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Abstract
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biomedical applications
by
Lizanne G. Nilewski
Carbon nanomaterials possess unique structural features that give them interesting
properties and reactivity for applications in medicine, electronics, materials, catalysis,
and more. Herein, the synthesis of Poly(ethylene glycol)-modified hydrophilic carbon
clusters (PEG-HCCs), Poly(ethylene glycol)-modified graphene quantum dots (PEGGQDs), and small molecule analogues of these functionalized carbon nanomaterials, as
well as their biomedical applications as drug delivery vehicles and antioxidants, are
described.
PEG-HCCs are non-toxic water-soluble carbon nanomaterials synthesized by the
oxidation of single walled carbon nanotubes (SWCNTs). It is shown that PEG-HCCs can
be non-covalently loaded with drugs and covalently modified with various targeting
peptides to deliver drugs selectively to glioblastoma cells in vitro and tumors in vivo. It
was also found that sensitive imaging of tumors over normal tissue could be achieved by
loading the peptide-targeted PEG-HCCs with fluorescent dyes instead of drugs.
PEG-HCCs are also powerful antioxidants that are capable of quenching
superoxide and hydroxyl radicals. The application of PEG-HCCs as immunomodulators
for the treatment of multiple sclerosis (MS) and other T cell-mediated autoimmune
disorders such as rheumatoid arthritis, was explored. PEG-HCCs were observed to
selectively target T cells over other immune cells, and were found to modulate T cell
activity by inhibiting proliferation, and they significantly reduced the severity of
symptoms in a rat model of MS.
In addition to PEG-HCCs, another class of antioxidant carbon nanomaterials,
coal-derived graphene quantum dots (GQDs) and PEG-GQDs, were developed. These
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highly oxidized redox active materials were characterized and tested with respect to
superoxide and hydroxyl radical activity. PEG-GQDs were also studied in a rat model of
traumatic brain injury. It was found that GQDs and PEG-GQDs possess similar
characteristics, reactivity, and antioxidant abilities to the HCCs both in cell-free systems
and in vivo.
Perylene diimides (PDIs) and naphthalene diimides (NDIs) were synthesized to
mimic the structure and antioxidant activity of the HCCs and GQDs. The PDIs in
particular were found to mimic both HCCs and the enzyme SOD by catalyzing the
dismutation of superoxide into O2 and H2O2. PDIs were studied with respect to their
antioxidant properties, and modified PDIs were also synthesized to modulate their redox
properties. Finally, PDIs were studied as antioxidants in in vitro T cell experiments,
where it was found they have similar behavior to the PEG-HCCs as potential
immunomodulators.
Lastly, another class of biologically active targeted molecules was studied for the
treatment of cancer. Light-activated nanomachines based on the previous work of the
Tour lab were selectively targeted to cancer cells using short peptides, similar to the
targeting of PEG-HCCs to tumors. These peptide-targeted nanomachines were shown to
associate with their intended target cancer cells over control cells, and once bound to the
membranes of target cells, the nanomachines were activated using UV light. This induced
MHz rotation of the “motor” moiety and mechanically disrupted the cell membrane
leading to cell death. Overall, the PEG-HCCs, PEG-GQDs, PDI/NDI small molecules,
and nanomachines were studied in cell-free systems, in vitro, and in vivo with promising
results that warrant continued investigation of their mechanism and applications.
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1 Introduction: Carbon nanomaterials, their
small molecule analogues, and cancer-targeting
nanomachines

2
Reactive oxygen species (ROS) and reactive nitrogen species (RNS), which include
hydrogen peroxide (H2O2), superoxide (O2−), hydroxyl radicals (OH), nitric oxide
(NO), nitrogen dioxide, and peroxynitrite (ONOO−), play a crucial role in vital processes
such as blood pressure regulation, cell migration, neurogenesis, neurotransmission,
immune regulation, and smooth muscle relaxation.1 In healthy systems, reactive oxygen
and nitrogen species are regulated by various enzymes including superoxide dismutase
(SOD) and catalase and by a myriad of natural antioxidant molecules including vitamin
A, coenzyme Q10, glutathione, vitamin E, uric acid, ascorbic acid, and riboflavin (Figure
1).
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Figure 1. Structures of natural small molecule antioxidants.
The overproduction of ROS or RNS leads to a condition known as oxidative stress.
At elevated concentrations, ROS and RNS readily cause oxidative damage to
biomolecules including lipids, proteins and enzymes, and DNA. The radical anion
superoxide (SO) is especially harmful at high levels since it can cause oxidative damage
directly to biomolecules, indirectly through oxidation of metal cofactors of enzymes, by
producing hydrogen peroxide, or by being converted into other damaging species such as
peroxynitrite.2 Extreme levels of oxidative stress lead to extensive cellular damage and
have been associated with a wide variety of diseases and acute injuries such as traumatic
brain injury, inflammatory response, and stroke, as well as with diseases including
cancer, cardiovascular dysfunction, multiple sclerosis, rheumatoid arthritis, Parkinson’s,
and Alzheimer’s disease.1 Natural antioxidants can regulate and alleviate elevated ROS
and RNS levels to a certain degree, but have limited effects in states of high oxidative
stress.2 The effect of natural antioxidants is limited due to the mechanism of their
antioxidant activity; naturally occurring antioxidants and antioxidant enzymes, such as
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superoxide dismutase, often act through concerted chain reactions of radical transfers or
require cofactors and produce other harmful reactive nitrogen or oxygen species like
peroxides as a result of their reaction with superoxide. Additionally, antioxidants such as
vitamin E and vitamin C act to reduce ROS via electron transfers, which generate radical
forms of the vitamins that then act as ROS themselves (Scheme 1 & Scheme 2). Another
limitation to small molecule natural antioxidants is that they can each quench only one to
two ROS per molecule.3
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Thus, these classical natural antioxidant systems can easily be overwhelmed by the
highly elevated levels of ROS present during and after disease or traumatic injury.
Overall, these limitations with natural antioxidants explain why most studies of
antioxidant therapies in a clinical setting show little to no benefit in disease or injury
treatment.4

1.1 Nanoscale antioxidants
For the reasons outlined above, there is a distinct need to develop synthetic
antioxidant treatments that effectively reduce levels of ROS and RNS. The ideal
antioxidant would be able to react with multiple ROS/RNS at a time, be able to
regenerate itself if needed (react in a catalytic fashion), and be able to quench radicals
without creating additional potentially harmful species. Various types of carbon
nanomaterials display interesting antioxidant properties and can fulfill some of the
requirements for ideal antioxidants. For example, C3, the tris-malonic acid derivative of
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C60, was shown to react with superoxide to form O2 and H2O2, making it an SOD mimic.5
However, the turnover rate of its reaction with superoxide was measured to be 300 times
slower than that of the enzyme SOD; single wall carbon nanotubes (SWCNTs) have also
been found to have antioxidant properties,6 but due to the known toxicity of multi-walled
carbon nanotubes, there are concerns about the safety of single-walled carbon nanotubes
as well.7

1.2 Synthesis of Hydrophilic Carbon Clusters (HCCs) and
PEG-HCCs
The Tour lab has discovered novel carbon nanoparticle-based antioxidants:
polyethyleneglycol-functionalized hydrophilic carbon clusters (PEG-HCCs), which are
short, highly oxidized fragments derived from single walled carbon nanotubes.8 HCCs
and subsequently PEG-HCCs are prepared from purified HiPco9 SWCNTs.10 The
SWCNTs are first subjected to harsh oxidizing conditions using oleum and nitric acid to
yield the HCCs, which contain various oxygen functional groups, i.e. alcohols, ketones,
and carboxylic acids, as shown by X-ray photoelectron spectroscopy (XPS) in Figure 2.
The HCCs are then subjected to carbodiimide coupling with amine-terminated PEG
(Scheme 3), which improves solubility in biological media and circulation time in vivo.11
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Scheme 3. Synthesis of PEG-HCCs
The resulting particles are 30-50 nm long and 2-3 nm wide,12 and contain
conjugated graphitic domains as well as multiple sites of oxidation. PEG-HCCs have
been shown to be nontoxic, highly efficient antioxidants in cell-free systems,8 in vitro,
and in vivo,13,14,15 and are capable of quenching radicals without cofactors. EPR studies16
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have shown that the PEG-HCCs contain a stable radical and react catalytically with
superoxide. The superoxide EPR peak in the absence and presence of PEG-HCCs is
shown in Figure 3.

Figure 2. XPS characterization of HCCs (from reference 18)

Figure 3. EPR peak of superoxide (SO) in the absence (red) and presence (blue) of
PEG-HCCs. The quenching of SO by PEG-HCCs is confirmed by the suppression of
the SO peak.
Additionally, HCCs and PEG-HCCs do not react with peroxynitrite or nitric
oxide,

17

which is noteworthy since NO is an important vasodilator. Reaction with

peroxynitrite and nitric oxide is precluded by the differences in reduction potential ranges
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of each species compared to that of HCCs.18 It was also found that the products of the
reaction of PEG-HCCs with superoxide are oxygen and hydrogen peroxide. The catalytic
mechanism for quenching of SO by PEG-HCCs is shown below:18

PEG-HCC + O2
PEG-HCC + O2 + 2H+

PEG-HCC + O2
PEG-HCC + H2O2

The turnover rate of superoxide to oxygen by PEG-HCCs was measured to be
197,000 s−1, which is higher than many single-active-site enzymes, suggesting that the
PEG-HCCs have multiple active sites.16 For comparison, the turnover number of SOD,
which the HCCs mimic, is 106 s-1.19 The significant antioxidant activity of the PEG-HCCs
represents an opportunity to gain insight into the redox chemistry of carbon-based
materials, and to apply that insight to developing more potent antioxidants.
One notable application of PEG-HCCs as antioxidants is in the treatment of
autoimmune disorders. Specifically, in T Cell-mediated autoimmune disorders, there is a
superoxide-dependent pathway in T Cells that can be modulated using the potently
antioxidant PEG-HCCs. We recently reported the mechanism of action and effects of
PEG-HCCs in T Cells and in a rat model of multiple sclerosis (MS).20 It was found that
PEG-HCCs selectively accumulate temporarily in T Cells but not in other immune cells,
and that PEG-HCCs inhibit T Cell activation and proliferation. These properties
translated in vivo to the successful treatment of an MS model in rats resulting in a
significant decrease of symptoms at the peak of disease in a relapsing-remitting model.
These results suggest the preferential targeting of PEG-HCCs to T lymphocytes is a novel
approach for T Cell immunomodulation in autoimmune diseases with the distinct benefit
of leaving other immune cells unaffected. The in vitro and in vivo studies of PEG-HCCs
in T Cells and in a rat model of MS are summarized in the chapter of this thesis titled
“Preferential uptake of antioxidant carbon nanoparticles by T lymphocytes for
immunomodulation.”
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1.3 Modified PEG-HCCs as Drug Delivery Vehicles
Unmodified PEG-HCCs use methoxy poly(ethylene glycol) amine (MeO-PEGNH2) with an average molecular weight of 5000 g/mol. Additionally, PEG-HCCs can be
modified in numerous ways to enhance their therapeutic potential, target specific tissues,
serve as theranostic agents, or carry pharmaceutical payloads.13,14,15,17,22 One way to
modify PEG-HCCs is by using PEG with any desired functional group at the chain
terminus instead of methoxy.21 These specialized PEG-HCCs first require the synthesis of
customized PEG via the polymerization of ethylene oxide (experimental details in
Supplementary Information). PEG-HCCs can also be modified with biomolecules like
oligonucleotides and peptides via click reaction modification of the PEG chains.22
Examples of various click-modified PEG-HCCs are shown in Figure 4. The
modifications can include imaging agents like dyes and Gd-based MRI contrast agents or
targeting groups like triphenyphosphine (PPh3+), adamantane, oligonueclotides, and
peptides. The click modification of the PEG chains can be carried out on the free PEG
chains prior to attachment to the HCCs or after attachment on the resulting bulk solution
of click-ready PEG-HCCs. Most often, the PEG used is azide-terminated while the
modifying groups are alkyne-terminated.
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Figure 4. Click-modified PEG-HCCs
Additionally, the amphiphilic nature of PEG-HCCs can be exploited to use them as
drug delivery vehicles in addition to, or instead of, as antioxidants. The hydrophobic
graphitic HCC core surrounded by hydrophilic PEG chains and peptide addends provides
an ideal amphiphilic system for noncovalent adsorption of hydrophobic molecules, like
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drugs, to the core of PEG-HCCs. The overall synthesis of drug-loaded peptide-targeted
PEG-HCCs is shown in Scheme 4, starting with click modification of azide-PEG-HCCs
with an alkyne-terminated peptide. Next, chemotherapy drugs are noncovalently loaded
to the hydrophobic core of the nanoparticles.
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Scheme 4. Synthesis of peptide-targeted drug-loaded PEG-HCCs as drug delivery
vehicles.
Using various peptides that target specific types of cancer cells and tumors, we
have shown successful delivery of both fluorescent dye imaging agents and
chemotherapy drugs to cancer cells in vitro and to tumors in mice in vivo.22 The use of
peptide-modified drug-loaded PEG-HCCs not as antioxidants but instead as drug delivery
vehicles for imaging and treating glioblastoma is detailed in the chapters entitled
“Transfer of Dyes and Drugs into Cells using EGFR-Targeted Nanosyringes” and
“Peptide-Targeted Drug-Loaded Nanosyringes Treat a Glioblastoma Model in Mice.”

1.4 Synthesis of Graphene Quantum Dots (GQDs)
It was hypothesized that antioxidant carbon nanomaterials similar to PEG-HCCs
could be synthesized from different carbon sources. One such source is coal, which is
found in various forms and contains varying degrees of crystalline aromatic regions
depending on the source.23 Two forms of coal, anthracite and bitumen, were used to
synthesize HCC analogues, which we have termed graphene quantum dots (GQDs).
Fluorescent GQDs made from various coal types were previously developed in the Tour
lab and have been extensively characterized;23 this work served as an excellent starting
point to develop GQDs for biomedical applications. By XPS, bituminous coal has higher
percent carbon oxidation than anthracite, but bituminous coal has smaller polyaromatic
domains than anthracite; by Raman spectoscopy, anthracite shows more graphite-like
stacking domains.23 These features are also evidenced by the fact that bituminous coal
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yields smaller GQDs than does anthracite; structurally, GQDs are the remaining
polyaromatic regions of coal that result from the oxidative destruction of the connective
aliphatic regions. Adapting the GQDs previously reported in the Tour lab for antioxidant
and medical applications involved optimizing the procedure to produce particles that
were more oxidized and more electron-deficient than the previously discussed fluorescent
GQDs from Ye et al.23 This was accomplished after testing various acid ratios,
temperatures, and reaction times for the general conditions as shown in Scheme 5.
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O
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Scheme 5. General synthesis of GQDs
The resulting GQDs were analyzed with respect to size (TEM, AFM, DLS),
degree of oxidation (XPS), and reduction potential (CV). For comparison with Figure 2,
the C 1s XPS data for GQDs and PEG-GQDs is shown in Table 1 and Figure 5. The
degree of oxidation and reduction potential were directly compared to the known ideal
properties of HCCs, and the GQDs which had the most in common with HCCs were
those made using a ratio of 1:1 oleum:nitric acid. The temperature and reaction time
needed varied for each form of coal due to the difference in inherent size of aromatic
regions in each – bitumen, with smaller aromatic regions, required shorter reaction times
than anthracite because long periods of heating with bitumen resulted in complete
degradation of all carbon material to CO2. The resulting GQDs have turnover numbers
greater than 250,000 s-1, making them better than or at least as efficient as PEG-HCCs.
Table 1. Elemental composition of GQDs estimated from high resolution XPS.
Sample

C/O

GQD
PEG1000GQD
PEG5000GQD

1.8
1.6
1.7

C‒C/C=C
%
65.9
51.0
15.4

C‒O
%
12.8
37.3
68.6

C=O
%
5.8
5.2
11.4

HO‒C=O
%
15.5
5.4
4.6
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Figure 5. XPS (C 1s) characterization of GQDs (a) and PEG1000-GQDs (b)
Next, the GQDs were PEGylated using aqueous carbodiimide coupling chemistry
to give PEG-GQDs (Scheme 6), which have been tested in some of the same in vitro and
in vivo models as the PEG-HCCs. The detailed reaction conditions, characterization, and
applications of the optimized GQDs can be found in the chapter entitled “Highly
Oxidized Graphene Quantum Dots from Coal as Efficient Antioxidants.”
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Scheme 6. Synthesis of GQDs and PEG-GQDs

1.5 Synthesis of small molecules that act as mimics of PEGHCCs
Since the structure and size of PEG-HCCs and GQDs vary between each molecule,
they are inherently difficult to characterize, which poses significant challenges in the
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study of structural or electronic changes on their antioxidant activity. On the contrary,
small molecules can be easily characterized, selectively modified, and studied as a single,
pure compound. Therefore, small molecule analogs of the PEG-HCCs were expected to
allow us to study their interaction with superoxide and other ROS, and could potentially
lead to a new type of antioxidant treatment.
PEG-HCCs possess a high degree of oxidation, an intrinsic radical, and a highly
conjugated electron-deficient graphitic core. In order to study the importance of these
three features on the antioxidant activity and mechanism of the PEG-HCCs, we
envisioned three different model systems of small molecules that could potentially act as
PEG-HCC mimics: quinones/phenols, stable radicals, and polyaromatics (Figure 6).
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Figure 6. Small molecule model systems of the different structural motifs present on
PEG-HCCs and PEG-GQDs
Quinones and phenols, which are present on the PEG-HCCs, have been directly
implicated in antioxidant mechanisms24,25 and comprise the active domains of the natural
antioxidants vitamin E and coenzyme Q10 (see Figure 1). Phenalenyl and
bisdiphenylene-2-phenylallyl (BDPA) could potentially be used as stable carbon-centered
radical models to mimic the intrinsic radical present on the PEG-HCCs. Finally,
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polyaromatics such as perylenes, naphthalenes, and coronenes have been studied as
models of the conjugated graphitic core of the PEG-HCCs.
A wide range of functionalized perylene diimides (PDIs) have been studied with
respect to antioxidant activity, reduction potential, and biological activity as analogues of
PEG-HCCs and PEG-GQDs.26 PEGylated PDIs (PEG-PDIs) have so far exhibited the
best properties of the small molecule analogues tested so far, and PEG-PDIs were found
to have similar redox chemistry, antioxidant activity, and superoxide reactivity to the
HCCs and GQDs. The general structure of a PEG-PDI is shown in Figure 7.

Figure 7. General structural formula of PEGn-PDI.
Specifically, PEG-PDIs are capable of catalyzing the conversion of superoxide into
oxygen and hydrogen peroxide, the same reaction catalyzed by HCCs and GQDs.
Detailed exploration of the synthesis, characterization, and use of PDIs is detailed in the
chapters of this thesis entitled “Perylene Diimide as a Precise Graphene-Like Superoxide
Dismutase Mimetic” and “Further Studies of Perylene Diimides and Naphthalene
Diimides.”

1.6 Peptide-modified nanomachines to target and induce death
of cancer cells
Another nanomedicine-related project presented in this work uses light-activated
nanomachines targeted to cancer cells with short peptides in order to mechanically
disrupt cell membranes and induce cell death.27 The Tour lab has developed multiple
nanomachines with forms and functions ranging from nanocars that “drive” across
surfaces28 to nanosubmarines that are propelled through solutions.29 The action of these
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nanomachines depends on the UV-activated (355-365 nm) photoisomerization of a
molecular motor based on motors developed in the Feringa lab.30 These molecular motors
display unidirectional rotation and have rates up to 2-3 MHz at room temperature. The
general structure of the molecular motors used in this work is shown in Figure 8.

Figure 8. General structure of a nanomachine.27
The work described in this thesis concerns peptide-targeted nanomachines having
the general structure shown in Figure 8, where the R-groups incorporate peptides that

Fig 1b

target specific types of cancer cells; this targeting mechanism is similar to the method
used to target PEG-HCCs to cancer cells and tumors as mentioned previously. In recently
published work,27 we report that peptide-targeted nanomachines associate selectively
with the lipid membranes of cancer cells, and upon light activation of the rotor moiety,
induce cell death by mechanically rupturing the cell membrane. The synthesis of these
peptide-targeted nanomachines and their applications in vitro are described in the chapter
of this thesis titled “UV-activated nanomachines for disrupting cell membranes.”
Overall, this thesis covers the synthesis, characterization, antioxidant activity
measurements, and biomedical applications of the carbon nanomaterials termed PEGHCCs and PEG-GQDs. These applications include treating autoimmune disorders in
rodents31 and targeting and imaging cancer cells in vitro and gliomas in vivo.22
Additionally, this work details the design and synthesis of various small molecule
antioxidants, including perylene diimides (PDIs), which mimic the structure and activity
of PEG-HCCs and PEG-GQDs,26 and the modulation of antioxidant activity by structural
changes in the PDIs. Finally, this thesis also covers the targeting and mechanical
disruption of membranes of cancer cells by peptide-modified nanomachines.
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2 Transfer of Dyes and Drugs into Cells using EGFRTargeted Nanosyringes

This chapter was adapted from the following publication, of which I am a coauthor, with most
portions copied directly:
Nilewski, L.G., Singh, M., Baskin, D.S., Tour, J.M., Sharpe, M.A. Transfer of Dyes and Drugs into Cells using
EGFR-Targeted Nanosyringes. ACS Neuroscience 2017, Article ASAP DOI: 10.1021/acschemneuro.7b00138
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Selective targeting of drug-loaded nanovectors to specific epitopes highly expressed on the
surface of cancer cells is a goal for nanotechnologists. We have modified our previously
described PEGylated-hydrophilic carbon clusters (PEG-HCCs) so that the epidermal growth
factor receptor (EGFR) binding peptide with sequence YRWYGYTPQNVIK, termed GE11, is
attached using click chemistry at the end of each PEG. The resulting nanosyringe, PepEGFR-PEGHCC, can be loaded with a wide range of hydrophobic drugs and dyes. We show that, both in
vitro and in vivo, this payload can be delivered to cancer cells expressing EGFR. We can observe
the

activation

of

EGFR

and

track

the

normal

physiological

internalization

and

recycling/signaling pathways of EGFR following binding of PepEGFR-PEG-HCC. We also
demonstrate the competitive binding of the nanosyringe to EGFR with its normal activator, EGF,
as well as observing the co-localization of the nanosyringe with clathrin, the coated pit integral
protein. The internalization of the drug/dye loaded nanosyringe can be inhibited by using antiEGFR antibodies, the drug Erlotinib, or Pitstop-1, the clathrin coated pit formation specific
inhibitor. To further demonstrate the specificity of the drug loaded nanovectors, we demonstrated
that in both flank and intracranial xenograft mouse models, dye delivery is highly specific to
tumors and no other tissues. Finally, using nanosyringes loaded with esterase sensitive
fluorescein diacetate, we demonstrated that the drug payloads can be delivered in vivo to the
cytosol of cancer cells within the mouse brain.

2.1 Introduction
Selective and targeted therapeutics for cancer treatment are designed to reduce the
severity of side effects of chemotherapy and also to enable personalized treatment regimens
modified for each patient. We have designed multifunctional nano-scale constructs that can be
modified and targeted to selectively deliver payloads of drugs, dyes, and bioactive molecules
into specific cells and tissue types.1-4 One such construct that our groups have previously used to
study the treatment of cancer is a carbon-nanomaterial-based system called PEGylated
hydrophilic carbon clusters (PEG-HCCs).1-5 PEG-HCCs possess multiple properties that make
them ideal delivery vehicles, including high aqueous solubility, hydrophobic domains that can be
noncovalently loaded with payloads of drugs or dyes, modifiable hydrophilic domains for
incorporation of targeting or imaging moieties, low biological toxicity, and rapid clearance in
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vivo.1-5 Due to their ability to hold and deliver a large payload of drug or dye into cells, we refer
to the targeted and loaded PEG-HCCs in this study as “nanosyringes.”
Previously, PEG-HCCs were noncovalently loaded with Paclitaxel and targeted by
noncovalent association with antibodies for the epidermal growth factor receptor (EGFR), which
is overexpressed in many types of cancer.1,2,4 Using targeting antibodies adsorbed to drug-loaded
PEG-HCCs gave impressive anti-cancer efficacy in vitro,6-12 but unfortunately these constructs
proved to be less efficacious in in vivo tumor models. To improve payload delivery, we altered
the method of epitope targeting of the PEG-HCC by substitution of the non-covalently attached
antibodies with covalently linked EGFR-targeting peptides. In this study, we demonstrate how
these EGFR-targeted PEG-HCCs act as nanosyringes, delivering a hydrophobic payload of
fluorescent dyes or drugs to cancer cells that have high expression of EGFR.12-20 We also
demonstrate that these EGFR-targeted nanosyringes enter cells by clathrin-mediated endocytosis,
and that they successfully deliver dye and drug payloads into cells, enabling visualization of
tumors, and potentially, treatment. A graphical description of the synthesis and characteristics
can be found in Supplementary Figure 1.

2.2 Results and Discussion
2.2.1 Peptide binding to EGFR for glioblastoma targeting.
EGFR amplification occurs in 40-60% of all glioblastoma multiforme (GBM) tumors13,21
and therefore we designed our nanosyringe to target EGFR-expressing glioblastoma tumor cells
using an EGFR binding peptide that has high affinity for EGFR.14,22 To determine the binding
constant of the PepEGFR-PEG-HCC, glioblastoma cells expressing EGFR (U87-EGFR) were
incubated with increasing concentrations of Nile Red loaded nanosyringes for 90 min, then fixed
in 4% buffered paraformaldehyde, then finally washed with phosphate buffered saline (PBS) and
the nuclei labeled with DAPI. The intensity of Nile Red and DAPI fluorescence signals were
measured using both a plate reader and a fluorescence microscope. At 90 min of incubation we
observed a dose-dependent increase in the amount of dye transferred from the nanosyringe to the
cell (Figure 1(a)); the apparent calculated KD of the PepEGFR-PEG-HCC in these cells is 19-20
nM (Figure 1(b)).
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The equilibrium dissociation constant of the native peptide (GE11) toward EGFR was
found to be very poor, >1 mM,12 however when GE11 was conjugated to poly(ethyleneimine)poly(ethylene glycol) (PEI-PEG), the peptide was found to have a higher affinity with a KD of
1.9 µM.16 Thus, the transformation of PepEGFR-PEI-PEG into PepEGFR-PEG-HCC increases the
KD ≈ 100-fold due to an increase in avidity due to the high surface density of PepEGFR on the
nanosyringe. To determine the kinetics of the payload released into the cells, we incubated U87EGFR cells with Nile Red loaded nanosyringes and performed live imaging while monitoring the
fluorescence signal intensity over time. Nile Red is initially transferred rapidly to the tumor cells
in a multiphasic manner with a rapid phase < 2 min, followed by a slower, pseudo-first order rate
for up to 50 min (Figure 1(c & d)). Control experiments using Nile Red loaded PEG-HCC
lacking the targeting peptide did not demonstrate dye loading into U87-EGFR cells either
following fixation or when imaged live. In order to determine the specificity of the targeted
nanosyringes toward EGFR, we performed competition studies blocking surface EGFR with its
natural ligand. Importantly, the co-incubation of EGF with the Nile Red loaded PepEGFR-PEGHCC resulted in a drop in signal intensity to 65% of the control (Figure 1(c & d)), thus showing
that the targeting peptide is competing for the same, or nearby, binding sites on EGFR as its
normal activator EGF.
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Figure 1. Binding, internalization and dye transfer of PepEGFR-PEG-HCC in U87-EGFR
cells and competition with EGF.
(a) Visualization of probe from Nile Red-loaded EGFR-targeted nanosyringes into U87-EGFR cells after
90 minutes of incubation, as a function of nanosyringe concentration, with DNA visualized by blue
DAPI.
(b) Calculation of the PepEGFR-PEG-HCC equilibrium binding constant, KD of 19.4 nM, via Nile Red
levels in U87-EGFR.
(c) Alteration in kinetics of dye transfer from Nile Red/PepEGFR-PEG-HCC (20 nM) into U87-EGFR cells
using the EGFR substrate EGF (450 pM).
(d) The slowing of cellular Nile Red uptake by EGF, resulting from competition for EGFR binding sites,
is plotted in (d).
(e) Co-localization of Nile Red and FITC-EGF signals after 5 min of co-incubation of U87-EGFR cells
with both Nile Red/PepEGFR-PEG-HCC (20 nM) and FITC-EGFR (50 nM).
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(f) Staggered addition of the two fluorophores disrupts co-localization (e). U87-EGFR cells incubated
first with FITC-EGF for 5 min, and then with co-incubated with Nile Red/PepEGFR-PEG-HCC, were
imaged 5 min after the second addition.
(g) & (h) Pitstop-1, but not DMSO vehicle, disrupts the internalization of FITC-EGF into U87-EGFR
cells, with both images taken at 70 min.
(i) & (j) Pitstop-1, but not DMSO vehicle, arrests the internalization of Nile Red from the loaded
nanosyringes, but allows transfer of the dye into the cells membranes surface.

2.2.2 Internalization of PepEGFR-PEG-HCC in vitro.
EGFR is activated through both ligand dependent and independent mechanisms (reviews:
binding/activation23 and endocytosis/recycling;24 a figure showing the overall mechanism can be
found in Supplementary Figure 2). In the ligand-dependent model, the receptor undergoes a
conformational change after the ligand binding that allows for receptor dimerization and
autophosphorylation of several tyrosine residues within the C-terminal tail. The modifications of
the receptor lead to its internalization via the endocytic pathway. We examined the
internalization of Nile Red from nanosyringes with fluorescein isothiocyanate-labeled EGF
(FITC-EGF) prepared using a modified version of the synthesis of Rousseau and co-workers.25
The affinity of EGF toward EGFR is approximately 2 nM, and the apparent KD for FITC-EGF
essentially the same.26 U87-EGFR cells, in growth medium, were incubated with 20 nM Nile
Red loaded nanosyringe and 50 nM FITC-EGF and live imaged for the two fluorophores,
sequentially, five min after the addition. We observe co-localization of the fluorophores and the
formation of surface and internal vesicles. The Nile Red signals can be observed to form a red
penumbra around the green umbra of these internal structures; a typical example of the labeling
of U87-EGFR cells by Nile Red and FITC-EGF within intracellular vesicles and plasma
membrane spheroids (Figure 1(e)). This image was prepared from 40 separate pairs of images to
generate a focused image. It is clear that there is co-localization of both fluorophores and that we
have internalization of nanosyringe derived Nile Red. It is also clear that the Nile Red signal can
be observed to form a ‘halo’ over encapsulated green FITC-EGF in some of the surface vesicles
and endosomes. However, when U87-EGFR cells are pre-incubated with FITC-EGF for 5 min
prior to the addition of, and then 5 min incubation with, Nile Red loaded nanosyringes, we
observe much loss of co-localization with FITC and Nile Red. In pulse/chase experiments, we
found that much of the internalized FITC-EGF was both very bright and discrete from Nile Red,
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indicating that it was internalized first (without Nile Red co-localization). Although some of the
Nile Red signal is found within cells internalized, the majority appears to be located on the
plasma membrane or in spherical vesicles on the cell surface. An example of a pulse/chase
labeling experiment exposing U87-EGFR cells first to FITC-EGF and then to Nile Red delivered
by nanosyringe is shown in Figure 1(f). The conditions and color depth of Figure 1(e) and
Figure 1(f) allow them to be directly compared.
The internalization of the activated EGF/EGFR complex is driven by clathrin-mediated
endocytosis. Pitstop-1 and -2 are commercially available inhibitors of clathrin functionality and
have been successfully used to disrupt clathrin-mediated endocytosis in living cells.27-29 In U87EGFR cells, preliminary experiments suggested that pre-incubation with 50 µM Pitstop-1 for one
hour was enough to disrupt uptake of FITC-EGF over 70 min, but did not result in either cell
toxicity nor were alterations in cell morphology observed. Figure 1(g) shows a focused image
generated from an 80-image Z-stack of living cells taken 70 min after incubation with 10 nM
(80% saturating) FITC-EGF. Below this panel, in Figure 1(h), is shown a similar reconstituted
focused image taken of U87-EGFR cells pre-treated with Pitstop-1. Examining Figure 1(g) &
Figure 1(h) and their respective 3D-reconstructions shows that there is ~ 50% less FITC-EGF in
the cells treated with Pitstop-1 and there is less internalized FITC-EGF.27-29 Figure 1(i) and
Figure 1(j) show a similar incubation, ±Pitstop-1, of U87-EGFR cells incubated with 31 nM Nile
Red loaded PepEGFR-PEG-HCC. As expected, Pitstop-1 causes a large drop in fluorophore
accumulation and there is little internalization of Nile Red in cells pre-incubated with Pitstop-1.
This data, the competitive kinetics with EGF, and sthe ensitivity toward Pitstop-1 strongly
suggest that PepEGFR-PEG-HCCs are internalized by the normal EGFR/clathrin-mediated
endocytosis pathway.

2.2.3 EGFR activation and Coated Pits
We also investigated the mechanism of PepEGFR-PEG-HCC internalization using
antibodies to the markers of the EGF/EGFR pathway in U87-EGFR. U87-EGFR cells were
incubated with 20 nM PepEGFR-PEG-HCCs for 0, 30, 60, and 90 min, fixed, permeabilized, and
then labeled with various primary/secondary antibodies described as following and in Figure 2.
Figure 2A(a) shows that prior to the exposure to nanosyringes, the EGFR is labeled green and
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the levels of red-labeled anti-phosphoT678–EGFR are very low. We chose phosphoT678–EGFR
as it is a late marker of activation and T678 phosphorylation is catalyzed by protein kinase C
(PKC),40-42 thus high levels of phosphoT678–EGFR are indicative that EGFR signaling has
occurred. It has also been noted that activation of EGFR in U87 cells causes an activation of
PKC,43 and that PKC phosphorylation of T654 of EGFR leads to the nuclear targeting of
EGFR.44 After U87-EGFR cells are incubated with nanosyringe, we observe a progressive
increase in the levels of phosphoT678–EGFR. Four high resolution images of cells fixed 90 min
after incubation with nanosyringe and labeled with with anti-EGFR and anti-phosphoT654 are
shown in Figure 2A(b). The very high degree of co-localization of red/green signals is evident,
and one can also observe that phosphoT678–EGFR has migrated into invaginations into the
nucleus. Thus, PepEGFR-PEG-HCC appears to activate EGFR, initiating the physiological
phosphorylation cascade, including the EGFR/PKC nuclear targeting mechanism.
Using antibodies to clathrin and to PEG, we monitored the localization of both
nanosyringe and of clathrin in fixed/permeabilized U87-EGFR cells that had been incubated with
nanosyringes (Figure 2B). There is no binding of anti-PEG antibody to cells that have not been
incubated with nanosyringes, but we do observe cytosolic green clathrin signals, Figure 2B(a).
Following incubation with PepEGFR-PEG-HCC, one can observe the presence of PEG (red on the
cell surface and inside the cytosol). High resolution image panels in Figure 2B(b) demonstrate
that at 90 min of incubation one can observe that cytosolic PEG and clathrin are highly colocalized, but PEG associated with the nuclear DNA is far less co-localized with clathrin. In
Figure 2B(c) we show quantification of clathrin/PEG signals, performed using n=8 individual
wells, with respect to time. We note a small, but non-statistically significant, drop in total
clathrin per cell over the incubation time, and increasing PEG levels, which are obviously
significant after the addition of the PEG-containing nanosyringes.
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Figure 2. Endocytosis of peptide-PEG-HCCs visualized with immunochemistry.
Figure 2A: Incubation of U87-EGFR cells with PepEGFR-PEG-HCC (20nM) causes EGFR (Green) to
undergo time dependent activation as indicated by the phosphorylation of T678 (Red) (a). High resolution
images taken after 90 min incubation with nanosyringe show non-nuclear (Blue) co-localization of the
two signals (b). The levels of phosphoT678 per cell, relative to total EGFR, as a function of time, ±SEM,
are shown in (c). Statistical significant increases in phosphoT678 are evident after 30 min, p<0.05, n=8,
Bonferroni post-hoc corrected Student T-test.
Figure 2B: Incubation of U87-EGFR cells with PepEGFR-PEG-HCC causes time dependent alterations in
clathrin (Red) localization. In addition, the detection of PEG (Green) shows that the nanosyringes are
present both at the cell surface and within the cytosol (a). High resolution images taken after 90 min
incubation with nanosyringe show non-nuclear (Blue) co-localization of the two other signals (b). The
levels of clathrin and PEG, as a function of time, are shown in (c).
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2.2.4 Modulation of payload transfer
Nile Red is an ideal probe to examine lipid systems, as it preferentially partitions into
lipids, including lipid membranes, and its fluorescence is much enhanced when it is present in a
hydrophobic, lipid, environment.30 These qualities mean that one cannot readily observe the
transfer of Nile Red from nanosyringes, into endosomes/vesicles, and then into a cell’s cytosol.
Coumarin-6 also partitions into membranes, but not to the same extent as Nile Red, and transfer
of coumarin-6 into cell membranes and cytosol has been examined using dye loaded
cyclodextrin and from nanoparticles, where it served as a drug-mimetic.31,32 To examine the
mechanism by which the PepEGFR-PEG-HCCs were internalized, we incubated U87-EGFR cells
with coumarin-6 loaded nanosyringes and blocked EGFR activation and internalization using the
EGFR kinase inhibitor Erlotinib.15,33 Figure 3(a) illustrates the live-imaging, time course of U87EGFR cells showing the delivery of coumarin-6 into cells by a 5 nM dose of targeted
nanosyringe. This low concentration was chosen to avoid overloading the surface EGFR sites
and to allow the life cycle of the probe to be monitored. At 2 min, the signal was low, and we
observed what appear to be coated pits forming on the surface of a few cells. At 20 min we
observed dye in the form of rings in exosomes, clustered into pits and dispersed on the plasma
membranes of cells as well as internalized within cells, both in bright vesicles and dispersed in
the cytosol. At 40 min we observed significant internalization and bright endosomes within cells.
At 60 min dye was not only associated with vesicles, but was also present in the cytosol and
nucleus.
To observe if the inhibition of EGFR phosphorylation and the subsequent internalization
degradation/recycling pathway altered the cellular dye transfer, we compared U87-EGFR cells
treated with coumarin-6 loaded nanosyringe and incubated for 30 min with 500 nM Erlotinib (an
inhibitor of EGFR phosphorylation) or with DMSO. The major difference between the two
incubations is that in the DMSO-treated control cells we observed dye transfer from the cells’
surface into the cytosol. In contrast, we observed that Erlotinib blocks internalization of the
nanosyringes, and so in cells treated with Erlotinib the cells take on a ‘ring-donut’ form (boxed),
where the majority of coumarin-6 is restricted to the cell surface. Interestingly, the level of
coumarin-6 fluorescence per cell is almost identical ±Erlotinib; coumarin-6 transfer from the
nanosyringe, where its fluorescence is quenched, into the cells still occurs whether the
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nanosyringe is internalized (control) or held on the cell surface (Erlotinib), demonstrating that
Erlotinib blocks nanosyringe internalization but not the overall dye/payload release.

