood Compati-

bility. One may intuitively assume that the dense PEGylation
associated with the bottlebrush polymer diminishes all forms of
interactions with the cells including endocytosis. Nonetheless,
our recent studies on bottlebrush PEGylated oligonucleotides
suggest that the hydrophobic backbone of the bottlebrush
polymer is responsible for a moderate amount of endocytosis,
and in fact, the conjugates exhibit ∼10-fold higher cell uptake
compared to naked oligonucleotides.39,40 It is therefore of
curiosity to compare the cell uptake of free and PEGylated
MEL forms. A human NSCLC cell line (NCI-H358) and an
ovarian carcinoma cell line (SKOV3) are selected as models to
study the cellular uptake activities. The uptake of free MEL in
both cell lines is a fast and accelerating process (Figures 3A,B

and S5A,B). It has been suggested that such unusual uptake is
initiated first by electrostatic interactions of the cationic
peptide with the negatively charged cell membrane, followed
by plasma membrane poration, which enables subsequent fast
and direct plasma membrane permeation.12,41 For the
PEGylated MELs, cell uptake rates are slower and more linear,
which is consistent with an endocytosis mechanism.42−44

Interestingly, the pacMELs are taken up more readily than
YPEG-MEL, although the MEL component in the former is
less exposed than in the latter. This phenomenon may be

attributed to the hydrophobic effect of the polymer backbone,
which promotes cell uptake.45 The distinct cellular uptake
characteristics of naked and PEGylated MELs are also
corroborated by confocal microscopy. While free MEL exhibits
very high cell-associated signals and a more diffused
appearance of MEL’s intracellular distribution (suggesting
cytosol access, Figure 3C), PEGylated MELs show reduced
uptake and a punctate pattern indicative of endosomal
localization.46

Because the cytotoxicity of MEL relies on the formation of
its tetramer and the resulting lytic activity, the intracellular
release of pacMELClv under bioreductive conditions can be
evaluated by comparing its cytotoxicity with the non-cleavable
pacMELNClv and free MEL. We examined the cell viability
using NCI-H358 and SKOV-3 cells after treatment with MEL-
containing samples for 48 h. Remarkably, the cleavable
conjugate, pacMELClv, retained almost the entirety of the
bioactivity of the free peptide (Figures 4A and S5C),
suggesting efficient uptake and conversion from the prodrug
to the active drug. It may be possible that the initial lytic
activity of released MEL accelerated subsequent uptake of the
conjugate over the course of 48 h. In contrast, the non-
releasable pacMELNClv exhibits no evident cytotoxicity. On the
other hand, YPEG-MEL, which is non-cleavable, displays
reduced but still apparent cytotoxicity, indicating that the
normal PEGylation strategy cannot completely abolish the lytic
activity of MEL.
Currently, the majority of peptide-based drugs are

administrated through parenteral routes, including subcuta-
neous, intravenous, and intramuscular administration, as a
result of their low oral bioavailability.47,48 Therefore, to adopt
MEL as a biopharmaceutical for passive solid tumor targeting,
its behavior in the bloodstream is of great importance. It has
been reported that MEL inhibits the activity of serine
proteases, thus delaying blood coagulation.11 We tested the
anticoagulation properties of MEL and PEGylated MELs in
human plasma using the activated partial thromboplastin time
(aPTT) assay (Figure 4B). Free MEL shows pronounced
interference with the coagulation cascade, doubling the
coagulation times at a 20 μM MEL concentration. In contrast,
pacMELClv displays a slight (statistically insignificant) increase
in clotting times, while the bottlebrush PEG itself exhibits no
measurable change. In comparison, both YPEG-MEL and a
physical mixture of MEL/bottlebrush PEG result in similar
anticoagulation effects to naked MEL, indicating that the
architectural features of the bottlebrush are important in
creating the steric hindrance necessary for inhibiting protein
access.
Next, we examined MEL-induced hemolysis, a critical

