
 

RICE UNIVERSITY

 
 

By 
 
 
 

A THESIS SUBMITTED 
IN PARTIAL FULFILLMENT OF THE 
REQUIREMENTS FOR THE DEGREE 

 
 
 

APPROVED, THESIS COMMITTEE 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

HOUSTON, TEXAS 



Abstract 

Synthesis and Biomedical Applications of Nanocarbon Based Materials and 
Devices 

by 

William K. A. Sikkema 

  

Carbon nanostructures are ubiquitous in our environment and have a range 

of interactions with biology, and depending on the arrangement of these carbon 

atoms, the structures can do dramatically different things – in this work: guiding 

neuronal growth, immunomodulation, and double stranded DNA cleavage. 

Carefully controlling these arrangements of carbon atoms in nanostructures can 

give unprecedented and powerful control over many aspects of biology. 

PEGylated graphene nanoribbons (PEG-GNR) are long, thin, conductive 

nanostructures produced by the reductive unzipping of multiwall carbon 

nanotubes. The Tour group has previous used similar structures based upon the 

GNR architecture for a range of applications. In this work, we show that PEG-GNR 

show substantial promise for both spinal cord repair and optic nerve repair. This 

work shows near perfect recovery of a quadriplegic rat, compared to previous work 

where functional recover was very limited. 

 Neuronal interactions with graphene are not limited to the ribbon 

formulation, and this work also shows that carbon nanotubes can be used to 



modulate the firing rates of ex vivo retinal ganglion cells with stimulatory voltages 

an order of magnitude smaller than previous work, further suggesting some special 

interaction between carbon nanostructures and neurons. 

 This work extends previous work in the Tour lab using small water soluble 

carbon cluster antioxidants (PEG-HCCs) by using them for immunomodulation. 

This work goes into mechanistic detail understanding both how PEG-HCCs 

dismute superoxide, and how this property allows them to be immunomodulatory 

without being toxic. 

 Finally, this work will examine the darker side of carbon nanostructures, 

showing that seemingly innocuous carbon can also be toxic, causing double 

stranded breaks in DNA. This work shows that certain carbon nanoparticles can 

induce T-cell mediated emphysema in a mouse model, but also show ways to 

ameliorate this toxicity with simple, cheap modifications to the carbon 

nanostructures. 
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Chapter 1 

Physical & Electrical Characterization of TexasPEG: An electrically 

conductive neuronal scaffold 

 

This chapter was copied from reference 1 
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Introduction 

Graphitic structures have been shown to electrically stimulate, physically 

support and organize the 3D structure of neurons2–4. Many types of graphene have 

been used for spinal cord injury5–7, but to our knowledge, no one has used 

graphene nanoribbons (GNRs), despite the literature showing that GNRs 

positionally inform neurons grown in cell culture8. In the context of the GEMINI 

spinal cord fusion protocol9, we anticipated that GNRs could act as an electrical 

stop-gap to transmit electrical signals across the gap produced by sharp cervical 

cord transection. GNRs might further act as a scaffold for regrowth of neuronal 

processes. The scaffold could be especially useful if the GNRs could be aligned 

parallel to the spinal cord across the gap by either non-contact methods, such as 

electric fields10, or teslaphoresis11, or by contact methods that briefly separates the 

cut ends and causes shear forces to align the nanoribbons12. 

Pure poly(ethylene glycol) (PEG) can restore at least partial motor function 

in rodents by acting as a fusogen to seal blunt ends of neuronal processes and 

connect neurons across the gap13,14. However, PEG applied shortly after surgery is 

likely rapidly cleared from the area because of its low molecular weight and high 

water solubility. To improve outcomes, it is necessary to include a component that 

will persist longer at the cut site to continue to stimulate reconnection, and PEG-

GNRs might also serve as a useful agent to slow the loss of the PEG.  
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Due to their large physical size, high molecular weight (~109 g/mol) and 

high aspect ratio, GNRs might remain in the tissue much longer. In addition, their 

conductive properties might allow them to act as an electrical conduit to restore 

conduction through the fusion interface much more quickly15. As a high aspect 

ratio graphene, GNRs might direct anisotropic neuronal growth longitudinally 

with the spinal cord axis8. The synergy of PEG as an acute fusogen and PEG-GNRs 

as a long term repair scaffold might be the mechanism for the enhanced positive 

outcomes in spinal cord repair. 

 

Methods 

PEG-GNR (TexasPEG) synthesis 

Multi-walled carbon nanotubes (MWCNTs) were obtained from EMD 

Merck (produced by Mitsui & Co., lot no. 2699-64E) and were used as received. 