Figure 3. Modulation of the rate of transfer of coumarin-6 into U87-EGFR cells
(a) Images of the location of nanosyringe delivered coumarin-6, inside and on the surface of U87-EGFR
cells. As initial fluorescence signals are initially very low, and the overall dynamic range is large, the
fluorescence intensity of the individual panels has been electronically manipulated with respect to the 60
min end-point. Signal recorded at 2 mins are increased 10-fold w.r.t 60 min. Panels showing recordings at
20 and 40 min have had their signals increased by 2-fold and 1.4-fold, respectively.
(b) U87-EGFR cells were pre-incubated with vehicle (control) or with 500 nM Erlotinib for 30 min before
the addition of 20 nM nanosyringe loaded with coumarin-6. Some cells treated with Erlotinib have a
‘ring-donut’ shape, boxed. The insert to the left shows the time course of coumarin-6 uptake by U87EGFR cells.
(c) Stills taken at 60 mins show cells incubated with 2.2 nM nanosyringe loaded with coumarin-6 in the
absence and presence of Erlotinib, recorded at high resolution.
(d) Uptake of coumarin-6 by U87-EGFR cells over a 1 h time course delivered by nanosyringe in the
absence and presence of an anti-EGFR IgG.
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The kinetics of coumarin-6 accumulation is somewhat different in the presence of
Erlotinib, as shown in the plot to the right of Figure 3(b). This plot indicates that the anti-EGFR
activation agent Erlotinib slows down dye transfer from the nanosyringe into the cells over the
first 30 min of the incubation, but that the eventual endpoint is the same in the two incubations.
Figure 3(c) shows a similar pair of incubations, taken at higher magnification, 60 min after the
addition of 2.2 nM nanosyringe. Erlotinib causes coumarin-6, released from the nanosyringe, to
remain on the surface of cells, probably in the plasma membrane as seen in the high resolution
images. The dye aids in the visualization of discrete structures that resemble coated pits, rather
than showing internalization into the cytosol. Erlotinib does not alter the binding of EGF (or
PepEGFR-PEG-HCC) to EGFR; Erlotinib halts EGFR-phosphorylation and therefore dye dispersal
into the cytosol occurs more rapidly from maturing internalized vesicles than it does from
nanosyringes held at the surface.
Figure 3(d) shows the transfer of coumarin-6 into cells delivered by a saturating
concentration of 50 nM targeted nanosyringe in the absence and presence of an anti-EGFR IgG
in a series of high resolution images of U87-EGFR cells over an hour. This high concentration of
nanosyringe was chosen to completely swamp the surface EGFR sites as a means to elucidate the
mechanism of dye transfer. The binding of the antibody to an epitope on the extracellular EGFbinding region of EGFR slows the rate at which dye is transferred to the cells and localizes the
dye to the outer membrane. Remarkably, one can observe EGFR-rich exosome spheroids,
labeled by dye, that are highly mobile and appear to be attached to filaments and in some cases
appear to fuse with cell membranes and transfer their dye into the plasma membrane. These
exosomes appear to be EGFR-rich extracellular vesicles, and we suspect that they are cast away
from cells then reeled in and fused with the surface membrane, maximizing EGF/EGFR
signaling.
Overall, the data outlined in Figure 3 indicates that we can modulate the transfer of dye
from nanosyringes into cells by blocking the internalization of EGFR using an antibody or by
inhibiting the activation/internalization signaling mechanism. In the case of using antibodies,
blocking EGFR with an IgG greatly reduces dye transfer, whereas using Erlotinib allows rapid
dye transfer but changes the localization of released dye within the cells.
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2.2.5 Localization of doxorubicin delivered by nanosyringes in vitro.
We previously reported the use of antibody-targeted PEG-HCCs for the delivery of the
drug Paclitaxel.1 To investigate whether the PepEGFR-PEG-HCC could also deliver a clinically
relevant therapeutic agent to cells, we loaded the PepEGFR-PEG-HCCs with doxorubicin and
monitored its release into GBM cells, in both U87-EGFR and in a primary culture (GBM157).
GBM157 expresses high levels of EGFR, but is less able than U87-EGFR to pump doxorubicin
out of cytoplasm via xenobiotic drug pumps. Doxorubicin is a substrate for the xenobiotic drug
pump P-glycoprotein (and also ABCC2 and ABCC6),34 and EGFR activation in U87 cells
increases the levels of P-glycoprotein and gives these cells resistance toward doxorubicin.35 In
addition, U87-EGFR cells are highly mobile and have a tendency to move into and out of the
image field, or in and out of the focal plane, when imaged over a long periods. The primary
GBM157 cells are less mobile than are U87-EGFR cells and do not move out of the imaging
field as readily. We incubated U87-EGFR cells with 20 nM doxorubicin loaded nanosyringe in
PBS/15 mM glucose for 90 min, washed the well twice and then examined the doxorubicin
levels in cells for a further 90 min in PBS/glucose. Figure 4(a) shows images of the accumulation
of doxorubicin during the nanosyringe incubation at ~ 1, 30, 60 and 90 min (upper) and then
images taken at directly after washing ~ 1, 30, 60 and 90 min after washing (lower). We
examined the distribution of signal brightness as a function of time to give an insight into how
doxorubicin was distributed in cells over time. In Supplementary Figure 3(a) we show the lineshape of the cumulative doxorubicin signals, from brightest to dimmest, as a function of % total
signal deconvoluted at different time points (~ 1, 15, 30, 45, 60, 75 and 90 min). It can be seen
that initially the line-shape is very steep, but as time progresses; the line-shape begins to
resemble a ‘modeled’ normal distribution of signal (dashed line). The line-shape indicates that
initially in the time course, a small number of pixels have the majority of the total signals. As
incubation time increases, the fraction of pixels with relatively high signal falls. We interpret this
as being due to the rapid transfer of Doxorubicin into membrane, upon capture/binding of the
nanosyringes by EGFR, and the accumulation of signal in coated pits/endosomes when
nanosyringes are first added to the cells. Later Doxorubicin can diffuse from the membranous
vesicles, on the surface or internalized, into the cytosol, and then on to the nucleus. In
Supplementary Figure 3(b) we show the time-course of the normalized increase of doxorubicin
signal in the cytosol and in the nuclei. The cytosol signal rises in a somewhat stepped, multi-
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phasic manner (0-35 min, 36-65 min and 66-90 min). The nuclear signals, obtained from
averaging the doxorubicin signals in 5 different nuclei, appear to have the same tri-phasic nature,
but it is evident that there is a lag in the first phase, where cytosolic levels of drug rise rapidly,
but nuclear levels rise slowly. This lag indicates that doxorubicin intercalation into DNA occurs
after doxorubicin is internalized and diffuses into the cytosol.
Figure 4(b) shows high-resolution images of uptake of 30 nM nanosyringe, loaded with
doxorubicin, in EGFR-expressing primary human gliomal cell line GBM157 over time. In
GBM157 cells, it is easier to observe the transfer of doxorubicin from the cytosol into the nuclei
as the nuclei are much bigger in proportion than in the U87-EGFR, and the GBM157 cells move
less. The bottom 6 panels in Figure 4(c) show a higher resolution view of the nuclei in a cluster
of GBM157 cells. It is evident that there is the transfer of doxorubicin signal from the cytosol
into the nucleus, allowing the fine structure of the DNA to be observed. It should also be noted
that when doxorubicin binds to DNA, its fluorescence goes down as compared to being in free
solution.36 An analysis of the time-course of doxorubicin fluorescence in cytosolic and nuclear
locales indicates that there is a short lag in rate of drug transfer into the cytosol and then into the
nucleus. In terms of total signal, the GBM157 cells appear to get their second wind at
approximately 20 min, so that after a rapid initial uptake, there is period of stability in the total
signal, followed by a second, global uptake of drug. This second uptake phase is probably due to
recycling of EGFR, which has a return half-life of approximately 20-25 min.37
The hydrophobic dyes/drugs we load into the nanosyringes do not leak into the aqueous
media they are suspended in at any discernible rate. Although there is a huge concentration
gradient between the Doxorubicin loaded in the hydrophobic interior of the nanosyringe and the
bulk aqueous phase, the system does not come to chemical equilibrium as there is a larger kinetic
barrier in the form of the difference in the partition-coefficient due to the solubility of
Doxorubicin in the two locales. The dielectric constant of PBS is 78.3,38 proteolipid membranes
have a dielectric constant of ~ 2,39 and the hydrophobic core of PEG-HCC is likely to have a
dielectric constant near that of PEG, ~ 4.40 The binding of the nanosyringe to EGFR allows the
Peptide-PEG tendrils to interact with the surface of the plasma membrane. This likely makes an
avenue between the hydrophobic centers of the proteolipid membrane and the PepEGFR-PEGHCC core. This connection between hydrophobic domains occurs due to the specific binding of
PepEGFR-PEG-HCC to EGFR at the cell surface, allowing the drug/dye to diffuse along the
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concentration gradient, from the nanosyringe and into the plasma membrane. While initial
payload unloading is occurring, the activation of EGFR leads to activation of the endocytosis
pathway and clathrin-coated vesicles are directed into the cytosol. Once inside the cytosol, the
small vesicles/endosomes containing the dye/drug payload are able to diffuse into the various
hydrophobic cellular compartments.

Figure 4. Transfer of doxorubicin into U87-EGFR and GBM157 cells.
(a) U87-EGFR cells incubated in doxorubicin loaded nanosyringe take up the drug over the course of 90
min (upper four panels). The cells were then washed twice and loss of doxorubicin by cells was observed
(lower four panels).
(b) High-resolution images of accumulation of doxorubicin from nanosyringes into EGFR-expressing
primary human gliomal cell line GBM157 (upper six panels).
(c) The initial surface localization of doxorubicin, followed by cytosolic localization and then transfer
into the nuclear DNA can be observed more clearly in an expanded view of a nuclei cluster (lower six
panels).
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2.2.6 Targeted delivery of payload in vivo.
To determine whether the PepEGFR-PEG-HCCs are capable of specifically targeting and
delivering payload in vivo, we sought to detect dye transfer into GBM animal flank and
intracranial models. We used two different dye payloads: Nile Red, which labels tumor
membranes, and the non-fluorescent “pro-drug” fluorescein diacetate as a means of determining
if there is payload transfer into the cytoplasm of the tumor cells – non-fluorescent fluorescein
diacetate is hydrolyzed by cytosolic esterases into the fluorescent dye fluorescein.41
Figure 5(a) shows the resulting fluorescence of the major organs of a pair of nude mice,
both of which had flank U87-EGFR tumors. The mice were injected intravenously with either
saline or Nile Red loaded nanosyringes, were sacrificed 24 hours after the injections, and the
organs were imaged for red fluorescence. The half-life (t½) of i.v.-administered PEG-HCCs in
mouse blood is approximately 7 h1, and if PepEGFR-PEG-HCCs have a similar half-life to PEGHCCs, then at 24 h, less than 10% of nanosyringes should be in circulation. We noted high
background auto-fluorescence in the skin, brain, and tumor of the saline control and observed an
increase in fluorescence only in the flank tumor of the Nile Red/PepEGFR-PEG-HCCs treated
animal. This tumor from the Nile Red loaded nanosyringe treated animal had >4-fold level more
fluorescence than the control tumor. Examination of the other major organs did not yield any offtarget increases in fluorescence when comparing the nanosyringe-injected mouse with the
control, nor was there any difference in fluorescence of the blood.
We performed two intracranial models; Figure 5(b) shows the brains of mice treated with
Nile Red loaded nanosyringes targeted toward EGFR vs. a dye loaded untargeted (PEG-HCC)
control. Figure 5(c) shows the brains of mice treated with fluorescein diacetate loaded
nanosyringe vs. saline. In both cases we sacrificed the animals 4 hours post i.v. nanosyringe
administration. Using Nile Red as payload, we found a >10-fold level of red fluorescence in the
brain using targeted vs. untargeted nanosyringe (Figure 5(b)). Using fluorescein diacetate we
found a >3-fold level of green fluorescence, in loaded nanosyringe vs. control (Figure 5(c)).
What the three experiments in Figure 5 show is that PepEGFR-PEG-HCC does target the
EGFR found on the surface of the U87-EGFR tumor cells, in both flank tumors and in brain
tumors behind the blood brain barrier. The observation that there was highly specific Nile Red
labeling of glioma cells, but not other tissues, is very important for chemotherapeutic usage. As
has been shown herein, Nile Red is a very good agent for labeling membranes but is not an ideal
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drug mimetic. Using the pro-fluorescent, esterase-sensitive fluorescein diacetate, we have
developed a probe for the transfer of nanosyringe payload into the cytosol of tumor cells. That
we were able to image fluorescein, derived from intracellular fluorescein diacetate, means that
our nanosyringes were able to cross the blood brain barrier and deliver their payload into cancer
cells.

Figure 5. Imaging of GBM tumors in mouse xenograft models.
(a) A pair of mice with U87-EGFR flank tumors of ~ 1 cm3 were injected with either saline or PepEGFRPEG-HCC loaded with Nile Red and were sacrificed 24 h later. After necropsy the major organs and
tumors were imaged, and show localization of Nile Red in the tumor from the treated animal. (b) A pair
of mice with U87-EGFR intracranial tumors were injected i.v. with either PepEGFR-PEG-HCC (EGFRtargeted) or PEG-HCC loaded with 160 µg/kg Nile Red and were them sacrificed 4 hours later. The
brains were washed and imaged and show there is a >10-fold level of fluorescence using targeted vs
untargeted Nile Red loaded nanosyringe. (c) A pair of mice with U87-EGFR intracranial tumors were
injected with either PepEGFR-PEG-HCC loaded with fluorescein diacetate or saline and then sacrificed 4
hours later. The brains were washed, imaged and show >3-fold level of fluorescence using targeted
nanosyringe compared with the control.
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2.3 Conclusions
We have characterized the targeted delivery of carbon nanotube-derived nanosyringes
loaded with fluorescent dyes and drugs and the release and transfer mechanism of dye and drug
payloads into GBM cells and tumors in vitro and in vivo. We show that these constructs not only
bind to EGFR, but activate EGFR, and then become internalized inside cells via the normal
EGFR-coated pit mechanism. We observe the transfer of hydrophobic compounds from the
hydrophobic interior of the nanosyringes into the lipid membranes of cells only after binding to
EGFR. Disruption of nanosyringe binding, using EGF as a competitive binding inhibitor or using
an anti-EGFR antibody as a non-competitive inhibitor, reduces the amount of nanosyringe-to-cell
payload transfer, but not the overall time course at which fluorophores are transferred. The
transfer of the hydrophobic fluorophores into cytosol is faster when the ratios of membrane
surface to aqueous phase are high – that is, when EGFR-bound nanosyringes are internalized into
endosomes, the rate at which cells take up the optical probes is rapid.
These observations suggest that a hydrophobic pathway develops between the hydrophobic
PEG-interior of the loaded nanosyringes and the cells’ hydrophobic lipid bilayer when the
nanosyringe is bound to EGFR. This pathway allows transfer of payload from the nanosyringe at
the interface between the lipid bilayer surface and the extracellular bulk aqueous phase.
Understanding the mechanisms by which our carbon nanomaterials interact with cells and tumor
tissue is key to developing the next generation of targeted nanosyringe cancer therapeutics.

2.4 Materials and Methods
2.4.1 Synthesis and loading of nanosyringes.
HCCs were prepared from HiPco single walled carbon nanotubes (SWCNTs) as shown in
cartoon form in Supplementary Figure 1 (only one of each resulting functional group is shown in
(C) for clarity) and previously characterized.1-4,42,43 The resulting HCCs are planar, oxidized
graphitic domains that are ~ 3 nm × 40 nm. PEG-HCCs were prepared using heterobifunctional
PEG, amino-azide-PEG (MW ca. 5000 g/mol). The amino-PEG groups were covalently attached
to the carboxylic acids of the HCCs using DIC coupling to generate azido-PEG-HCCs. The
GE11 peptide,22 YRWYGYTPQNVI(K), was modified with the addition of a terminal lysine
which carried an amide-linked propiolic acid on its ε-amine. Additionally, the N- and C- termini
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were capped by acylation and amidation, respectively (BioPepTek, Pennsylvania, PA, USA).
The propiolic acid functionalization provided the peptide with an alkyne poised for click
modification when reacted with the azido-PEG-HCCs via the copper-catalyzed click reaction.44
This allowed the azide-PEG-HCCs to be covalently modified with the peptide. The resulting
peptide-PEG-HCCs were purified on a tangential flow filtration KrosFlo system. Next, the dyeand drug-loaded nanosyringes were prepared in the same manner used to load unmodified
Paclitaxel into PEG-HCCs as previously published by our group:1 a methanolic solution of drug
or dye at 1.0 mg/mL was added slowly to a rapidly-stirred aqueous solution of peptide-PEGHCCs. After stirring for 24 h, the methanol was removed by rotary evaporation to give an
aqueous solution of dye- or drug-loaded peptide-PEG-HCCs, denoted as dye/PepEGFR-PEGHCCs or drug/PepEGFR-PEG-HCCs. The best loading can be accomplished using moderately
hydrophobic dyes and drugs, which partition into the hydrophobic PEG-HCC core. The dyes
used in this study include Nile Red, which has high affinity for lipid membranes,45 Coumarin-6,
which partitions between cell membranes and cytosol,46 and the fluorophore drug Doxorubicin,
which partitions into cytosol and into DNA.47
The concentration of PEG-HCCs and peptide-PEG-HCCs in solution was determined by
UV-Vis absorption at 763 nm using the experimentally determined extinction coefficient
ε = 0.0104 L/mg, corresponding to the concentration of the aromatic HCC core.1 In this study, all
concentrations of PEG-HCCs refer to the HCC core concentration. Concentrations of dyes and
drugs were calculated based on the amount of dye or drug added (in mg based on the 1.0 mg/mL
solutions used) and the final volume of the nanosyringe solution.

2.4.2 Interrogation of fluorophores.
Levels of Nile Red measured using a Bio-tek Synergy™ HT Multi-Detection Microplate
Reader utilized an Ex 530/20 and Em 590/35 filter pair. Microscopy studies utilized a Nikon
Eclipse TE2000-E fluorescent microscope equipped with a CoolSnap ES digital camera system
(Roper Scientific) containing a CCD-1300-Y/HS 1392/ 1040 imaging array cooled by a Peltier
device. Three standard Nikon filter sets were used: Red (Y-2E/C), 560/40 nm Ex & 630/60 nm
Em, (Nile Red/Texas Red/Doxorubicin), Green (B-2E/C), 480/30 nm Ex & 535/30 nm Em,
(fluorescein/FITC/coumarin-6) and Blue (UV-2E/C), 360/40 Ex & 485/50 Em, (DAPI).
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2.4.3 Synthesis of FITC-EGF.
Recombinant human EGF was purchased from PeproTech (Rocky Hill, NJ, USA) and
was labeled using fluorescein isothiocyanate, using a modified method of Rousseau, Staros and
Beechem.25 Instead of using gel filtration for the washing of ammonium and excess fluorophore
we instead used Millipore Amicon Ultra Centrifugal Filters (Sigma) with a 3 kDa cut-off.
Spectroscopic determination of stoichiometry of FITC: EGF labeling indicated a ratio of 1.1:1.

2.4.4 Cell Cultures.
Primary human glioblastoma culture GBM157 was prepared from a GBM patient tumor
within 10 min of their excision (IRB: Pro00014547). The tumor was broken up using a pipet and
then grown in DMEM, 20% FBS, GlutaMax-Iand Pen/Strep, for 2 weeks, and low pass cultures
were preserved. In all presented data, the same media was used to grow cells and in visualization
studies, except for the U87-EGFR doxorubicin washing/washout experiments. The U87-EGFR
cells used were a kind gift from Dr. Cavenee, Ludwig Institute for Cancer Research, San Diego),
via Professor Oliver Bogler.48

2.4.5 Cell Imaging with antibodies.
After fixation with 2% paraformaldehyde cells were washed, permeabilized, then blocked
using DAKO serum-free protein block and incubated overnight using mouse monoclonal
primary antibody’s. Anti-EGFR antibody [EGFR1] or anti-Clathrin antibody [X22] (abcam,
Cambridge, MA, USA, ab30 and ab2731 respectively) at 1/500 dilution. After washing, the cells
were incubated in 0.1% avidin and then in 10 mM biotin for 15 mins and washed in PBS. The
primaries were visualized by incubation for >4 hours with 1/1000 biotinylated Goat anti-Mouse
secondary antibody (BD Biosciences, San Jose, CA, USA., 550337) and then Texas Red-avidin
(ThermoFisher Scientific, Grand Island, NY, USA., A820).
After washing, the cells were incubated with 10 mM biotin for 15 mins and washed in
PBS, then incubated with Rabbit monoclonal primary antibody’s. Anti-EGFR (phosphor-T678)
[EP2255Y] and Anti-PEG [PEG-B-47] (both abcam). These were developed using
1/1000 biotinylated Goat Anti-Rabbit IgG (Southern Biotech, Birmingham, AL, USA, 35209)
followed by FITC-avidin (Sigma, A2901). Cells were then counter stained with DAPI
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(ThermoFisher Scientific). Prior validation studies examining the two Goat anti-Mouse and antiRabbit secondary antibodies demonstrated that cross reactivity was insignificant.

2.4.6 Fluorophore levels in fixed and living cells; Binding constant
determination.
U87-EGFR cells were incubated with Nile Red-loaded EGFR-targeted nanosyringes
(Stock: Nile Red/PepEGFR-PEG-HCC 0.15 mg/Nile Red/0.115 mg PepEGFR-PEG-HCC) then
washed and fixed. After washing they were labeled with DAPI to render the DNA blue and
imaged by fluorescence microscopy. Nile Red was measured using a plate reader, to an n=6.
Fitting the data was performed using Excel, with least square minimization with respect to model
data being determined using the Solver function.

2.4.7 Co-localization of Nile Red loaded nanosyringe with FITCEGF, pulse chase and Pitstop-1.
U87-EGFR cells were incubated with 20 nM nanosyringe and 50 nM FITC-labeled
rhEGR (FITC-EGF) and then imaged at 5 min of incubation. The two signals were examined
using high-resolution microscopy, with 40 individual pairs of images obtained in the form of a Zstack, then reconstructed into a single focused. In pulse chase experiments U87-EGFR cells were
preincubated with 50 nM FITC-EGF for 5 min, and then Nile Red was delivered by 20 nM
nanosyringe, with Z-stacked images were taken 5 min after the last addition. U87-EGFR cells
were pre-incubated with 0.1% DMSO vehicle or 50 µM Pitstop-1 for 1 hour. The cells were
incubated with either 10 nM FITC-EGF or 31 nM Nile Red loaded PepEGFR-PEG-HCC. After 70
min incubation the living cells were imaged using an 80-image Z-stack, and focused images
generated.

2.4.8 Inhibition of EGFR activation.
U87-EGFR cells were pre-incubated with vehicle (control) or with 500 nM Erlotinib for
30 min before the addition of 20 nM nanosyringe loaded with coumarin-6, and signals were
acquired every minute for an hour. U87-EGFR cells were incubated in the absence and presence
of anti-EGFR IgG (250 ng/ml, ab30) for 1 hour, then the coumarin-6 signal was monitored every
minutes over an hour after the addition of 50 nM targeted nanosyringe.
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2.4.9 Doxorubicin delivery and washout.
U87-EGFR cells were washed with, and monitored in, PBS that was supplemented with
15 mM glucose. The U87-EGFR cells were incubated with 20 nM doxorubicin loaded
nanosyringe and monitored for 90 min, then washed twice, and monitored for an additional 90
min.

2.4.10

Doxorubicin intracellular migration.

30 nM nanosyringe, loaded with Doxorubicin, was incubated with an EGFR-expressing
primary human gliomal cell line, GBM157. This switch was necessitated by the relative motility
of the cells when exposed to high light flux and drug.

2.4.11

Whole Animal studies (IACUC: AUP-1014-0061).

Images were taken using the Maestro EX Imaging System. Autofluorescence and probe
fluorescence were collected using excitation filter 445-490 and emission
filters 503-555. The data were analyzed by Living Image in vivo Imaging software (Maestro
version 2.10.0)

2.4.11.1

Flank Studies.

A pair of mice with U87-EGFR flank tumors of ~ 1 cm3 were injected with either saline
or 1.15 mg/kg of PepEGFR-PEG-HCC loaded with 370 µg/kg Nile Red and were sacrificed, using
CO2, 24 h later. The tumors and major organs were removed at necropsy, washed in PBS in 50
ml centrifuge tubes, patted down with absorbent toweling. The organs and tumors were
symmetrically arrayed on a black card and images taken by B&W photography or for red
fluorescence. The background fluorescence of the card the tissues were arrayed on was
electronically removed. The auto-fluorescence of skin, brain and tumor is visible in the saline
control, and we observe in the tumor derived from the Nile Red loaded nanosyringe treated
animal a >4-fold level of fluorescence compared with saline control.

2.4.11.2

Nile Red Intracranial Studies.

Mice with U87-EGFR intracranial tumors, generated as previously described,49 were
injected i.v. with either PepEGFR-PEG-HCC (EGFR-targeted) or PEG-HCC, both vectors were
given at 160 µg Nile Red per mouse kg and the animals were sacrificed 4 hours later. After
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excision, the brains were washed and arrayed on a card and B&W images and red fluorescence
measured, with background fluorescence of the card removed.

2.4.11.3

Fluorescein diacetate Intracranial Studies.

A pair of mice with U87-EGFR intracranial tumors were injected with either PepEGFRPEG-HCC loaded with fluorescein diacetate (1.5 mg/kg nanosyringe and 500 µg/kg FDA) or
PEG-HCC (1.5 mg/kg) and were sacrificed 4 hours later. The brains were washed and arrayed on
a card and B&W images and green fluorescence measured, with background fluorescence of the
card removed. With no compensation for brain auto-fluorescence there is a >3-fold level of
fluorescence using targeted nanosyringe compared with the PEG-HCC control.
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2.7 Supplementary figures and materials.

Supplementary Figure 1. Design and synthesis of nanosyringes.
Supplementary Figure 1 shows a graphical representation of the physical properties and synthesis of
PepEGFR-PEG-HCC nanosyringes. The starting material is purified single-walled HiPco carbon nanotubes
(a) which are fractured into carboxylated, oxidized graphene ribbons by heating in nitric/sulfuric acid (b).
The resulting material, hydrophilic carbon clusters (HCCs), are given PEG tendrils by attaching aminoPEG5000-azido polymers using conventional carbodiimide coupling, giving rise to PEG-HCCs. Pep-PEGHCCs are created by attaching targeting peptides to azido-PEG-HCC using Cu(I) catalyzed ‘click’
chemistry, covalently linking a synthetic, epitope-targeting peptide that has an addition lysine on the Cterminus and an amidic propynoic acid on the ε-amine (c). The resulting construct, in aqueous solution, is
a rounded cylinder some 45 nm long and 10 nm in diameter (d). The PEG tendrils are structurally similar
to trees of the rain forest, radiating out from the hydrophobic core like tree-trunks and forming a canopy
at the water interface (c) and (d). This nanosyringe structure is highly soluble, ca. 2 mg/ml, but the
interiors of the nanosyringes are highly hydrophobic (pink) and can be loaded with a range of
hydrophobic drugs and dyes. The targeting, hydrophilic peptides of PegEGFR-PEG-HCCs are located at the
surface and so can interact with surface receptors. We show, to scale of the PegEGFR-PEG-HCC (d), a
dimerized EGF/EGFR pair (e).
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Supplementary Figure 2. Cycling of native EGF/EGFR and the characteristics of PepEGFRPEG-HCCs.
Supplementary Figure 2 shows a cartoon representation of the EGF/EGFR signaling pathway. EGFR
monomers sit astride the cell membrane and bind to seven different peptide growth factors: epidermal
growth factor (EGF), transforming growth factor-α (TGFA), heparin-binding EGF-like growth factor
(HBEGF), amphiregulin (AREG), betacellulin (BTC), epiregulin (EREG), and epigen (EPGN). Upon
ligand binding to EGFR monomers (a) the receptors undergo a radical change in morphology and form
homodimers or heterodimers with the related receptors ERBB2, ERBB3, and ERBB4 (b). This
dimerization leads to kinase activation, causing the phosphorylation of tyrosine, threonine and serine
resides (c) and initiating multiple intracellular signaling pathways. Phosphorylation of residues on the
cytoplasmic tails of the receptors are recognized by adaptor/scaffold proteins, shown in red (c) and
activated receptors are then sorted into clathrin-coated pits for internalization into the cell (d), which
mature into coated pits (e). The mature clathrin-coated pits are pinched off by the action of dynamin (f)
leading to the internalization of the EGF/EGFR complex as a clathrin-coated vesicle (g). Inside the cell
the scaffold proteins and clathrin dissociate from the vesicle, leaving an intermediate vesicle (h) interior
acidification of the intermediate vesicle and the action of peptidases results in an early endosome
recycling (i). Receptors can then be recycled back to the plasma membrane for another round of
trafficking via the recycling pathway (j), or routed to lysosomes to be degraded via the degradation
pathway (m). In the recycling pathway the early endosomes are converted into acidic recycling
endosomes, and the peptide growth factors are proteolyzed, causing receptor monomerization. The fusion
vesicle (k) is then reintegrated into the plasma membrane (i). Receptor complexes that are destined for
degradation are encapsulated into late endosomes (m) and fused with lysosomes, where the proteins are
hydrolyzed and the amino acids recycled (n).
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Supplementary Figure 3. Deconvolution of pixel density following the uptake of
Doxorubicin loaded nanosyringes.
(a) The distribution of pixel intensity of Doxorubicin uptake by U87-EGFR cells at 1, 15, 30, 45, 60, 75
and 90 min, from Figure 3 (a), was analyzed and plotted. After background subtraction, pixel intensity
was ranked brightest to dimmest, and then a cumulative transformation was enacted and the cumulative
value was made 100% of total signal. The cumulative relative brightness of the signal was then plotted
against the number of pixels (as a fraction of total pixels in image). The plot also shows the line-shape
that normally distributed field intensity (dashed line) would have and one can see how, with time, the
Doxorubicin signals tends toward a normal distribution. (b) The change in the Doxorubicin signals, as a
function of incubation time, where cytosolic and nuclear areas are sampled. These signals were averaged
and normalized to the final 90 min time point and were five areas of cytosol. A lag between cytosolic and
nuclear Doxorubicin signal is evident over the first 35 min.
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3 Peptide-Targeted Drug-Loaded Nanovectors
Treat a Glioblastoma Model in Mice
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3.1 Introduction
Cancer is the second leading cause of death in the United States, with almost
600,000 cancer-related deaths per year.1 Glioblastoma multiforme (GBM) is a common
and very aggressive type of brain cancer. Gliomas are the most common type of primary
brain tumor, and there are ca. 17,000 diagnoses per year.2 The prognosis and quality of
life with glioblastoma is generally very poor. Untreated, GBM has a 12% 2-year survival
rate, and even with the standard radiation and chemotherapy treatment, the median
survival time is 14 months, the 2-year survival rate is only increased to 27%, and overall
prognosis still remains poor.3 Surgery, when possible, also only slightly increases
survival time. Additionally, very few chemotherapeutic drugs are approved for on-label
use in GBM treatment. Gliomas and GBM treatment also commonly lead to other
complications like neurological symptoms, seizures, embolisms, and adverse effects from
drug therapies.2 Research into GBM treatments is rapidly progressing, and our strategy
towards this goal is to develop an efficient and selective drug delivery system for
targeting gliomas.
In this work, we covalently attached a range of tumor-targeting peptides to drugloaded PEG-HCCs and have shown that these peptide-PEG-HCCs are capable of
selectively targeting and killing intracranial tumors in vivo. Additionally, we also
demonstrate the ability to increase the efficacy of the administered cancer drugs by using
the peptide-PEG-HCCs to deliver efflux pump inhibitors simultaneously with the
chemotherapeutic drugs. Remarkably, the latest in vivo intracranial mouse tumor study
has lasted for over 1 year and just over 50% of the treated group of animals remain alive
and healthy. Three in vivo studies were performed, one with a cocktail of cancer drugs
plus efflux pump inhibitors, and two others using just one cancer drug per treatment
group. These studies showed very promising results and warrant further exploration of
our system.
The PEG-HCCs are used as targeted nanovectors, which are defined here as
nanoparticles that serve to transport and deliver drugs and/or bioactive molecules. In this
context, it has been shown by the Tour group that drug-loaded antibody-targeted PEGHCCs can successfully target and treat glioblastoma tumors.4 It was also demonstrated in
the previous chapter of this thesis that peptide-PEG-HCCs can deliver dyes to cancer
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cells and tumors for selective fluorescent imaging of cancer. PEG-HCCs have also
previously been used as drug carriers, both targeted and untargeted, in other flank tumor
animal models.5,6 While the PEG-HCCs are hydrophilic and water soluble due to the high
degree of oxidation and the dense shell of PEG groups, they also contain hydrophobic
graphitic cores. These hydrophobic domains can be used to carry hydrophobic molecules
like drugs and dyes by non-covalent association. Overall, their low toxicity, high aqueous
solubility, and drug-loading capacity make PEG-HCCs ideal nanovectors.
This work builds on and seeks to improve the results the Tour group has seen so far.
We address two main problems: first, antibody targeting was not found to be very
effective,4,6,7 so our current work uses targeting peptides instead; second, the problem of
drug resistance, which is commonly developed by cancer cells after a period of
chemotherapy, is addressed. Drug resistance can develop in part due to cancer cells
upregulating the production of efflux pumps that serve to remove cancer drugs from
tumor cells, causing lowered concentrations of drugs inside tumors.8 To address this
problem, the PEG-HCCs were loaded not only with chemotherapeutic drugs, but also
with compounds that are known inhibitors of the efflux pumps that act on each cancer
drug used. It has been found that co-treatment of chemotherapeutic drugs with xenobiotic
efflux pump inhibitors can modulate or increase the toxicity of chemotherapy.9

3.2 Intracranial tumor study in mice using cancer drugs in
conjunction with efflux pump inhibitors
To impart targeting abilities to PEG-HCCs, specific peptides that target epitopes
present on cancer cells were used. Four different peptides were used to modify PEGHCCs in the first animal study, and the peptide sequences were chosen because they bind
to targets known to be common on cancer cells. The targets and corresponding peptide
sequences used in the first animal study are summarized in Table 2. Since every cancer
cell line varies with respect to the specific antigens on the cell surface, this therapy could
be customized based on the analysis of each individual tumor being treated to determine
which epitopes are most prevalent. The synthesis of peptide-PEG-HCC nanovectors
proceeds via carbodiimide coupling of amino-azide-PEG to HCCs followed by a copper-
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catalyzed click reaction10 with alkyne-functionalized peptides, and then loading of drugs
via non-covalent interaction with the hydrophobic HCC core (Scheme 7). Detailed
procedures can be found in the Experimental Methods section.
Table 2. Peptide receptor targets and sequences of peptides coupled to PEG-HCCs
Peptide target

Peptide sequence

EGFR

YRWYGYTPQNVI11

Transferrin receptor

THRPPMWSPVWPGGG12

Integrin αvβ3 and α5β1

DFKLFAVYIKYR13

Urokinase-type plasminogen
activator receptor (uPAR)

AEPMPHSLNFSQYLWYT14
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Scheme 7. Synthesis and drug loading of peptide-PEG-HCC nanovectors
In this work we used cancer drugs for which both the drug efflux pumps and
corresponding pump inhibitors are known. The pump inhibitors used are also
chemotherapeutic drugs themselves, and this could also increase the effectiveness of
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treatment. We selected drugs and pump inhibitors that possessed the following desirable
properties for our system: hydrophobicity to efficiently load onto PEG-HCCs and FDA
approval for use in humans. Table 3 summarizes the efflux pumps targeted, the drugs
each one pumps out and therefore causes resistance to, and the inhibitor of each pump.
Table 3. Efflux pumps targeted, the drugs pumped by each, and the corresponding
pump inhibitors
Efflux pump

Causes resistance to

Pump inhibitor

BCRP15

Etoposide

Imatinib

ABCB116

Etoposide; Ixabepilone

Crizotinib

P-glycoprotein16

Etoposide

Crizotinib
Cl
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Figure 9. Structures of cancer drugs and efflux pump inhibitors used in initial
animal studies
PEG-HCCs were loaded noncovalently with drugs by slow addition of a solution
of each drug in methanol to an aqueous solution of PEG-HCCs. Before use in biological
applications, the methanol was evaporated and the nanovector solution diluted with
phosphate-buffered saline (PBS) to the desired concentration. The drugs loaded into each
peptide-PEG-HCC and the efflux pump inhibitors are summarized in Table 4. As two
control groups, we used unmodified MeO-PEG-HCCs loaded with each drug to represent
non-targeted drug treatments and peptide-PEG-HCC left unloaded as the empty, but
targeted, control group. The structures of drugs used are shown in Figure 9.
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Table 4. Drugs loaded into each peptide-PEG-HCC and the corresponding cotreatment drug to inhibit efflux
Peptide-PEG-HCC

Drug loaded

Co-treatment with

Integrin

Imatinib

Etoposide

Transferrin receptor

Crizotinib

Etoposide; Ixabepilone

uPAR

Etoposide

Imatinib; Crizotinib

EGFR

Ixabepilone

Crizotinib

After drug loading, the peptide-PEG-HCC nanovectors underwent in vitro7 and in
vivo testing. Contrary to the last study of peptide-PEG-HCCs as nanovectors in flank
tumors,7 this model uses tumors that have been implanted directly into the brains of mice,
which is more representative of the actual conditions of glioblastoma than a flank tumor
model. This model also requires that our nanovectors pass the blood-brain barrier (BBB)
after i.v. injection. The cancer cell line used in this first study was MDA-MB-231, a wellstudied, triple negative, drug resistant breast cancer line.17
Three groups of eight brain-tumor-bearing nude mice were used in this study.
Drug/peptide-PEG-HCCs were administered as quadruple therapy (mice in these drug
treatment groups received all four drug-nanovectors at once during each injection). One
group received empty peptide-PEG-HCCs (no drugs), one group received unmodified
MeO-PEG-HCCs loaded with drugs (untargeted drug treatment), and one group received
peptide-PEG-HCCs loaded with drugs (peptidyl-targeted drug treatment) as shown in
Figure 10. Treatments were administered via tail vein injection at 8, 13, and 18 days after
implantation of the tumor into the brain. The doses given for each drug in this study was
200 µg/kg. The amount of drugs loaded in the nanovectors, and therefore the dosing, was
calculated as the known amount of mg used in the loading step per final mL volume of
the nanovector solution giving final concentration of drugs in mg/mL. Compared to the
standard doses of these drugs given intravenously in animal studies, these doses are
significantly lower, and correspond to 1/25th of the standard dose for ixabepilone,18
1/100th for etoposide,19 1/125th for crizotinib,20 and 1/225th for imatinib.21 This
demonstrates that using the combination of targeted drug delivery vehicles and efflux
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pump inhibitors allows administration of much lower doses of chemotherapy than would
be used with the drugs alone. Figure 10 shows the survival curves for each treatment
group. All mice receiving the empty peptide-PEG-HCCs (containing no drugs, red curve)
reached an ethical endpoint by day 28. The mice receiving drug-loaded MeO-PEG-HCCs
(orange curve) reached an ethical endpoint by day 38. Finally, the mice receiving the
targeted drug-loaded PEG-HCCs survived the longest, and this treatment significantly
extended lifetime, with one treated mouse that never developed symptoms, and upon
necropsy of the brain, had no signs of tumor. The weight curves of mice in each treatment
group are shown in Figure 11. A steady increase in weight for both drug-treated groups
(orange and green curves) illustrates that the treatment is effective against the cancer but
does not adversely affect overall health (the cancer drugs did not have widespread
damaging effects on healthy tissues). This is also consistent with the dye-loaded peptidePEG-HCC imaging studies presented in the previous chapter, where little to no off-target
payload release was seen in healthy tissues.

Figure 10. Survival curves for MDA-MB-231 brain tumor model in nude mice.
The PEG-HCC group (red) received peptide-PEG-HCCs that were not loaded with
drugs. The Untargeted Drugs group (orange) received drug-loaded but untargeted
MeO-PEG-HCCs. The Peptidyl-targeted Drugs group (green) received drug-loaded
peptide-PEG-HCCs.

58

Figure 11. Weight of mice in each treatment group over treatment period.
An increase in weight was seen in each drug-treated group (orange and green
curves).
This initial study showed that peptides can be used to target PEG-HCCs used as
drug delivery vehicles to tumors. The peptide-PEG-HCCs proved to be versatile
nanovectors capable of targeting surface antigens of tumors, and by design, are primed
for modification to any suitable type of cancer or tissue with known epitopes. Next, we
aimed to study peptide-PEG-HCCs in a model using human glioblastoma tumors.