drawback of the peptide, by measuring the hemoglobin
released from red blood cells (RBCs) (Figures 4C,D and
S5D). Free MEL, expectedly, shows near-complete hemolysis
of RBCs at 60 μM, with no visible precipitant after
centrifugation. Even at 1 μM, 59% hemolysis was observed.
All PEGylated samples exhibit greatly decreased hemolytic
levels. YPEG-MEL (1 μM) displays reduced albeit non-
negligible hemolysis (16%). Strikingly, both cleavable and
non-cleavable pacMELs (1 μM) show almost no detectable
hemolysis (<1%). The hemolytic activity of MEL for the
cleavable conjugate can be partly restored by coincubating with
10 mM DTT (∼65% lysis of RBCs, consistent with the
expected level of MEL release) and fully restored when the
coincubation time with DTT is increased to 8 h (DTT itself

Figure 3. (A,B) Cellular uptake kinetics (as determined by flow
cytometry) of cells treated with free MEL and PEGylated MELs (1
μM of MEL for 1−4 h). (C) Confocal microscopy images of NCI-
H358 cells treated with samples containing 1 μM FITC-labeled MEL
for 4 h. Cell nuclei are stained with DAPI (blue). The scale bar is 20
μm. Imaging settings were kept identical for all samples. However,
signals for PEGylated samples were boosted 200% post imaging in
order for details to be visible on-screen.
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has no hemolytic property). The observation that pacMELClv
shows essentially no hemolysis is consistent with the fact that
mature RBCs do not endocytose and thus cannot release MEL
intracellularly.49 These results, together with enzymatic
degradation, cytotoxicity, and blood coagulation studies (vide
supra), paint an overall picture in which traditional PEGylation
using linear or slightly branched PEG (e.g., YPEG) leaves the
payload somewhat open to interactions with its intended or
unintended target. The bottlebrush architecture, in contrast,
imparts much stronger shielding to the payload against
interactions with surrounding macromolecular or cellular
species, making it more effective at suppressing unwanted
side effects.
Pharmacokinetics, Biodistribution, and In Vivo

Antitumor Efficacy. We anticipate that the biological stealth
character of PEG and its dense arrangement in pacMEL will
reduce the non-specific interactions between MEL and serum

proteins and thereby minimize clearance by the mononuclear
phagocyte system (MPS).50 In addition, the large overall size
of pacMEL (∼300 kDa) should bypass rapid renal
clearance.51,52 These properties should in turn enhance plasma
pharmacokinetics, which has been shown to favorably correlate
with the nanomedicine’s ability to passively accumulate in the
mice tumor tissues through extravasation from the micro-
vasculature (EPR effect).53−55 To evaluate the plasma
pharmacokinetics of the pacMELs, we administered pacMELs,
free MEL, and the bottlebrush polymer at equal peptide/
polymer concentrations to immunocompetent C57BL/6 mice
via the tail vein. The MEL component is labeled with a Cy5.5
dye; in the case of the free brush polymer, the dye is directly
attached to the polymer (∼1.0 Cy5.5 per bottlebrush
polymer). Blood samples at a series of predetermined time
points up to 48 h were collected and analyzed (Figure 5A).
Fitting the pharmacokinetic data using a two-compartment

Figure 4. (A) Cell viability of NCI-H358 cells treated with MEL-containing samples and brush PEG for 48 h. (B) Activated partial thromboplastin
times (aPTT) of human plasma treated with MEL-containing samples and controls. (C,D) Hemolysis assay of human RBCs treated with MEL-
containing samples and controls. The percentage of hemolysis is determined by the spectrophotometric measurement of hemoglobin present in the
supernatant of centrifuged red blood cell suspensions. ***P < 0.001 and ****P < 0.0001 (two-tailed t-test).