3.3 Intracranial tumor study in mice using single drug
treatments
The next in vivo study we performed was a mouse model of intracranial human
glioblastoma tumors using the U87 cell line. U87 is a primary human GBM cell line that
has been found to overexpress epidermal growth factor receptors (EGFR). The number of

59
EGF receptors on most glioblastoma cells is 10-200x higher than normal brain tissue.22 In
most tumors, there are approximately 1000 EGF receptors per µm2,23 and since PEGHCCs are ca. 50-60 nm long, it can be assumed that each peptide-PEG-HCC will be able
to interface with multiple EGF receptors. Because of this, the peptide-PEG-HCCs have
high avidity,24 and using different lengths or branching of PEG chains could potentially
adjust these properties.
In

the

following

experiment,

only

one

targeting

peptide

was

used

(YRWYGYTPQNVI, which binds to EGFR). Also, only one drug was used per treatment
group, but we tested two drugs for comparison, doxorubicin and vinblastine (Figure 12).
Five groups of eight brain-tumor-bearing nude mice were used in this study. One group
received saline (control, black line), one group received authentic as-prescribed
doxorubicin (dotted red line), one group received authentic as-prescribed vinblastine
(dotted blue line), one group received peptide-PEG-HCCs loaded with doxorubicin
(“Dox nano,” solid red line), and the last group received peptide-PEG-HCCs loaded with
vinblastine (“Vin nano,” solid blue line). Vinblastine was given at a dose of 4.3 mg/kg
and doxorubicin was given at a dose of 3.9 mg/kg. These doses were chosen based on the
known dosing information in rodents using the authentic as-prescribed formulations of
the drugs. The amount of drugs loaded in the nanovectors, and therefore the dosing, was
calculated as the known amount of mg used in the loading step per final mL volume of
the nanovector solution giving final concentration of drugs in mg/mL. Treatments were
administered via tail vein injection at 3, 6, and 9 days after implantation of the tumor into
the brain. Figure 13 shows the survival curves for each treatment group. All mice
receiving no treatment (saline control) reached an ethical endpoint by day 63. The mice
receiving authentic vinblastine reached an ethical endpoint by day 82. All but one of the
mice in the group receiving authentic doxorubicin reached an ethical endpoint by day
105. Finally, the mice receiving the targeted drug-loaded PEG-HCCs survived the longest
(six of the mice in the targeted doxorubicin group and five in the targeted vinblastine
group), and these treatments have significantly extended lifetime, with the study still
ongoing after more than 1 year. These results are especially promising because just over
50% of the nanovector-treated mice have survived for 365 days longer than the day of the
death of the last control mouse.
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Figure 12. Structures of vinblastine and doxorubicin as used in the U87 intracranial
tumor mouse study.

Figure 13. Survival curves for U87 brain tumor model in nude mice.
Treatment groups as follows: Vehicle (saline, black line), as-prescribed authentic
doxorubicin (dotted red line), as-prescribed vinblastine (dotted blue line),
doxorubicin loaded into peptide-PEG-HCCs (solid red line), and vinblastine loaded
into peptide-PEG-HCCs (solid blue line).
This study showed an impressive difference in survival time between the treatment
groups and the control groups. This suggests that the peptide-PEG-HCC nanovectors
have a distinct advantage over the as-prescribed versions of doxorubicin and vinblastine.
Notably, our nanovectors are capable of passing the blood brain barrier, whereas
doxorubicin, vinblastine, and many other drugs cannot.
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3.4 Bone marrow and thymus toxicity
The drug vinblastine, along with many other chemotherapies, has many serious side
effects due to its high toxicity. Two common side effects are bone marrow suppression
and damage25 and thymus toxicity,26 and we aimed to determine whether the peptidePEG-HCCs were able to reduce this side effect by delivering vinblastine to only tumor
cells, thus sparing the bone marrow and thymus from damage. Healthy nude mice were
treated with either saline (control), authentic vinblastine (as-prescribed formulation), or
peptide-PEG-HCCs loaded with vinblastine. After 8 days, euthanasia was followed by
analysis of bone marrow and thymus slices via haematoxylin and eosin (H&E) staining
(Figure 14 & Figure 15).
Haematoxylin stains the cell nuceli purple and eosin stains filaments, membranes,
and proteins in the cytoplasm pink. White areas represent cell-free zones. The greater
amount of white spaces in the authentic vinblastine slides show that cell death or a
decrease in cell proliferation has occurred in those tissues.

Saline Control

Authentic Vinblastine

Peptide-PEG-HCC Vinblastine

Figure 14. Bone marrow toxicity studies of authentic vinblastine vs. peptide-PEGHCC-delivered vinblastine.
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Figure 15. Thymus toxicity studies of authentic vinblastine vs. peptide-PEG-HCCdelivered vinblastine.
These images show that as expected, authentic vinblastine causes extensive damage
to and tissue loss in bone marrow and the thymus. On the other hand, the peptide-PEGHCC-delivered vinblastine showed little effect on these tissues, confirming our
hypothesis that the nanovectors deliver drug primarily to tumors and not in a widespread
fashion to other tissues.

3.5 Conclusions
Overall, these two in vivo studies of intracranial tumors in rats demonstrate great
potential in using peptide-targeted PEG-HCCs as drug delivery vehicles. We observed a
significant increase in survival time of animals treated with our targeted nanovectors as
opposed to drugs as-prescribed or untreated controls. Especially with respect to
glioblastoma, which is nearly always a terminal diagnosis, and which requires drugs to
pass the blood brain barrier, this delivery system is an excellent candidate that warrants
continued investigation. Future plans include testing with different cell and tumor lines as
well as using peptides to target other well-studied cancer epitopes.
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3.6 Experimental Methods
3.6.1 Synthesis of HCCs and PEG-HCCs
3.6.1.1 Purification of HiPco SWCNTs.
A portion of HiPco SWCNTs was vacuum transferred from their stock container
into a large glass desiccator. They were then heated to 225 °C in an oven under watersaturated airflow for 36 hours. The SWCNTs were then washed with excess water in a
vacuum filter and transferred to a Soxhlet apparatus in a cellulose thimble. They were
refluxed with 1 L of 6M HCl for 3 days until the rinse was colorless, showing that the
iron catalyst had been removed. The SWCNTs were then vacuum filtered and rinsed with
excess water until the pH of the filtrate was neutral, then with MeOH, then with diethyl
ether, to give purified SWCNTs.

3.6.1.2 Synthesis of HCCs.
Purified SWCNTs (1.00 g) were suspended with stirring in oleum (500 mL) for 3
hours to debundle the tubes by the intercalation of sulfuric acid molecules between
individual SWCNTs. The solution was then cooled to 0 °C. Next, to oxidize and truncate
the tubes, nitric acid (165 mL, for an overall ratio of 3:1 oleum:nitric acid) was added in
small increments over 2 hours, keeping the temperature between 10-60 °C. After the final
addition of nitric acid, the reaction was heated at 65 °C for 2 hours. Careful dilution with
water (at least 500 mL) was followed by filtration to yield the HCCs (354 mg) as a fine
black powder.
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3.6.1.3 Synthesis of MeO-PEG-HCCs.
HCCs (50 mg) were suspended in 53 mL DMF with sonication, followed by
addition of diisopropylcarbodiimide (DIC) (40 µL, 0.261 mmol) and 5000 avg. molecular
weight H2N-PEG-OMe (652 mg, 0.130 mmol) . The reaction was stirred at room
temperature for 24 h, diluted with at least 900 mL deionized water, and then purified and
concentrated via tangential flow filtration on a KrosFlo system (flow rate = 40 mL/min,
transmembrane pressure = 11 psi). For biological uses, the final PEG-HCC solution was
filtered through sterile 0.22-micron syringe filters, and the final concentration was
determined by UV-Vis spectrophotometry with an experimentally derived extinction
coefficient of 0.0104 L/g at 763 nm.

3.6.2 Synthesis of azide PEG-HCCs
3.6.2.1 Synthesis of amino-azide-poly(ethylene glycol) (H2N-PEG-N3)

O

1. KHMDS, THF, 60 °C
2. DIPEA, TsCl, 60 °C
3. NaN3, H2O, 90 °C
84%

H 2N

O
n

N3

A thick-walled reaction tube was oven-dried, fitted with a septum and stir bar, and
pumped down/filled with nitrogen three times. 13 mL of freshly distilled dry THF and
potassium bis(trimethylsilyl)amide (KHMDS) (0.5 M in THF, 2.2 mL, 1.1 mmol) was
added, and the solution was cooled to −78 °C in a dry ice/acetone bath. CaH2 (ca. 1 g)
was added to a 25 mL flask fitted with a septum which was then evacuated/filled with
nitrogen three times, and then cooled to -78 °C as well. An ethylene oxide cylinder was
attached to this flask and the connecting tube was purged and pumped with nitrogen three
times. Around 15 mL of ethylene oxide was slowly condensed over CaH2 into the flask
and a cooled syringe was used to transfer ethylene oxide (8.10 mL, 164 mmol) into the
reaction tube. The reaction was stirred at 60 °C for 48 h during which time the reaction
mixture turned a dull orange color. The reaction was then cooled to room temperature
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and triethylamine (0.50 mL, 0.69 g, 3.4 mmol) and tosyl chloride (0.652 g, 3.42 mmol)
were added and the reaction turned a pale yellow color. The tube was resealed, and the
reaction was stirred at 60 °C for 36 h. The solution was cooled to room temperature and
poured into a solution of sodium azide (0.520 g, 8.00 mmol) in 75 mL water. The
resulting mixture was heated at 90 °C for 24 hours. After cooling to room temperature,
brine (20 mL) was added, and the solution was extracted with ether (1x 25 mL) and then
chloroform (4x 25 mL). The CHCl3 extracts were combined and dried over Na2SO4 and
concentrated to a volume of around 3 mL. To this, excess diethyl ether was added to
precipitate out the PEG as a fluffy white powder, which was filtered and dried to give
amino-azide-PEG 1 (5.93 g, ca. 84% yield).

3.6.2.2 Synthesis of azide-PEG-HCCs
O
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HCCs (50 mg), amino-azide-PEG (1.06 g, around 0.200 mmol), and DIC (0.20
mL, 1.3 mmol) were dissolved in 50 mL anhydrous DMF and stirred at room temp for 24
hours, after which 900 mL deionized water was added and the mixture was purified via
tangential flow filtration on a KrosFlo system. The concentration of the final solution of
azide-PEG-HCCs was measured as 1.68 mg/mL by UV-Vis using the extinction
coefficient ε763 = 0.0104 L/mg.5

3.6.3 Synthesis of peptide-PEG-HCCs
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Example synthesis using the EGFR-alkyne peptide: Azide-PEG-HCCs (6.00 mL
of a 1.68 mg/mL solution in water) and EGFR-alkyne (4.00 mg, 2.25 µmol) were added
to 6 mL tBuOH, followed by the addition of CuSO4·5H2O (1.1 mg, 4.5 µmol). After the
reaction was stirred for 15 min at room temp, sodium ascorbate (0.90 mg, 4.5 µmol) was
added and the reaction was stirred another 2 days, after which 500 mL deionized water
was added and the mixture was purified by tangential flow filtration on a KrosFlo system
to give a solution of peptide-PEG-HCCs in water with a concentration of 0.271 mg/mL
by UV-Vis using the extinction coefficient ε763 = 0.0104 L/mg.5.

3.6.4 Drug loading of peptide-PEG-HCCs
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Example procedure using peptide(EGFR)-PEG-HCCs loaded with the drug
Ixabepilone: A stock solution of Ixabepilone was prepared with the concentration of 1
mg/mL in methanol. The solution of peptide-PEG-HCCs should be diluted to a
concentration of around 250 mg/L for optimal drug loading. With vigorous stirring, 0.41
mL of the Ixabepilone solution was added 10 drops at a time to a solution of
peptide(EGFR)-PEG-HCCs (4.10 mL at 271 mg/L). After the last addition, the solution
was stirred another 24 hours, after which the methanol was evaporated, leaving the drugloaded peptide-PEG-HCCs in a solution of water with a final drug concentration of
0.10 mg/mL. This solution was filtered through a sterile 0.22-micron syringe filter prior
to biological use.
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4 Preferential uptake of antioxidant carbon
nanoparticles by T lymphocytes for
immunomodulation
This chapter was adapted from the following publication, of which I am a coauthor, with
most portions copied directly:
Huq, R., Samuel, E.L., Sikkema, W.K., Nilewski, L.G., Lee, T., Tanner, M.R., Khan, F.S., Porter, P.C.,
Tajhya, R.B., Patel, R.S., Inoue, T., Pautler, R.G., Corry, D. B., Tour, J. M., Beeton, C. Preferential uptake
of antioxidant carbon nanoparticles by T lymphocytes for immunomodulation. Scientific Reports 2016.
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Autoimmune diseases mediated by a type of white blood cell—T lymphocytes—are
currently treated using mainly broad-spectrum immunosuppressants that can lead to
adverse side effects. Antioxidants represent an alternative approach for therapy of
autoimmune disorders; however, dietary antioxidants are insufficient to play this role.
Antioxidant carbon nanoparticles scavenge reactive oxygen species (ROS) with higher
efficacy than dietary and endogenous antioxidants. Furthermore, the affinity of carbon
nanoparticles for specific cell types represents an emerging tactic for cell-targeted
therapy. Here, we report that nontoxic poly(ethylene glycol)-functionalized hydrophilic
carbon clusters (PEG-HCCs), known scavengers of the ROS superoxide (O2•−) and
hydroxyl radical, are preferentially internalized by T lymphocytes over other splenic
immune cells. We use this selectivity to inhibit T cell activation without affecting major
functions of macrophages, antigen-presenting cells that are crucial for T cell activation.
We also demonstrate the in vivo effectiveness of PEG-HCCs in reducing T lymphocytemediated inflammation in delayed-type hypersensitivity and in experimental autoimmune
encephalomyelitis, an animal model of multiple sclerosis. Our results suggest the
preferential targeting of PEG-HCCs to T lymphocytes as a novel approach for T
lymphocyte immunomodulation in autoimmune diseases without affecting other immune
cells.

4.1 Introduction
Autoimmune diseases are characterized by loss of tolerance of the immune system
for auto-antigens and the subsequent damage to the body caused by its own immune
cells. One type of immune cell, T lymphocytes, are important participants in the
pathogenesis of a large number of autoimmune diseases.1 While the etiology of
autoimmunity is not fully understood, a variety of factors including genetic susceptibility
and environment triggers, such as infections, can lead to the loss of self-tolerance by T
cells and consequently their ability to distinguish self from non-self, causing these cells to
target one’s own organs and tissues.2 Multiple sclerosis (MS) is a classic example of one
of the many tissue-specific chronic T cell-mediated autoimmune diseases. In MS, T cells
are thought in many instances to be targeting myelin—the insulating cover of neurons in
the brain and spinal cord—leading to neurodegeneration, a wide range of physical and
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mental symptoms, and shortened life span.3 Many current therapeutics for autoimmune
diseases function as broad-spectrum immunosuppressants that target a variety of immune
cells or other mediators of inflammation. They share a common trait: the potential to
induce a wide range of serious side effects including increased risk of life-threatening
infections and cancer.4,5
Excessive production of reactive oxygen species (ROS) has been implicated in the
pathogenesis of multiple T cell-mediated autoimmune diseases.4,6-9 Indeed, the
significance of ROS as a therapeutic target for MS has been highlighted with dimethyl
fumarate, an approved therapeutic for this disease.10 Dimethyl fumarate was first tested
for efficacy in MS because of its ability to activate the nuclear factor E2-related factor 2
(Nrf2), a leucine zipper transcription factor, which in turn induces the transcription of
antioxidant response element-driven genes and the production of an array of detoxifying
antioxidant proteins.10,11 While dimethyl fumarate is beneficial in MS, it induces the
apoptosis of activated T cells, leading to deleterious lymphopenia and potent and broad
immunosuppression in all immune cells.12 In addition, Nrf2 levels decrease with age,
suggesting a potential loss of Nrf2-mediated efficacy of dimethyl fumarate in older
patients.13 Finally, studies in Nrf2-/- mice demonstrated that dimethyl fumarate affects
immune cell functions in a Nrf2-independent manner.14
Endogenous and dietary antioxidants, such as vitamins C and E, have shown only
modest clinical efficacy in autoimmunity,6,8 likely due to their poor selectivity for radical
annihilation, limited stoichiometric capacity, and dependence on detoxifying molecules.15
Thus, these are not promising candidates for therapeutic intervention for autoimmune
diseases. Moreover, antioxidant dietary supplements require the administration of high
doses, which increases mortality, likely due to their indiscriminate effects on all ROS.16
A more targeted approach to modulating specific ROS involved in the pathogenesis of
autoimmune diseases is likely to display benefits with fewer side effects. Interestingly,
low levels of intracellular, but not extracellular, superoxide radicals (O2 –), which are
•

ROS produced by the mitochondria in response to T cell receptor engagement during T
cell activation, act as a crucial second messenger during T lymphocyte activation.17-21
Since
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74
immunosuppressants associated with deleterious side effects,4,5 intracellular O2 –
•

represents an attractive target for modulating T cell activity.
Functionalized carbon nanomaterials, such as fullerenes, single-walled and
multiwalled carbon nanotubes, exhibit antioxidant properties superior to those of dietary
antioxidants and have been used in a wide range of medical applications including
preclinical studies of inflammatory arthritis and neurodegenerative diseases.15,22 Carbon
nanomaterials have also demonstrated remarkable affinity towards particular cell types
and consequently have been used as shuttles for targeted drug delivery.23 A major
challenge precluding the translation of carbon nanomaterials into the clinic has been their
associated cellular toxicity.24 However, nanomaterials that are hydrophilic, have no trace
metals and that do not form fibrous aggregates, are associated with little to no toxicity.15
One such example is poly(ethylene glycol)-functionalized hydrophilic carbon clusters
(PEG-HCCs), which have been used as both as a nanovector25 and as an antioxidant in
the context of traumatic brain injury.15 Indeed, high doses of PEG-HCCs have induced no
acute toxicity involving the heart, liver, kidney, spleen or brain in extended mouse
studies.25 In addition, PEG-HCCs possess clear benefits over currently available
antioxidants by specifically and more effectively scavenging O2 – and its derivative,
•

hydroxyl radical.15,23,25,26 Interestingly, PEG-HCCs accumulate in the spleen of rodents,25
a secondary lymphoid organ. Consequently, here, we determined the ability of splenic
immune cells to internalize PEG-HCCs and the ability of the nanoparticles to alter
immune cell function and inflammation, ex vivo and in vivo.

4.2 PEG-HCCs are preferentially internalized by T
lymphocytes over other splenic immune cells
As PEG-HCCs were detectable in the spleens of rodents following systemic
administration,25 we investigated whether splenic immune cells internalize PEG-HCCs in
vivo. We first verified that PEG-HCCs contain acceptably low levels27 of endotoxins
(Supplementary Table S1). We then determined their pharmacokinetics in rats by
performing an enzyme-linked immunosorbent assay (ELISA) on serum samples collected
after a single subcutaneous injection of 2 mg/kg in the scruff of the neck, a dose
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previously shown effective in rat studies of traumatic brain injury.15 Maximum
circulating levels of PEG-HCCs (0.6 µg/mL) were reached 24 h after injection (Fig. 1a),
likely due to the formation of a subcutaneous slow-release depot, previously observed
with other hydrophilic compounds28. The circulating half-life following this peak was
27 h, higher than previously reported after intravenous delivery of PEG-HCCs25, again
likely due to a slow release of the nanoparticles from the site of injection28. These data
demonstrate subcutaneous bioavailability and sufficient circulating levels of PEG-HCCs
for in vivo use in rats. Based on our pharmacokinetic results, we injected rats
subcutaneously with 2 mg/kg PEG-HCCs; 24 h later, at the peak of circulation levels, we
prepared single-cell suspensions from the spleen, thymus, and inguinal lymph nodes
draining the injection site (Supplementary Fig. S1). Cells were then washed, labeled with
antibodies to cell surface markers of immune cells, fixed, and incubated with anti-PEG
antibodies to detect the nanoparticles by multi-parametric flow cytometry (FCM)
(Supplementary Fig. S1 and Fig. S2). Cells were either left intact before anti-PEG
staining to detect PEG-HCCs at the cell surface, or they were permeabilized before
addition of the anti-PEG antibodies to detect PEG-HCCs both at the cell surface and
inside the cells (Supplementary Fig. S1). We obtained a stronger signal from the antiPEG antibodies after permeabilization of splenic T lymphocytes (Fig. 1b, left),
demonstrating internalization of the nanoparticles by these cells. In contrast,
macrophages, neutrophils, B lymphocytes, and natural killer lymphocytes in the spleen
showed no difference in PEG-HCCs staining whether the cells were permeabilized or not
prior to incubation with anti-PEG antibodies, showing that these immune cells do not
internalize PEG-HCCs. No internalization of PEG-HCCs was detected in dendritic cells
but the sample size for this population was relatively low in rat splenic preparations
compared to the other cell types analyzed (Supplementary Fig. S2b). This result
demonstrates that in vivo, PEG-HCCs are preferentially internalized by T cells over other
splenic immune cells. This is in sharp contrast to results obtained with other nanoparticles
that are internalized by phagocytic cells, such as macrophages or dendritic cells, rather
than lymphocytes29-32. Data were confirmed in the spleen by immunohistochemistry
using paraffin-embedded sections from spleens collected 24 h after subcutaneous
administration of PEG-HCCs and double-stained for CD3, a marker of T cells, and PEG
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(Supplementary Fig. S3). PEG-HCCs were not internalized by immune cells in the
inguinal lymph nodes (Fig. 1b, right), although they could be observed in the intact tissue
(Supplementary Fig. S4), suggesting PEG-HCCs may not remain in the lymph nodes
sufficiently long enough to be internalized by T cells, unlike in the spleen, a known site
of PEG-HCC accumulation25. Interestingly, India ink (carbon black), which has been
used extensively as a tracer for lymphatics, also flows through lymph nodes. By
histology, India ink is only detected in the lymphatics and inside macrophages in the
lymph nodes of rodents, not in the B or T lymphocyte zones33. Our data suggest that
PEG-HCCs follow a similar path through lymphatics after subcutaneous injection but are
not internalized by macrophages and are not in contact long enough with T lymphocytes
for detectable internalization. Furthermore, PEG-HCCs could not be detected in the
thymus, an organ crucial for T lymphocyte maturation, suggesting that T cell maturation
will not be affected by the nanoparticles. We next determined whether this in vivo
selectivity of PEG-HCCs for T lymphocytes over other splenic immune cells is
maintained ex vivo. Based on the maximal levels reached in rat serum by the
nanoparticles after a single injection of 2 mg/kg, we incubated rat splenocytes ex vivo
with 0.1 µg/mL PEG-HCCs and found that, similar to our in vivo findings, the
nanoparticles were detectable inside T cells but not other splenic immune cells (Fig. 1c).
To demonstrate the reliability of our FCM technique for PEG-HCC detection, we
used thermogravimetric analysis to show that the PEG moieties remain attached to HCCs
in the incubation conditions used in our assays (Supplementary Fig. S5). In addition, we
performed the flow cytometric analysis with splenocytes incubated in the absence of
PEG-HCCs or labeled with secondary antibodies in the absence of primary anti-PEG
antibodies, showing minimal positive staining and therefore verifying selectivity of the
detection (Supplementary Figure S6). Similarly, a PEG signal was not detected in spleen
sections from rats that had received vehicle instead of PEG-HCCs (Supplementary
Figure S3). Finally, nanoparticles were not detectable in dead T cells, which are readily
permeable, thus precluding a non-specific uptake mechanism (Supplementary Fig. S7).
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Figure 1: PEG-HCCs are preferentially internalized by T lymphocytes.
(a) PEG-HCC levels in rat serum determined by anti-PEG ELISA after a single subcutaneous
injection of 2 mg/kg body weight PEG-HCCs (left) (n = 5 rats/time-point). Data fit to a single
exponential decay to calculate circulating half-life of 27 h (right). (b) FCM quantification of
immune cell uptake of PEG-HCCs from spleen (left, n = 9 rats) and lymph nodes (right, n = 6
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rats), collected 24 h after subcutaneous injection. The increased PEG signal after cell
permeabilization is indicative of nanoparticle internalization; analyzed with two-way ANOVA.
(c) Quantification of FCM data showing preferential uptake of PEG-HCCs by T cells over other
splenic immune cells ex vivo (n = 3 spleens, two-way ANOVA). Mean ± s.e.m. **P < 0.01,
***P < 0.001.

4.3 Kinetics of PEG-HCC entry and exit from T cells
To determine if PEG-HCCs enter T cells via active processes, we incubated cells at
4ºC or with sodium azide and found that both conditions attenuated nanoparticle
internalization. Chlorpromazine, an inhibitor of clathrin-mediated endocytosis, abrogated
PEG-HCC internalization, unlike filipin II, an inhibitor of caveolin-mediated endocytosis.
These results demonstrated that T lymphocytes internalize PEG-HCCs via clathrinmediated endocytosis (Fig. 2a). Next, we examined the kinetics of PEG-HCC uptake by
T lymphocytes and found maximal intracellular levels after a 25 min incubation at 37ºC;
increasing incubation time did not further increase internalization levels (Fig. 2b and
Supplementary Fig. S8). We then used transmission electron microscopy to probe the
subcellular localization of PEG-HCCs (0.1 µg/mL) in T cells and observed bundles of the
nanoparticles in mitochondria. At higher doses (10 µg/mL), PEG-HCCs were also
visualized at the cell membrane (Fig. 2c and larger images in Supplementary Fig. S9).
Accumulation of nanomaterials in cells would increase the risk for toxicity; we
therefore assessed the ability of T cells to release or degrade the PEG-HCCs. When T
lymphocytes were incubated with PEG-HCCs for 30 min to allow internalization,
washed, and maintained in media at 37ºC, both external and internal levels of PEG-HCCs
decreased over 6 h (Fig. 2d and Supplementary Fig. S8), demonstrating that the
nanoparticles do not accumulate inside the T cells over time. To determine whether this
loss in detection is due to rapid degradation or exit from the cells, we performed a cellbased sandwich ELISA (Supplementary Fig. S10). In the absence of cells, PEG-HCCs
were readily detected and saturated the detection signal (Fig. 2e). When T lymphocytes
loaded with increasing concentrations of PEG-HCCs were placed onto the antibodycoated plate for 5 h, PEG-HCCs were detected in a dose-dependent manner, indicating
that PEG-HCCs exit the T lymphocytes. In a control experiment, it was verified that the
anti-PEG antibodies can only detect conjugated PEG moieties but not unconjugated
mPEG-NH2 (5000 g/mol) alone.
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Figure 2: PEG-HCCs are internalized by T lymphocytes via clathrin-mediated
endocytosis and do not accumulate inside the cells.
(a) Rat splenic T cell uptake of PEG-HCCs, analyzed by FCM, at 37 °C or 4 °C and after
incubation with sodium azide, filipin III, or chlorpromazine (n = 4 spleen preparations; 4000 live
T cell singlets analyzed per sample). (b) Kinetics of nanoparticle internalization in splenic T cells
incubated for the indicated times with 0.1 µg/mL PEG-HCCs prior to FCM (n = 3 spleen
preparations, two-tailed Student’s t test). (c) Subcellular localization of PEG-HCCs in T cells,
visualized by transmission electron microscopy, loaded with no PEG-HCCs (left) or a low
(0.1 µg/mL, middle) or high (10 µg/mL, right) dose of PEG-HCCs. Arrows point to bundles of
PEG-HCCs. Nucleus (Nu); mitochondrion (M); cell membrane (CM); lamellar body (LB);
endosome (E). Scale bars, 400 nm. See Supplementary Fig. S10 for more images. (d) Kinetics of
nanoparticle loss in splenic T cells incubated for 30 min with 0.1 µg/mL PEG-HCCs, washed, and
analyzed by FCM after the indicated times (n = 3 spleen preparations). (e) PEG-HCC exit from
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splenic T cells measured by a cell-based sandwich ELISA (n = 3 experiments, one-way
ANOVA). Mean ± s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001.

4.4 PEG-HCC internalization is not biased towards major T
cell subsets
Since PEG-HCCs are not internalized by all T cells, we used FCM to determine
whether the nanoparticles are preferentially targeted to specific T lymphocyte subsets.
We began our analysis with two major subpopulations of T cells: naïve (CD62L+) and
memory (CD62L–) T cells (Fig. 3a), and helper (CD4+) and cytotoxic (CD8+) T cells
(Fig. 3b); all of which internalize PEG-HCCs to a similar extent. Next, we determined
whether PEG-HCCs distinguish between resting T cells and T cells activated with a
mitogen; T lymphocyte activation improved nanoparticle uptake, although resting T
lymphocytes could internalize them too (Fig. 3b). As our data had indicated that PEGHCCs entered approximately 5-10% of T cells, we investigated T cell subsets present at a
lower frequency in the spleen. We first analyzed δγ T cells that represent a small fraction
of all T cells and also which play a role in autoimmunity34, but found no difference
between these and other T cells in terms of PEG-HCC internalization (Fig. 3c).
Additionally, we studied primary T helper 1 (TH1)-polarized effector memory T cells, a
population implicated in some autoimmune diseases35, and found that PEG-HCCs were
also internalized by these cells to a similar extent as other T cells (Fig. 3d). Taken
together, these findings suggest that, while PEG-HCCs are preferentially internalized by
T cells over other splenic immune cells, they do not target a specific subset of T cells.
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Figure 3: PEG-HCCs internalization is improved in activated T cells but is not
biased towards major T cell subsets.
(a) PEG-HCC internalization in naïve (CD3+CD62L+) and memory (CD3+CD62L−) rat splenic T
cells, analyzed by FCM (n = 3 splenic preparations). (b) PEG-HCC internalization in helper
(CD3+CD4+, left) and cytotoxic (CD3+CD8+, right) rat splenic T cells, analyzed by FCM (n = 3
splenic preparations). A separate group of rat splenocytes cells were also stimulated with the
mitogen, concanavalin A (1 µg/mL). (c) PEG-HCC internalization in the δγ T cell subset
(CD3+δγ+) as compared to non-δγ T cells (CD3+δγ−) from rat splenocytes, analyzed by FCM
(n = 3 splenic preparations). (d) PEG-HCC internalization in primary CD3+CD4+, TH1-polarized
effector memory rat T cells, analyzed by FCM (n = 3 splenic preparations). Mean ± s.e.m.
*P < 0.05, **P < 0.01, ***P < 0.001.

4.5 PEG-HCCs inhibit the activation of rat and human T
lymphocytes
We assessed the consequences of PEG-HCC internalization on ex vivo T cell
activity. PEG-HCCs induced a reduction in both intracellular O2 – levels and proliferation
•

of antigen-stimulated ovalbumin-specific or myelin basic protein-specific primary rat
CD4+ T cells (Fig. 4a,b and Supplementary Fig. S11)36-38. Human peripheral blood T
cells or rat splenic T cells (Supplementary Fig. S12) stimulated with mitogens were
similarly sensitive to PEG-HCCs. In contrast, mPEG-NH2 (5000 kDa), used alone as a
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control, did not affect T cell proliferation (Supplementary Fig. S13), whereas nonPEGylated HCCs did inhibit proliferation (Supplementary Fig. S11). However, unlike
PEG-HCCs, HCCs flocculate rapidly in water (Supplementary Fig. S11), precluding their
in vivo use.
Washing away excess PEG-HCCs and then immediately stimulating the rat T
cells did not alter their effect on proliferation (Fig. 4c). In contrast, stimulating the T cells
6 h after washout rescued the inhibitory effect on proliferation (Fig. 4c), demonstrating
that the nanoparticles need to be internalized to decrease T lymphocyte activity. This
result is in alignment with the kinetics shown in Fig. 2d and suggests that PEG-HCCs
exert a reversible effect on T cell activity. We also compared the efficacy of PEG-HCCs
with that of vitamin C and trolox (water-soluble analog of vitamin E) and found that
these two well-characterized antioxidants had no effect on T lymphocyte proliferation
(Fig. 4d), suggesting the higher antioxidant capacity of PEG-HCCs26 is necessary for this
antiproliferative effect. Finally, we used FCM to examine the effects of PEG-HCCs on
the production of proinflammatory cytokines involved in autoimmune diseases, such as
MS, by antigen- or mitogen- stimulated T cells and found a ~30% reduction in the
intracellular levels of the TH1 cytokines interleukin (IL)-2 and interferon (IFN)-γ, but no
effect on expression levels of the TH17 cytokine IL-17A (Fig. 4e and Supplementary Fig.
S14), suggesting distinct cell signaling pathways are altered by PEG-HCCs.
Dimethyl fumarate induces the apoptosis of activated T cells12. To determine
whether the observed effects of PEG-HCCs on T cell proliferation and cytokine
production were due to nanoparticle cytotoxicity, we used FCM to analyze cell death in
ovalbumin-specific and myelin basic protein-specific rat T cells incubated with PEGHCCs or HCCs prior to stimulation and found no changes in cell viability (Fig. 4f and
Supplementary Fig. S11). In addition, treating unstimulated T cells with PEG-HCCs did
not affect their basal homeostatic proliferation in the absence of antigen or exogenous
cytokines (Supplementary Fig. S15), suggesting that an increase in intracellular O2 –
•

levels during T lymphocyte activation17-21 is necessary for PEG-HCCs to alter cellular
function.
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Figure 4: PEG-HCCs scavenge intracellular O2•− and suppress T lymphocyte
activity
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(a), Detection of O2•− levels by DHE fluorescence and FCM in primary ovalbumin-specific rat T
cells. Cells were stained with dihydroethidium (DHE), incubated with the indicated
concentrations of PEG-HCCs, and stimulated with phorbol 12-myristate-acetate (PMA) and
ionomycin to induce intracellular O2•− production. Unstained cells and unstimulated cells are
shown as controls (n = 3 replicates, one-way ANOVA). (b) Proliferation of antigen-stimulated
ovalbumin-specific T cells, measured by [3H] thymidine incorporation, in the presence of the
indicated concentrations of PEG-HCCs. Unstimulated cells are shown as controls (n = 3
experiments). (c) Ovalbumin-specific T cells were incubated with PEG-HCCs for 30 min. Cells
were then either antigen-stimulated without washing PEG-HCCs away (stimulated after 0 h), or
washed to remove excess PEG-HCCs and stimulated immediately (washed, stimulated after 0 h)
or 6 h later (washed, stimulated after 6 h) for the measurement of T cell proliferation.
Unstimulated cells are shown as controls (n = 3 experiments). (d) Comparison of PEG-HCCs with
vitamin C and trolox on the proliferation of antigen-stimulated ovalbumin-specific T cells (n = 3
replicates). (e) Detection by FCM of intracellular proinflammatory cytokines IL-2 (left), IFN-γ
(middle) in antigen-stimulated GFP-transduced T cells, and IL-17A (right) in lymph node T cells
incubated with the indicated concentrations of PEG-HCCs. Unstimulated cells are shown as
controls (n = 3 experiments). (f) Quantification of cell death by FCM in T cells left unstimulated,
antigen-stimulated, incubated with PEG-HCCs prior to antigen-stimulation, or antigen-stimulated
and treated with staurosporine. Left, representative FCM histograms. Right, data quantification
(n = 3 replicates, one-way ANOVA). Mean ± s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001.

4.6 PEG-HCCs leave key functions of macrophages unaltered
We demonstrated in Fig. 1 that macrophages do not significantly internalize PEGHCCs in vivo or ex vivo. However, because macrophages critically regulate T cell
function through a variety of mechanisms, including chemoattractant production,
phagocytosis, and antigen processing and presentation, we determined whether PEGHCCs influenced any of these macrophage activities. We stimulated primary rat splenic
macrophages with lipopolysaccharide (LPS) to induce the secretion of T lymphocyte
chemoattractants, as measured by the ability of macrophage culture supernatants to
induce T cell migration through transwell membranes. Adding PEG-HCCs during
macrophage stimulation did not affect T lymphocyte migration (Fig. 5a), demonstrating
that the nanoparticles do not alter the production of T cell chemoattractants by
macrophages. Additionally, incubating unstimulated T lymphocytes with PEG-HCCs did
not alter their migration (Fig. 5a), in agreement with our finding that PEG-HCCs do not
affect unstimulated T cells. We further found that, unlike other nanoparticles39, PEGHCCs do not affect phagocytosis by macrophages (Fig. 5b and Supplementary Fig. S16).
To measure antigen processing and presentation, macrophages were loaded with
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ovalbumin, washed, and provided ovalbumin-specific T cells; T cell proliferation was
used to assess adequate antigen processing and presentation (Supplementary Fig. S17). T
cell proliferation was unaffected when PEG-HCCs were added to macrophages upon
ovalbumin-loading, demonstrating a lack of effects of PEG-HCCs on antigen processing
and presentation by macrophages (Fig. 5c). However, the addition of PEG-HCCs to
macrophages at the same time as the T cells led to a reduction in T cell proliferation (Fig.
5c), similar to our findings in Fig. 4b.
In addition to their role as antigen-presenting cells, macrophages play a central part
in pathogen defense. We therefore tested the effects of PEG-HCCs on the ability of
macrophages to prevent the growth of the fungus Aspergillus niger and found no
fungistatic effects (Fig. 5d). As a control, we verified that PEG-HCCs alone do not
induce fungistasis (Supplementary Fig. S18). These results indicate that PEG-HCCs do
not alter major functions of macrophages, likely as a result of the inability of these cells
to internalize the nanoparticles.
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Figure 5: Inability to internalize PEG-HCCs leaves key macrophage functions
unaltered.
(a) Percentage of migratory ovalbumin-specific T cells through a 5 µm transwell filter when the
bottom chamber contained supernatant from LPS-stimulated macrophage cultures, used as a
readout for adequate macrophage production of T cell chemoattractants. Green bars:
Macrophages incubated with PEG-HCCs during LPS-stimulation and T cells left untreated. Blue
bars: Macrophages left untreated during LPS-stimulation and T cells incubated with PEG-HCCs
and washed prior to the transwell assay. Bottom chambers containing medium alone, medium
supplemented with 5% FBS, or supernatant from unstimulated macrophages are shown as
controls (n = 3 replicates). (b) Left, representative images of macrophage phagocytosis of Alexa
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Fluor 488-conjugated bioparticles (green) in the absence of nanoparticles (control) or in the
presence of PEG-HCCs or Fe3O4 nanoparticles. Macrophage nuclei were stained with DAPI
(blue). Right, quantification of the phagocytosis assay (n = 100 cells/rat; N = 3 rats spleens, twotailed Student’s t test). Scale bars, 5 µm. (c) Proliferation of ovalbumin-specific T cells stimulated
in the presence of antigen-loaded macrophages, used to gauge adequate macrophage antigen
processing and presentation. Green bars: Macrophages incubated with PEG-HCCs during antigen
loading. Blue bars: PEG-HCCs added at same time as T cells. Macrophages not loaded with
antigen (unstimulated) were used as a control (n = 3 experiments). (d) Aspergillus niger fungus
growth prevention by rat splenic macrophages treated with the indicated doses of PEG-HCCs
(n = 3 experiments). Mean ± s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001.

4.7 PEG-HCCs are effective in reducing memory T
lymphocyte reactions in vivo
The intriguing preferential immunomodulatory properties of PEG-HCCs on T
lymphocytes over other splenic immune cells encouraged us to examine their effects in T
lymphocyte-mediated inflammation. We chose delayed-type hypersensitivity (DTH), also
known as type IV hypersensitivity, as a first model as it is a well-characterized model of
inflammation mediated by memory T lymphocytes that have had previous encounter with
their antigen. We elicited an active DTH response against ovalbumin in rats40 and found
that a single subcutaneous injection of 2 mg/kg PEG-HCCs, at either time of
immunization or challenge, was sufficient to decrease inflammation (Fig. 6a). A similar
result was obtained in the adoptive model of DTH elicited by the injection of antigenstimulated GFP-transduced ovalbumin-specific T cells, followed by ovalbumin challenge
(Fig. 6b)38,41. Detection of the GFP-transduced ovalbumin-specific T cells by FCM at the
site of inflammation showed no difference in homing of the T cells after vehicle or PEGHCC treatment (Fig. 6b). This result suggests that the effects of PEG-HCCs on DTH are
due to impaired T cell reactivation in situ, as found with some T lymphocyte-directed
immunomodulators38, rather than homing inhibition as seen with other T cell
immunomodulators42.
These beneficial effects of PEG-HCCs on active and adoptive DTH prompted us to
test the effects of PEG-HCCs in rats with active acute experimental autoimmune
encephalomyelitis (EAE), a model of MS. Subcutaneous treatment with 2 mg/kg PEGHCCs every three days (equivalent to three circulating half-lives based on our
pharmacokinetics data), starting after the onset of clinical signs, reduced disease severity
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(Fig. 6c, Supplementary Movie S1 and Movie S2). Histologic analysis of spinal cords
collected from EAE rats at peak of disease (day 12 post-immunization) revealed a
decrease in inflammatory foci (Fig. 6d), suggesting that PEG-HCCs reduce immune cell
infiltration into the central nervous system.

Figure 6: Administration of PEG-HCCs suppresses T lymphocyte–mediated
inflammation and ameliorates experimental autoimmune encephalomyelitis.
(a) An active DTH reaction was induced against ovalbumin in rats. Rats received either saline
(vehicle) or PEG-HCCs (2 mg/kg body weight, subcutaneous) at time of immunization or
challenge. Difference in ear thicknesses for each rat was measured 48 h after challenge. Healthy
unimmunized rats are shown as a control (n = 5 rats per group). (b) Adoptive DTH induced in rats
via adoptive transfer of antigen-activated GFP-transduced ovalbumin specific primary rat T cells.
Treatment and ear measurements (left) identical to a. Detection of GFP-transduced ovalbuminspecific T cells in ears using FCM (right). Healthy rats that did not receive adoptive transfer or
challenge are shown as a control (n = 10 rats in vehicle group; 9 rats in PEG-HCC-treated group).
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(c) Clinical scores of rats with acute active EAE, treated with saline (vehicle) or 2 mg/kg PEGHCCs subcutaneously every 3 days, beginning at onset of disease signs (n = 6 rats per group). (d)
Histological analysis of spinal cord gray matter collected from rats with EAE at the peak of
disease (day 12 post-immunization) and stained with hematoxylin and eosin. Left, representative
images. Arrows point to immune infiltrates. Scale bars, 100 µm. Right, quantification of degree of
immune infiltration from eight random fields of view (n = 3 rats per group). Mean ± s.e.m.
*P < 0.05, **P < 0.01, ***P < 0.001.

4.8 Discussion
In summary, we have demonstrated that the antioxidant carbon nanoparticles, PEGHCCs, are immunomodulators that preferentially target T lymphocytes. We established
that, unlike other nanoparticles that mainly target phagocytic cells17-21, PEG-HCCs are
preferentially internalized by T lymphocytes over other immune cells. While we were not
able to identify a single mechanism responsible for this preferential uptake, our data
indicate that PEG-HCCs enter the cells mainly via clathrin-mediated endocytosis, similar
to other carbon nanoparticles43. We took advantage of the unique property of PEG-HCCs
to favor T cells to demonstrate that PEG-HCCs scavenge intracellular O2 – produced via
•

antigen-stimulation of T cells and, consequently, reversibly inhibit proliferation and the
production of proinflammatory cytokines without cytotoxicity. Our findings are in line
with studies demonstrating the use of antioxidants to attenuate T cell activation induced
by mitogens or antigens21. We established that the inhibition of T cell activity by PEGHCCs was not due to an extraneous effect on chemoattraction, phagocytosis, or antigen
processing and presentation by macrophages, which are essential steps utilized by
antigen-presenting cells for the physiological activation of T cells44.
A major implication of these data is that the inability to internalize PEG-HCCs allows
key immune functions of macrophages to remain unaltered. This demonstrates that PEGHCCs are selective for some immune cells and suggests that pathogen defense by
macrophages remains intact. However, additional work is required to elucidate the effects
of PEG-HCCs on T lymphocyte subpopulations that help to maintain self-tolerance such
as regulatory T cells45. Furthermore, future studies will be necessary to determine if PEGHCCs affect the use of O2 – as a microbicidal agent by neutrophils46. However, the
•

significance of our ex vivo results on T cell activity by PEG-HCCs was clearly
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demonstrated by the findings that administration of these nanoparticles into rat models
led to a reduction in DTH response, immune infiltration into the spinal cord, and EAE
scores . Together, these data suggest that PEG-HCCs are attractive new tools for treating
T cell-mediated autoimmune diseases.
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4.9 Supplementary Figures

Inject rats subcutaneously with 2
mg kg-1 PEG-HCCs

Wait 24 hours

Isolate organs and prepare
single-cell suspensions

Wash cells

Stain for cell surface markers

Wash and fix cells

Stain with anti-PEG

Permeabilize and stain with

antibody

anti-PEG antibody

Surface-bound PEGHCCs only

Analyze by flow cytometry

Surface-bound and
intracellular PEG-HCCs

Supplementary Figure S1. Schematic illustrating protocol used for determining
internalization of PEG-HCCs by immune cells in vivo.
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Supplementary Figure S5. PEG moieties do not detach from HCCs in physiological
conditions.
Percentage of nanoparticles with PEG moieties as determined by thermogravimetric analysis after
incubation with water or freshly collected rat serum for 0, 1 or 24 h (n = 3 experiments). The lack
of PEG decomposition in physiological conditions suggests that the PEG moieties remain
attached to the nanoparticles and therefore will be detectable using an anti-PEG antibody.
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axis), incubated with the nanoparticles for the indicated time points (n = 3 splenic preparations;
16000 live T cell singlets analyzed per sample). Intracellular PEG-HCC levels in T cells saturated
approximately after a 25 min incubation. (b) FCM contour plots of rat splenocytes showing PEGHCCs associated with permeabilized T cells at the indicated time points after a 30 min incubation
and washing of the cells to remove excess nanoparticles. After 6 h post-incubation and wash,
PEG-HCCs were nearly undetectable in T cells (n = 3 splenic preparations; 18000 live T cell
singlets analyzed per sample).
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Subcellular localization of PEG-HCCs in T cells, visualized by transmission electron microscopy,
that were either (a) untreated or (b) incubated with a low (0.1 µg/mL) or (c) high (10 µg/mL dose
of PEG-HCCs. Arrows point to bundles of PEG-HCCs in the mitochondria and at high doses,
also associating with the cell membrane. Nucleus (Nu); mitochondrion (M); cell membrane
(CM); lamellar body (LB); endosome (E); autophagic vesicle (AV).
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Unstimulated cells and antigen-stimulated/PEG-HCC-treated cells are shown as controls (n = 6
replicates).
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Supplementary Figure S14. FCM contour plots showing the detection of
proinflammatory cytokines IL-2, IFN-γ and IL-17A in T cells treated with PEGHCCs.
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Intracellular detection by FCM of the Th1 cytokines IL-2 (top) and IFN-γ (middle) in antigenstimulated GFP-transduced T cells incubated with PEG-HCCs. Intracellular detection of the Th17
cytokine IL-17A (bottom) in lymph node T cells collected from rats with acute experimental
autoimmune encephalomyelitis, incubated with PEG-HCCs and stimulated with PMA and
ionomycin. Unstimulated cells are shown as controls.
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Supplementary Figure S15. PEG-HCCs do not affect homeostatic proliferation of
unstimulated T lymphocytes.
Proliferation of unstimulated ovalbumin-specific rat T cells, measured by [3H] thymidine
incorporation, in the presence of the indicated concentrations of PEG-HCCs.
Unstimulated/untreated cells and antigen-stimulated/untreated cells are shown as controls (n = 6
replicates).
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Supplementary Figure S16. Phagocytic index of rat macrophages treated with PEGHCCs.
Histogram of splenic rat macrophages phagocytizing various number of zymosan bioparticles
after incubation with the indicated concentrations of PEG-HCCs.
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Supplementary Figure S17. Methodology used to identify whether PEG-HCCs affect
the antigen processing and presentation by macrophages.

A. Niger growth (% of Control)

Proliferation of T cells in the presence of macrophages, serving as antigen-presenting cells and
incubated with PEG-HCCs either upon antigen loading (green) or upon addition of T cells to
macrophages (blue), used as a readout for adequate antigen processing and presentation.
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Supplementary Figure S18. PEG-HCCs alone do not induce fungistasis of
Aspergillus niger.
Enumeration of hyphal growth after Aspergillus niger was treated with the indicated doses of
PEG-HCCs for 24 h at 37°C and 5% CO2 (n = 3 replicates).
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4.10 Supplementary Tables
Table S1. Endotoxin contribution from PEG-HCCs injected into animals are below
the acceptable limits for animals1. PEG-HCC characterization is summarized below
from previous findings2,3.
Endotoxin concentration

0.184 EU/mL at PEG-HCC concentration 100 µg/mL

PEG-HCC size

3 nm × 35 nm

PEG-HCC hydrodynamic size

50 nm

Target ROS

O2 –, HO

Number of ROS removed per PEG-HCC

Estimated 106

ROS generated

H2 O2

Required detoxifying enzyme

None

•

•

Table S2. List of antibodies and their fluorophore conjugate, if applicable, used for
FCM and immunohistochemical analysis.
Primary antibodies used for flow cytometry and immunohistochemistry.
Markers

Conjugation

Vendor

Catalog number

CD3

APC

BD Pharmingen

557030

CD3

Brilliant Violet 605

BD Pharmingen

563949

CD3

n/a

eBioscience

14-0030-85

B220

PE

eBioscience

12-0460-82

PEG

n/a

Abcam

Ab51257

PEG

biotin

Abcam

Ab53449

CD11b

V450

BD Pharmingen

562108

CD103

Alexa Fluor 647

Biolegend

205509

CD161a

PE

BD Pharmingen

555009
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Ly6G

FITC

Abcam

ab25024

IL-2

n/a

Life Technologies

ARC0022

IFN-γ

biotin

Biolegend

510901

IL-17A

eFluor 450

eBioscience

48-7177-82

CD4

V450

BD Pharmingen

561579

CD8

PE

BD Pharmingen

554857

CD62L

APC

Biolegend

202916

γδ TCR

PE

BD Pharmingen

551802

Secondary antibodies used for flow cytometry and immunohistochemistry.
Target

Conjugate

Vendor

Catalog number

streptavidin

PE

BD Pharmingen

554061

streptavidin

AKP

BD Pharmingen

554065

rabbit IgG

Alexa Fluor 488

Life Technologies

A11034

rabbit IgG

Alexa Fluor 647

Life Technologies

A21245

rabbit IgG

Alexa Fluor 750

Life Technologies

A21039

rabbit IgG

Pacific Blue

Life Technologies

P10994

mouse IgG

Alexa Fluor 568

Life Technologies

A10037

4.11 Methods and Experimental Details
Animals. Female inbred Lewis rats were purchased from Charles River and grouphoused in autoclaved cages with irradiated rodent chow and water ad libitum in a facility
approved by the American Association for Laboratory Animal Science. Thymus donors
were 38-42 days old. All remaining studies used rats aged 43-48 days old. All procedures
were in accordance with National Institutes of Health guidelines and approved by the
Institutional Animal Care and Use Committee at Baylor College of Medicine. Animals
were euthanized following guidelines from the American Veterinary Medical
Association.
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Cells. Splenocytes were isolated from spleens of naïve rats47. Mononuclear splenocytes
were isolated using Histopaque-1077 (Sigma-Aldrich)48. Human peripheral blood cells
were isolated from buffy coats (Gulf Coast Regional Blood Center, Houston, TX).
Primary Lewis rat GFP-transduced ovalbumin-specific T cells were a kind gift from
Alexander Flügel (Munich, Germany)37. Primary Lewis rat myelin basic protein-specific
T cells were a kind gift from Evelyne Béraud (Université de la Méditerranée, Marseilles,
France)36. As antigen-presenting cells for ovalbumin-specific or myelin-basic proteinspecific T cell stimulation, either rat splenic macrophages or irradiated (30 Gy) rat
thymocytes were used47. Lymph node cells were isolated from inguinal lymph nodes of
rats with EAE at the peak of disease (day 12 post-immunization) by preparing a singlecell suspension using 70 µm cell strainers. Cells were cultured as described49 unless
specified otherwise.
Nanoparticles. For all experiments, PEG-HCCs and HCCs were prepared as described25.
The materials were purified by size using crossflow (tangential) filtration. All samples
were sterile-filtered before storage and further use. The starting source of carbon has
remained unchanged since the first publication on PEG-HCCs25. PEG-HCCs are stable
for > 5 months in solution at neutral pH. Acid (pH < 2) will cause amide bond cleavage
over long times at room temperature, and base (pH > 10) will cause further fragmentation
of HCCs over time. However, there are no changes in Raman, IR or XPS over months in
neutral water50. Endotoxin levels in PEG-HCCs were measured using ToxinSensor
Chromogenic LAL Endotoxin Assay Kit (GenScript) using the manufacturer’s protocol.
Pharmacokinetics. Blood was drawn51 at various time points after a single subcutaneous
injection of 2 mg/kg body weight of PEG-HCCs in the scruff of the neck. Serum levels of
PEG-HCCs were quantitated using a PEGylated protein ELISA kit (Enzo Life Sciences).
Circulating half-life was determined by fitting the data to a single exponential decay.
Flow cytometry. Cells were washed with ice-cold FCM buffer (PBS + 2% goat serum +
2% BSA), stained with antibodies (Table S2) and fixed with ice-cold PBS + 1%
paraformaldehyde. Data were acquired on a FACSCanto II or LSRFortessa (Becton
Dickinson) with the FACSDiva software within the Cytometry and Cell Sorting core at
Baylor College of Medicine, and analyzed using FlowJo software (Treestar). For each
sample, doublet discrimination was performed and 30,000 events were acquired.
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Cellular uptake of PEG-HCCs. Freshly isolated rat splenocytes were resuspended (1 ×
106 cells/mL) in medium + 5% FBS and incubated with or without PEG-HCCs (0.1
µg/mL) for the indicated times at 37°C, 5% CO2 unless indicated in the figure caption.
Cells were then washed with FCM buffer and incubated with purified mouse IgG (Life
Technologies) to block FcγII/FcγIII receptors. Cells were stained with antibodies (Table
S2) directed against surface markers, washed, and fixed. Cells were either left intact or
permeabilized with freshly prepared 0.5% saponin (EMD Millipore) in FCM buffer, and
then stained for PEG-HCCs with an anti-PEG antibody and analyzed by FCM
(Supplementary Fig. S1 and Fig. S2). Saponin was selected as the detergent as Tween-20
and Triton X-100 contain PEG and can produce false positive signals. 25 mM sodium
azide (Sigma-Aldrich) was used to inhibit active transport processes; 1 µg/mL filipin III
(Cayman Chemical) was used to block caveolin-mediated endocytosis; 10 µg/mL
chlorpromazine (Sigma-Aldrich) was used to inhibit clathrin-mediated endocytosis52.
Background signal from the anti-PEG antibody in the absence of PEG-HCCs was
subtracted during analysis.
Immunohistochemistry. Rats were injected with 2 mg/kg PEG-HCCs subcutaneously,
humanely euthanized after 24 h and paraffin-embedded spleen sections were prepared.
Sections were dewaxed with xylene (Fisher), hydrated through a gradient of ethanol, and
washed in PBS. Antigen-recovery was performed using pre-heated sodium citrate buffer
(10 mM, pH 6.5) for 15 min in microwave. Sections were cooled to room temperature
and non-specific staining was prevented by incubating sections overnight in PBS + 5%
goat serum + 5% BSA. Sections were incubated with anti-CD3 and anti-PEG antibodies
for 2 h at room temperature, washed with PBS, and incubated with secondary conjugate
antibodies for 1 h at room temperature. Sections were then washed and dehydrated in
100% ethanol through a gradient, soaked with xylene and mounted with SlowFade
mountant with DAPI. Representative photos were taken at 10× magnification on an
Olympus IX71 epifluorescence microscope equipped with an Olympus Qcolor 5 camera
and the SimplePCI software, v.6.6.0.053.
Thermogravimetric analysis. Two mL of 1 mg/mL PEG-HCCs were incubated for 0, 1,
and 24 h at 37°C with 2 mL of fresh Lewis rat serum passed through a 100,000 MWCO
filter (Amicon Ultra-4 Centrifugal Filter Unit). PEG-HCCs were isolated from serum by
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filtration through a second 100,000 MWCO filter and washed with 4 mL of deionized
water three times. Remaining water was removed from PEG-HCCs by evaporation under
reduced pressure and analyzed by thermogravimetric analysis (TA Instruments Q-600
Simultaneous TGA/DSC) to determine the mass percentages of PEG in the PEG-HCCs.
Transmission electron microscopy. Ovalbumin-specific rat T cells (2 × 106 cells) were
resuspended in medium + 5% FBS and incubated with or without PEG-HCCs (0.1 or 10
µg/mL) for 30 min at 37°C, 5% CO2. Cells were washed with PBS and pelleted by
centrifuge for processing and imaging by the Integrated Microscopy Core at Baylor
College of Medicine. Four separate pellets were dispersed in ice-cold modified
Karnovsky’s fixative in 0.1 M cacodylate buffer at pH 7.37 for 2.5 hours. The suspension
was re-pelleted at 6000 RPM for 10 min, supernatant decanted, and cells quenched in
0.4% FSG for 25 min. Pellets remained fixed to the side of 1.5 mL tubes and were
processed in the tube for the remainder of the protocol. After 3 × 5 min washes with 0.1
M cacodylate buffer, the pellets were osmicated for 45 min and then held overnight in 0.1
M cacodylate buffer. The following morning, pellets were rinsed in 4 × 5 min ddH2O and
dehydrated in 100% ethanol through a gradient series of ethanol. Pellets were gradually
infiltrated through a gradient series of plastic-ethanol mixtures and left to infiltrate
overnight in 100% plastic without catalyst. This was followed by several changes in pure
plastic with catalyst, then pellets were embedded in Spurr Low Viscosity resin and
polymerized at 62°C for 3 days. Ultra-thin sections were cut on a Diatome Ultra45 knife
using a Leica U6 ultramicrotome. Sections were collected on 150 hex-mesh copper grids,
stained with saturated aqueous uranyl acetate and counter-stained with Reynold's lead
citrate. The stained sections were viewed on a Hitachi H7500 transmission electron
microscope and images were captured using an AMT XR-16 digital camera and AMT
Image Capture software, v602.600.51.
Measurement of PEG-HCC exit from the T lymphocytes. Immulon 4 HBX flatbottom 96-well plates were coated with purified anti-PEG antibodies (Table S2, 100 µl, 5
µg/mL) at 4ºC for 24 h. Resting ovalbumin-specific rat T cells were resuspended (1 × 106
cells/mL) in medium + 5% FBS and incubated with or without PEG-HCCs (0.1-100
µg/mL) for 30 min at 37ºC, 5% CO2. Cells were washed thoroughly with medium while
the antibody-containing plate was washed with PBS. Cells were seeded into the plate (1 ×
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105 per well) and incubated for 5 h at 37ºC, 5% CO2. Cells were removed from the plate
that was washed thoroughly with PBS. Biotinylated anti-PEG antibodies (Table S2) were
added to wells (1 µg/mL), and incubated for 1 h at room temperature. The plate was
washed thoroughly with PBS after which streptavidin conjugated to alkaline phosphatase
was added to each well (1 µg/mL), and incubated for 20 min at room temperature. The
plate was washed thoroughly and 1-step p-nitrophenyl phosphate (PNPP) substrate
(ThermoScientific) was added to each well, incubated for 15-30 min at room temperature
to allow color development, and 2 N sodium hydroxide was added to each well to stop
the reaction. Absorbance was measured at 405 nm on a Multiscan EX plate reader
(ThermoScientific).
Superoxide measurement. Ovalbumin-specific rat T cells were resuspended in RPMI
1640 medium (1 × 106 cells/mL) without supplements or serum, plated in a 6-well culture
dish and loaded with 5 µM dihydroethidium (Life Technologies) for 30 min at 37ºC, 5%
CO2. Cells were washed with RPMI 1640 and incubated with or without PEG-HCCs (0.1100 µg/mL) for 30 min at 37ºC, 5% CO2. Cells were washed with PBS + 1% BSA and
stimulated with 50 ng/mL PMA and 1 µg/mL ionomycin (Sigma-Aldrich) for 45 min
prior to FCM analysis.
T lymphocyte proliferation. Ovalbumin-specific or myelin basic protein-specific rat T
cells were resuspended in medium + 5% FBS and seeded in a 96-well plate (5 × 104 per
well) in the presence of irradiated rat thymocytes (2 × 106 per well), serving as antigenpresenting cells38,54-56. Rat mononuclear splenocytes and human peripheral blood cells
were resuspended in medium + 5% FBS and seeded in a 96-well plate (1 × 105 per
well)40,57. Cells were incubated with or without antioxidants: trolox (Sigma-Aldrich),
vitamin C (Sigma-Aldrich), PEG-HCCs, or HCCs for 30 min at 37°C and 5% CO2.
Ovalbumin-specific and myelin basic protein-specific rat T cells were stimulated with 10
µg/mL ovalbumin or guinea pig myelin basic protein (Sigma-Aldrich), respectively36,38,58.
Rat mononuclear splenocytes and human peripheral blood cells were stimulated with 1
µg/mL concanavalin A or phytohemagglutinin, respectively36,59. Cells were cultured for
72 h at 37°C and 5% CO2, and 1 µCi [3H] thymidine (MP Biomedicals) was added to
each well during the final 16-18 h of incubation. Cells were then lysed by freezing and
DNA was harvested on fiberglass filters using a cell harvester (Inotech Biosystems
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International). [3H] thymidine incorporation was measured on a β-scintillation counter
(Beckman Coulter).
Cytokine production by T lymphocytes. Ovalbumin-specific rat T cells and cells
isolated from the draining lymph nodes of rats with EAE at peak of disease were
resuspended (5 × 104 cells/mL) in medium + 5% FBS and incubated with or without
PEG-HCCs (10, 100 µg/mL) for 30 min at 37°C and 5% CO2. Ovalbumin-specific T cells
were stimulated by irradiated rat thymocytes (2 × 106 cells/mL) pre-incubated with 10
µg/mL ovalbumin for 2 h. Lymph node cells were stimulated with 50 ng/mL PMA and 1
µg/mL ionomycin. To inhibit cytokine secretion, 10 µg/mL brefeldin A (eBioscience)
was immediately added to all wells. Cells were then cultured 4 h at 37°C and 5% CO2,
fixed, and permeabilized with 0.1% Triton X-100 (Sigma-Aldrich). Ovalbumin-specific T
cells were stained with anti-IL-2 and anti-IFN-γ antibodies , while lymph node cells were
stained with an anti-IL-17A antibody, and appropriate secondary antibodies
(Supplementary Table S2), and then analyzed by flow cytometry59.
Antigen processing and presentation by macrophages. Freshly isolated rat splenic
macrophages were resuspended in medium + 10% FBS, seeded in a 96-well plate (2 ×
104 per well), incubated with 10 µg/mL ovalbumin for 2 h to allow cells to adhere and
process antigen, and then washed with PBS. Ovalbumin-specific rat T cells were
resuspended in medium + 10% FBS and added to the macrophages (1 × 104 per well).
Macrophages were incubated with or without PEG-HCCs (15-120 µg/mL), for 30 min at
37°C, 5% CO2, either at the same time as antigen loading or upon addition of T cells
(Supplementary Fig. S18). An effect on macrophage antigen processing and presentation
by PEG-HCCs was gauged by comparing T cell proliferation against vehicle-treated
stimulated cells.
Cytotoxicity assays. Cytotoxicity in response to PEG-HCCs was measured by FCM60.
More details are provided in the Supplementary Information. Ovalbumin-specific and
myelin basic protein-specific rat T cells were resuspended (1 × 106 cells/mL) in medium
+ 5% FBS and incubated with or without PEG-HCCs or HCCs (100 µg/mL) for 30 min at
37°C and 5% CO2 prior to stimulation with 10 µg/mL ovalbumin and myelin basic
protein, respectively. Cells were cultured for 72 h at 37°C and 5% CO2. Positive control
wells received 0.5 µM staurosporine (EMD Millipore) during the last 16 h to induce cell
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death. Cells were then washed and stained with 7-aminoactinomycin D (Sigma-Aldrich)
to detect dead cells, and analyzed by FCM.
Macrophage chemokine production and T cell migration. Freshly isolated rat
macrophages were resuspended (2 × 106 cells/mL) in medium + 10% FBS and cultured
overnight at 37°C and 5% CO2 to allow macrophages to adhere. Cells were washed with
PBS to remove non-adherent cells and incubated with or without PEG-HCCs (15, 120
µg/mL) for 30 min at 37°C and 5% CO2. Macrophages were then stimulated with 10
ng/mL lipopolysaccharide (LPS)61. After 24 h incubation at 37°C and 5% CO2, 0.6 mL
supernatant was transferred to the bottom chamber of a 5 µm 24-well transwell filter
plate (Costar) to serve as chemoattractant. Ovalbumin-specific T cells were resuspended
(1 × 106 cells/mL) in serum-free medium, incubated with or without PEG-HCCs (15, 120
µg/mL) for 30 min at 37°C and 5% CO2, and 2 × 105 cells were seeded in each transwell
insert. As an input control, 2 × 105 T cells were placed in the bottom chamber of one well
without a transwell insert. The transwell plate was incubated at 37°C and 5% CO2 for 4 h,
prior to counting the bottom chambers for migratory T cells using a hemocytometer.
Percent migratory cells was calculated using the following equation: = [(number of cells
in bottom chamber) / (number of cells in input control)] × 100. Chemoattractant
containing either medium alone, medium + 10% FBS, or supernatant from unstimulated
macrophages are shown as controls.
Phagocytosis assays. Freshly isolated rat splenocytes (8 × 106 cells/mL) were plated in
chamber slides (Lab-Tek) for 2 h to allow macrophages to adhere. Slides were washed
with PBS to remove non-adherent cells and remaining macrophages were incubated with
or without PEG-HCCs (1-60 µg/mL) for 30 min at 37°C, 5% CO2. Incubation with
iron(II,III) oxide (Fe3O4) nanoparticles (25 µg/mL) served as a control for phagocytosis
inhibition39. Alexa Fluor 488-conjugated zymosan A bioparticles (Life Technologies)
were then added to macrophages following manufacturer’s instructions. Slides were
incubated for 1 h at 37°C and 5% CO2, fixed, and mounted with SlowFade with DAPI
(Life Technologies). Representative photos were taken at 10× magnification with an
Olympus IX71 epifluorescence microscope. Percent of phagocytizing cells was
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calculated in eight random fields of view using the following equation: = [(number of
macrophages with engulfed bioparticles) / (total number of macrophages)] × 100.
Macrophage fungistatic assay. The ability of splenic macrophages to prevent growth of
Aspergillus niger as tested as described62. Splenic macrophages were isolated by
adhesion as described above and plated into 24 well plates (0.2 × 106 cells/well) until
adherent. Cells were treated with PEG-HCCs and Aspergillus niger (200 conidia/well)
were added before a 24 h incubation at 37°C, 5% CO2 and enumeration of hyphal growth.
Delayed-type hypersensitivity induction and monitoring. For induction of active
DTH, rats were immunized in the lower flank using ovalbumin emulsified in complete
Freund’s adjuvant (Difco)63. For induction of adoptive DTH, GFP-transduced ovalbuminspecific rat T cells were activated ex vivo by stimulation with 10 µg/mL ovalbumin in the
presence of irradiated rat thymocytes, serving as antigen-presenting cells38,54. Cells were
incubated 48 h at 37°C and 5% CO2 and then injected intraperitoneally into rats (1 × 106
T cells/rat). Rats were randomly selected to receive a single subcutaneous injection in the
scruff of the neck of saline (vehicle) or PEG-HCCs (2 mg/kg body weight) either at the
time of immunization (active DTH only) or at time of challenge. One week after
immunization or two days after adoptive transfer, animals were challenged with
ovalbumin dissolved in PBS in the pinna of one ear and a sham injection of PBS in the
opposite ear38,54. At 48 h post-challenge, ear swelling was measured using a springloaded micrometer (Mitutoyo) and the difference in ear thickness was calculated for each
animal. Rats with adoptive DTH were humanely euthanized immediately after DTH
measurement. After cardiac perfusion with saline, ears were collected and single-cell
suspensions were prepared using a 70 µm cell strainer prior to flow cytometry analysis to
detect GFP transduced cells at the site of inflammation38.
Acute active EAE induction and histology. EAE was induced by immunizing rats with
an emulsion of guinea pig myelin basic protein (Sigma-Aldrich) in complete Freund’s
adjuvant supplemented to a final concentration of 4 mg/mL heat-killed Mycobacterium
tuberculosis H37Ra (Difco) at the base of the tail. Rats were randomly selected to receive
subcutaneous treatment with saline (Vehicle) or PEG-HCCs (2 mg/kg body weight)
beginning at onset of clinical signs and continued every three days until the vehicletreated rats spontaneously recovered. Rats were weighed and scored twice daily using the
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following scale: 0 – no disease signs; 0.5 – distal limp tail; 1 – fully limp tail; 2 – mild
paraparesis; 3 – moderate paraparesis; 3.5 – one hind leg paralyzed; 4 – both hind legs
paralyzed; 5 – hind leg paralysis and incontinence; 6 – moribund, requires immediate
euthanasia28,38,64.
Randomly selected rats with EAE were humanely euthanized at the peak of disease (day
12 post-immunization). After cardiac perfusion with saline65, spinal columns were
removed and fixed in 10% buffered formalin. The lumbar region of the spinal cord was
carefully dissected, embedded in paraffin, sectioned and stained with hematoxylin and
eosin within the Pathology and Histology facility at Baylor College of Medicine. Slides
were scored blindly by two investigators for the degree of immune cell infiltration into
the gray matter of the spinal from three randomly selected cross-sections from each
animal: 0 – none; 1 – low (1-10%); 2 – moderate (11-50%); 3 – high (51-100%).
Representative photos were taken at 40× magnification with an upright Olympus BX41
microscope equipped with a QImaging QICAM Fast1394 camera and the QCapture Pro
software v6.0.0.412.
Statistical analysis. All data are expressed as means ± standard error of the mean
(s.e.m.). Parametric statistical methods were utilized to achieve sufficient statistical
power with small sample sizes (n < 4); Bonferonni post-hoc tests were used for pairwise
comparisons. All remaining analyses utilized non-parametric methods: a two-tailed
Mann-Whitney test for comparisons between two groups, a Kruskal-Wallis test and
Dunns post-hoc tests for comparisons between three or more groups; EAE data was
analyzed using a Wilcoxon matched pairs test. All analyses utilized a significance level
of P = 0.05 and were performed using Prism (GraphPad).
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5 Highly Oxidized Graphene Quantum Dots from
Coal as Efficient Antioxidants
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1.1 Introduction
The development of synthetic antioxidants that can rival the efficiency
metalloenzymes, such as superoxide dismutase (SOD) and catalase, is important for the
benefit of human health. Under normal physiological conditions, oxidative stress is
effectively balanced by naturally occurring low levels of antioxidants and various
enzymes including SOD, catalase, vitamin A, coenzyme Q10, glutathione, vitamin E, uric
acid, ascorbic acid, and riboflavin, among others. However, these endogenous
antioxidants are unable to cope with the overwhelming production of reactive oxygen
species (ROS) during extreme levels of oxidative stress, particularly during injuries or
disease states like traumatic brain injury, stroke, or heart attack.1 The advantage of
molecular antioxidants such as vitamin A, glutathione, ascorbic acid, quinones, or
vitamin E is that they can be used in small amounts to combat oxidation, however, as we
have shown recently, molecular analogues of SOD still have orders of magnitude smaller
activity on molar basis then the carbon nanomaterials,2 which have enzymatic activity
with multiple active sites. One challenge in the development of carbon nanomaterials as
efficient antioxidants is the lack of systematic control and tuning of the antioxidant
properties of the carbon nanomaterials from the synthetic perspective. Previous work in
the Tour lab on carbon based nanomaterials as high capacity antioxidants and
therapeutics have resulted in highly efficient biomimetic superoxide dismutase
nanoparticles, poly(ethylene glycolated) hydrophilic carbon clusters (PEG-HCCs), from
single-walled carbon nanotubes (SWCNTs).3 The synthesis of PEG-HCCs is shown in
Scheme 8.

Scheme 8. Synthesis of PEG-HCCs from SWCNTs
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We report here the study of and protocol for the development of highly efficient
antioxidant carbon nanomaterials from coal, instead of from SWCNTs, as a carbon
source. To our knowledge, most antioxidant carbon nanomaterials have been made from
graphite4 or carbon nanotubes,5 and coal as a source of efficient antioxidants has not been
studied. Fluorescent GQDs made from various coal types were previously developed in
the Tour lab and have been extensively characterized;6 this work in conjunction with our
PEG-HCC protocols served as an excellent starting point to develop GQDs for
biomedical applications. In this work we developed a method to synthesize various sizes
of antioxidant graphene quantum dots (GQDs) from bituminous and anthracitic coal as a
carbon source, with improved procedures to tune the size and oxidation state of the
resulting materials. Subsequently, PEGylation of the GQDs to make them soluble and
suitable under physiological conditions results in the final antioxidant particles termed
PEG-GQDs.

5.1 Coal as a carbon source for antioxidant nanomaterials
Coal is an affordable and abundant source of carbon, and occurs in various forms
depending on the natural conditions that produce it and its source. The simplified
structure of coal contains large graphitic aromatic domains linked by aliphatic amorphous
carbon.6 Figure 16a depicts a macro- and nano-scale illustration of coal, showing the
aromatic regions linked my aliphatic carbon chains. Figure 16b shows SEM images of
anthracitic and bituminous coal; anthracite and bituminous both have irregular size and
shape distributions, with anthracite containing inherently larger domains compared to
bitumen. By XPS, bituminous coal has higher percent carbon oxidation than anthracite,
but bituminous coal has smaller polyaromatic domains than anthracite; by Raman
spectroscopy, anthracite shows more graphite-like stacking domains.6 This is also
reflected in the final size of GQDs made from each type of coal: anthracite gives larger
GQD particles than bitumen.
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Figure 16. (a) Illustration of macro- and nano-scale coal (b) SEM images of
anthracite (left) and bituminous coal (right)
Images adapted from reference 6.

5.2 Synthesis of GQDs and PEG-GQDs
Previous work in the Tour lab produced GQDs from various coal sources using
sulfuric and nitric acid with sonication and heating.6 We aimed to optimize that procedure
to give GQDs that contained many sites of oxidation, specifically abundant carboxylic
acid moieties, and that were electron deficient with a reduction potential in same range as
HCCs (from ca. 0 V to −1.0 V), which imparts efficient antioxidant activity.7
The optimal procedure developed to synthesize antioxidant GQDs involved
heating ground anthracite or bitumen in a mixture of 1:1 oleum:fuming HNO3 at 6070 °C. The reaction time was different for each type of coal because of the inherently
different size of the original coal particles as seen above. Accordingly, anthracite GQDs
required longer reaction times than bituminous GQDs. Detailed procedures for each can
be found in the Experimental Methods section. The synthesis of GQDs and PEG-GQDs
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from coal is shown in Scheme 9. First, finely ground anthracite or bitumen is suspended
and stirred in oleum for 30 min, followed by addition of fuming nitric acid. The reaction
is then heated for 1 day (bitumen) or 7 days (anthracite).
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Scheme 9. Synthesis of GQDs and PEG-GQDs from coal.

The resulting GQDs are dialyzed into water for at least 7 days, then separated by
size using tangential flow filtration on a KrosFlo system (Spectrum Labs). KrosFlo
allows simultaneous size separation and concentration using various sizes of porous
modified polyethersulfone (mPES) columns. The major size fraction isolated for
bituminous GQDs was 10-30 kD, and the main fraction isolated for anthracite GQDs was
50-100 kD. In addition to these main fractions, sizes from 5-10 kD, 10-30 kD, 30-50 kD,
50-100 kD, 100-300 kD, and 300-500 kD were isolated for each batch in small amounts.
However, electrochemical tests and other characterization efforts revealed that the only
fractions with acceptable antioxidant activity were the major fractions (10-30 kD for
bituminous and 50-100 kD for anthracite), so these were the only GQDs carried forward
in the following studies. After KrosFlo separation, the extinction coefficients of the
GQDs were experimentally determined to be ε700 = 0.740 mL/mg⋅cm for bituminous
GQDs and ε840 = 1.39 mL/mg⋅cm for anthracite GQDs, and the samples were
concentrated to be ca. 1.0 mg/mL. The concentrated GQDs were then PEGylated using
either 1000 or 5000 average molecular weight amine-terminated mPEG in an aqueous
EDC-mediated amide coupling reaction (Scheme 9). The resulting PEG-GQDs were
purified again by KrosFlo to remove excess PEG and other reagents, giving a final
solution of pure PEG-GQDs in water.
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5.3 Characterization of GQDs
Initially, it was thought that our highly-oxidized antioxidant carbon nanomaterials,
both the HCCs and GQDs, might be very similar to graphene oxide (GO). However,
comparison of and investigation into the structural features and the electrochemical and
antioxidant activity of each material revealed that the HCCs and GQDs are in fact
different enough from GO that they have quite different properties. A representative
comparison of the structure of GO to GQDs is shown in Figure 17.

Figure 17. Differences in the oxygen functional groups between GO and GQDs

5.3.1 XPS comparison of GO, HCCs, and GQDs
Specifically, the GQDs contain different kinds of oxygen functional groups
compared to GO; GQDs possess many more carboxylic acids, and the HCCs have very
similar carboxylic acid content. These features can be quantified using X-ray
photoelectron spectroscopy (XPS), as outlined in Table 5, and all following
characterization data was collected using GO from EMD Merck and anthracite GQDs.
Compared to GO, the HCCs and GQDs contain very different compositions of carboncarbon bonds and carbon-oxygen bonds. Notably, HCCs and GQDs possess significantly
more carboxylic acid groups than GO does, as well as much less carbon-oxygen single
bonds than GO. Additionally, the XPS data in Table 5 also illustrates the effect of
PEGylation on the GQDs, where the PEG-GQD samples show a large increase in C-O
bonds and a decrease in free carboxylic acids as they are converted to amides. The XPS
spectra for C 1s and O 1s peaks of GO, HCCs, and GQDs are shown in Figure 18-Figure
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20. The differences in the C-O peaks between GO and the HCCs/GQDs is evident, as
well as the differences in carboxylic acid peaks and the effect of PEGylation. The extent
of PEGylation on the GQDs was also studied by thermogravimetric analysis (TGA),
shown in Figure 20d. From the TGA data, it can be calculated that the PEG5000-GQDs are
around 40-50% PEG by mass.
Table 5. Elemental composition of nanomaterials estimated from the C 1s peak of
high resolution XPS
Sample

C/O

GO
HCC7
GQD
PEG1000GQD
PEG5000GQD

1.9
2.0
1.8
1.6
1.7

C‒C/C=C
%
36.0
60.3
65.9
51.0
15.4

C‒O
%
51.3
15.7
12.8
37.3
68.6

C=O
%
8.1
5.9
5.8
5.2
11.4

HO‒C=O
%
4.6
16.5
15.5
5.4
4.6

Figure 18. High resolution deconvoluted XPS C 1s spectra of GO.
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Figure 19. High resolution C 1s (a) and O 1s (b) XPS peaks of HCCs.
Figure adapted from reference 7.

Figure 20. High resolution deconvoluted XPS C 1s spectra of (a) GQD, (b) PEG1000GQD, and (c) PEG5000-GQD. (d) TGA curves of carbon nanomaterials.
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5.3.2 Electrochemical characterization
Next, the GQDs were analyzed electrochemically to compare their reduction
potential to those of GO and to HCCs. Based on the well characterized antioxidant
activity of HCCs, we were interested in synthesizing GQDs with a similar redox range.
The comparison of HCCs to GO is shown in Figure 21. HCCs have reduction peaks
starting at 0.0 V with the maxima around −0.8 V, which makes HCCs stronger oxidants
than GO by almost 1.0 V (Figure 21a). Figure 21b shows the comparison of the CV
curves of HCCs compared to that of molecular oxygen in aqueous buffer (this oxygen
peak corresponds to the electrochemical disproportionation and proton transfer that O2
undergoes in water to form superoxide). Figure 21b shows that the O2 reduction
potentials overlap with that of the HCCs, and therefore the electron transfer oxidation of
superoxide by HCCs is a thermodynamically favorable process.