Figure 5. (A) Plasma pharmacokinetics of MEL-containing samples and the free bottlebrush polymer in C57BL/6 mice. (B) Near-IR imaging of
BALB/c mice bearing NCI-H358 xenografts 24 h after i.v. injection with Cy5.5-labeled free MEL, pacMELClv, and the bottlebrush polymer.
Tumors are highlighted with orange circles. Of note, the fluorescence intensities for the bottlebrush polymer and pacMELClv are not directly
comparable due to non-equal fluorescence at equal molar concentrations (1 Cy5.5 per brush polymer and ∼2 Cy5.5 per pacMELClv). (C,D) Ex vivo
imaging of tumor and other major organs and the biodistribution profile determined from image analysis.
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model, it is apparent that all bottlebrush polymer-containing
samples exhibit a similar profile, in which the particles quickly
distribute into tissues with distribution half-lives (t1/2α) around
15 min and are cleared very slowly with elimination half-lives
(t1/2β) around 15 h. There was still ∼20% of the injected dose
remaining in blood circulation after 48 h of injection. In
contrast, naked MEL was rapidly cleared, likely via the kidney,
with t1/2α and t1/2β of 0.48 and 43 min, respectively, which
suggests low drug utilization. As a result, pacMELs experience
substantially improved blood availability compared to free
MEL [∼10-fold higher the area under the curve
(AUCpacMEL,∞/AUCMEL,∞ = 10)]. While YPEG-MEL exhibited
longer blood circulation times than the free MEL, the
improvement is not evident when compared with the pacMELs
or the bottlebrush polymer. Given the inferior in vitro and
pharmacokinetics performance, YPEG-MEL is not included in
subsequent in vivo tests. All pharmacokinetic parameters are
summarized in Table S1.
Fluorescence imaging of both live animals and dissected

major organs/tumors 24 h post injection shows generally much
stronger signals in mice injected with bottlebrush polymer-
containing samples than those receiving free MEL (Figure
5B,C). Importantly, pacMELs resulted in significantly
improved tumor uptake (18.4-fold higher compared to free
MEL), likely via the EPR effect (Figure 5D). Notably, the free
MEL-treated group shows low tumor versus spleen (0.55) and
tumor versus liver (0.61) ratios, as determined by the relative
fluorescence intensities, suggesting potential systemic toxicity,
while these values for pacMELClv are 2.46 (spleen) and 1.42

(liver). Similar results are observed for the bottlebrush polymer
(Figure S6). We further examined the tumor penetration depth
by confocal microscopy of cryosectioned tumor slices that are
stained with 4′,6-diamidino-2-phenylindole (DAPI, Figure
6A). It is found that significant MEL signals are present
throughout the sliced tumor section of pacMELClv-treated
mice, similar to that of bottlebrush PEG-treated mice. These
data clearly show that the bottlebrush polymer can effectively
alleviate the fast clearance of naked MEL, achieve prolonged
systematic circulation, and impart the tumor accumulation and
penetration properties to the embedded MEL.
To evaluate the antitumor efficacy of pacMEL, we

established xenografts of NCI-H358 cells in athymic nude
mice. Mice received tail-vein injections of PBS, free MEL,
pacMELClv (normal and 1/4 dose), and pacMELNClv every 3
days at a dosage of 3 mg/kg (MEL-basis). Dosage is
determined based on the reported median lethal dose
(LD50) of intravenously (i.v.) delivered naked MEL for mice,
which is 4 mg/kg.56 By day 30, tumors in vehicle-treated mice
have grown to 453% of their original sizes. Despite a near-LD50
dosage, free MEL did not lead to statistically meaningful
repression of tumor growth relative to the negative control,
likely because tumor-associated MEL levels have yet to reach
cytotoxic concentrations. In contrast, pacMELClv at the
identical MEL dosage resulted in a significant decrease in
tumor growth (165%, Figure 6B), which is attributed to
improved pharmacokinetics and tumor localization. At 1/4
dosage, however, the conjugate was not as effective. Although
pacMELClv does not lead to tumor stasis or regression at the

Figure 6. (A) Confocal microscopy images of NCI-H358 tumor cryosections following i.v. injection, showing deep tumor penetration. Blue: cell
nuclei stained with DAPI. The scale bar is 100 μm. (B) Tumor volume change in the course of a 30 day treatment.