Figure 21. (a) CVs of HCCs and GO on a glassy carbon (GC) electrode in 50 mM
PBS at pH 7 under nitrogen atmosphere. (b) Comparison of CVs of GC/HCCs (solid
line, recorded under a N2 atmosphere), the O2/O2•– couple (dot-dash line, O2saturated buffer), and GC (dotted line, recorded under a N2 atmosphere).
Figures adapted from reference 7.

Figure 22 shows the CVs of GO compared to anthracite GQDs. Data was
collected by immobilizing GO or varying ratios of GO:GQDs on glassy carbon
electrodes. Similar to the HCCs, the GQDs have a reduction peak with an onset close to
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0.0 V that covers a wide range to around −1.5 V. This also shows that like HCCs, GQDs
are stronger oxidants than GO.

Figure 22. CV of GO and anthracite GQDs adsorbed onto GO.
Conditions: 100 mM PBS (pH=7.4) bare glassy carbon (GC) working electrode and
with GO. (Scan rate: 200 mV/s).

The differences in reduction potential between GO and HCCs and GQDs are due
to the structural differences in content of oxygen functionalities, as shown by the CV and
XPS data. Although the carbon to oxygen ratio is almost the same for each material, the
types of C-O bonds and oxygen-containing functional groups are different in GO than in
HCCs and GQDs. Specifically, the CV data in combination with XPS suggests that
GQDs and HCCs likely contain many more quinone and peroxyl moieties than GO.
Quinones and peroxyl groups are the only oxygen-containing functional groups capable
of imparting a redox potentials in the range of 0.0 V to −0.7 V.8 These groups were also
detected by XPS in the O 1s peak for the HCCs.7

5.3.3 Morphological characterization
The size and shape of the GQDs were analyzed by various imaging and light
scattering techniques. Figure 23 shows transmission electron microscopy (TEM) images
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of both types of GQDs, bituminous and anthracitic. The bituminous GQDs, at <10 nm,
are smaller than the anthracite GQDs, which range from ca. 10 to 20 nm. In comparison
to HCCs, the GQDs have a slightly different overall shape. Since HCCs are derived from
nanotubes, one of their dimensions is limited by the width of nanotubes, and this results
in their shape being more rectangular or oblong with sizes of ca. 2 nm x 40 nm. On the
other hand, the GQDs are more circular in shape as seen by TEM.

Figure 23. TEM images of (a) bituminous GQDs and (b) anthracite GQDs.
By atomic force microscopy (AFM), the GQDs were observed to aggregate
slightly, but showed similar sizes to those seen by TEM. Figure 24 shows AFM data for
anthracitic GQDs and PEG-GQDs made using 5000 MW PEG. The height profiles of the
GQDs shows that some of the particles are likely stacked since the measured heights
range from 2-4 nm. The height of HCCs as measured by AFM was found to be 1.9 nm,3
which corresponds well to the particles below measured at ca. 2nm high. The PEG-GQDs
shown Figure 24b display higher incidence of aggregation, possibly due to the
interactions of PEG while drying on the AFM substrate during sample preparation.
Additionally, the PEG-GQDs appear slightly larger in size by AFM, which was expected
since the long PEG chains make up a large shell around the GQD core.
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Figure 24. AFM characterization of (a) anthracite GQDs and (b) PEG5000-GQDs.
Height profile of particles intersected by the yellow lines are shown below each
image.
Finally, the size of the GQDs (as hydrodynamic diameter) in solution was
analyzed by dynamic light scattering (DLS). Figure 25 shows the measured sizes of three
repeated runs of anthracite GQDs using a Malvern NanoSight DLS. The NanoSight
measures both hydrodynamic diameter in nm and concentration in particles/mL. Because
DLS measures hydrodynamic diameter of fully hydrated materials, the resulting particle
sizes are generally always slightly larger than the sizes seen by TEM or other EM
methods; DLS is representative of the size of particles in media. The average size of the
GQDs measured by DLS was ca. 80 nm. The DLS measurements below were taken at
neutral pH, and because the GQDs contain ionizable groups like carboxylic acids, there is
likely a pH-dependent morphology trend with respect to DLS characterization, as was
observed with the HCCs in previous work.9 For these reasons, the measured average size
of ca. 80 nm by DLS is likely slightly larger than the actual size of the GQDs.
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Figure 25. DLS data of anthracite GQDs acquired on a Malvern NanoSight. Three
repeat sample runs are shown each in different colors. Statistical analysis of particle
distribution is shown in the upper right.

5.3.4 EPR characterization of inherent radicals and antioxidant activity
In addition to possessing electron deficient domains of oxygen-containing functional
groups, the HCCs and GQDs also contain an inherent carbon-centered, stable, unpaired
radical.10 The inherent radical detected on HCCs is shown in Figure 26a (blue line). Upon
addition of superoxide (as KO2), the HCC radical decreases, suggesting that the radical is
involved in the mechanism of SO quenching. Figure 26b shows CVs that illustrate the
electrochemical detection of oxygen (the peaks that appear in the red curve correspond to
O2), which is the product of the reaction of HCCs with superoxide.7 The quantification of
O2 in DMSO can be determined experimentally using the spectra and plots shown in
Supplementary Figure 1. Like the HCCs, GQDs also contain an inherent stable radical,
as shown in Figure 27. The intensity of the peak is seen to decrease with PEGylation of
the GQDs as shown by the much smaller peaks seen in the PEG1000- and PEG5000-GQDS.
Using freeze-trap EPR experiments, the SOD activity of GQDs and PEG-GQDs was
analyzed by measuring the activity of GQDs with superoxide. From the resulting EPR
data, turnover number (TON) can be calculated, which is defined as number of moles of
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consumed O2•– per moles of GQD per second. The TON for PEG5000-GQDs was found to
be 285,500 s-1, and the TON for HCCs is 197,000 s-1, showing that the GQDs are
somewhat better or at least as efficient as HCCs at quenching superoxide. For
comparison, the turnover number of SOD, which the HCCs mimic, is 106 s-1.11 However,
this ability to quench SO in an EPR experiment can be quite different than quenching SO
in a biological system. It is, though, promising initial data that illustrates the potential of
GQDs to function as potent antioxidants similar to the HCCs.

Figure 26. (a) EPR spectra of 0.05 mg/mL HCCs in DMSO (blue) and after addition
of KO2 (red). (b) CVs of HCCs in DMSO under N2 (blue), after addition of KO2
(red), and after bubbling the resulting solution with N2 for 5 min to remove any
gaseous O2 (blue broken lines). Figures adapted from reference 7.

Figure 27. EPR spectra of GQDs, PEG1000GQDs and PEG5000GQDs showing the
intensity of unpaired electron on carbon core.
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In addition to activity with superoxide, we also investigated the ability of GQDs
to quench hydroxyl radicals (HO•). This can be measured by EPR detection of the change
in the BMPO-OH• radical in the presence of GQDs.12 As GQDs compete with BMPO to
react with HO• (Scheme 10), the BMPO-OH• radical peaks will decrease. The hydroxyl
radical scavenging ability of PEG5000-GQDs is shown in Figure 28.

Scheme 10. Generation of the BMPO-OH• by reaction of BMPO with HO•

Figure 28. (a) EPR spectra of BMPO-OH• generated from FeSO4 and H2O2 in PBS
at different concentrations of PEG5000GQDs. (b) Effect of PEG5000GQDs
concentration on •OH scavenging activity.
Figure 28a shows that with increasing concentrations of PEG-GQDs, the EPR peak
of the BMPO-OH• radical decreases, corresponding to the PEG-GQDs reacting with OH•.
Figure 28b depicts the comparison of PEG-GQD concentration vs. the intensity of the
BMPO-OH• radical peak, showing again that higher concentrations of PEG-GQDs
diminish the BMPO-OH• peak due to more efficient quenching of hydroxyl radicals.
Overall, the EPR data shows very close similarities between the properties and behaviors
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of the GQD as compared to the HCCs, suggesting that the GQDs are also efficient
antioxidants and mimics of SOD.

5.4 Biological evaluation of PEG-GQDs in a traumatic brain
injury model
Traumatic brain injury (TBI) is a leading cause of death and permanent disability
in the United States. 1.7 million individuals experience TBI every year, resulting in
52,000 deaths and an economic burden exceeding 80 billion dollars.13 TBI is an injury
caused by a blow to the head or penetrating injury from an external force that disrupts the
normal function of the brain.14 The metabolic demands of the brain are maintained by
careful autoregulation of cerebral blood flow (CBF).15 During and after TBI, this
autoregulation is disrupted, leading to poor restoration of blood flow even during
attempted treatment by reinfusion of fluids during resuscitation.16 Traumatic brain injury
is classified as mild, moderate, or severe based on a patient’s clinical presentation of
neurological symptoms. TBI can result in temporary and permanent dysfunction of
cognitive behavior, psychosocial interactions, and physical disability.
Oxidative stress is a prominent feature of TBI, especially when complicated by
secondary trauma such as hemorrhagic hypotension. TBI reduces cerebral blood flow
(CBF) to the brain causing increased susceptibility to general hypotension and
intracranial hypertension.16 Reduced CBF causes uncoupling of nitric oxide synthase
(NOS), producing superoxide (SO) in place of nitric oxide (NO), during and following
hypoxia,17 and an increase in SO and other ROS occurs as the metabolic needs of the
body cannot be met.18 Additionally, further spikes of damaging ROS are observed upon
blood reinfusion during treatment of traumatic injuries, and this increases the extent of
oxidative damage.17 The extended period of oxidative stress induced after injury can even
lead to a cascade of damaging radicals that lasts for days.19 For these reasons, reducing
oxidative stress and SO levels is essential to improving outcomes associated with TBI.
Previous work in the Tour lab has shown PEG-HCCs to be excellent antioxidants
for the treatment of TBI in vitro and in vivo in rodent models.20 It was found that PEG-
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HCCs rapidly restored CBF in a TBI/hypotension/resuscitation rat model when
administered intravenously during the resuscitation phase. Along with CBF restoration,
PEG-HCCs also normalized both superoxide and nitric oxide levels. PEG-HCCs were
found to significantly reduce levels of SO in the vasculature of the brain following TBI.
These results suggest that PEG-HCCs have the potential to vastly improve recovery and
long-term prognosis after TBI, along with other acute disorders that share the same
reperfusion-based ROS damage like stroke, heart attack, and organ transplantation.
As mentioned above, hypotension following TBI leads to markedly reduced
relative cerebral blood flow (rCBF). Bituminous PEG-GQDs (PEGylated with 5000 MW
PEG, sample ID LND63/69) were studied in an in vivo rat model of TBI, as shown in
Figure 29-Figure 31. In this study, the GQDs (blue) were directly compared to PEGHCCs (green) and PBS (control, black). The figures below are analyses of rCBF at the
area of injury (center), surrounding tissue (penumbra), and opposite side to injury
(contralateral). Two doses nanoparticles were administered by i.v. at 80 min and 200 min
post injury. In Figure 29, centered to the injury site, rats (n=6) treated with PEG-GQDs
and PEG-HCCs demonstrated an increase to nearly baseline levels of rCBF perfusion
after the first dose. After administration of the second dose, rCBF was maintained for the
remainder of the surgery. Figure 30 demonstrates the region surrounding the injury
(penumbra) in which a slight increase in rCBF was noticed after the first dose and was
maintained after receiving the second dose. In Figure 31, showing the uninjured cortex
(contralateral), no major rCBF change is noted after administration of either dose of
PEG-GQDs or PEG-HCCs, indicating the outcome in injury is specific to the injured
tissue as expected. The detailed protocol of the TBI surgery can be found in Experimental
Methods.
Overall, the PEG-GQDs exhibited similar behavior in comparison to the PEGHCCs, validating our hypothesis that PEG-GQDs have similar antioxidant and
therapeutic properties. However, these in vivo results with PEG-GQDs are not always
consistent and have varied with subsequent repeated experiments. Optimization of the
GQDs with respect to synthesis, morphology, and antioxidant activity is still ongoing.
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Figure 29. Relative cerebral blood flow centered at site of traumatic brain injury in
a rat model. Doses of PEG-GQDs or PEG-HCCs administered at 80 and 200 min.

Figure 30. Relative cerebral blood flow at site surrounding traumatic brain injury
(penumbra) in a rat model. Doses of PEG-GQDs or PEG-HCCs administered at 80
and 200 min.
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Figure 31. Relative cerebral blood flow in uninjured tissue (contralateral cortex) in
a traumatic brain injury in a rat model. Doses of PEG-GQDs or PEG-HCCs
administered at 80 and 200 min.

5.5 Conclusions
In summary, highly oxidized non-toxic antioxidant carbon nanoparticles called
GQDs have been synthesized from the readily available carbon source of coal. These
GQDs were shown to be mimics of the enzyme SOD and of our previously reported
antioxidant carbon nanomaterials, HCCs. GQDs were characterized with respect to redox
chemistry, size and morphology, extent of oxidation, and reactivity with various radical
species. Specifically, GQDs were shown to quench both superoxide radicals and
hydroxyl radicals. GQDs were also found to convert superoxide into oxygen, making
them SOD mimics. PEG-modified GQDs (PEG-GQDs) were synthesized to impart
improved solubility and biological stability, and PEG-GQDs were studied in a rat model
of acute traumatic brain injury (TBI). In these models it was observed that GQDs restore
cerebral blood flow to sites of injury, making them good candidates for treatment of
ROS-mediated traumatic and reperfusion injuries. Future work will optimize the
properties of the GQDs and continue in vivo injury model studies.
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5.6 Experimental Methods
5.6.1 Materials
Anthracite and bituminous coal were bought from Fisher Scientific. Anthracite
was used as received after being finely ground in a mortar. Bituminous coal was ground
in a blender then washed with HF and rinsed with excess water prior to use. All other
reagents were used as received unless specifically noted. CelluSep dialysis bags
(Membrane Filtration Products, Inc.) were used to purify GQDs. HCCs and PEG-HCCs
were prepared as previously described.9,21

5.6.2 Characterization and Instrumentation
UV-Vis data was collected using a Shimadzu UV-3101 PC and samples contained
in 1.5 mL methacrylate cuvettes. The carbon core concentration of all PEG-HCCs was
determined by the absorbance at 763 nm using an extinction coefficient of
ε763 = 0.0104 L/mg. Bituminous GQD concentration was measured via UV by the
absorbance at 700 nm using ε700 = 0.740 mL/mg⋅cm using a 1 cm cuvette. Anthracite
GQD concentration was measured via UV by the absorbance at 840 nm using ε840 = 1.39
mL/mg⋅cm using a 1 cm cuvette. TGA was carried out on a Q50 TA instrument using
nitrogen from room temperature to 950 °C at 5 °C/min. XPS measurements were
performed on a PHI Quantera SXM scanning X-ray microprobe with a 36.00 eV passing
energy, 45° takeoff angle and a 100 µm beam size. CVs were obtained with a CHI1202
Electro-Chemical Analyzer (CH Instruments) using the noted electrolyte solutions in
DMSO or aqueous buffer using a three-electrode cell. CVs were recorded at scan rates
noted below each figure and using the electrolytes, reference electrodes, and standards as
noted in each figure. TEM images were taken using a 2100 F field emission gun TEM.
AFM images were obtained on a Digital Instrument Nanoscope IIIA. The GQDs were
spin coated (2000 rpm) onto a Si substrate. Bruker Multimode 8 with the SCANASYSTAIR cantilever was used in the scanasyst mode to obtain images. Tangential flow
filtration was used to dialyze and concentrate PEG-HCC solutions and was performed
with a Spectrum Labs KrosFlo Iii TFF system.
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5.6.3 Synthesis of Bituminous GQDs
530 mg of finely ground bituminous coal was suspended in 8.0 mL of oleum with
stirring at 0 °C. After 30 min, 8.0 mL fuming nitric acid was added slowly with stirring
and the reaction was kept at 0 °C for another 30 min. The ice bath was removed and the
reaction was allowed to warm to room temperature. Once ambient temperature was
reached, the reaction was moved to an oil bath and heated at 65 °C for 24 h. The reaction
was then cooled to room temperature and slowly poured over ca. 50 mL ice with stirring.
Once all ice had melted, the solution was poured into 1000 MWCO cellulose membrane
dialysis tubes and placed in continuous flow deionized water dialysis for at least 7 days.
The resulting neutral solution of aqueous GQDs was filtered through 0.20 micron
vacuum filters and subjected to tangential flow filtration to separate various size fractions
using a KrosFlo system. The main fraction collected was obtained using the 10 kD and
30 kD columns to give GQDs with a mass range of 10 kD ≤ x ≤ 30 kD (denoted as 1030 kD). Concentration of the final solution of GQDs was measured using UV-Vis
absorbance at 700 nm with the extinction coefficient ε700 = 0.740 mL/mg⋅cm.

5.6.4 Synthesis of Anthracite GQDs
957 mg of finely ground anthracite was suspended in 17.0 mL of oleum with
stirring at 0 °C. After 60 min, 17.0 mL fuming nitric acid was added slowly with stirring
and the reaction was kept at 0 °C for another 60 min. The ice bath was removed and the
reaction was allowed to warm to room temperature. Once ambient temperature was
reached, the reaction was moved to an oil bath and heated at 65 °C for 96 h. The heat was
then turned up to 70 °C for 72 h. The reaction was then cooled to room temperature and
slowly poured over ca. 150 mL ice with stirring. Once all ice had melted, the solution
was poured into 1000 MWCO cellulose membrane dialysis tubes and placed in
continuous flow deionized water dialysis for at least 7 days. The resulting neutral solution
of aqueous GQDs was filtered through 0.20 micron vacuum filters and subjected to
tangential flow filtration to separate various size fractions using a KrosFlo system. The
main fraction collected was obtained using the 50 kD and 100 kD columns to give GQDs
with a mass range of 50 kD ≤ x ≤ 100 kD (denoted as 50-100 kD). A total of 203 mg of
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50-100 kD GQDs were collected, giving a 21% yield. Concentration of the final solution
of GQDs was measured using UV-Vis absorbance at 840 nm with extinction coefficient
ε840 = 1.39 mL/mg⋅cm.

5.6.5 Synthesis of Bituminous PEG-GQDs
35.0 mL (0.31 mg/mL, 10.85 mg) of a solution of bituminous GQDs was added to
30.0 mL of a concentrated 2-(N-Morpholino)ethanesulfonic acid hydrate (MES) buffer
solution (pH 4.5). To this solution 54.0 mg (0.281 mmol, 3.9 eq.) EDC and 75.0 mg
(0.651 mmol, 9.0 eq.) NHS were added and the reaction was stirred at room temp for 30
min. 0.365 g amino-PEG 5000 MW average (0.073 mmol, 1 eq.) was added and the
reaction was stirred at room temp for 24-48 h. The reaction was then filtered through a
0.20 micron vacuum filter, diluted into ca. 1 L deionized water, and purified and
concentrated by KrosFlo using a 50 kD MWCO column. The final concentration of PEGGQDs was measured using the absorbance at 700 nm with the extinction coefficient
ε700 = 0.740 mL/mg⋅cm. Samples for biological use were filtered using a 0.20 micron
syringe filter into sterile centrifuge tubes.

5.6.6 Synthesis of Anthracitic PEG-GQDs
10.0 mL (4.07 mg/mL, 40.7 mg) of a solution of anthracite GQDs was added to 10.0
mL of a concentrated 2-(N-Morpholino)ethanesulfonic acid hydrate (MES) buffer
solution (pH 4.5). To this solution 201 mg (1.05 mmol, 7.0 eq.) EDC and 115 mg (0.999
mmol, 7.0 eq.) NHS were added and the reaction was stirred at room temp for 30 min.
0.700 g amino-PEG 5000 MW average (0.140 mmol, 1 eq.) was added and the reaction
was stirred at room temp for 24-48 h. The reaction was then filtered through a 0.20
micron vacuum filter, diluted into ca. 1 L deionized water, and purified and concentrated
by KrosFlo using a 30 kD MWCO column. The final concentration of PEG-GQDs was
measured using the absorbance at 840 nm with extinction coefficient ε840 = 1.39
mL/mg⋅cm. Samples for biological use were filtered using a 0.20 micron syringe filter
into sterile centrifuge tubes.
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5.7 Supplementary Information

Supplementary Figure 1. Quantification of O2 (gas) in DMSO.
Cyclic voltammograms (left) of O2 dissolved in 20 mL DMSO solution containing
(Bu4N)ClO4 as supporting electrolyte at 298 K at a platinum working electrode and
scan rate of 50 mV s-1 using SCE as reference electrode. The resulting calibration
curve (right) can be used to quantify O2 in Figure 26.
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6 Perylene Diimide as a Precise Graphene-Like
Superoxide Dismutase Mimetic

This chapter was adapted from the following publication, of which I am a coauthor, with
most portions copied directly:
Jalilov, A.S., Nilewski, L.G., Berka, V., Zhang, C., Yakovenko, A.A., Wu, G., Kent, T.A., Tsai, A.L.,
Tour, J.M. Perylene Diimide as a Precise Graphene-like Superoxide Dismutase Mimetic. ACS Nano 2017,
11(2), 2024-2032.
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Here we show that the active portion of a graphitic nanoparticle can be mimicked
by a perylene diimide (PDI) to explain the otherwise elusive biological and
electrocatalytic activity of the nanoparticle construct. Development of molecular analogs
that mimic the antioxidant properties of oxidized graphenes, in this case the
poly(ethylene glycolated) hydrophilic carbon clusters (PEG−HCCs), will afford
important insights into the highly efficient activity of PEG-HCCs and their graphitic
analogues. PEGylated perylene diimides (PEGn−PDI) serve as well-defined molecular
analogs of PEG−HCCs and oxidized graphenes in general, and their antioxidant and
superoxide

dismutase-like

(SOD-like)

properties

were

studied

using

optical,

electrochemical, electron paramagnetic resonance (EPR) and single crystal X-ray
spectroscopic techniques. PEGn−PDIs have two reversible reduction peaks, which are
more positive than the oxidation peak of superoxide (O2• ̶ ). This is similar to the
reduction peak of the HCCs. Thus, as with PEG−HCCs, PEGn−PDIs are also strong
single-electron oxidants of O2• ̶ . Furthermore, reduced PEGn−PDI, PEGn−PDI• ,̶ in the
presence of protons, was shown to reduce O2• ̶ to H2O2 to complete the catalytic cycle in
this SOD analogue. The kinetics of the conversion of O2• ̶ to O2 by PEG8−PDI was
measured using freeze-trap EPR experiments to provide a turnover number of 133 s-1, the
similarity in kinetics further supports that PEG8−PDI is a true SOD mimetic. Under
aprotic conditions, O2• ̶ reduces PEGn−PDI to form persistent PEGn−PDI• ̶ . PEG8−PDI• ̶
was characterized by EPR and was found to be temperature sensitive: upon lowering the
temperature the radical anions undergo self-association to form a diamagnetic dimeric
species (loss of the EPR signal) with reversible formation of the paramagnetic state
(regeneration of the EPR signal) at higher temperatures. PEG3−PDI• ̶ was also isolated as
a single-crystalline form and analyzed using X-ray crystallography. Finally, PDIs can be
used as catalysts in the electrochemical oxygen reduction reaction (ORR) in water, which
proceeds by a two-electron process with the production of H2O2, mimicking graphene
oxide nanoparticles, which are otherwise difficult to study spectroscopically.

6.1 Introduction
Superoxide dismutase (SOD) is a metalloenzyme that controls the fluxes of the
partially reduced products of molecular O2 or reactive oxygen species (ROS) during the
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cycle of molecular O2 in biological systems.1-3 ROS are involved in the progression of
aging as well as a variety of acute and chronic diseases such as cancer and vascular
diseases.4-6 Superoxide is a radical anion (O2• ̶ ) that is the primary ROS produced by
direct single-electron reduction of molecular O2.7 Subsequent proton-coupled reduction
of O2• ̶ would lead to the other secondary members of ROS such as hydrogen peroxide
(H2O2), organic peroxides (ROOH), hydroperoxyl radical (HO2•) and hydroxyl radical
(HO•).8-10 In aprotic solvents, O2• ̶ is stable and exhibits reversible outer-sphere electrontransfer (ET) behavior. However, in the presence of protons, O2• ̶ proceeds quickly to
form secondary ROS through consecutive proton-coupled electron transfer (PCET)
reactions. SOD possesses the combination of redox-active metal centers and ligand
environments that catalytically dismutate 2 O2• ̶ into O2 and H2O2: 2 O2• ̶ + 2 H+ → O2 +
H2 O2 . 3
There have been many efforts to synthesize molecular organometallic complexes
that can mimic the catalytic cycle of SOD.11-13 Over the past two decades, many highvalent metal complexes have been studied to gain fundamental insights into the
structural, functional and mechanistic aspects of the enzymes and their counterparts.14-17
Detailed mechanistic studies have shown that ET occurs through either inner-sphere or
outer-sphere mechanisms and the M−O2• ̶ species is an important reactive intermediate
formed via the inner-sphere mechanism.18 However, another class of effective inhibitors
of ROS are antioxidants that are purely organic molecules.19,20 Organic molecule ET
mechanisms are generally complex and in most cases they occur through a continuum of
mixed inner-sphere and outer-sphere mechanisms.21,22
Recently, we developed metal-free carbon nanomaterials, poly(ethylene glycolated)
hydrophilic carbon clusters (PEG−HCCs, Scheme 1), that show highly efficient catalytic
conversion of O2• ̶ into O2 and H2O2 (eq. 1 and eq. 2) rivals that of bovine Cu/Zn SOD,
the most efficient native SOD enzyme.23
Single-walled carbon nanotubes (SWCNTs) are oxidatively disintegrated and split
open to form graphene domains that are 3 nm × 35 nm with large amounts of oxidized
functionalities that make the carbon system extremely electron deficient.24 They have
been extensively characterized by transmission electron microscopy (TEM), atomic force
microscopy (AFM), X-ray photoelectron spectroscopy (XPS), dynamic light scattering,
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Raman spectroscopy (confirming the loss of the tubular form through complete
diminution of the radial breathing modes), electron paramagnetic resonance (EPR), and
further tested for in vitro and in vivo toxicity and biological activity as antioxidants.25-32
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Scheme 1. Synthesis of HCCs and PEG–HCCs from SWCNTs
The HCCs also bear, on average, one unpaired electron per nanoparticle and the
nanoparticle radical is air stable.23 As we have shown previously, HCCs can efficiently
oxidize O2• ̶ into O2, one of the two half-reactions processes (eq. 1) seen in SOD, and this
might also be the rate determining step of the SOD catalytic cycle.24 This is followed by
reduction of O2• ̶ in the presence of water to form H2O2 (eq. 2).

PEG-HCC + O2

PEG-HCC + O2

PEG-HCC + O2 + 2H+

PEG-HCC + H2O2

(1)
(2)

In this work, we report poly(ethylene glycolated) perylene diimide (PEGn−PDI) as
the first example of small molecular analogues of PEG−HCCs, and more generally well
defined highly oxidized graphene analogues. In our previous work using HCC as an
electrocatalyst for the oxygen reduction reaction (ORR),24 we showed that proton transfer
steps are much faster than the electron-transfer steps, and here we use the same technique
to evaluate the involvement of proton transfer steps during the dismutation of O2• ̶ using
the well-defined carbon core molecule PDI in PEGn−PDI. The understanding of
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graphene-based catalysts can benefit from the study of molecular analogs, and we
propose that PDI serves as a simplified model of oxidized graphenes.

6.2 PEGn-PDI and Its Reactions with Superoxide
PDI was identified as an electron deficient molecular analogue of HCCs, and was
further linked with two polyethylene glycol (PEG) substituents for increased solubility in
solvents such as water, DMF and DMSO. Two different PEG units were used in this
study, with the shorter being three and the longer being eight ethylene glycol units,
PEG3−PDI and PEG8−PDI, respectively (Figure 1). PEG3−PDI is less soluble in aqueous
and organic solvents, however, it is more suitable for crystallization and characterization
in the solid state, while PEG8−PDI has better solubility therefore better suitability for
characterization in the solution state. Note that with PEG-HCCs, PEG with average
molecular weight of 5000 g/mol was used in order to make the nanoparticles soluble in
phosphate buffered saline.33 Details of the synthetic procedure for preparation of
PEGn−PDIs and structural characterization by NMR and X-ray crystallography can be
found in the Supporting Information.

Figure 1. Structural formula of PEGn–PDI.

The electrochemical behavior of PDI is well-known and the cyclic voltammetry
(CV) shows two reversible redox peaks in both neutral organic and aqueous media.34 In
DMSO, PEG8−PDI gave two redox values (E1 and E2) at −0.88 V and −1.12 V versus
Fc/Fc+ (Figure S1). Both redox potentials of PEG8−PDI are more positive than the redox
peak of O2• ̶ (E = −1.25 V versus Fc/Fc+ in DMSO)24 by 0.37 V and 0.13 V, respectively.
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This indicates that single-electron oxidations of O2• ̶ to O2 by both PEG8−PDI and
PEG8−PDI• ̶ are thermodynamically favorable and exothermic processes, which is also
the first half-reaction of the SOD catalytic cycle. The HCC carbon core of the PEG-HCC
is the electron deficient redox center of the carbon nanoparticles, and it has a broad
reduction potential with the initial onset being more positive by 0.60 V than the reduction
peak of O2• ̶ in aqueous media.24 This indicates that PEG8−PDI has comparable
thermodynamic ability to oxidize O2• ̶ to the oxidized graphene analogue PEG-HCC.
To further assess the reactivity of PEG8−PDI with O2• ̶ , we monitored the optical
spectral changes upon the addition of O2• ̶ to the solution of PEG8−PDI under inert
atmosphere. Figure 2 (in red) shows the optical spectrum of 0.04 mM PEG8−PDI (also
Figure S2) in DMSO with the major band at λ = 525 nm (ε = 6.38 × 104 M−1 cm−1),
typical for PDI derivatives in various solvents.35 Upon addition of KO2 in small
increments (0.0114 mM), the solution of PEG8−PDI shows a gradual change in color
from red to greenish-blue, which corresponds to the formation of an equimolar amount of
the one-electron reduced PEG8−PDI• ̶ , with the major band at λ = 710 nm (ε = 7.20 × 104
M−1 cm−1). Optical spectra of PDI radical anions are known and well-documented.34,36
The gradual addition of another equivalent of KO2 results in the further change in
absorbance of PEG8−PDI• ̶ to a purple color, with the major band at λ = 568 nm (ε = 1.08
× 105 M−1 cm−1), which corresponds to the two-electron reduced PEG8−PDI2 ̶ (Figure 2).
Interestingly, addition of extra amounts of KO2 to the resultant dark-purple
colored solution of PEG8−PDI2 ̶ does not result in any further changes. This is the
evidence that PEG8−PDI2 ̶ is persistent in the presence of KO2 and does not exhibit
additional reduction steps. The two isosbestic points at λ = 559 nm and then λ = 648 nm
indicate the two successive single-step chemical processes. Therefore, these optical
observations provide evidence that oxidation of O2• ̶ to O2 in DMSO can be achieved by
both PEG8−PDI and PEG8−PDI• ̶ through the consecutive single electron-transfer
mechanisms, according to eq.3.
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Figure 2. Spectral changes upon treatment of a 0.04 mM DMSO solution of PEG8–
PDI after the addition of a DMSO solution of KO2 in small increments (0.0114 mM).
Red: PEG8–PDI, greenish-blue: PEG8–PDI•–, purple: PEG8–PDI2–.

PEG8-PDI + KO2
PEG8-PDI K+ + KO2

PEG8-PDI K+ + O2
PEG8-PDI2- 2K+ + O2

(3a)
(3b)

The other evidence for eq. 3 is provided by electrochemical measurements. CV of
PEG8−PDI exhibits two successive redox peaks (Figure 3) which corresponds to two
consecutive PEG8−PDI / PEG8−PDI• ̶ and PEG8−PDI• ̶ / PEG8−PDI2− couples.
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Figure 3. CVs of 10 mM of PEG8–PDI in DMSO under N2 after adding incremental
amounts of KO2 (20 µL of KO2 in DMSO, 0.0114 mM stock) containing 0.1 M [(nBu)4N]ClO4 as a supporting electrolyte at 298 K with a glassy carbon working
electrode and platinum wire as quasi-reference electrode.
Scan rate: 50 mV/s. The arrow indicates the newly formed redox peak of the
molecular O2. Color code: KO2 concentration increased from black to red.
In addition to the color changes of the solution, subsequent addition of
incremental amounts of KO2 to the solution of PEG8-PDI gives rise to the new CV curve
centered at E = −1.23 V versus Fc/Fc+ , as shown in Figure 3. The new peak at E = −1.23
V corresponds to the CV of dissolved molecular O2, as supported by the disappearance of
the peak upon bubbling the solution with N2 for 5 min. Conversely, the peak of dissolved
KO2 in electrolyte without PEG8−PDI present is persistent for 6 h while bubbling with N2
(Figure S3).24 These electrochemical tests show that both PEG8−PDI and PEG8−PDI• ̶
can oxidize O2• ̶ to O2 through a single electron-transfer reaction (eq. 3) and the product,
molecular O2, can be observed electrochemically. Furthermore, the reversible two
consecutive 1e− redox peaks of PEG8−PDI upon addition of KO2 nicely reveal the
underlying mechanism of outer-sphere ET from O2• ̶ to PEG8−PDI and PEG8−PDI• ̶ ,
where O2• ̶ is a reductant. Also, the symmetric size of the current on the reductive and
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oxidative transition of PEG8−PDI in the presence of O2• ̶ confirms the simple
interpretation of the outer-sphere ET mechanism.37
To examine the SOD-like activity of PEG8-PDI, and to investigate whether the
second half reaction of SOD proceeds analogous to eq. 2 with PEG-PDI, we performed
additional experiments to determine the reactivity of PEG8-PDI• ̶ and PEG8−PDI2− with
O2• ̶ in the presence of protons (HClO4) in the aprotic environment of DMSO. Both
PEG8-PDI• ̶ and PEG8−PDI2− served as reductants of O2• ̶ to H2O2 in the presence of 2
equivalents of H+. But upon incremental addition of substoichiometric amounts of HClO4
in DMSO, the purple solution of PEG8−PDI2− in the presence of KO2 gradually changed
color to red (Figure 4). Through analysis of UV/Vis spectra taken immediately after the
addition of HClO4, the recovery of the initial PEG8−PDI was achieved in 70 % yield
(Figure 4). The loss of the remaining 30 % suggests that the PEG8−PDI, PEG8−PDI• ̶ or
PEG8−PDI2− could be thermodynamically unstable in the presence of H2O2, which is the
product of the second-half of the dismutase according to eqs 2, 4 and 5.

Figure 4. Absorption spectra of PEG8–PDI2– in DMSO (black curve) upon treatment
with KO2 and HClO4 indicating the formation of H2O2 and regeneration of original
neutral PEG8–PDI (red curve) proceeding via the PEG8–PDI•– (gray curve).
A separate experiment where PEG8−PDI is treated with H2O2 and HClO4 does not
exhibit any changes in the optical spectra (Figure S4), suggesting the persistent nature of
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PEG8−PDI under these conditions, thus precluding reaction of PEG8−PDI with H2O2 as a
reason for the depressed yield. The fact that PEG8−PDI2− rapidly reacts according to eq. 4
and immediately re-forms stoichiometric amounts of PEG8−PDI• ̶ as the product (Figure
4), also excludes PEG8−PDI2− from being the source for the decreased yields. However,
PEG8−PDI• ̶ reacts irreversibly with H2O2 and gradually forms a product with an optical
spectrum uncharacteristic of PEG8−PDI (Figure S5). This explains the loss of the 30% of
the original PEG8−PDI during the second half of the SOD-mimetic step, where
PEG8−PDI• ̶ reacts with produced H2O2 via efficient PCET reaction mechanism as shown
in eq. 6.38,39

PEG8-PDI2- + O2 + 2H+

PEG8-PDI + H2O2

(4)

PEG8-PDI + O2 + 2H+

PEG8-PDI + H2O2

(5)

PEG8-PDI + H2O2

PEG8-PDI-OH- + HO

(6)

This optical data provides evidence that PEG8−PDI mimics the catalytic cycle of
SOD. The kinetics of the reaction between O2• ̶ and PEG8−PDI was measured using KO2
and a direct freeze-trap EPR steady-state kinetics assay rather than the less efficient spintrapping EPR. 18-Crown-6 was used to increase the solubility of KO2 in DMSO. In this
case excess O2• ̶ was used to estimate the intrinsic turnover number for O2• ̶ conversion
to O2 by PEG8−PDI. In order to slow down the self-dismutation of superoxide in aqueous
media to achieve reasonable initial concentrations of O2• ̶ in solution, we carried out the
kinetic experiments at pH 13 in 50 mM NaOH. PEG8−PDI is stable at pH 13 as there is
no change of optical spectral shape observed by 30-min pre-incubation. A control EPR
sample was prepared using this pre-incubated PEG8−PDI to react with 20 mM KO2 and
freeze trapped. The amount of radical determined was basically the same as that of fresh
PEG8−PDI.
Figure 5a shows that the total spin concentration of O2•− gradually increased with
the amount of added KO2. As expected, the concentration of O2•− decreased in the
presence of PEG8−PDI. Therefore, the consumption of O2•− by PEG8−PDI can be
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estimated from the difference between the control, which does not contain any
PEG8−PDI, and subsequently recalculated as turnover numbers (defined as number of
moles of consumed O2•− per moles of PEG8−PDI per second) with an average reaction
time of 10 s (Figure 5b). At the saturation behavior of [O2•−] the highest O2•− turnover
rate was estimated as 133 s−1, which is almost 1000× lower than that of PEG-HCCs.23
This is not surprising, as it is possible that the redox potential of the two half reactions for
PEG8−PDI are not as optimal as PEG-HCCs24 or the electron transfer kinetic barrier is
higher than that of the PEG-HCCs. Overall, the kinetics experiments indicate that
PEG8−PDI behaves similarly to SOD and PEG-HCCs as a "hit-and-run" type reaction,
where O2•− substrate only momentarily stays in the active center, so the rate-limiting step
is not the binding but the oxidation/reduction of the O2•−.

Figure 5. KO2 experiments in 50 mM NaOH.
(a) O2•– total spin concentration based on double integration of obtained EPR
spectra. For details, see Experimental Methods. (b) The turnover number (TON)
was calculated by subtracting the amount of remaining O2•– from the amount of O2•–
in the control, dividing by the amount of PEG8–PDI and then by 10 s for the
reaction time (the average time required for manually freeze-trapping each EPR
sample). Two similar experiments performed using 1.5 µM PEG8–PDI
concentration yielded similar kinetic pattern.
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6.3 Isolation and Characterization of PEGn–PDI Radical
Anions
PEG8−PDI• ̶ as a reaction intermediate was additionally characterized by EPR
spectroscopy. As with the optical measurements, PEG8−PDI• ̶ was generated using
stoichiometric (1:1) amounts of KO2 as a reductant under inert atmosphere and it showed
an EPR spectrum with apparent 18-line hyperfine splitting caused by nitrogens and
protons (Figure 6). Simulation of the EPR spectrum reveals the delocalization of unpaired
spin over the entire π-conjugated unit of PDI with the following hyperfine splitting: ring
protons (n = 8): 1.2 G; side chain protons (n = 4): 0.6 G; nitrogens (n = 2): 0.04 G,
linewidth 0.23 G (Figures S6). The shape of the EPR spectra does not change
substantially with temperature, except slight broadening of the lines when the
temperature is lowered from 295 K to 260 K. This is due to increased viscosity of the
solvent, which could lead to changes in the electron spin distribution and variation in
coupling constants (Figure S7). However, further decrease in temperature of the sample
resulted in decrease of intensity and eventually loss of the EPR signal at 160 K as can be
seen from Figure 6. π-Dimerization of the stable radical ions to form weakly bonded
dimeric species has been frequently considered over the last decade.40-44
Similarly, for PEG8−PDI• ̶ the signal intensity decreases upon cooling the sample
with the gradual replacement of the paramagnetic monomer by the diamagnetic π-dimer
(Scheme 2). Intensity of signal (IEPR) and concentrations were determined by double
integration of the spectra. According to the Curie law, IEPR = a × [M] / T, where a is a
proportionality factor, IESR is proportional to the concentration of the radical
(PEG8−PDI•-) in the sample. Assuming that at room temperature the equilibrium
(Scheme 2) shifts to the left and only monomeric radical anions exist in solution, and
using the proportionality ratio IEPR/IEPR298 = [M]/[M]298 = α where α is a mole fraction of
the monomeric radical anion at a particular temperature, the equilibrium concentration of
the monomeric radical anion can be estimated at each temperature. By using KA = (1α)/2[M]298α2 with an estimated α, it permits calculation of the equilibrium constants for
π-dimerization at each temperature. Thermodynamic parameters for π-dimerization of the

165
monomeric radical anions were calculated by the least square procedure from the linear
relationship of ln(KA) and 1/T, resulting in the analysis pictured in Figures S8.

Figure 6. Variable-temperature EPR spectra of PEG8–PDI•– obtained by reduction
of PEG8–PDI with equimolar amounts of KO2 in DMF.
The thermodynamic parameters ΔHD and ΔSD can be estimated as −7.7 kcal/mol
and –17.1 e.u. respectively, which are close to the values of thermodymanic parameters
for π-dimerization in most of the extended π-radicals.41 The strong attraction of two
unpaired electrons prevails over electrostatic repulsion of two oppositely charged anions.

Scheme 2. Reversible π-Dimerization of PEGn–PDI•–
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Interestingly, a single crystal of the PEG3−PDI• ̶ was obtained using cobaltocene
as a reducing agent. A green solution of the [PEG3−PDI• ̶ CoCp+] in DMF was layered
carefully with dry ethyl ether and left in a freezer at −10 ºC for 1 week and small darkgreen-colored crystalline needles were collected and subjected to X-ray crystallographic
analysis. Crystallographic analysis resulted in infinite π-stacked PDI units of PEG3−PDI• ̶
along the b-axis with close π-π interactions of 3.36(2) Å as shown in Figure 7. To our
knowledge, despite much work on PDI radical anions, this is the first successful isolation
of a PDI radical anion as a single crystal.

Figure 7. View of the unit cell of the crystal structure of [PEG3–PDI•– CoCp+].
Solvents and hydrogen atoms are omitted for clarity. Color code: C, gray; N, blue;
O, red; Co, purple.

6.4 Conclusions
In summary, preparation and characterization of small well-defined conjugated
molecular analogs, PEG-PDIs, as a model to elucidate the mechanisms operative in the
SOD-mimetic activity of PEG-HCCs, was accomplished. Water-soluble perylene diimide
derivatives serve as molecular analogs of PEG-HCCs that mimic the full catalytic cycle
of SOD. PEGn-PDI was able to oxidize O2• ̶ and the PEGn-PDI• ̶ intermediate of the
catalytic cycle, is thoroughly characterized and shown to react with O2• ̶ in the presence
of protons to form H2O2. Having the redox potential of PEGn-PDIs located between the
two half reactions: O2• ̶ → O2 + e− and O2• ̶ + 2 H+ + 2 e− → H2O2 (−0.16 and +0.94 V,
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respectively, relative to NHE in water), makes them good molecular SOD-mimetics of
PEG-HCCs. The freeze quench EPR study substantiated its multiple turnover of O2• ̶ in
aqueous environment. We show that study of graphene-based catalysts can benefit from
the study precise molecular analogs,42,43 and PDI serves as a minimal model of HCCs and
more generally oxidized graphenes. The results indicate that similar to carbon
nanomaterials, PDI is an efficient electron shuttle for reactions with O2 as well as ROS.
These results have important implications in the area of graphene-based materials used in
electrocatalytic processes and their potential applications as nano-antioxidants.

6.5 Experimental Methods
6.5.1 Materials and Methods
All chemicals were purchased from Sigma-Aldrich and used without further
purification unless otherwise stated. Optical spectra were acquired on a Shimadzu 50
Scan

UV/vis

spectrometer

(200–1100

nm)

and

Cary5000

UV–Vis–NIR

spectrophotometer (200–3000 nm), using capped quartz cuvettes. NMR data were
recorded on Bruker 400–600 MHz spectrometers.

6.5.2 Single-Crystal X-ray Diffraction Analysis
Crystal data, details of data collection and structure refinement parameters for the
[PEG3−PDI• ̶ CoCp+] are presented in Table S1. Diffraction data were collected on a
Rigaku SCX-Mini diffractometer (Mercury2 CCD) using graphite-monochromated Mo
Kα radiation (λ = 0.71073 Å). Integration was performed with CrystalClear-SM Expert
2.0, and the data were corrected for absorption using empirical methods. The structures
were solved by direct methods and refined by the full-matrix least-squares technique
against F2 with the anisotropic temperature parameters for all non-hydrogen atoms. All H
atoms were geometrically placed and refined in a rigid model approximation. Data
reduction and structure refinement calculations were performed using the SHELXTL44
program package. The description of the disorder refinement of PEG4 groups in the
PEG3−PDI• ̶ radical anion is presented in the Supporting Information.
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6.5.3 Electrochemistry
The CVs were obtained with a CHI1202 ElectroChemical Analyzer
(CHIinstruments) for 10 mL electrolyte solutions (0.1 M [(n-Bu)4N]ClO4 solution in
DMSO or PBS buffer, pH 7.4) using a 3-electrode cell. A GC electrode served as
working electrode, platinum wires served as a counter electrode and Ag/AgCl as the
reference electrode. A platinum wire was used as the pseudoreference electrode in
DMSO and ferrocene (Fc) was used as internal potential standard and all potentials are
referred to the Fc/Fc+ couple. CVs were recorded at a scan rate of 100 mV s–1.

6.5.4 Detection of Radicals by EPR Spectroscopy
The EPR spectra of PEG–PDI•– (0.05 mg/mL in DMSO) in a sealed capillary tube
at ambient temperature were recorded using the following parameters: center field 3320
G, sweep width 50 G, microwave frequency 9.3 GHz, microwave power 1 mW,
modulation frequency 100 kHz, and modulation amplitude 1.0G. The same sample was
remeasured after adding a small amount of KO2 (1 mg in powder form).

6.5.5 Steady-State Consumption of Superoxide
PEG8–PDI (5 µM) in 50 mM NaOH were mixed in ratio 1:5 with increasing
amounts of KO2(dissolved in DMSO/18-crown-6) for 10 s and then frozen in ethanol/dry
Ice (−72 °C) to stop the reaction. The samples were then transfer to LN2 to preserve the
remaining O2•–. EPR spectra were then recorded. To account for background dismutation
of O2•–, a sample lacking PEG8–PDI was measured and its EPR spectra subtracted from
sample spectra to obtain the amount of KO2 decay catalyzed by the PEG8–PDI.
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6.8 Supplementary Information and Experimental Methods

6.8.1 Synthesis

of

2-(2-(2-methoxyethoxy)ethoxy)ethyl

4-

methylbenzenesulfonate.

2-(2-(2-Methoxyethoxy)ethoxy)ethyl 4-methylbenzenesulfonate was prepared according
to literature procedures.S1 Triethyleneglycol monomethyl ether (4.80 mL, 5.03 g, 30.6
mmol), triethylamine (6.40 mL, 4.64 g, 45.9 mmol), and DMAP (39 mg, 0.32 mmol)
were dissolved in 70 mL of DCM at 0 °C. To this, a solution of tosyl chloride (2.0 M in
DCM, 30.0 mL, 11.7 g, 61.2 mmol) was added over a 45 min period via an addition
funnel. The reaction was allowed to warm to room temp over 24 h, after which 75 mL of
1 M HCl was added. The solution was extracted with DCM (4 × 30 mL), washed with a
saturated sodium bicarbonate solution, dried over Na2SO4, filtered, and concentrated
under reduced pressure to give the crude product as a yellow oil. Purification by silica gel
chromatography (100% DCM to remove excess TsCl, followed by 5% MeOH in DCM)
gave the pure product as a clear oil (9.11 g, 28.6 mmol, 93% yield). 1H NMR (400 MHz,
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CDCl3) δ 7.80 (d, 2H), 7.37 (d, 2H), 4.18 (t, 2H), 3.70 (t, 2H), 3.60 (m, 6H), 3.54 (t, 2H),
3.38 (s, 3H); 2.46 (s, 3H);

13

C NMR (101 MHz, CDCl3) δ 144.76, 132.91, 129.78.

127.84, 71.78, 70.58, 70.40, 69.24, 68.53, 58.86, 21.50.

6.8.2 Synthesis

of

2-(2-(2-(2-methoxyethoxy)ethoxy)ethyl)

isoindoline-1,3-dione.

2-(2-(2-(2-Methoxyethoxy)ethoxy)ethyl)isoindoline-1,3-dione was prepared according to
literature procedures.S2 The tosylate product from the previous step (2.36 g, 7.41 mmol)
and potassium phthalimide (2.75 g, 14.8 mmol) were dissolved in 45 mL of DMF and
heated at reflux for 24 h, after which 50 mL of water was added and the solution was
extracted with DCM (3 × 20 mL). The combined organic layers were washed first with 1
M NaOH then with a saturated NaCl solution, dried over Na2SO4, filtered and
concentrated to give the phthalimide product as a pale yellow oil (2.10 g, 7.15 mmol,
97% yield) that was used in the next step without further purification. 1H NMR (600
MHz, CDCl3) δ 7.54 (d, 2H), 7.47 (d, 2H), 3.61 (t, 2H), 3.46 (t, 2H), 3.39-3.20 (m, 6H),
3.18 (t, 2H), 3.04 (s, 3H); 13C NMR (151 MHz, CDCl3) δ 167.61, 161.99, 133.53, 131.63,
122.65, 69.99, 69.94, 67.34, 58.37, 36.81, 35.92, 30.81.
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6.8.3 Synthesis

of

2-(2-(2-methoxyethoxy)ethoxy)ethan-1-

amine.

2-(2-(2-Methoxyethoxy)ethoxy)ethan-1-amine was prepared according to literature
procedures.S3 The phthalimide product from the previous step (2.50 g, 8.52 mmol) was
dissolved in 10 mL of methanol. To this solution, hydrazine hydrate (1 mL, 20 mmol, 5060% grade solution) was added and the reaction was heated at reflux for 24 h, after which
100 mL of 1 M NaOH was added and the resulting solution was extracted with DCM (5 x
25 mL). The combined organic layers were dried over Na2SO4, filtered, and concentrated
under reduced pressure to give the amine product as a pale yellow oil (1.30 g, 7.96 mmol,
94% yield). 1H NMR (600 MHz, CDCl3) δ 3.53 (m, 6H), 3.44 (t, 2H), 3.40 (t, 2H), 3.27
(s, 3H), 2.72 (t, 2H);

13

C NMR (151 MHz, CDCl3) δ 72.94, 71.83, 70.48, 70.17, 58.89,

49.70, 41.28.

6.8.4 Synthesis of 350 MW mPEG-4-methylbenzenesulfonate.

Tosylated

mPEG

was

prepared

using

the

same

protocol

as

for

2-(2-(2-

methoxyethoxy)ethoxy)ethyl 4-methylbenzenesulfonate. 350 MW average methoxy-PEG
(4.00 mL, 4.36 g, 12.5 mmol), triethylamine (5.2 mL, 3.8 g, 37 mmol), and DMAP (76

172
mg, 0.62 mmol) were dissolved in 30 mL of DCM and cooled to 0°C. To this solution, a
solution of tosyl chloride (3.73 M in DCM, 10.0 mL, 7.12 g, 37.3 mmol) was added
slowly over 30 min. The reaction was gradually warmed to room temp and stirred for 48
h, after which 50 mL of 1 M HCl was added, and the resulting solution was extracted
with DCM (4 x 20 mL), washed with a saturated solution of sodium bicarbonate, dried
over Na2SO4, and concentrated under reduced pressure to give the crude product as a
light brown oil. Purification by silica gel column chromatography (100% DCM to
remove excess TsCl, followed by 10% MeOH in DCM) gave the pure product as a clear
oil. Characterization data matched that found in literature.S4 1H NMR (600 MHz, CDCl3)
δ 7.72 (d, 2H), 7.28 (d, 2H), 4.08 (t, 2H), 3.63-3.47 (m, 28H), 3.30 (s, 3H); 2.38 (s, 3H).

6.8.5 Synthesis of 350 MW mPEG isoindoline-1,3-dione.

350 MW mPEG isoindoline-1,3-dione was prepared using the same protocol as for 2-(2(2-(2-methoxyethoxy)ethoxy)ethyl)isoindoline-1,3-dione. The tosylated mPEG from the
previous step (2.75 g, 5.10 mmol) and potassium phthalimide (2.01 g, 10.8 mmol) were
dissolved in 35 mL of DMF and heated to 110°C for 48 h, after which 150 mL of
deionized water was added and the resulting solution was extracted with chloroform (3 x
75 mL). The combined organic layers were washed with 2 M NaOH (3x), then with
deionized water (5x), then dried over Na2SO4, filtered, and concentrated to give the

173
product as a clear oil (1.55 g, 3.07 mmol, 60% yield). Characterization data matched that
found in literature.S5 1H NMR (400 MHz, CDCl3) δ 7.75 (d, 2H), 7.64 (d, 2H), 3.81 (t,
2H), 3.65 (t, 2H), 3.55-3.40 (m, 26H), 3.29 (s, 3H).

6.8.6 Synthesis of 350 MW mPEG-1-amine.

350 MW mPEG-1-amine was prepared using the same procedure as for 2-(2-(2methoxyethoxy)ethoxy)ethan-1-amine. The phthalimide-mPEG from the previous step
(1.60 g, 3.11 mmol) was dissolved in 35 mL of absolute ethanol. To this solution,
hydrazine (0.40 mL, 9.3 mmol, 98% grade solution) was added and the reaction was
heated to reflux for 24 h, after which 100 mL of 1 M NaOH was added and the resulting
solution was extracted with DCM (5 x 50 mL). The combined organic layers were dried
over Na2SO4, filtered, and concentrated under reduced pressure to give the product as a
pale yellow oil (1.17 g, 3.05 mmol, 98% yield). Characterization data matched that found
in literature.S6 1H NMR (400 MHz, CDCl3) δ 3.60-3.54 (m, 26H), 3.47-3.43 (m, 4H),
3.28 (s, 3H), 2.65 (br s, 2H); 13C NMR (151 MHz, CDCl3) δ 72.68, 72.53, 72.48, 71.84,
70.47, 70.46, 70.44, 70.41, 70.18, 70.15, 70.04, 61.35, 58.92, 41.45.
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6.8.7 Synthesis

of

N,N’-Di-[10-(3,6,9-trioxadecyl)]perylene-

3,4,9,10-bis(dicarboximide).

2-(2-(2-Methoxyethoxy)ethoxy)ethan-1-amine (0.430 g, 2.63 mmol), PTCDA (0.450 g,
1.14 mmol), and zinc acetate (0.280 g, 1.50 mmol) were dissolved in 15 mL of pyridine
and heated at reflux for 18 h. After cooling to room temp, the solvent was removed under
reduced pressure and the resulting dark purple sticky solid was re-dissolved in ca. 3 mL
of DCM. To this was added excess hexanes, which gave a fluffy precipitate that was
filtered and rinsed with hexanes and acetone. The resulting solid was dissolved in
chloroform, and the remaining insoluble PTCDA starting material was removed by
filtration. The filtrate was concentrated under reduced pressure to give the pure product
as a deep purple-pink solid (0.567 g, 0.832 mmol, 73% yield). Characterization data
matched that found in the literature.S7 1H NMR (500 MHz, CDCl3) δ 8.50 (d, 4H), 8.33
(d, 4H), 4.46 (t, 4H), 3.88 (t, 4H), 3.76 (t, 4H), 3.67 (t, 4H), 3.62 (t, 4H), 3.49 (t, 4H),
3.32 (s, 6H);

13

C NMR (151 MHz, CDCl3) δ 163.39, 134.42, 129.31, 126.21, 123.30,
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123.09, 72.12, 70.89, 70.74, 70.36, 68.13, 59.21, 39.55. ESI-LCMS calc’d for
C38H38N2O10 682.25; found 705.01 [M + Na+].

6.8.8 Synthesis of N,N’-Di-mPEG-perylene-3,4,9,10-bis
(dicarboximide).

350 MW mPEG-1-amine (0.50 g, 1.3 mmol), PTCDA (220 mg, 0.57 mmol), and zinc
acetate (140 mg, 0.75 mmol) were dissolved in 5 mL of pyridine and heated at reflux for
20 h. After cooling to room temp, the solvent was removed under reduced pressure and
the resulting solid was re-dissolved in ca. 3 mL of DCM. To this was added excess
hexanes, which gave a precipitate that was filtered and rinsed with hexanes. The resulting
solid was dissolved in ca. 3 mL of DCM, added drop wise to a large excess of diethyl
ether, giving a fluffy purple precipitate, which was left at 0°C for 12 h before being
vacuum filtered to give the pure product as a dark purple solid (511 mg, 0.485 mmol,
85% yield). Characterization data was compared to that for a very similar long-chainPEG perylene diimide in the literature.S8 1H NMR (400 MHz, CDCl3) δ 8.42 (br d, 4H),
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8.28 (br d, 4H), 4.43 (t, 4H), 3.86 (t, 4H), 3.73 (t, 4H), 3.68-3.56 (m, 56H), 3.53 (t, 4H),
3.36 (s, 6H).

13

C NMR (151 MHz, CDCl3) δ 163.58, 134.80, 129.56, 125.06, 123.42,

123.34, 72.14, 70.83, 70.77, 70.34, 68.11, 59.23, 41.56, 39.55 (multiple and overlapping
peaks corresponding to the same type of carbon were observed due to the products being
a mixture of various mPEG lengths, most of which were n=7 or n=8).

6.9 Supplementary Figures

Figure S1. CV in DMSO containing 0.1 M [(n-Bu)4N]ClO4 as a supporting
electrolyte at 298 K at a glassy carbon working electrode and platinum wire as quasi
reference electrode
(Scan rate: 50 mV/s): 10 mM of PEG8−PDI in DMSO under N2.
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Figure S2. UV-vis spectra of PEG8−PDI in DMSO.

Figure S3. CVs in DMSO containing 0.1 M [(n-Bu)4N]ClO4 as a supporting
electrolyte at 298 K at a GC working electrode and platinum wire as a quasireference electrode at a scan rate of 100 mV/s. KO2 in DMSO under N2 (red) and
after bubbling the solution with N2 for 6 h (blue).
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Figure S4. Optical spectra of PEG8−PDI under H2O2 and HClO4 treatment in
DMSO, indicating no reaction.
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KO2

PEG8-PDI

H2O2

PEG8-PDI

•─

PEG-PDI-OH

Figure S5. Optical spectra of PEG8−PDI•─ (blue trace) under H2O2 treatment in
DMSO.
Comparison of the final product in gray with PEG8−PDI (black dotted trace) and
PEG8−PDI─OH─ (red trace).
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PEG8−PDI•─

exp. data @ 295K
simulation

3310

3315

3320

3325

3330

Gauss
Simulation parameters: g = 2.0019
1) Ring protons (8): -1.20G/-0.17G
2) Sidechain α protons (4): 0.6G/0.08G
3) Nitrogen atoms (2): 0.04G/-0.056G
4) Linewidth: 0.23G
Figure S6. EPR spectrum of [PEG8−PDI•¯, K+] in DMF at 295 K. Experimental in
black and simulated in red.
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exp. data @ 260K
simulation

3310

3315

3320

3325

3330

Gauss
Simulation parameters: g = 2.00185
1) Ring protons (8): -1.20G/-0.17G
2) Sidechain α protons (4): 0.52G/0.07G
3) Nitrogen atoms (2): 0.15G/-0.21G
4) Linewidth: 0.23G
Figure S7. EPR spectrum of [PEG8−PDI•¯, K+] in DMF at 260 K.
Experimental in black and simulated in red.
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Figure S8. Temperature dependence of the EPR intensity (IEPR) of the PEG8−PDI•¯
in DMF.

Figure S9. Asymmetric unit of PEG3−PDI•− anion drawn at 50% ellipsoidal
probability level.
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6.9.1 Description of the disorder refinement in crystal
structure of the PEG3−PDI•− anion.
In the process of structure refinement of PEG3−PDI•− anion, it was found that the O(4),
C(22), C(23), O(5) and C(24) atoms (Figure S9) of PEG3 group have enlarged
displacement ellipsoids. That was attributed to the conformational disorder of the PEG3
group near the atom C(21). We refined the occupations of the two positions of atoms
O(4), C(22), C(23), O(5), C(24) and O(4’), C(22’), C(23’), O(5’), C(24’) corresponding
to two different PEG3-group conformations. Two positions of the PEG3-group were
successfully modeled; they were refined with the help of similarity restrains on C-C
(1.510(1)Å) and C-O (1.430(1)Å) bond length and displacement parameters, as well as
equal restraints for anisotropic displacement parameters of the disordered atoms. After
that the hydrogen atoms were added to the calculated positions of the disordered carbons
and refined as a rigid model. The relative occupancies for the disordered components
were refined freely, while constraining the total occupancy of all components to unity. As
a result of the refinement we obtained relative occupancies equal to 73.7% and 26.3% for
these two positions.

6.9.2 Additional

details

of

structure

refinement

and

justification for publishing.
At the end of the structure refinement, the [PEG3−PDI•− Cp2Co+] crystal analysis
produced quite elevated R-factors values (Table S1). In addition, there a 2.07 eÅ-3 peak in
the Fourier difference density map was found. This peak is located ~2.4 Å from the Coatom and probably cannot be an atom. This effect is probably due to the twinning of the
crystal. However, when we calculated a TWIN matrix for this crystal using ROTAXS10
software and applied it in this refinement, no significant improvements of the structural
parameters were observed. Even with the limited data, the publication of this structure in
its current state was justified due to the very complex procedure of crystallizing this
material. Hence, we cannot provide a detailed molecular geometry of this material;
however, the result of this experiment can be used to present the qualitative structure of
this material and compare it with structures of other complexes.
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6.10

Supplementary Tables

Table S1. Selected crystal data and details on the structure determination from the
single crystal data for [PEG3−PDI•− Cp2Co+]
compound

[PEG3−PDI•− Cp2Co+]

formula

C48H48CoN2O10

crystal color

dark-green

MW [g·mol-1]

871.81

crystal system

monoclinic

space group

C 2/c

a [Å]

28.11(3)

b [Å]

17.578(16)

c [Å]

8.427(8)

β [deg]

102.328(11)

V [Å3]

4069(6)

T [K]

173(2)

Z

4

Dcalc [g·cm-3]

1.423

µ [mm-1]

0.487

θmax [deg]

26.00

measured reflections

6433

unique reflections

3800

reflections [I> 2σ(I0)]

1488
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parameters

270

restrains

18

Rint

0.0960

R1 [I> 2σ(I0)]

0.1252

wR2 [all data]

0.3149

GOF

1.006

Δρmax/Δρmin [e·Å-3]

2.07/-0.41
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7 Further Studies of Perylene Diimides and
Naphthalene Diimides
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7.1 Introduction
As presented in the previous chapter, it was shown that perylene diimides mimic
the activity of the enzyme superoxide dismutase (SOD) and of HCCs and GQDs by
catalyzing the conversion of superoxide (SO) into oxygen and hydrogen peroxide (Figure
32). This reaction proceeds through radical anion and di-anion PDI intermediates and can
be followed spectroscopically by UV-Vis and by EPR observation of the radical species.1
While the turnover number of PEG-PDI for this reaction (133 s-1) is over 1000x less than
that of the HCCs and GQDs, the PDIs still serve as suitable model systems to study the
antioxidant activity and mechanism of our carbon nanomaterials.

2 O2 + 2H+

PEG-PDI

O2 + H 2O2

Figure 32. Conversion of SO to oxygen and hydrogen peroxide by PEG-PDI. Figure
adapted from reference 1.
In addition to perylene compounds, other small molecules were also proposed as
models of the HCCs and GQDs, including naphthalene diimides, coronenes, quinones,
and carbon-centered radical species (Figure 6). These different classes of small molecules
were chosen to represent the various structural characteristics of PEG-HCCs, which
possess a high degree of oxidation, an intrinsic radical, and a highly conjugated electrondeficient graphitic core. This work focuses on the polyaromatic/graphitic domain models
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like PDIs and NDIs, which were chosen first due to their known electronic properties2
and ease of synthesis.3
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Figure 33. Small molecule model systems of the different structural motifs present
on PEG-HCCs and PEG-GQDs

7.2 Perylene Diimides
Perylene diimides (PDIs) have been widely studied for many applications due to
their high photo-, electrochemical, and chemical stability as well as their ability to act as
electron acceptors and donors.4 The first use of PDIs was as textile and vat dyes, and they
are also used as high performance pigments.3 As dyes, PDIs have brilliant colors, strong
fluorescence, high quantum yields, and strong absorption, so they have also been
explored in the fields of photovoltaics,5 organic light emitting diodes,6 and photonics.7
Electrochemically, PDIs are electron deficient and exhibit two reversible oneelectron reductions.2 PDIs were especially appealing for our applications as antioxidants
and models of HCCs/GQDs because their reduction potentials occur in the same range as
HCCs and as the oxygen/superoxide couple.1 PDIs were also good candidates for our use
because they can be synthesized in only a few steps. The precursor to PDIs is perylene3,4,9,10-tetracarboxylic dianhydride (PTCDA), which is commercially available and
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inexpensive. Condensation of PTCDA with a primary amine gives the resulting PDI. The
structure of PTCDA with position numbering and the general structure of an unmodified
PDI are shown in Figure 34. The numbered positions correspond to what are called the
“bay” positions, and these sites can be modified with either electron withdrawing groups
(EWGs) or electron donating groups (EDGs) to adjust the electronic and optical
properties of the PDIs. On the other hand, modifications at the imide positions (where the
R-groups are shown in Figure 34), have no significant effects on optical or
electrochemical characteristics.
O

O

O

2

5

1

6

12

7

11

8

O

O

O

PTCDA
(perylene tetracarboxylic
acid dianhydride)

O

O

R
N

N
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O

O

PDI
(perylene diimide)

Figure 34. Structure of PTCDA with numbered positions and the general structure
of a PDI.
Because bay-position substituent changes can affect the electrical properties of
PDIs, it was proposed in our work that incorporating EWGs or EDGs could give PDIs
improved antioxidant properties with respect to superoxide reactivity. Naphthalene
diimides, as depicted in Figure 33, are structurally very similar to PDIs with nearly
identical electrochemical properties and are synthesized via analogous procedures as
PDIs, so NDIs were also proposed as simple analogues of HCCs and GQDs. The general
structures of various PDIs and NDIs proposed for this work as models of carbon
nanomaterials are shown in Figure 35. The aromatic cores of PDIs and NDIs can be
modified with EWGs such as nitro, bromo, chloro, fluoro, trifluoromethyl, and sulfonyl,
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thereby rendering the molecules more electrophilic, and more likely to be reduced upon
reaction with superoxide, as well as less likely to be oxidatively metabolized by
metabolic enzymes.8 On the other hand, the PDIs and NDIs can be made more electron
rich by modification with EDGs such as ethers, thioethers, and amines.
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work as analogues of HCCs and GQDs.
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Additionally, groups on the core can be used to twist the molecules out of
planarity9 and potentially prevent enzymatic oxidation into toxic metabolites. Non-planar
structures could also prevent or decrease DNA and/or protein intercalation and binding.
The group of Klaus Müllen reported the synthesis of non-toxic, water soluble, corefunctionalized perylene diimides for use as biological dyes.10 The structures of two of the
dyes reported in that paper are shown in Figure 36. It was found that the dyes were stable
for long periods of time inside cells and that the cells continued to proliferate, showing
that the dyes were not metabolized by cells nor did they harm the cells. They attributed
these results to the fact that the PDIs were tetra-substituted at their cores, and this caused
the molecules to twist out of planarity.
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7.3 Synthesis of PDIs and NDIs
To mimic the PEG-HCCs, the first diimides synthesized in this work featured
poly(ethylene glycol) (PEG) chains at the nitrogen imide positions. The syntheses of
these PEG-NDIs and PEG-PDIs used in this work are shown in Scheme 11. Short length
amine-terminated PEG is not commercially available, so it was synthesized starting from
various lengths of methoxy PEG (n=3 or n=8/average MW 350 g/mol) via tosylation
followed by Gabriel amine synthesis. The resulting amino-PEG was then reacted with
naphthalene tetracarboxylic acid dianhydride (NTCDA) or PTCDA in pyridine with zinc
diacetate to give the final PEG-NDI and PEG-PDI; the PEG-NDI and PEG-PDI with n=3
PEG chains are minimally water soluble while the PEG-NDI and PEG-PDI with n=8
PEG chains are moderately water soluble. Completely water soluble PEG-PDIs and PEGNDIs were synthesized in the same manner using much longer PEG; commercially
available amino-PEGs with average molecular weight of 550 g/mol, 1000 g/mol, and
5000 g/mol were used to make completely water soluble PEG-PDIs and PEG-NDIs.
Before bay-position-modified PDIs were synthesized, the above PEG-PDIs and PEGNDIs were characterized electrochemically and with respect to radical reactivity to assess
their antioxidant capabilities.
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7.4 Electrochemistry of PEG-PDIs and PEG-NDIs
The reduction potentials of PEG-PDI as measured by CV are shown in Figure 37
and the CV of PEG-NDI is shown in Figure 38. The observed reduction potentials of our
PEGylated derivatives of PDI and NDI are in agreement with the many previously
reported redox properties of PDIs and NDIs in the literature.11 As expected, both the PDI
and NDI exhibit two reversible reduction potentials; for PEG-PDI, E1 = -0.88 V and
E2 = -1.12 V in DMSO vs. Fc/Fc+ and for PEG-NDI, E1 = -0.60 V and E2 = -1.10 V in
DMSO vs. Fc/Fc+. Both sets of redox potentials of PEG-PDI and PEG-NDI are more
positive than the redox peak of superoxide O2• ̶ (E = −1.25 V versus Fc/Fc+ in DMSO).12
This indicates that the single-electron oxidations of O2• ̶ to O2 by both PEG−PDI and the
intermediate PEG−PDI• ̶ (and the analogous forms of PEG-NDI) are thermodynamically
favorable and exothermic processes.1 For direct comparison with HCCs, the CV of PEGPDI and HCCs in an aqueous medium (PBS buffer) is shown in Figure 39. While the
PEG-PDI peak is not as broad as that of HCCs, there is good general overlap.
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Figure 37. CV in DMSO of PEG-PDI containing 0.1 M [(n-Bu)4N]ClO4 as a
supporting electrolyte at 298 K at a glassy carbon working electrode and platinum
wire as quasi reference electrode (scan rate: 100 mV/s).

Figure 38. CV in DMSO of PEG-NDI containing 0.1 M [(n-Bu)4N]ClO4 as a
supporting electrolyte at 298 K at a glassy carbon working electrode and platinum
wire as quasi reference electrode (scan rate: 100 mV/s).
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Figure 39. CV of PEG-PDI (solid line) and HCCs (dashed line) in PBS (pH 7.4) on a
bare glassy carbon working electrode (scan rate: 100 mV/s).

7.5 Reactivity of PDIs and NDIs with Superoxide Radicals
As discussed in the previous chapter, optical spectral changes upon the addition of
O2• ̶ to the solution of PEG8−PDI were monitored under inert atmosphere to follow the
reaction with superoxide. A summary of these findings is shown in Figure 40. The left
panel of Figure 40 shows the optical spectrum of PEG8−PDI in DMSO with the major
band at λ = 525 nm. Upon addition of KO2 in small increments (up to 0.0114 mM), the
solution of PEG8−PDI exhibited a gradual change in color from red to greenish-blue,
which corresponds to the formation of the one-electron reduced PEG8−PDI• ̶ , with the
major band at λ = 710 nm. The gradual addition of another equivalent of KO2 resulted in
the further change in absorbance of PEG8−PDI• ̶ to a purple color, with the major band at
λ = 568 nm, which corresponds to the two-electron reduced PEG8−PDI2 ̶. These optical
observations provided evidence that oxidation of O2• ̶ to O2 in DMSO can be achieved by
both PEG8−PDI and PEG8−PDI• ̶ through the consecutive single electron-transfer
mechanisms, according to the equation under the left panel in Figure 40.
To examine the SOD-like activity of PEG8-PDI and the potential reversibility of
the above reactions, we performed additional experiments to determine the reactivity of
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PEG8-PDI• ̶ and PEG8−PDI2− with O2• ̶ in the presence of protons (HClO4) in the aprotic
environment of DMSO, as shown in the right panel of Figure 40. Both PEG8-PDI• ̶ and
PEG8−PDI2− served as reductants of O2• ̶ to H2O2 in the presence of 2 equivalents of H+,
thus demonstrating that PEG-PDI mimics the full catalytic cycle of SOD and
HCCs/GQDs (right panel equations in Figure 40).

Figure 40. Optical spectral changes show PEG-PDI’s catalytic SOD-like activity
with superoxide (SO) in DMSO. Oxidation of SO shown in the left panel; reduction
of SO in the presence of protons shown in the right panel. Spectra reproduced from
reference 1.
PEG−PDI• ̶ and PEG−NDI• ̶ as reaction intermediates were also characterized by
EPR spectroscopy. The radical anion species PEG−PDI• ̶ and PEG−NDI• ̶ were generated
using stoichiometric (1:1) amounts of KO2 as a reductant under inert atmosphere, and
they showed EPR spectra with hyperfine splitting caused by the nitrogens and protons;
observed spectra agreed with simulations.1 The structure and EPR spectrum of
PEG−NDI• ̶ is shown in Figure 41a, and the structure and spectrum of PEG−PDI• ̶ is
shown in Figure 41b.
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Figure 41. EPR spectra of PEG-NDI• ̶ (a) and PEG-PDI• ̶ (b) radical anions
generated by reaction with superoxide.

7.6 In vitro testing of NDIs and PDIs with T-cells.
Based on the results above showing that PEG-PDI and PEG-NDI are capable of
reacting with superoxide and have potential catalytic SOD-like activity, we tested PEGPDI and PEG-NDI in in vitro studied with T cells. As discussed earlier in this thesis and
in our published work, we have demonstrated that PEG-HCCs act as immunomodulators
that inhibit T cell proliferation and have promising results in a rat model of MS.13 T cells
are a type of lymphocyte crucial to the function of the immune system.14 However, in
autoimmune diseases like rheumatoid arthritis and multiple sclerosis, T-cells undergo
abnormal activation against the patient’s own body.15 A pathway in T-cell proliferation
that is dependent on superoxide has been discovered,16 so we therefore hypothesized that
the proliferation of T-cells could be modulated by antioxidants that quench superoxide,
and this was demonstrated successfully using PEG-HCCs.13 The PEG-PDI and PEGNDIs shown in Figure 42 were tested in T cell proliferation assays. These experiments
demonstrated that all three diimides exhibited an inhibitory effect on T-cell proliferation,
and as expected, this effect has also been observed with PEG-HCCs.13 The results are
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shown in Figure 42, where T-cell proliferation was measured as the incorporation of
radiolabeled thymidine into stimulated rat splenocytes.

Figure 42. T cell proliferation studies with PEG-PDI and PEG-NDIs. Primary rat
splenocytes were treated with drug and stimulated with T-cell mitogen.
Proliferation was measured via [3H]thymidine incorporation. Concentrations based
on mass of active aromatic core.
This data warrants further investigation into the specificity and the mechanism of
action of the diimides and PEG-HCCs in T-cells; it is almost certain that these small
molecules have much different mechanisms of action and interactions with cells as
compared to large nanoparticles like PEG-HCCs.
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7.7 Ames test for mutagenicity.
The perylene and naphthalene diimides synthesized above are electron deficient
polyaromatic hydrocarbons (PAHs). Various PAHs have been found to be toxic and/or
mutagenic,17 so it is important to determine if these PEG-PDIs and PEG-NDIs are
mutagens. The mutagenicity of a compound can be assessed in the Ames test by its
ability to cause a mutation in the his gene of his(-) Salmonella typhimurium. A mutagenic
compound will allow some colonies to mutate to his(+), which can be observed as the
spread of colonies in a histidine-poor medium that the non-mutated his(-) colonies cannot
grow on.18 The Ames test was run on PTCDA, NTCDA, PEG-NDI, and PEG-PDI;
deionized water was used as a negative control and 4-nitro-o-phenylenediamine, a known
mutagen, as the positive control. None of the tested compounds except the positive
control showed mutagenic properties by the Ames test – no colony growth was observed
over a 48 hour period. This suggested that the electron-poor PEG-PDI and PEG-NDI
might not be as genotoxic as more widely studied PAHs like anthracene and the
benzopyrenes. It has previously been found by many studies on PAHs that their toxicity
in vivo can also stem from oxidized metabolites, especially epoxidized metabolites that
can cause damage to DNA or proteins by alkylation.19 Being electron-poor could possibly
prevent or slow down the oxidative metabolism of the PDIs and NDIs, since epoxidation
or hydroxylation of electron-poor aromatic rings is much slower than that of electron-rich
systems.8 Further Ames assays in the presence of metabolic enzymes would provide more
insight into these details. The detailed protocol for the Ames test and photos of the
positive control plate colonies (Supplementary Figure 3) can be found in the
Experimental Methods section.

7.8 Structural Modifications to PDIs
To assess the effects of structural changes on the electronic and antioxidant
properties of PDIs, substitutions at the bay positions (shown in Figure 34) were explored.
As discussed previously, these sites can be modified with either electron withdrawing
groups (EWGs) or electron donating groups (EDGs) to adjust the electronic and optical
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properties of the PDIs. Examples of literature-published PDIs modified with EDGs and
the corresponding first reduction potentials are shown in Figure 43.11 PDIs modified with
EWGs and their corresponding first reduction potentials are shown in Figure 44.11 For
our purposes, the EDG-PDIs are not relevant because these modifications push the redox
potentials in the wrong direction with respect to those of superoxide. In order to improve
the antioxidant abilities of the PDIs, adjusting the redox potentials to be more positive
(closer to 0 V) will lead to better reactivity with SO by making the PDIs more positive
than the redox peak of superoxide O2• ̶ (E = −1.25 V versus Fc/Fc+ in DMSO).12
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Thus, the PDIs synthesized in this work incorporated EWGs. The first PDIs
synthesized containing EWGs at bay positions were brominated and chlorinated PEGPDIs, the syntheses of which are shown in Scheme 12 and Scheme 13. Dibromo PDIs
and tetrachloro PDIs were synthesized easily from commercially available brominated
and chlorinated PTCDA derivatives. Condensation with long-chain amino-PEG (550
g/mol or 1000 g/mol average MW) afforded water-soluble halogenated PEG-PDIs as
shown in Scheme 12 and Scheme 13.
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The halogenated PEG-PDIs were analyzed by UV-Vis and CV to gauge the
effects that bromo- or chloro- substitution had on the optical and electrochemical
properties. As expected, modification with electron withdrawing halogen atoms lead to a
slight decrease absorption wavelength4,20 and a notable positive shift in the reduction
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potentials. The UV traces of the brominated and chlorinated PEG-PDIs are shown in
Figure 45. For comparison, the UV-Vis trace of unmodified PEG-PDI is shown in Figure
46. The CV data in DCM vs. Ag/AgCl for halogenated PDIs is shown in Figure 47. As
expected, the halogenated PDIs exhibited a positive shift in redox potential compared to
the original PEG-PDI (Figure 48).