Figure 7. (A) Hepatic damage indicators (ALP, ASP, ALT, and total bilirubin) in the serum and (B) cytokine levels (IL-6, IL-10, IL-12, and TNF-
α) in immunocompetent mice (C57BL/6) after three doses of pacMELClv and controls (3 mg/kg MEL basis). **P < 0.01, ***P < 0.001, ****P <
0.0001 (two-tailed t-test).
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tested concentrations, there is a clear dosage response, and the
conjugate may have a higher mean tolerable dosage to allow
for more effective treatment, given its modified biodistribution
profile and much reduced hemolytic activity. Indeed, while
naked MEL caused alarming increases in alanine trans-aminase
(ALT) and aspartate aminotransferase in C57BL/6 mice,
indicative of liver damage, pacMELClv-treated mice exhibited
no such increases and no noticeable changes in additional
important biochemical and hematological parameters (Figures
7A and S7). Staining sectioned major organs with hematoxylin
and eosin (H&E) revealed no abnormal histological changes
for mice treated with all samples (Figure S8). It has been
shown that despite causing elevated liver enzymes and
sometimes deaths, naked MEL may not produce observable
histological evidence of toxicity.57 Further, free MEL induces
activation of interleukin-6 (IL-6), as determined in a cytokine
analysis using the enzyme-linked immunosorbent assay
(ELISA, Figure 7B). The pacMELs and the bottlebrush
polymer, on the other hand, do not induce evident differences
in the levels of IL-6, IL-10, IL-12, and tumor necrosis factor α
(TNF-α). Collectively, these results show that the bottlebrush
polymer is able to impart a more desirable pharmacological
and safety profile to MEL while enhancing bioavailability and
specific toxicity to the tumor.

■ CONCLUSIONS
MEL and other narrow therapeutic index agents with strong
non-specific interactions face a difficult compromise: the
combined challenges of poor accumulation in target tissues and
rapid clearance by the liver and/or the kidney require larger
doses of the agent, but increasing doses would lead to elevated
toxicity and/or immunological responses. These challenges
limit the therapeutic window between a therapy that is
efficacious and one that is toxic, increase the costs to patients,
and very often limit the places in the body where effective
therapies can be developed. The results reported herein
provide tantalizing evidence that the bottlebrush polymer may
be able to solve this conundrum. The high-density arrange-
ment of the PEG side chains of the bottlebrush polymer
provides extraordinary steric shielding to the embedded MEL
compared to “normal” PEG, allowing the conjugate to bypass
non-specific interactions with various proteins and cells while
in circulation, thereby reducing coagulopathy, hemolysis, and
capture by the MPS. The large size of pacMEL enables
effective evasion from renal clearance, which significantly
prolongs blood circulation times and gives rise to better
utilization of the active drug, a more favorable biodistribution
profile, and enhanced passive targeting of tumor tissues.
Importantly, these pharmacological improvements are realized
using a well-defined, single-entity molecular agent that consists
predominantly of PEG, which is a safe material having been
adopted in a large number of biopharmaceuticals. The
simplicity makes these structures more amenable to large-
scale manufacturing, quality control, and room-temperature
storage compared with self-assembled, dynamic carrier systems
that rely on non-covalent supramolecular interactions (such as
extracellular vesicles, micelles, and so forth), which should
elevate the translational potential of the conjugate.
In summary, we report a novel form of PEGylated MEL that

utilizes the high grafting density of the bottlebrush polymer to
achieve improved steric shielding. The conjugate exhibits vastly
superior biopharmaceutical properties compared to naked
MEL as well as PEGylated MEL containing a conventional,

slightly branched PEG. This approach makes MEL a much
more attractive anticancer drug candidate by abolishing its
excessive hemolytic activity, prolonging plasma pharmacoki-
netics, and improving tumor uptake. Of significance, the
bottlebrush system should be broadly applicable to a variety of
therapeutic candidates whose biopharmaceutical properties
and therapeutic indices are considered unsatisfactory.

■ MATERIALS AND METHODS
Animal protocols were approved by the Institutional Animal Care and
Use Committee of Northeastern University and carried out in
accordance with the approved guidelines.