Figure 45. UV-Vis traces of dibromo PEG-PDI (left) and tetrachloro PEG-PDI
(right)

Figure 46. UV-Vis trace of unmodified PEG-PDI
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Figure 47. CV curve of halogenated PDIs. Dibromo PEG-PDI (left) showed
potentials of E1 = -0.30 V and E2 = -0.49 V. Tetrachloro PEG-PDI (right) showed
potentials of E1 = -0.28 V and E2 = -0.47 V. Potentials measured vs. Ag/AgCl in
DCM.

Figure 48. CV of PEG-PDI in DCM vs. Ag/AgCl. E1 = -0.41 V and E2 = -0.57 V
Next, PDIs modified with strongly withdrawing groups were synthesized. As
depicted in Figure 44, nitro-modified PDIs have the most positive reduction potentials.
Thus, nitrated PDIs were synthesized as shown in Scheme 14. Synthesis of nitrated
neopentyl-PDIs using fuming HNO3 and CAN. First, a non-reactive and soluble PDI was
synthesized with a neopentyl group at the imide positions. Nitration was accomplished
with fuming nitric acid and cerium ammonium nitrate (CAN) in chloroform at room
temperature. This resulted in a mixture of three nitrated products, which were easily
separated by preparative TLC (Figure 49). NMR analysis confirmed the identity and
purity of each fraction, and pure mono-, di-, and tri-nitro PDIs were isolated. Initially, it
was planned to convert these organic-soluble nitro PDIs into water-soluble versions by
saponification of the imide groups and replacement with long PEG chains. However, the
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saponification step proved impossible in the presence of nitro groups, so the use of a
different imide substituent was explored.
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Figure 49. TLC separation of the three nitrated products synthesized in Scheme 14.
The next nitrated PDI analogue synthesized was done using β-alanine groups at
the imide positions of a PDI. Nitration was again achieved using fuming nitric acid as
shown in Scheme 15. Interestingly, this only ever resulted in one nitrated PDI product,
namely the tri-nitro PDI (with two trinitro isomers). Mono- or di-nitro PDIs were never
detected or isolated. The two tri-nitro PDI isomers, however, were easily separated by
prep TLC. Only the most nonpolar spot (top) was isolated a pure fraction, as reflected in
the NMR spectra of the mixture obtained off a standard column vs. the top TLC fraction
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(Figure 51). This trinitro PDI was analyzed by CV (Figure 50), and its first reduction
potential was shifted in the positive direction so far as to be more positive than 0 V.
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Scheme 15. Synthesis of β-alanine PDI and the corresponding trinitro PDIs.

Figure 50. CV of trinitro β-alanine-PDI in DCM vs. Ag/AgCl. E1 = +0.08 V and
E2 = -0.23 V
Future work on the EWG-modified PDIs includes EPR and superoxide reactivity
studies. Synthesis of other PDIs modified with EWGs are also planned or underway, as
shown in Scheme 16. Understanding the consequences of these modification will give
insight into the structural features required for polyaromatic systems, including
nanomaterials, to possess efficient antioxidant activity.
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Figure 51. TLC purification (top left) of trinitro β-alanine-PDIs. Structure of
trinitro-PDI isolated from top fraction (top right). NMR analysis of mixture of
trinitro isomers (top spectrum) vs. purified top fraction from prep TLC (bottom
spectrum).
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In conclusion, polyaromatic small molecule analogues of HCCs and GQDs have
been synthesized in order to explore the mechanism of antioxidant activity of these
carbon nanomaterials. Specifically, a variety of perylene and naphthalene diimides have
been synthesized and studied in cell-free systems and in vitro. Promising initial results
with these small molecules warrant further investigation into their antioxidant activity
and mode of action.

7.9 Experimental Methods
7.9.1 Synthesis of PDIs and NDIs
7.9.1.1 Synthesis of 2-(2-(2-methoxyethoxy)ethoxy)ethyl 4-methylbenzene
sulfonate.

2-(2-(2-Methoxyethoxy)ethoxy)ethyl 4-methylbenzenesulfonate was prepared
according to literature procedures.S1 Triethyleneglycol monomethyl ether (4.80 mL, 5.03
g, 30.6 mmol), triethylamine (6.40 mL, 4.64 g, 45.9 mmol), and DMAP (39 mg, 0.32
mmol) were dissolved in 70 mL of DCM at 0 °C. To this, a solution of tosyl chloride
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(2.0 M in DCM, 30.0 mL, 11.7 g, 61.2 mmol) was added over a 45 min period via an
addition funnel. The reaction was allowed to warm to room temp over 24 h, after which
75 mL of 1 M HCl was added. The solution was extracted with DCM (4 × 30 mL),
washed with a saturated sodium bicarbonate solution, dried over Na2SO4, filtered, and
concentrated under reduced pressure to give the crude product as a yellow oil.
Purification by silica gel chromatography (100% DCM to remove excess TsCl, followed
by 5% MeOH in DCM) gave the pure product as a clear oil (9.11 g, 28.6 mmol, 93%
yield). 1H NMR (400 MHz, CDCl3) δ 7.80 (d, 2H), 7.37 (d, 2H), 4.18 (t, 2H), 3.70 (t,
2H), 3.60 (m, 6H), 3.54 (t, 2H), 3.38 (s, 3H); 2.46 (s, 3H); 13C NMR (101 MHz, CDCl3) δ
144.76, 132.91, 129.78. 127.84, 71.78, 70.58, 70.40, 69.24, 68.53, 58.86, 21.50.

7.9.1.2 Synthesis of 2-(2-(2-(2-methoxyethoxy)ethoxy)ethyl) isoindoline1,3-dione.

2-(2-(2-(2-Methoxyethoxy)ethoxy)ethyl)isoindoline-1,3-dione
according to literature procedures.

S2

was

prepared

The tosylate product from the previous step (2.36 g,

7.41 mmol) and potassium phthalimide (2.75 g, 14.8 mmol) were dissolved in 45 mL of
DMF and heated at reflux for 24 h, after which 50 mL of water was added and the
solution was extracted with DCM (3 × 20 mL). The combined organic layers were
washed first with 1 M NaOH then with a saturated NaCl solution, dried over Na2SO4,
filtered and concentrated to give the phthalimide product as a pale yellow oil (2.10 g,
7.15 mmol, 97% yield) that was used in the next step without further purification. 1H
NMR (600 MHz, CDCl3) δ 7.54 (d, 2H), 7.47 (d, 2H), 3.61 (t, 2H), 3.46 (t, 2H), 3.393.20 (m, 6H), 3.18 (t, 2H), 3.04 (s, 3H); 13C NMR (151 MHz, CDCl3) δ 167.61, 161.99,
133.53, 131.63, 122.65, 69.99, 69.94, 67.34, 58.37, 36.81, 35.92, 30.81.
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7.9.1.3 Synthesis of 2-(2-(2-methoxyethoxy)ethoxy)ethan-1-amine.

2-(2-(2-Methoxyethoxy)ethoxy)ethan-1-amine

was

prepared

according

to

literature procedures.S3 The phthalimide product from the previous step (2.50 g, 8.52
mmol) was dissolved in 10 mL of methanol. To this solution, hydrazine hydrate (1 mL,
20 mmol, 50-60% grade solution) was added and the reaction was heated at reflux for 24
h, after which 100 mL of 1 M NaOH was added and the resulting solution was extracted
with DCM (5 x 25 mL). The combined organic layers were dried over Na2SO4, filtered,
and concentrated under reduced pressure to give the amine product as a pale yellow oil
(1.30 g, 7.96 mmol, 94% yield). 1H NMR (600 MHz, CDCl3) δ 3.53 (m, 6H), 3.44 (t,
2H), 3.40 (t, 2H), 3.27 (s, 3H), 2.72 (t, 2H); 13C NMR (151 MHz, CDCl3) δ 72.94, 71.83,
70.48, 70.17, 58.89, 49.70, 41.28.

7.9.1.4 Synthesis of 350 MW mPEG-4-methylbenzenesulfonate.

Tosylated mPEG was prepared using the same protocol as for 2-(2-(2methoxyethoxy)ethoxy)ethyl 4-methylbenzenesulfonate. 350 MW average methoxy-PEG
(4.00 mL, 4.36 g, 12.5 mmol), triethylamine (5.2 mL, 3.8 g, 37 mmol), and DMAP (76
mg, 0.62 mmol) were dissolved in 30 mL of DCM and cooled to 0°C. To this solution, a
solution of tosyl chloride (3.73 M in DCM, 10.0 mL, 7.12 g, 37.3 mmol) was added
slowly over 30 min. The reaction was gradually warmed to room temp and stirred for 48
h, after which 50 mL of 1 M HCl was added, and the resulting solution was extracted
with DCM (4 x 20 mL), washed with a saturated solution of sodium bicarbonate, dried
over Na2SO4, and concentrated under reduced pressure to give the crude product as a
light brown oil. Purification by silica gel column chromatography (100% DCM to
remove excess TsCl, followed by 10% MeOH in DCM) gave the pure product as a clear
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oil. Characterization data matched that found in literature.S4 1H NMR (600 MHz, CDCl3)
δ 7.72 (d, 2H), 7.28 (d, 2H), 4.08 (t, 2H), 3.63-3.47 (m, 28H), 3.30 (s, 3H); 2.38 (s, 3H).

7.9.1.5 Synthesis of 350 MW mPEG isoindoline-1,3-dione.

350 MW mPEG isoindoline-1,3-dione was prepared using the same protocol as
for 2-(2-(2-(2-methoxyethoxy)ethoxy)ethyl)isoindoline-1,3-dione. The tosylated mPEG
from the previous step (2.75 g, 5.10 mmol) and potassium phthalimide (2.01 g, 10.8
mmol) were dissolved in 35 mL of DMF and heated to 110°C for 48 h, after which 150
mL of deionized water was added and the resulting solution was extracted with
chloroform (3 x 75 mL). The combined organic layers were washed with 2 M NaOH
(3x), then with deionized water (5x), then dried over Na2SO4, filtered, and concentrated
to give the product as a clear oil (1.55 g, 3.07 mmol, 60% yield). Characterization data
matched that found in literature.S5 1H NMR (400 MHz, CDCl3) δ 7.75 (d, 2H), 7.64 (d,
2H), 3.81 (t, 2H), 3.65 (t, 2H), 3.55-3.40 (m, 26H), 3.29 (s, 3H).

7.9.1.6 Synthesis of 350 MW mPEG-1-amine.

350 MW mPEG-1-amine was prepared using the same procedure as for 2-(2-(2methoxyethoxy)ethoxy)ethan-1-amine. The phthalimide-mPEG from the previous step
(1.60 g, 3.11 mmol) was dissolved in 35 mL of absolute ethanol. To this solution,
hydrazine (0.40 mL, 9.3 mmol, 98% grade solution) was added and the reaction was
heated to reflux for 24 h, after which 100 mL of 1 M NaOH was added and the resulting
solution was extracted with DCM (5 x 50 mL). The combined organic layers were dried
over Na2SO4, filtered, and concentrated under reduced pressure to give the product as a
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pale yellow oil (1.17 g, 3.05 mmol, 98% yield). Characterization data matched that found
in literature.S6 1H NMR (400 MHz, CDCl3) δ 3.60-3.54 (m, 26H), 3.47-3.43 (m, 4H),
3.28 (s, 3H), 2.65 (br s, 2H); 13C NMR (151 MHz, CDCl3) δ 72.68, 72.53, 72.48, 71.84,
70.47, 70.46, 70.44, 70.41, 70.18, 70.15, 70.04, 61.35, 58.92, 41.45.

7.9.1.7 Synthesis

of

N,N’-Di-[10-(3,6,9-trioxadecyl)]perylene-3,4,9,10-

bis(dicarboximide).

2-(2-(2-Methoxyethoxy)ethoxy)ethan-1-amine (0.430 g, 2.63 mmol), PTCDA
(0.450 g, 1.14 mmol), and zinc acetate (0.280 g, 1.50 mmol) were dissolved in 15 mL of
pyridine and heated at reflux for 18 h. After cooling to room temp, the solvent was
removed under reduced pressure and the resulting dark purple sticky solid was redissolved in ca. 3 mL of DCM. To this was added excess hexanes, which gave a fluffy
precipitate that was filtered and rinsed with hexanes and acetone. The resulting solid was
dissolved in chloroform, and the remaining insoluble PTCDA starting material was
removed by filtration. The filtrate was concentrated under reduced pressure to give the
pure product as a deep purple-pink solid (0.567 g, 0.832 mmol, 73% yield).
Characterization data matched that found in the literature.S7 1H NMR (500 MHz, CDCl3)
δ 8.50 (d, 4H), 8.33 (d, 4H), 4.46 (t, 4H), 3.88 (t, 4H), 3.76 (t, 4H), 3.67 (t, 4H), 3.62 (t,
4H), 3.49 (t, 4H), 3.32 (s, 6H); 13C NMR (151 MHz, CDCl3) δ 163.39, 134.42, 129.31,
126.21, 123.30, 123.09, 72.12, 70.89, 70.74, 70.36, 68.13, 59.21, 39.55. ESI-LCMS
calc’d for C38H38N2O10 682.25; found 705.01 [M + Na+].
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7.9.1.8 Synthesis of N,N’-Di-mPEG-perylene-3,4,9,10-bis (dicarboximide).

350 MW mPEG-1-amine (0.50 g, 1.3 mmol), PTCDA (220 mg, 0.57 mmol), and
zinc acetate (140 mg, 0.75 mmol) were dissolved in 5 mL of pyridine and heated at reflux
for 20 h. After cooling to room temp, the solvent was removed under reduced pressure
and the resulting solid was re-dissolved in ca. 3 mL of DCM. To this was added excess
hexanes, which gave a precipitate that was filtered and rinsed with hexanes. The resulting
solid was dissolved in ca. 3 mL of DCM, added drop wise to a large excess of diethyl
ether, giving a fluffy purple precipitate, which was left at 0°C for 12 h before being
vacuum filtered to give the pure product as a dark purple solid (511 mg, 0.485 mmol,
85% yield). Characterization data was compared to that for a very similar long-chainPEG perylene diimide in the literature.S8 1H NMR (400 MHz, CDCl3) δ 8.42 (br d, 4H),
8.28 (br d, 4H), 4.43 (t, 4H), 3.86 (t, 4H), 3.73 (t, 4H), 3.68-3.56 (m, 56H), 3.53 (t, 4H),
3.36 (s, 6H).

13

C NMR (151 MHz, CDCl3) δ 163.58, 134.80, 129.56, 125.06, 123.42,

123.34, 72.14, 70.83, 70.77, 70.34, 68.11, 59.23, 41.56, 39.55 (multiple and overlapping
peaks corresponding to the same type of carbon were observed due to the products being
a mixture of various mPEG lengths, most of which were n=7 or n=8).
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7.9.1.9 Synthesis of PEG-NDI 5000
O

O

O
O

O
O

NH
n 2
(n ≈ 110)

O

n

O

N

O

O

N

O

O

NTCDA
Zn(OAc)2
pyridine
reflux

n
O

NTCDA (6.7 mg, 0.025 mmol), 5000 MW methoxy-PEG (225 mg, 0.0450
mmol), and zinc acetate (5.0 mg, 0.033 mmol) were dissolved in 10 mL pyridine and
heated at reflux for 6 days. After cooling to room temp, excess diethyl ether was added to
precipitate out a fluffy orange powder, which was isolated by vacuum filtration and
rinsed with ether. To remove leftover free PEG, the crude product was dissolved in water,
poured into 5000 MWCO dialysis tubing, and placed in a 2 L beaker of deionized water.
The water was changed every 24 hours for 1 week. The solution remaining in the dialysis
tubing was concentrated under reduced pressure to give PEG-NDI as a sticky amorphous
orange solid. By NMR, only a large PEG peak was seen, and the aromatic peaks could
not be resolved.

7.9.1.10

Synthesis of PEG-PDI 5000
O

O

O

O

O

O

NH
n 2
(n ≈ 110)

O

O

N

O

N

n
O

O

PTCDA
Zn(OAc)2
pyridine
reflux

O
n

O

PTCDA (11 mg, 0.028 mmol), 5000 MW methoxy-PEG (250 mg, 0.050 mmol),
and zinc acetate (9.0 mg, 0.048 mmol) were dissolved in 15 mL pyridine and heated at
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reflux for 24 hours. After cooling to room temp, excess diethyl ether was added to
precipitate out a fluffy purple powder, which was isolated by vacuum filtration and rinsed
with ether. To remove leftover free PEG, the crude product was dissolved in water,
poured into 5000 MWCO dialysis tubing, and placed in a 4 L beaker of deionized water.
The water was changed every 24 hours for 2 weeks. The bright pink solution remaining
in the dialysis tubing was concentrated under reduced pressure to give PEG-PDI as a
flaky bright purple solid. 1H NMR (500 MHz, CDCl3) δ 8.55 (d, 4H), 8.49 (d, 4H), 4.40
(t, 4H), 3.72-3.44 (m, 1800H), 3.31 (s, 6H). The integration of the PEG peak (1800H)
suggested that there is still leftover PEG starting material, or it could be due to a mixture
of diimide products with many different lengths of PEG chains since the 5000 MW PEG
is provided as a distribution of different PEG lengths with an average of 5000 g/mol.

7.9.1.11

Synthesis of tetrachloro PEG-PDI
O

O

O

O
O

Cl
Cl

Cl
Cl

O

O

N

O

NH
n 2

AcOH
NMP

O

n
O

Cl
Cl

Cl
Cl

N

O

O
n

O

Example synthesis using 550 avg. MW PEG; this reaction was also performed with
350 MW, 1000 MW, and 5000 MW PEG, and the only changes to those reactions would
be the size of dialysis tubing used in the purification step.
1,6,7,12-Tetrachloroperylene

tetracarboxylic

acid

dianhydride

(504

mg,

0.949 mmol, 1 eq.) was suspended in 15 mL NMP with 0.40 mL acetic acid (0.42 g, 7.0
mmol, 7.4 eq.). Methoxypolyethylene glycol amine, 550 g/mol average MW (1.50 g, 2.72
mmol, 2.9 eq.) was added and the reaction was heated at 90 °C for 72 h. After cooling to
room temperature, the reaction was diluted into ca. 100 mL deionized water, transferred
into 1000 MWCO cellulose dialysis bags, and placed in continuous aqueous dialysis for
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at least 7 days. The solution was filtered to remove any solids and the filtrate was
concentrated to dryness to give 989 mg of the final tetrachloro PEG-PDI (65% yield). 1H
NMR (500 MHz, CDCl3) δ 8.68 (s, 4H), 8.33 (d, 4H), 4.48 (m, 4H), 3.85 (m, 4H), 3.71
(m, 4H), 3.64 (m, 80H), 3.54 (m, 4H), 3.37 (s, 6H).

7.9.1.12

Synthesis of dibromo PEG-PDI
O

O

O

O

O

O

Br
Br

NH
n 2

N

n
O

Br
Br

AcOH
NMP
O

O

O

O

N

O
n

O

Example synthesis using 550 avg. MW PEG; this reaction was also performed with
350 MW, 1000 MW, and 5000 MW PEG, and the only changes to those reactions would
be the size of dialysis tubing used in the purification step.
1,7-Dibromo-3,4,9,10-tetracarboxylic acid dianhydride (508 mg, 0.923 mmol,
1 eq.) was suspended in 15 mL NMP with 0.40 mL acetic acid (0.42 g, 7.0 mmol,
7.4 eq.). Methoxypolyethylene glycol amine, 550 g/mol average MW (1.45 g, 2.64 mmol,
2.9 eq.) was added and the reaction was heated at 90 °C for 72 h. After cooling to room
temperature, the reaction was diluted into ca. 100 mL deionized water, transferred into
1000 MWCO cellulose dialysis bags, and placed in continuous aqueous dialysis for at
least 7 days. The solution was filtered to remove any solids and the filtrate was
concentrated to dryness to give 1.05 g of the final dibromo PEG-PDI (70% yield). 1H
NMR (500 MHz, CDCl3) δ 9.42 (m, 2H), 8.87 (m, 2H), 8.65 (m, 2H), 4.53 (m, 4H), 3.91
(m, 4H), 3.78 (m, 4H), 3.67 (m, 80H), 3.55 (m, 4H), 3.38 (s, 6H).
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7.9.1.13

Synthesis of neopentyl-PDI

O

O

O

O

N

O

O

N

O

H 2N
imidazole

O

O

O

PTCDA (1.51 g, 3.85 mmol, 1 eq.), neopentyl amine (3.60 mL, 2.68 g, 30.8
mmol, 8 eq.), and imidazole (12.75 g, 187.3 mmol, 49 eq.) were melted at 160 °C for 48
h. After cooling to ca. 40 °C, 250 mL @M HCl was poured into the reaction flask to form
an opaque bright red precipitate that was isolated by vacuum filtration. The solid was
rinsed with excess water until the filtrate was neutral. This solid was then dissolved in
excess DCM and the resulting solution was vacuum filtered to remove the remaining
insoluble PTCDA. The resulting filtrate was evaporated to dryness to give 255 mg of the
final PDI product (12% yield). 1H NMR (500 MHz, CDCl3) δ 8.69 (d, 4H), 8.63 (d, 4H),
4.18 (s, 4H), 1.04 (s, 18H).

7.9.1.14

O

N

Synthesis of nitrated neopentyl-PDIs

O

O

N

O

O

CAN
HNO3
CHCl3

N

O

O2N

N

O

O

N

O

N

O

O2N

NO2

O

O

N

O

N

O

NO2 O2N
O2N

NO2

O

O

O

N

O

NO2

O

N

O

Neopentyl PDI (113 mg, 0.213 mmol, 1 eq.) and cerium ammonium nitrate
(CAN) (0.620 g, 1.13 mmol, 5.3 eq.) were dissolved in 10 mL DCM with vigorous
stirring. Fuming nitric acid (0.35 mL, 0.53 g, 8.4 mmol, 39 eq.) was added drop wise in
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0.50 mL aliquots over a period of 1 h. After the last addition, the reaction was stirred for
48 h, after which it was quenched with ca. 20 mL 1M NaOH and poured into 50 mL
DCM. This solution was vacuum filtered, and the filtrate was extracted with DCM, dried
over MgSO4, filtered and concentrated to dryness. The resulting material was purified by
prep TLC using 100% DCM as eluent (see Figure 49) to give pure fractions of mononitro PDI (8.0 mg), di-nitro PDI (13 mg), and tri-nitro PDI (12 mg), for an overall yield
of 33 mg (25% yield). See NMR spectra in Supplementary Figure 2.

Supplementary Figure 2. NMR spectra of mono-, di-, and tri-nitro neopentyl PDIs.
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7.9.1.15

Synthesis of β-alanine-PDI
CO2H

O

O

O

H 2N

O

N

O

O

N

O

CO2H

imidazole

O

O

O

CO2H

PTCDA (2.05 g, 5.23 mmol) and β-alanine (1.84 g, 20.7 mmol) were heated in
imidazole (26.1 g, 383 mmol) at 120 °C for 36 hours. After cooling to around 90 °C,
100 mL of 100% EtOH and 500 mL 2M HCl were added. The resulting solid was
isolated by filtration and rinsed with DCM, MeOH, and acetone to give the product as a
dark purple powder. This was re-dissolved in water and extracted with DCM to remove
leftover imidazole. The aqueous phase was concentrated under reduced pressure to give
β-alanine-PDI as a shiny dark purple flaky solid (2.67 g, 5.02 mmol, 96% yield). NMR
analysis was not possible due to the self-assembly of the product in solution, but very
broad peaks were observed in the aromatic region, at around 4ppm and at around 2 ppm.
ESI-LCMS calc for C30H18N2O8 534.11, found 532.88 [M-H]−.

7.9.1.16

Synthesis of nitrated β-alanine-PDIs
CO2H

CO2H
O

N

O

O

N

O
NO2

HNO3
DCM

O

N

O

CO2H

O2N

NO2
NO2

O

N

O

CO2H

β-alanine-PDI (152 mg, 0.284 mmol, 1 eq.) was suspended in 7 mL DCM with
stirring. Fuming nitric acid (3.0 mL, 4.5 g, 72 mmol) was added in 0.50 mL increments
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over a period of 1 h. After the last addition, the reaction was monitored by TLC to
determine time to completion, which varied between separate runs of this reaction. The
reaction was stopped when the appearance of two purple spots was confirmed by TLC
(see TLC plate in Figure 51) with Rf values ca. 0.40-0.50 using the eluent 1:5:5
DCM:EtOAc:hexanes. The reaction was then concentrated to near dryness under a stream
of air and purified by prep TLC using 1:5:5 DCM:EtOAc:hexanes. ESI-LCMS calc for
C30H15N5O14 669.06, found 713.51 [M+2Na+]. 1H NMR (500 MHz, CDCl3) δ 9.12 (s,
1H), 8.87 (s, 1H), 8.57 (d, 1H), 8.39 (s, 1H), 8.31 (d, 1H), 4.54 (t, 4H), 2.81 (t, 4H).
CO2H
O

N

CO2H

CO2H
O

O

N

NO 2
NO 2 O2N

O2N

O

O

NO 2

N

O

prep TLC
1:5:5
DCM:EtOAc:Hex

NO 2
NO 2

O2N

NO 2
O

N

O

CO2H

O

N

O

CO2H

O

N

O

CO2H

Supplementary Scheme 1. Purification of the two tri-nitro PDI isomers of β-alaninePDI by prep TLC.
Two tri-nitro PDI isomers were isolated (Supplementary Scheme 1), but only the
top spot was pure as the bottom spot always contained small amounts of the top product
after prep TLC. The top spot likely has the structure shown above (1,6,7-trinitro PDI).
The bottom spot product was assumed to be the 1,5,7-trinitro isomer, and was observed
to decompose much faster than the top spot; this could be due to having a strongly
withdrawing nitro group at position 5, ortho to a carbonyl, which would make the
carbonyl more electrophilic and therefore the imide ring more susceptible to opening.

7.9.2 Biological testing: Ames test for mutagenicity.
The Ames test was performed using an Ames test kit purchased from Presque Isle
Cultures. A swab of Ames strain, his(-) S. typhimurium was cultured in tryptic soy broth
for 24 hours at 37 °C. Glucose-minimum agar plates were brought to room temp, and 40
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mL top agar was distributed into test tubes in 4 mL portions and liquefied/sterilized in an
autoclave for 30 min at 120 °C. The top agar tubes were cooled to around 55 °C, after
which 0.30 mL of histidine/biotin stock followed by 0.10 mL of the S. typhimurium
solution was added to each tube. These solutions were vortexed briefly before being
poured on top of the agar plates (1 tube of top agar solution per plate). For the negative
control, a sterile 1 cm diameter filter paper disk was dipped in deionized water and placed
in the center of the top agar of a test plate. For the positive control, a few crystals of 4nitro-o-phenylenediamine were placed directly on the top agar of a test plate. For all
other samples tested (NTCDA, PTCDA, NDI 19, NDI 20, PDI 21, and PDI 22), a few
crystals were placed directly on the top agar of test plates. The plates were fitted with lids
and incubated at 37 °C for 48 hours, after which colony growth was assessed. Only the
positive control, 4-nitro-o-phenylenediamine (a known mutagen), was observed to induce
colony growth (Figure SI-3) and there be identified as a mutagen. All PDIs and NDIs
tested, as well as NTCDA and PTCDA, were identified as non-mutagenic towards S.
typhimurium by the Ames test.

Supplementary Figure 3. Ames test plate of the positive control, 4-nitro-ophenylenediamine, which caused back mutations of his(-) S. typhimurium to his(+),
as demonstrated by the growth of colonies on a histidine-poor medium.
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7.10 Authors & Contributions
Lizanne Nilewski synthesized all PDIs, NDIs, and intermediates. Lizanne Nilewski
performed the Ames assay with the guidance of professor David Caprette. Andrew
Metzger measured UV-Vis spectra of the PDIs. Chenhao Zhang measured the CV curves
for the PDIs. Redwan Huq ran the T Cell assays. Almaz Jalilov measured the CVs in
Figure 37Figure 39. Almaz Jalilov and Vladimir Berka performed EPR experiments in
the lab of Dr. Ah-Lim Tsai.
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8 UV-activated nanomachines for disrupting cell
membranes

This chapter was adapted from the following publication, of which I am a coauthor, with
most portions copied directly:
García-López, V., Chen, F., Nilewski, L.G., Duret, G., Aliyan, A., Kolomeisky, A.B., Robinson, J.T., Wang,
G., Pal, R., Tour, J. T. Molecular machines open cell membranes. Nature 2017, 548 (7669), 567-572 doi:
10.1038/nature23657.
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8.1 Introduction
Beyond the more common chemical delivery strategies, several physical techniques
are used to open lipid bilayers of cellular membranes.1 These include electric2 and
magnetic3 fields, temperature,4 ultrasound,5 and light,6 to introduce compounds into cells,
release molecular species from cells, or to selectively induce apoptosis or necrosis. It
was not until recently that scientists started exploiting molecular motors and switches that
can change their conformations in a controlled manner upon external stimuli, to produce
useful work for biomedical applications.7-9 Here we use nanomechanical action to open
cellular membranes by association of molecular motors with lipid bilayers, and then
activation of the motors with light. Using precisely designed molecular motors and
complementary experimental protocols, nanomechanical action can (a) induce the
diffusion of analytes out of synthetic vesicles, (b) enhance diffusion of traceable
molecular machines into and within live cells, (c) induce necrosis, (d) introduce analytes
into live cells, and (e) be selectively targeted to specific live cell-surface recognition sites
through nanomachines bearing short peptide addends. We propose that beyond in vitro
applications demonstrated here, in vivo use might follow, especially as molecular
machine designs progress into the two-photon-, near-infrared- and radio-frequencyactivated domains.10

Figure 52. Schematic of molecular machines atop a cell membrane then opening the
membrane by UV-activated nanomechanical action.
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A scheme for nanomechanical action upon a lipid bilayer is shown in Figure 52,
and the general design of a molecular machine suitable for transport though a lipid
bilayer is shown in Figure 53.
Rotor
R

R
Stator
S
R = functional addends

Figure 53. Representative molecular machine
The rotor portions are shown in red, which are light-activated to rotate relative to the
larger bottom blue stator portion; the green addends (R) can be varied to provide the
requisite solubility, fluorophores for tracking, or recognition sites for cellular targeting
(i.e. peptides).

As seen in Figure 54, these include molecular motors bearing fluorophores for
tracking (1 and 2), smaller nanomachines (3 and 4), a control that bears a stator but no
rotor (5), a control analogue (6) that can only undergo cis-trans isomerization (flapping)
at room temperature, and targeting systems that bear peptide sequences for binding to
specific cell-surface receptors (7-10).11-14 Nanomachines 1 and 2 bear fluorophores as
pendants on the stator portions for tracking their movement, while 3 and 4 have smaller
molecular sizes with no stator-addended fluorophores for their tracking. Compound 5
has a stator segment but no rotor; this serves as a control molecule that cannot be UVactivated; likewise 6 has a slow rotor, which serves as a control. Nanomachines 7 and 8
are functionalized with the DGEA peptide sequence to target α2β1-integrin overexpressed
in PC-3 human prostate cancer cells; 9 and 10 are functionalized with SNTRVAP to bind
to the 78 kDa glucose regulated protein (GRP78) targeting castrate-resistant osteogenic
prostate cancer receptors on PC-3 human prostate cancer cells. Rotors in nanomachines
1-4 and 7-10 rotate at 2-3 MHz when activated with 355 to 365 nm light while 6 rotates
at 1.8 revolutions per hour when activated with 355 to 365 nm light if at 60 ºC, but only
cis-trans isomerizes about the rotor-stator double bond at room temperature.14 The
syntheses are described in the Supplementary Methods and Supplementary Scheme 1. It
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was previously demonstrated that molecular machine 1 displays enhanced diffusion in
solution when the fast light-driven motor is activated by 355-365 nm UV light.15 We
conjecture that similar motor-bearing nanomachines could be activated while associated
with lipid membranes, and that is studied here.
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Figure 54. Molecular motors for disruption of lipid bilayers through molecular
mechanical action and control molecules.
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8.2 Mechanical Action of Nanomachines on Membranes
First, synthetic bilipid vesicles were opened using UV-exposure of nanomachine 1 to
release boron-dipyrromethene (BODIPY) fluorescent dyes that were co-encapsulated
with 1 in the vesicle (Figure 55). BODIPY and 1 were co-encapsulated in the bilipid
vesicles, and a UV light-emitting diode was used as the activation source for 1.

Figure 55. Schematic of bilipid vesicle dye releasing experiments upon UV
illumination
As the UV irradiation time increased, the fluorescence intensity of the vesicles
declined as BODIPY and 1 diffused out of the vesicles, suggesting nanomechanical
disruption of the vesicle bilipid membranes (Supplementary Figure 1). A series of control
molecules were used to exclude the possibility that the large fluorescence intensity drop
in the vesicles containing the mixture of BODIPY and 1 was caused by the UV light
induced photo-bleaching. The thermal effects due to the absorption of UV light by 1 were
not responsible for the vesicle opening since a control molecule that has an even larger
absorption coefficient at 365 nm than that of 1 did not show the loss of BODIPY
fluorescence from the vesicles (Supplementary Figure 1).
Following the synthetic bilipid vesicle experiments, nanomechanical action upon
live cells was studied using confocal microscopy aided by a super-resolution technique
called phase modulation nanoscopy (PhMoNa, see Supplementary Information).16,17 We
used two experimental methods:
• Method A - the molecular motors were loaded into the cell media and
the imaging was initiated within 5 min to 24 h
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or
• Method B - the molecular motors were loaded into the cell media,
incubated for 30 min to 24 h, then washed three times with fresh
molecular-motor-free media before imaging.
We first studied the effect of the nanomachines on the cells without UV-light
exposure. Using Method A, molecular machines 1 (λex 633 nm, λem 650-680 nm for the
pendant cy5 dyes) and 2 (λex 514 nm, λem 530- 580 nm for the pendant BODIPY dyes) do
not induce accelerated necrosis when introduced to NIH 3T3 cells. Due to 1 and 2 having
well-pronounced visible fluorescence properties corresponding to the cy5 and BODIPY
addends, respectively, their intracellular uptake, motion, or protein/organelle-assisted
trafficking can be clearly observed. The two compounds display very different
localization patterns. Nanomachine 2 enters the cell and localizes in the mitochondria
(Supplementary Figure 5a). Conversely, 1, when introduced to cells, displays pit-like cell
surface localization (Supplementary Figure 5b) and later, at 4 h, small ~1 µm aggregates
are seen inside the cytoplasm. These respective time-dependent localization patterns were
observed to be constant within the applied 0.10-1.00 µM final nanomachine loading
concentrations, suggestive of an active uptake mechanism. We undertook a series of
control experiments to confirm active molecular motor uptake and suspected endocytosis,
using a range of nanomachine loading concentrations (0.10-1.00 µM, Method A) and
incubation times of 5-60 min at 4 °C, which is a temperature of general endocytosis
inhibition.18,19 These studies reveal that there was no detectable localized fluorescence of
2 in the mitochondria or 1 on the cell surface. These experiments eliminate the possibility
of passive concentration gradient-driven diffusion or static cell surface interactions of
these nanomachines. Further strengthening this observation are the fluorescence intensity
measurements where >99% of motors applied could be recycled from the wash solutions
and re-collected during loading and imaging. Since the motors were not UV-activated, we
did not see accelerated cell death. Cell viability throughout these experiments remained at
>90% and both fluorescent nanomachines 1 and 2 were found to be non-toxic in the
applied time and concentration regimes and without exposure to UV light.
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The NIH 3T3 cells in the presence of the nanomachines were then studied with
concomitant UV activation. Upon UV-induced motor activation for 150 s (355 nm), 1,
introduced by Method A, was found to cross the cell membrane, and it was internalized
into cells in a time-dependent manner, displaying fast accelerated intracellular motion,
compared to natural homeostatic cellular organelle movement in the absence of UVnanomechanical activation (Supplementary Figure 5c). Combined controlled time and
UV-exposure-dependent experiments indicate that the small aggregates of 1 inside the
cytoplasm dissolve or burst with further increasing of fluorescence signal in the
cytoplasm (Supplementary Figure 5d). Thus, nanomachine trafficking can be facilitated
and precisely observed.
We then used the smaller nanomachine, 3. Initial control experiments (blank)
were performed without nanomachines being present. UV-only-induced (355 nm)
necrosis of PC-3 cells is not initiated until approximately scan 20 (corresponding to 300 s
continuous scanning UV exposure), characterized by massive disruption and rupture of
the mitochondrial network and subsequent well-pronounced auto-fluorescent signal
detectable in the nucleoli and nucleus wall (Figure 56a). The UV-induced necrosis
reaches its final stages at approximately scan 40 (corresponding to 600 s) and is
consistent with characteristic extracellular membrane rupture and homogenous cytosolic
auto-fluorescence, indicating loss of cellular organelle boundaries. Visual signs of
apoptosis involve cell shriveling and subsequent detachment from the cover-slip surface
followed by fragmentation. Using 3 by Method A with both PC-3 and NIH 3T3 cell lines
in the time- and UV-exposure-dependent in vitro microscopy experiments with the
previously established standard experimental parameters and 355 nm laser exposure,
>50% accelerated cell death (relative to UV-exposure without 3) is observed due to
disruption of the cell membrane (Figure 56b and Supplementary Figure 3). Wellpronounced fragmentation of the mitochondrial network is established between scan 8
and 10 (corresponding to 120 to 150 s, respectively) with extracellular membrane burst
manifesting at scan 20 (300 s) (Supplementary Figure 3). This is confirmation of
accelerated necrosis. Importantly, 3 was found to be non-internalizing prior to UVactivation; the onset of necrosis and internal cell organelle mitochondrial fragmentation is
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identical regardless of prior 2-4 h incubation of the cells with 3 vs. adding 3 directly
before UV-activation.
Molecular machine 4 was studied using identical pre-set study parameters and
Method A on both PC-3 and NIH 3T3 cells, where UV-induced nanomechanical action
caused necrosis only 10% earlier than the standard blank non-molecular motor containing
reference cells (Figure 56c and Supplementary Figure 3). Nanomachine 4, bearing the
larger aryl sulfonate moieties might have been inhibited from having its rotor interact
well with the cell membranes, or the addends themselves sterically encumbered their
rotation near the membrane.
The rotor-free control molecule 5 was studied to ensure that the rotary action is
essential for the bilayer perturbations. Using Method A on both PC-3 and NIH 3T3 cells,
control molecule 5, which has the same homopropargylic alcohol stator moieties as does
3, shows no effect on necrosis upon standardized UV-exposure (Figure 56d and
Supplementary Figure 3). This further suggests that the accelerated cell death seen with
3 was not primarily due to the short exposure to UV light or subsequent thermal
processes, similarly to our earlier synthetic bilayer studies.
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Figure 56. The effects of nanomachines 3 and 4, and control molecule 5 on PC-3
cells upon UV-activation.
The rate of necrotic cell death and permeabilization of analytes into the cells was
recorded. The UV-exposure times are shown in each image. (a) Blank cells without
molecular motors; (b) with introduction of 3, (c) introduction of 4; (d) with non-active 5
all at 500 nM with 5 min incubation before imaging. (e) Identical imaging sequence using
3 with the introduction of 100 nM propidium iodide (PI) (red, λex 543 nm, λem 610-630
nm, 0.2 mW) confirming molecular mechanical cell permeabilization with intercalation
of RNA and DNA primarily in the cell nuclei. All scale bars = 20 µm.
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In order to further ensure that a fast rotary motion was essential for
nanomechanical opening of cells, another control (6) was used which bears a 6membered heterocyclic rotor that is nearly identical in molecular size and functionality to
3. However, 6 can only undergo cis-trans isomerization upon light activation at room
temperature. This “flapping” action will occur without full rotation since that barrier
(rotor crossing over the stator) requires 60 ºC in the heterocyclic system15. Even at 60 ºC,
the rotation rate is only ~2 revolutions·h-1 as opposed to the nearly identical molecular
sized 3 which rotates at 2-3 MHz upon UV-activation at room temperature. Compound 6
showed no enhanced necrosis in PC-3 or NIH 3T3 cells upon standardized UV-exposure.
Therefore, as suggested by Purcell20, the non-reciprocating unidirectional motor rotation
is the highly preferred mode for these nanomachines that bear ultra-low Reynolds
numbers, while progressing through the lipid bilayers.
We

further

confirmed

the

nanomechanical

opening

and

subsequent

permeabilization of the membrane by adding a dye to the cell medium to assess its
exogenous entry into the cells that might be afforded by nanomechanical action. Using
PC-3 cells and 3, propidium iodide (PI, total concentration 0.10 µM) was introduced to
the cell medium immediately prior to the time-dependent standardized imaging sequence.
PI is a fluorescent intercalating agent that is not internalized by healthy cells, and it is
non-toxic as shown by our molecular machine-free controls. Upon membrane disruption
by nanomechanical action of 3 (Figure 56e), PI enters the cell, travels to RNA- and
DNA-rich areas where it intercalates and its excitation maximum subsequently displays
~30 nm bathochromic shift (from 535 to 565 nm) accompanied by a parallel
hypsochromic emission maximum shift (from 617 nm to 600 nm), consistent with
literature-noted trends.21 Internalized RNA- and DNA-induced PI fluorescence is
detected between 600 and 630 nm, allowing time-dependent light-activated molecular
motor-induced cell permeabilization to be confirmed. Further, PI was used to follow
membrane damage that is due to UV-activated nanomachine activity leading to necrosis.
Since the entry of the PI is on a relatively short time scale compared to the time of cell
division, the cell has insufficient time to adopt programmed cell death (apoptosis). This
was confirmed using Annexin V, an apoptosis-specific stain where no relevant
fluorescence from this dye was observed throughout the course of the experiments.
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8.3 Targeting of Nanomachines to Cancer Cells
Considering the above UV-induced nanomechanical action, the peptide-bearing
structures (7-10) were investigated to target specific cells for nanomachine-activated
necrosis. The targeted cell line was PC-3 while NIH 3T3 and CHO cells were used as
non-targeted controls. No selectivity was observed with the shorter peptide (DGEA)
targeting moieties 7 and 8 (Supplementary Figure 7Supplementary Figure 8), but the
longer peptide sequences (SNTRVAP) provided by 9 and 10 showed that the targeted
PC-3 cells started to die of UV-activated motor-induced necrosis at 150 to 180 s, which
corresponds to 40-50% faster onset than the molecular-motor-free UV-exposed cells or
the untargeted molecular motor/cell combinations with NIH 3T3 and CHO cells (Figure
57Figure 58Figure 59Figure 60).
When PC-3 cells are loaded at 0.5 or 1.0 µM with 9 or 10, washed three times
(Method B) or unwashed (Method A) after 24 h of incubation, the cells visually appear
without major signs of toxicity. But the cells which had been incubated with 9 or 10 over
24 h were not dividing as rapidly as controls; the cultures appear to be populated ~ 25%
less in the presence of 9 and 20% of the cells in 10 compared to control untreated cells
(Figure 57). Upon subsequent transmission microscopy verification this was found to be
in agreement with the amount of mobilized cells present with the experiments in the cell
culture media. In order to further investigate this point, these cells were collected via
gentle centrifugation and re-suspended in fresh PBS and analyzed by ImageCytometry.
Using Annexin V, these cells were all confirmed to show signs of apoptosis at 93 ± 5%.
This is in contrast to the remaining coverslip surface-bound cells that appear healthy;
after harvesting them via trypsination, subsequent tests show no sign of cell apoptosis (<
5%). These latter type of non-apoptotic cells show identical percentage of necrosis
acceleration upon subsequent UV-activation of the cell-surface bound nanomachines
compared to their shorter incubation time analogues as presented in the main text. In
summary, it appears that upon 24 h incubation, a noticeable amount of cells have
nanomachines 9 and 10 either bound to vital cell membrane channels or transport
proteins or they are internalized, subsequently shutting down some natural homeostatic
mechanisms that leads to programmed cell death (Figure 57a-e). Again, it is worth
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emphasizing that this is not the case with shorter incubation times regardless of whether
Method A or B is used.

HN
O

N
OH O

O
HN

NH2

NH

H 2N

NH
NH
O

O
HN
HO

O
H 2N
NH
O

O
O

HN
HO

NH2
HN

O
NH
O

N N
N

N N
N

NH

HN

HN

O
NH

O

9

O HO

NH

O
NH2
HN

O

O

NH

O

O

NH

O

N

O

HN

HN

O HO

OH

O

H 2N

N N
N

NH

OH

S

N3

N

O

HN

HN

O
NH

O

O

OH

OH

S

10

Figure 57. Study of targeted action of 9 and 10 upon PC-3 cell necrosis.
Recorded merged transmission (458 nm, 0.2 mW) and UV-induced mitochondrial autofluorescence (green, λex 355 nm, λem 460-550 nm, 20mW 400nJ/voxel total dwell time,
1024 × 1024 pixel) images of PC-3 human prostate cancer cells depicting time-dependent
UV-activated nanomechanical-induced cell morphological changes. PI was added to all
the cell media. The UV-exposure times are shown in each image. (a) Blank cells without
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molecular motors; (b) with introduction of 9 without washing; (c) with introduction of 9,
followed by washing; (d) with introduction of 10 without washing; (e) introduction of 10
followed by washing. All scale bars = 20 µm.

In a separate experiment, PC-3 cells are also incubated for 30 min to 4 h with 9 or
10, and then washed three times and further incubated for 24 h in rotor free media to see
if they retain their surface-bound molecular rotors. The cells are then irradiated with UV
light to see if necrosis would be induced at the previously established accelerated time
points. However, UV-activated nanomechanical accelerated necrosis did not occur to the
same extent as seen before; some cells lose their bound motor activity or the motors
themselves were lost. The cells die only 25% faster rather than the expected 40 to 50%
accelerated necrosis since there is no constant 0.5 or 1.0 µM nanomachine exposure of
the cells in the culture media (i.e. constant flux). In these experiments, cell proliferation is
comparable (within 5%) to the control molecular motor-free cells. In summary, the
surface bound rotors upon 24 h incubation only induce noticeable amount of apoptotic
cell toxicity via suspected internalization or membrane adhesion if there is a constant flux
of nanomachines in the medium. Nanomachines 9 and 10 appear to detach from the cellsurface with their lack of concentration gradient from the media, hence, there is no
triggered apoptosis. Again, there is no difference between 9 and 10 in these experiments
(Figure 57 & Figure 58).
The control molecular motor-free NIH 3T3 cells and the cells loaded with either 9
or 10 (0.5 to 1.0 µM), are identical without any change in behavior or onset of UVinduced nanomechanical necrosis. This is the same as in overnight media incubation; the
cells show signs of proliferation of 10 to 25%. NIH 3T3 cells incubated with 9 for 24 h
seem to be the same as the 1- to 2-h-exposed cells with no change in rates upon UVaccelerated nanomechanical necrosis compared to motor-free blanks (Figure 58). Thus 9
does not diffuse into NIH 3T3 cells and thereby have nanomechanical-induced necrosis
or apoptosis. Cell proliferation is slower than blank motor-free cells but that could be the
result of 9 binding to essential proteins or supplements in the media, slowing natural cell
homeostasis.
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Figure 58. Study of nanomechanical action of 9 and 10 upon PC-3 (targeted) and
NIH 3T3 cells (untargeted) showing that PC-3 cell necrosis occurs faster than NIH
3T3 cell necrosis; hence PC-3 targeting was confirmed.
Recorded merged transmission (458 nm, 0.2 mW) and UV-induced mitochondrial autofluorescence (green, λex 355 nm, λem 460-550 nm, 20mW 400nJ/voxel total dwell time,
1024 × 1024 pixel) images of cancer cells depicting time-dependent UV-activated
nanomechanical-induced cell morphological changes. The UV-activation times are noted
in each image and 100 nM PI was in the medium. (a) PC-3 blank cells without motors
after 24 h; (b) PC-3 cell with 9 and no washing after 24 h; (c) PC-3 cells with 9, followed
by washing, after 24 h incubation; (d) PC-3 cell with 10 without washing after 24 h; (e)
NIH 3T3 cells with 9 without washing after 24 h. Scale bars = 20 µm.
NIH 3T3 cells incubated with 10 for 24 h are similar to those incubated with 9
except that in the case of 10, the NIH 3T3 cells did not proliferate as much and upon UV
irradiation, they die 15 to 20% faster with necrosis than untreated motor-free blanks
(Figure 59). Hence, mono-peptide-bearing nanomachine 10 can be internalized or
membrane bound upon 24 h incubation, but in smaller quantities that do not trigger any
noticeable toxic effect that could lead to programmed apoptotic cell death, while 10 only
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accelerates necrosis with less than half the efficiency compared to identical experiments
using the targeted PC-3 cells.

Figure 59. Study of nanomechanical action of 9 and 10 upon NIH 3T3 cells
(untargeted) showing little enhanced rate of necrosis.
Recorded merged transmission (458 nm, 0.2 mW) and UV-induced mitochondrial autofluorescence (green, λex 355 nm, λem 460-550 nm, 20mW 400nJ/voxel total dwell time,
1024 × 1024 pixel) images of NIH 3T3 cells depicting time dependent UV-activated
nanomechanical-induced cell morphological changes. The UV-activation times are noted
in each image and 100 nM PI was in the medium. (a) Blank cells without motors; (b) with
9 and 1 h incubation and no washing; (c) with 9, 1 h incubation followed by washing; (d)
with 10 and 1 h incubation without washing; (e) with 10 and 1 h incubation followed by
washing. Scale bars = 20 µm.

In order to further confirm the selectivity of peptide-bearing rotor compounds 9
and 10 to PC-3 cells, the CHO cell line was studied in an identical manner through
experiments described above using NIH 3T3 control cells. In the case of this second nontargeted cell line, identical results were found as had been seen in the NIH 3T3 cells,
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confirming that nanomachines 9 and 10 selectively target the PC-3 cell line over CHO
cells (Figure 60).

Figure 60. Study of nanomechanical action of 9 and 10 upon CHO cells (untargeted)
showing little enhanced necrosis.
Recorded merged transmission (458 nm, 0.2 mW) and UV-induced mitochondrial autofluorescence (green, λex 355 nm, λem 460-550 nm, 20mW 400nJ/voxel total dwell time,
1024 × 1024 pixel) images of the study of 9 and 10 in CHO cells depicting time
dependent UV-activated nanomechanical-induced cell morphological changes. The UVactivation times are noted in each image and 100 nM PI was in the medium. (a) Blank
cells; (b) 9 added without washing; (c) 10 added without washing; (d) 9 added with 30
min incubation with cells after washing; (e) 9 with 24 h incubation followed by washing
of cells. Scale bars = 20 µm.

Several notable features became apparent in nanomachine design. Pre-binding to
or insertion into the cell membrane is essential; just being present in the medium will not
result in accelerated rotor-induced UV activated necrosis. With 3, all cell types showed
accelerated activated necrosis presumably because the core on 3, with its smaller

247
addends, interacted well with the membranes and it had minimal intermolecular steric
interference while transporting through the membranes. The mono-peptide-addended
core of 10 is better able to approach the membrane to sufficiently close proximity than
the more sterically hindered bis-peptide 9, but still not as efficiently as the smaller 3.
Finally, better transport through the membrane was realized with the less sterically
encumbered 10 over 9; doubling the large addends could sterically slow down the
membrane-transport.
The dynamic effects of nanomechanical action upon cellular membranes were
then studied through the whole cell patch clamp electrophysiology of human embryonic
kidney 293 cells (HEK293) commonly used for electrophysiological interrogation. Using
Method B, the studies reveal that upon UV (355 nm) activation of molecular motor 3,
inward ionic currents were produced consistent with hydrophilic pores forming in the
cellular membranes. These inward currents were not observed in the absence of UV
illumination or during UV illumination of non-rotor-bearing control 5 or UV illumination
of untreated cells (Figure 61a). Inward currents produced during UV illumination of cells
treated with 3 then continued even in the absence of UV illumination suggesting that the
cell membranes were irreversibly damaged. This was accompanied by induced
morphological changes to the cells, such as membrane blebbing (Figure 61b, white
arrows), cell swelling and cytoplasmic degradation, all indicative of cell death.22
Although membrane blebbing occurs during apoptosis and necrosis, the large diameter of
the blebs observed here (Figure 61b; r = 3.8 ± 0.2 µm) matches necrosis as does the
observed cell-swelling and the absence of apoptotic bodies.22-23 Consistent with our
previously observed delayed morphological effects on the other cell lines studied above,
inward currents in HEK293 cells appeared between 40 and 60 s after exposure to UV
illumination. The slow rise in inward current during illumination suggests an
accumulation of many small pores or increasing pore sizes.
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Figure 61. Whole-cell patch clamp studies of the dynamic effects of UV-induced
molecular mechanical action of 3 upon HEK293 cells.
Also shown are control studies using 3 without UV activation, UV-exposed rotor-free
control molecule 5, and no molecular additives x. Compounds 3 and 5 were used at
1.0 µM concentrations. (a) Transmembrane currents in HEK293 cells show that cells
treated with UV (355 nm)-activated molecular motors 3 have inward currents consistent
with membrane degradation (bottom trace). Without UV illumination, cells treated with 3
or 5 show no change in membrane currents over the 4-min recording period (top two
traces). Similarly, the rotor-free 5, and no molecular additive, x, show no inward currents
during UV illumination (center two traces). Cells were held at ‒70 mV in voltage clamp
mode and UV exposure began 15 s after the start of the recording. Each recording is a
biological replicate and all traces are shown (n = 4 recordings from different cells for 3 +
UV; n = 3 recordings from different cells for each other condition). (b) Representative
differential interference chromatography (DIC) images of cells captured before (t = 0)
and after (t = 4 min) exposure to UV in the presence of 3 or 5. The white arrows (lower
right image) highlight membrane blebbing that appears only in the cells treated with UVactivated 3. The scale bar represents 10 µm and is applicable for each micrograph.

Membrane rupture and pore formation under a tangential mechanical force have been
studied theoretically and experimentally as discussed in the Supporting Information.
Specific to the nanomechanical forces in our experiments, the actuation of the rotor will
produce a tangential mechanical force perturbing the membrane structure.24,25 The UV
photon energy (λ = 365 nm) that actuates the motor is E = hc/λ = 5.4 × 10-19 J. If the
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entire amount of energy is used for the force generation, and the linear moving distance
of the tip of the rotor is on the magnitude of s = 1 nm, the generated force would be F =
E/s = 0.54 nN. The stress applied on the membrane would be 540 mN m-1, far exceeding
the requisite rupture stress for most bilipid membranes of 1- 30 mN m-1.26-28 Even if we
consider that the nanomechanical action is pulsed and the membrane is more resistant to
rupture, it is still theoretically sufficient to disrupt the membrane locally and to eventually
compromise its integrity. This conclusion is also consistent with the energetics
estimation. The estimated free energy for pore formation is tens of kJ mol-1 using
molecular dynamics simulations.26,27 The corresponding UV photon energy is sufficient
to disrupt ~10 lipid molecules to form a transient pore. Further, the disruption effect of
motor actuations might be cumulative. Considering that the rotors (~1 nm) are small
relative to the thickness (7.5 to 10 nm) of the bilipid membranes, the rupture kinetics of
the observed nanomechanical opening is not expected to be immediate. This is consistent
with our experiments here as well as the delayed membrane openings seen by others
using probe-induced mechanical perturbations,27-29 accepting, however, that probe-tip
perturbations are a vertical force model and hence considerably different than the
tangential nanomechanical effects.30 Therefore, nanomechanical action can generate a
concerted motion upon a 1-nm-long molecular rotor that will severely dislocate the
membrane molecules, while other light absorbing molecules will merely dissipate the
absorbed energy in random motions of atoms in the molecule, underscoring the efficacy
of the nanomechanical effect for membrane disruption.
In summary, nanomechanical action can disrupt external or internal cellular
membranes and it can be used to introduce analytes into cells or expedite cell death. By
synthetic design, the nanomachines can be tracked within a cell or used to target specific
cells through unique cell-surface recognition elements. The efficacy of this method for in
vitro studies was demonstrated. Extensions to in vivo applications can be envisioned at
locations where short UV-exposure is acceptable such is in dentistry, localized epidermis
and colorectal treatments10. Future molecular motors that might be activated by, for
example, two-photon-31-33, near-infrared-34-35 or radio-frequency-inputs36-38, would make
broader in vivo treatments viable.
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8.6 Supplementary Information
8.6.1 Synthesis
8.6.1.1 Synthesis of molecular machines
The syntheses of the molecular machines were conducted as follows. Molecular
machines 1,15 2,39 and 7-10 were synthesized using copper(I)-catalyzed azide-alkyne
cycloaddition between motor 1115 and the corresponding alkynes 12, 13, DGEA-14 and
SNTRVAP-15 (Supplementary Scheme 2). The synthesis of motors 3, 4 and controls 5,
6, and 16 were reported previously.15,40 All motors were synthesized as a racemic mixture
of enantiomers.

Supplementary Scheme 2. Synthesis of molecular machines and structure of
compound 16. The alkyne in R 12-15 is converted to the heterocycle in the azide
coupling with 11.
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8.6.1.2 Peptide 14
DGEA-alkyne peptide 14 was synthesized manually using standard solid-phase
Fmoc protocols with Fmoc-amino acids and 4-pentynoic acid and was prepared as a Cterminal amide using Rink amide MBHA resin. Each acylation with Fmoc-amino acids or
4-pentynoic acid was performed using HATU (4 equiv) and N,N-diisopropylethylamine
(DIPEA) (4 equiv) for 45 min in dimethylformamide (DMF) at room temperature,
followed by Fmoc deprotection with 20% piperidine in DMF. DMF was used to wash the
resin between each acylation and deprotection step. Cleavage from the resin was
conducted by treatment with a mixture of 95% trifluoroacetic acid, 2.5% water, and 2.5%
triisopropylsilane (TIPS) at room temperature for 2 h. The peptide was purified by
reverse-phase HPLC and characterized by ESI-MS. HPLC Purification: Reverse-phase
HPLC purification of 14 was performed on a Shimadzu CBM-20A instrument with
Phenomenex Jupiter 4µ Proteo 90A (250 × 15 mm preparative) and Phenomenex Jupiter
4µ Proteo 90A (250 × 4.6 mm analytical) columns. The columns were eluted with a
gradient of acetonitrile in water (10-60%) (flow rates of 8 mL/min and 1 mL/min for
preparative and analytical columns, respectively). Trifluoroacetic acid (0.1%) was added
to all eluents.
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8.6.1.3 Motor-peptides 7 and 8
A 1.5 mL Eppendorf tube charged with motor diazide 1115 (2.0 mg, 3.5 µmol),
peptide-14 (2.46 mg, 5.20 µmol), CuSO4.5H2O (0.17 mg, 0.70 µmol), sodium
ascorbate (0.24 mg, 1.7 µmol), and anhydrous DMF (60 µL) was bath sonicated for
10 h at room temperature. After sonication, the crude product was purified by HPLC
to afford 7 (2.5 mg, 47%) and 8 (2.0 mg, 53%) as white solids. HPLC Purification:
Separation of 7 and 8 was performed using a reverse-phase peptide column (XBridge
BEH300 prep C18, Part No. 186003628). Sample preparation involved dissolving the
reaction mixture into 1 mL of a 1:1 mixture of H2O and CH3CN, followed by vigorous
shaking and sonication. The mixture was then centrifuged at 14,000 rpm for 10 min to
obtain a fully transparent supernatant for HPLC injection. This process was repeated on
the pellet to extract as much product as possible, until the obtained supernatant resulted in
no peaks in the HPLC chromatogram. A gradient elution system, containing 0.1% TFA in
water and ACN, ramping from 20% to 90% of acetonitrile over 23 min with a flow rate
2.5 mL/min at 40 °C was employed, which resulted in a baseline resolution of
chromatogram peaks. The peaks were identified using a MicroToF ESI Mass
Spectrometer. ESI m/z calculated for 7 [M]+ C73H80N16O18S 1502.6, found 1502.6. ESI
m/z calculated for 7 [M]+ C54H53N11O9S 1032.4, found 1032.3.
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8.6.1.4 Motor-peptides 9 and 10
A 1.5 mL Eppendorf tube charged with motor diazide 1115 (1.88 mg,
3.34 µmol), peptide-13 (4.0 mg, 5.0 µmol), CuSO4.5H2O (0.17 mg, 0.70 µmol),
sodium ascorbate (0.24 mg, 1.7 µmol), and anhydrous DMF (70 µL) was sonicated
for 10 hours at room temperature. After sonication, the crude product was purified by
HPLC to afford 9 (2.4 mg, 43%) and 10 (2.0 mg, 57%) as white solids. HPLC
Purification: Separation of 9 and 10 was performed using a reverse-phase peptide column
(XBridge BEH300 prep C18, Part No. 186003628). Sample preparation involved
dissolving the reaction mixture into 1 ml of 2:1 mixture of CH3CN and (CH3)2SO,
followed by vigorous shaking and sonication. The mixture was then centrifuged at 14,000
rpm for 10 min to obtain a fully transparent supernatant for HPLC injection. This process
was repeated on the pellet to extract as much product as possible, until the obtained
supernatant resulted in no peaks in the HPLC chromatogram. A gradient elution system,
containing 0.1% TFA in water and ACN, ramping from 20% to 100% of acetonitrile over
24 min with a flow rate 1.5 mL/min at 50 °C was employed, which resulted in a baseline
resolution of chromatogram peaks. The peaks were identified using a MALDI Mass
Spectrometer using CHCA matrix. MALDI m/z calculated for 9 [M+H]+ C101H133N28O24S
2153.97, found 2154.50. MALDI m/z calculated for 9 [M+H]+ C68H80N17O12S 1358.5893,
found 1358.990.
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8.6.2 HPLC Chromatograms of the peptides and peptidebearing nanomachines

8.6.2.1 Chromatogram of 14 after purification.

8.6.2.2 Chromatogram of the crude mixture of 7 and 8.

8.6.2.3 Chromatogram of one fraction of 7 after purification.
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8.6.2.4 Chromatogram of the crude mixture of 9 and 10.

8.6.2.5 Chromatogram of one fraction of 9 after purification.

8.6.2.6 Chromatogram of one fraction of 10 after purification.
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8.6.3 Preparation and opening of synthetic bilipid membranes

Supplementary Figure 4. UV light-activated molecular motor 1 and its releasing of
encapsulated dye molecules from synthetic bilipid vesicles through nanomechanical
action.
(a-f) show 1-assisted BODIPY dye releasing. (a) Dark-field image of the vesicles. (b)
Fluorescence image of 1. (c) Fluorescence images of BODIPY dyes. (d) Co-localization
of the a-c. (e) Fluorescence image of the BODIPY dye as a function of UV-exposure
time. (f) Normalized fluorescence intensity vs. UV-exposure time of 20 vesicles from 6
different sets of movies. Since different vesicles have different initial intensities, all
traces are normalized according to the first data point. The error bar stands for the
standard deviation of the normalized intensities. The first data point does not have an
error bar. (g-j) Control experiments with 16 instead of 1. (g) Dark-field image of the
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vesicles. (h) Fluorescence image of 16. It shows that 16 is incorporated into the bilipid
layer. (i) Fluorescence image of the BODIPY dye and 16 as a function of UV-exposure
time. (j) Normalized fluorescence intensity vs. UV-exposure time of 20 vesicles from 5
different sets of movies. The scale bar in (a) is 10 µm and is the same for b-d, g and h.
The scale bar in (i) is 2 µm and is the same for all the figures in e and i.

Premixed and dried synthetic phospholipid blend [1,2-dioleoyl-sn-glycero-3phosphoethanolamine (DOPE): 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS):
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) at a ratio of 5:3:2] were stored in a 20 °C freezer before use. To prepare the large unilamellar vesicles (LUVs), 5 mL 0.5×
phosphate buffered saline (PBS) at pH 7.4 was added to swell the lipids solution (lipid
concentration was 0.25 mg/mL). Then 7 µL of 210 µM BODIPY dye and 2 µL of 50 µM
1 (or 16 in the control experiments) were added to the solution. After incubation for 1 h at
room temperature with occasional vortexing, the lipids formed a cloudy suspension. The
suspension was extruded more than 20 times with a mini-extruder (Avanti Polar Lipids)
assembled with a polycarbonate membrane having a pore diameter of 600 nm. The
resulting clear LUVs suspension was used immediately. The vesicles were then
immobilized on a piece of cover-glass. Excessive BODIPY and 1 were washed off using
fresh 0.5× PBS before the releasing experiments. The vesicles were then observed using a
home-build confocal fluorescence microscope at 488 nm excitation and 535 ± 50 nm
emission. Due to the highly non-polar nature of the 1, it prefers to be sorbed in the
bilipid membrane (Main Text, Figure 55). Supplementary Figure 1a-d shows that both
BODIPY and the 1 were localized in the vesicle. The vesicles were then immobilized on
a piece of cover-glass for the UV activation and releasing experiments. The UV light was
provided by a UV LED at 365 nm with an intensity of ~10 W·cm-2 and analysis was done
from 0 to 10-15 min. The fluorescence intensity of the BODIPY dye molecules in single
vesicles was monitored using a confocal fluorescence microscope by continuously
scanning a small area (20 × 20 µm2).
As the UV illumination time increased from 0 to 15 min, the fluorescence
intensity of the vesicles became dimmer (Supplementary Figure 4e). Supplementary Fig.
1f shows the normalized fluorescence intensity drop of 20 vesicles from 6 different sets
of movies. Since the absolute intensity of the vesicles varied from vesicle to vesicle, we
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normalized all the traces according to their initial intensities and analyzed the percent
intensity drop. The error bar stands for the standard deviation of the normalized
intensities. The first data point does not have an error bar. The average fluorescence
intensity drop of 20 vesicles was 70 ± 6% (mean ± standard deviation) in the first 15 min
of UV exposure. Note that this is an observation based on many motor and dye molecules
on individual vesicles. Even though the “gate” opening process is fast, the loss of dye
molecules and their corresponding fluorescence is gradual and continuous, spanning a
period as long as ~ 15 min.
To exclude the possibility that the large fluorescence intensity drop was caused by
(1) the UV light bleaching on BODIPY molecules, or (2) the thermal effect due to the
absorption of UV light by 1, we also did a control experiment where 1 was replaced by
16 with the same concentration in the vesicles. 16 was used because it has a larger
absorption coefficient at 365 nm than that of the compound 1.15,39 It has two conjugated
BODIPY molecules embedded in its molecular structure. However, its excitation and
emission are both red-shifted by ~70 nm as compared to those of isolated BODIPY
molecules.15,39 Thus, its fluorescence is negligible to that from the isolated BODIPY
molecules used as the probes when excited at 488 nm and collected at 535 ± 25 nm.
Supplementary Figures 1g-h show that 16 was localized in the vesicles. The fluorescence
image of 16 was collected in the epi-fluorescence mode using 545 ± 30 nm excitation and
605 ± 55 nm emission. As a contrast, the fluorescence intensity drop of the BODIPY in
16-attached vesicles monitored in the confocal fluorescence mode (488 nm excitation and
535 ± 25 nm emission) was much slower than in the 1-attached vesicles (Supplementary
Figure 1i and 1j). The average fluorescence intensity drop from 20 selected vesicles
(from 5 sets of movies) was 9% ± 20% (mean ± standard deviation) for the first 15 min
UV light exposure. Thus, 1 disturbs the lipid membrane upon UV-activation through a
nanomechanical effect, which allows smaller BODIPY dye molecules to pass through the
membrane.

260

8.6.4 Live cell culture studies
A detailed investigation of the cellular behavior of each complex was conducted
using PC-3, NIH 3T3, and CHO cell lines using fluorescence and laser scanning confocal
microscopy. These cell lines were sourced from ATCC (NIH 3T3 CRL-1658, PC-3 CRL1435 and CHO(-K1) CCL-61) and have been established and maintained in a category 2
cell culture facility according to established standardized protocol for 12 months; they
have been periodically monitored for mycoplasma contamination41. PC-3 cells have been
used as per cited references42 related to DEGA and STNRVAP and sourced from ATCC
(PC-3 has only been identified to cross contaminate other prostate adenocarcinoma cell
lines but the source original PC-3 cell line has not been identified to be cross
contaminated with any other cell line). We have sourced them directly from ATCC and
have been culturing and maintaining them without any possibility of cross contamination
by other cell lines. We are not looking at cancer cell properties, only using the cells for
nanomechanical opening.
Cells were maintained in exponential growth as monolayers in F-12/DMEM
(Dulbecco's Modified Eagle Medium) 1:1 that was supplemented with 10% fetal bovine
serum (FBS). Cells were grown in 75 cm2 plastic culture flasks, with no prior surface
treatment. Cultures were incubated at 37 °C, 10% average humidity and 5% (v/v) CO2.
Cells were harvested by treatment with 0.25% (v/v) trypsin solution for 5 min at 37 ºC.
Cell suspensions were pelleted by centrifugation at 1000 rpm for 3 min, and were resuspended in fresh medium by repeated aspiration with a sterile plastic pipette.
Microscopy cells were seeded in untreated iBibi 100 µL live cell channels and allowed to
grow to 40% to 60% confluence, at 37 ºC in 5% CO2. At this stage, the medium was
replaced and cells were treated with the studied nanomachines and co-stains as
appropriate, with 0.1 % DMSO (as detailed above) present in the final imaging medium.
For live cell imaging, DMEM/F12 media (10% FBS) lacking phenol red was used from
this point onwards. Following incubation, where Method B was used, the channels were
washed with live cell imaging media and imaged using a purpose build incubator housing
the microscope maintaining 37 ºC, 5% CO2 and 10% humidity.
All live cell imaging experiments used either NIH 3T3 mouse skin fibroblast
cells, PC-3 cells, a grade 3 human prostate adenocarcinoma, or Chinese hamster ovary
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cells (CHO). These are all well-studied cell lines with discrete morphological
compositions. Each molecular machine was used as a stock solution at 0.10 to 1.00 µM
with total dimethyl sulfoxide (DMSO) concentrations not exceeding 0.1% in the final cell
media in order to avoid unwanted cell membrane permeabilization; the DMSO being
required for solubility of the organic nanomachines. Note that all loading experiments are
carried out in a light-suppressed manner and the possibility of induced or accelerated
uptake due to interaction between the molecular motors and the applied co-stain has been
eliminated using a series of individual and reversed loading experiments.

8.6.4.1 Toxicity measurements.
Cell toxicity was determined using a ChemoMetec A/S NucleoCounter3000Flexicyte instrument with Via1-cassette cell viability cartridge using the cell stain
Acridine Orange for cell detection, and the nucleic acid stain DAPI for detecting nonviable cells and Annexin V for the detection of apoptosis. In cellular uptake studies, cells
were seeded in 6-well plates and allowed to grow to 80% to 100% confluence at 37 ºC in
5% CO2. Culture medium was then replaced with culture medium containing 0.1%
DMSO with individual nanomachines 1-10 for 24 h at 0.10, 0.50 and 1.00 mM. All cell
colonies bearing nanomachines displayed 92 ± 5% viability; the control blank cells were
established at 95 ± 3% viability. In addition to 0.1% DMSO being used for molecular
machine introduction, all washing solutions also contained 0.1% DMSO. At this
concentration DMSO does not affect the cells; this was determined by control
experiments using all imaged cell lines cultured in DMSO-free and 0.1% DMSOcontaining cell media while establishing the initial control UV-induced cell death
parameters. To confirm the non-activated low toxicity of these molecular machines, all
live cell imaging samples with all three studied cell lines were re-incubated, using
Method A, in the dark and re-imaged using only transmission microscopy using a
tungsten bulb with a LP 420 nm cut off filter. These experiments confirmed that all
previously non-UV-exposed cells, regardless of the cell line studied, still proliferated in
the presence of the molecular motor stock solutions for up to 72 h using visible light at a
pre-set time point to assess cell morphological changes along with viability and vitality.
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8.6.4.2 Live cell microscopy parameters.
All experimental imaging parameters (i.e., laser beam size, confocal pinhole size,
laser intensity, line scanning speed, scanning area (field of view, FOV), and line
averaging sequences) were kept constant throughout the experiments. The accuracy and
errors associated with the establishment of accelerated necrosis are determined based on
one dual channel imaging sequence, which takes 15 s in total. This imaging sequence has
been carefully established using untreated live cells. The optimized imaging parameters
allow appropriately high scanning speed to follow natural homeostatic events and
identify any induced morphological or fluorescent signal localization change. Meanwhile,
they also allow sufficiently long integration time for each pixel so an adequate amount of
photon signals can be collected. In order to satisfy the Nyquist sampling criteria, the pixel
size is set as 1/5 of the laser spot size. The images were acquired using a bidirectional 2line averaging sequence, which gives minimal dead time (< 1 ms) between line scanning.
The image size was adjusted to 100 × 100 µm in order to study 1 to 3 cells
simultaneously. Each individual experiment was repeated 3 times on triplicate slides. On
each slide, at least 5 well-separated areas were imaged. See Supplementary Table 2.

8.6.4.3 Imaging of live cells.
Steady state fluorescence images were recorded using a phase modulation
nanoscopy (PhMoNa) enhanced Leica SP5 II LSCM equipped with a HCX PL APO
63×/1.40 NA LambdaBlue Oil immersion objective. See Extended Data for more
details. As an initial control experiment to establish the UV-induced cell toxicity
threshold, while mitigating voxel exposure and ensuring sufficient laser dwell time, an
imaging sequence has been established to monitor cell morphological and physiological
changes as a function of time. All experiments used cell-line-determined culture medium
containing 0.1% DMSO. The applied 100 Hz detection sequence was based on a
bidirectional dual-channel continuous scanning method where a minimalistic nondamaging visible laser light (458 nm, 0.2 mW) is used in conjunction with the above
detailed UV exposure. This is set as a 2 line/scan accumulation parallel acquisition
sequence that is recorded as a function of time. Studied channels correspond to
transmission images and UV-induced mitochondrial auto-fluorescence detected at 460 to
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550 nm. We further confirmed that the effectiveness of monitoring the UV-activated
nanomechanical action on live cells using a conventional CW mercury-arc excitation
source equipped with an epi-fluorescence setup consisting of a Zeiss Axiovert 200M
inverted microscope, as discussed in Supplementary Fig. 13.

8.6.4.4 PhMoNa equipment
The modular PhMoNa technique is based on a laser scanning confocal
microscope (LSCM) harnessing spatially modulated illumination intensities, using an in
situ generated raster-scanned standing wave excitation beam optical grid pattern. Such an
approach allows experimental resolution in both lateral and axial domains to be improved
by at least a factor of 2 (x,y = 62 nm, z = 188 nm @ 355 nm Ex 63x 1.40NA, 100
Hz/line, 200 nJ/voxel dwell time) and is free from time-consuming post-image processing
deconvolution algorithms. Live cell experiments have been performed on the above
detailed custom built PhMoNa system based on this Leica SP5 II platform operating with
a fiber-coupled 355 nm Coherent laser (Nd:YAG 3rd Harmonic, 80mW) for UV
activation of the motor.

Steady state fluorescence images were recorded using the

PhMoNa enhanced Leica SP5 II LSCM confocal microscope equipped with a HCX PL
APO 63x/1.40 NA LambdaBlue Oil immersion objective. Data were collected using 2×
digital magnification at 100 Hz/line scan speed (4-line average, bidirectional scanning) at
355 nm (3rd harmonic NdYAG laser, set at 20 mW, 400 nJ/voxel total dwell time). In
order to achieve excitation with maximal probe emission, the microscope was equipped
with a triple channel imaging detector, comprising a conventional PMT systems and two
HyD hybrid avalanche photodiode detectors. The latter parts of the detection system,
when operated in the BrightRed mode, is capable of improving imaging sensitivity by
25%, reducing signal to noise by a factor of 5. Frame size was determined at 1024 × 1024
pixel, with ×2 digital magnification to ensure illumination flatness of field and 0.6 airy
disc unit determining the applied pinhole diameter rendering on voxel to be
corresponding to 62 × 62 nm2 (frame size 125 × 125 µm2) with a section thickness set at
188 nm (at 355 nm excitation). A HeNe or Ar ion laser was used to aid transmission
image capture and when commercially available organelle-specific stains (e.g.
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MitotrackerRedTM or PI) were used to corroborate cellular compartmentalization or
follow the onset of necrosis.
All imaging parameters are kept constant across experiments. This includes voxel
size, laser power, line speed and averaging sequences, unless otherwise noted. The
accuracy and errors associated with the establishment of accelerated necrosis is one frame
dual channel imaging sequence that totals 15 s.
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Supplementary Figure 5. NIH 3T3 cells in the presence of the fluorescent molecular
machines 1 and 2 were studied with UV activation to cause nanomechanical-induced
entry of 1 and 2 into the cells.
(a) Nanomachine 2, left image (green, Cloading 500 nM/2 h, λex 514 nm, λem 520-540 nm, 2
mW); middle image MitoTrackerRed (red, Cloading 100 nM/30 min, λex 543 nm, λem 550600 nm, 0.5 mW); right is the two merged transmission images verifying mitochondrial
localization. (b) Nanomachine 1, left image (red, Cloading 500 nM/1 h, λex 633 nm, λem
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650-700 nm, 1 mW); middle image is LysoTrackerGreen (green, Cloading 200 nM/5 min,
λex 488 nm, λem 500-530 nm, 0.2 mW); right is the two merged transmission images
highlighting pit-like surface localization. (c) Merged transmission (488 nm, 0.2 mW)
images demonstration time dependent 1 internalization. UV-activation has been achieved
using parallel λex 355 nm, 20 mW 400 nJ/voxel total dwell time for the corresponding
times noted in the images (See Supplementary Videos 4 and 5). (d) Fluorescent images
demonstrating time-dependent dispersion of formed intracellular aggregates of 1 after 1 h
incubation and wash cycles followed by UV-activation for the corresponding times noted
in the images. All scale bars = 20 µm.

Supplementary Figure 6. Interactions of compounds 3, 4 and 5 with NIH 3T3 cells
which lead to monitored necrosis.
Recorded merged transmission (458 nm, 0.2 mW) and UV-induced mitochondrial autofluorescence (green, λex 355 nm, λem 460-550 nm) images of NIH 3T3 cells depicting
time-dependent UV-activated nanomechanical-induced cell morphological changes at
500 nM at 5 min incubation time. The UV-exposure times are shown in each image. (a)
Blank cells without molecular motors; (b) with 3, (c) with 4; (d) with 5. All scale bars =
20 µm.
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Supplementary Figure 7. The effects of UV-activated 7 and 8 on PC-3 cells while
monitoring necrotic cell death.
Recorded merged transmission (458 nm, 0.2 mW) and UV-induced mitochondrial autofluorescence (green, λex 355 nm, λem 460-550 nm, 20mW 400nJ/voxel total dwell time,
1024 × 1024 pixel) images of PC-3 cancer cells depicting time dependent UV-activated
nanomechanical-induced cell morphological changes. PI was added in all the
experiments. (a) Blank cells without molecular motors; (b) with 7 before washing; (c)
with 8 before washing; (d) with 7 after washing; (e) with 8 after washing. Scale bars = 20
µm.
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Supplementary Figure 8. Molecular motors 7 and 8 show an unexpectedly strong
association with NIH 3T3 cells during nanomechanical-induced necrosis.
UV-activated nanomechanical-accelerated necrosis by 7 and 8 occurred in the same
timeframe as with the PC-3 cells, indicating no desired selectivity of PC-3 over the NIH
3T3 cells studied in this Figure. Recorded merged transmission (458 nm, 0.2 mW) and
UV-induced mitochondrial auto-fluorescence (green, λex 355 nm, λem 460-550 nm, 20mW
400nJ/voxel total dwell time, 1024 × 1024 pixel) images of NIH 3T3 cancer cells
depicting time dependent UV-activated nanomechanical-induced cell morphological
changes. PI was added in all experiments. (a) Cells with 3; (b) blank cells without
nanomachines; (c) with 7 before washing; (d) with 8 before washing; (e) with 7 after
washing; (f) with 8 after washing. Scale bars = 20 µm.
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