Biodistribution. Fluorescence whole-animal and ex vivo tissue
imaging were used to assess the biodistribution of test agents in mice.
NCI-H358 cells were used to establish subcutaneous xenografts. Cells
(2.0 × 106) suspended in PBS solution (200 μL) were inoculated in
female athymic nude mice subcutaneously. When the tumor size
reaches ∼200 mm3, mice were randomly divided into three groups (n
= 2) and administrated with an equivalent dose of MEL (3 mg/kg) or
the bottlebrush polymer (equal molar concentration as pacMELClv)
via tail-vein injection in 200 μL of PBS solution. Fluorescence imaging
was performed using an animal imaging system (IVIS Lumina II
imaging system, Caliper Life Sciences Inc., MA, USA) at 1, 4, 8, and
24 h after injection. Mice were euthanized 24 h after injection, and
major organs were collected for imaging and biodistribution analysis.
Tumor tissues were frozen in an optimal cutting temperature
compound (Fisher Scientific Inc., USA) and cut into 8 μm thick
sections using a cryostat for agents’ tumor penetration depth study.
DAPI was used to stain the nuclei, and the tumor sections were
imaged using confocal microscopy (Carl Zeiss Ltd., Cambridge, UK).

Pharmacokinetics. Immunocompetent mice (C57BL/6) were
randomly divided into four groups (n = 5): free MEL, pacMELs, and
the bottlebrush polymer [MEL is labeled with Cy5.5; equal MEL
basis (6 nmol); identical polymer molar amount as pacMELClv].
Samples were injected intravenously via the tail vein, and blood
samples were collected from the submandibular region at varying time
points (30 min, 2, 4, 10, 24, and 48 h) using vacutainer blood
collection tubes containing sodium heparin (Becton, Dickinson and
Company, US). Plasma at different time points was obtained by
centrifugation at 3000 rpm 4 °C for 15 min. The clear plasma samples
were then transferred into a 96-well optical bottom plate (Fisher
Scientific Inc., US) for fluorescence readout (ex = 620 nm, em = 680
nm) using a Synergy Neo2 microplate reader (BioTek Instruments
Inc., US). The average values of each time point were then plotted
against the standard curve prepared by sequential dilution with freshly
collected mouse plasma.

Tumor Growth Inhibition. The mouse xenograft model (NCI-
H358 cell line) was established in athymic nude mice (vide supra).
When the tumor size reached ∼100 mm3, tumor-bearing mice were
randomly divided into five groups (n = 4): free MEL (3 mg/kg),
pacMELClv (dose 3 mg/kg), low-dose pacMELClv (0.75 mg/kg), brush
polymer (identical polymer molar amount as normal dose pacMELs),
and PBS control. Samples and controls were injected via the tail vein
every 3rd day for 30 days. The weight of mice (Figure S9) and the
volume of tumors were recorded before each injection and at the end
of 10 treatments. Tumor growth inhibition was evaluated by
measuring the tumor volume at different time points (V = 0.5 × a
× b2; a: long diameter, b: short diameter).

Innate Immune Response. Innate immune response was
evaluated in female C57BL/6 mice. The mice were randomly divided
into six groups (n = 5): free MEL (3 mg/kg), pacMELs (equal MEL
basis), bottlebrush polymer (identical polymer amount as pacMELs),
and negative (vehicle, PBS) and positive (lipopolysaccharide, 15 μg
per mouse) controls. Blood samples were collected for cytokine
analysis 4 h after injection. TNF-α, IL-6, IL-10, and IL-12 were
analyzed using the corresponding ELISA kits (R&D Systems Inc.,
MN, USA).

Hemanalysis and Biochemical Analyses. Blood analyses were
assessed in female C57BL/6 mice. Mice were randomly divided into
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three groups (n = 6): free MEL (3 mg/kg), pacMELClv (equal MEL
basis), and PBS control. Samples and the control were injected via the
tail vein once every 3 days for a total of three doses. Blood samples
were collected 2 days after the last injection (day 11) from the
submandibular region. Ethylenediaminetetraacetic acid-treated whole
blood samples were used to perform the complete blood count panel
test, and serum samples were collected for hepatic damage evaluation.
Statistics. All experiments were repeated at least three times

unless otherwise indicated. Data are presented as means ± SD.
Statistical significance was evaluated by using a two-tailed t-test when
only two groups were compared. Statistical significance was set at **P
< 0.01, ***P < 0.001, or ****P < 0.0001.
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