Tetrahydrofuran (THF) was dried over solid KOH for several days, degassed, and 

freshly distilled from sodium/benzophenone under a N2 atmosphere. All chemicals 

were purchased from Sigma-Aldrich unless otherwise specified. 1.0 g of Mitsui 

MWCNTs was added to a 1 L oven-dried, nitrogen-purged, Schlenk flask; 500 mL 

of THF was added. 2.5 mL of eutectic NaK (1:3.3 by mass, 1:1.9 by mol) was added 

under nitrogen. The reaction mixture was stirred at room temperature for 3 d, 

until very few liquid droplets of NaK remained. The reaction was cooled in a dry 

ice/acetone bath to -78 °C, and 30 g (0.7 mol) of gaseous ethylene oxide was added 
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from a lecture bottle over 90 min. The mixture was slowly brought to room 

temperature and stirred for 3 d. A mixture of NaH (20 mmol, 0.53 g) and propargyl 

bromide (20 mmol, 2.4 g) suspended/dissolved in dry toluene was added to 

terminate the ethylene oxide polymerization. The reaction was quenched by the 

addition of 20 L of water, and the dark grey precipitate was collected via filtration 

on a 0.22 μm polyethersulfone (PES) membrane. The dark grey precipitate was 

filtered through a polytetrafluoroethylene (PTFE) membrane (0.45 µm), followed 

by crossflow filtration with a 50 kDa MWCO PES filter to remove unbound 

polymer. The PEG-GNRs final product (1.3 g) was collected on a PTFE membrane 

(0.45 µm), washed with DI water (3 × 100 mL), ethanol (3 × 100 mL), DI water (3 × 

100 mL), and dried under high vacuum overnight. The propargyl units were added 

to some of the termini for future peptide additions if desired. Before use, the PEG-

GNRs were dispersed in PEG 600 with an IKA T25 digital Ultra-Turrax machine 

running at 1000 rpm with an S25N-18G Dispersing element attachment. (0.5 - 1% 

(w/v) by GNR concentration). The mixture was tightly sealed in a 50 mL conical 

vial and was sterilized by 120 °C pressurized steam for 30 min16,17. 

 

Thermogravimetric analysis 

TGA measurements were performed on a TA instruments Q-600 

Simultaneous TGA/DSC. The temperature was ramped at 10 °C/min until 850 °C 

under argon. 
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Transmission electron microscopy 

(TEM, JEOL JEM 2100F) analysis, the PEG-GNRs were dispersed in water 

and drop cast onto a lacey carbon grid and allowed to dry for 6 h. 

 

Scanning electron microscopy 

The PEG-GNRs were dispersed in o-dichlorobenzene, briefly sonicated in a 

bath sonicator, and deposited on a silicon wafer at an approximate density of 1 

PEG-GNR per 500 μm2, from which the solvent was evaporated on a heat plate at 

<100 °C. The sample was imaged by an FEI Quanta 400 ESEM FEG instrument. 30 

images were taken in a direct line across the sample starting from a random 

location to minimize selection bias, and the resulting images were analyzed with 

the aid of ImageJ. 

 

Conductivity measurements 

Conductivity measurements were performed with a home-built copper 

parallel plate dip-probe connected to a Hewlett-Packard 3577a Network Analyzer. 

Calibrations were performed using methanol and a short-circuit liquid metal 

standard.  
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Results & Discussion 

 

Figure 1-1. Thermogravimetric analysis of PEG-GNRs. TGA under argon at a 
ramp 10 °C/min, where PEG has completely decomposed before 400 °C, and the 

GNRs are stable past 800 °C. 

 

Characterization of relevant physical and electrical properties was 

performed. First, to assess the amount of polymer covalently bound to the GNRs, 

TGA was performed. PEG decomposes fully by 400 °C, while the GNRs are stable 

under the temperatures tested. The PEG-GNRs are composed of 30% PEG, while 

GNRs comprise the remaining 70% (Fig. 1-1). 
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Figure 1-2. SEM and TEM analysis of PEG-GNRs. Micrographs revealed 
the ribbon-like structure of the PEG-GNRs. (a) Individualized graphene 

nanoribbon stacks. Scale = 10μm. (b) Open-end of a large GNR structure. Scale = 
200 nm; (c) End of thin GNR. Scale = 100 nm; (d) floppy end of a GNR stack, 

showing the triangular stack of GNRs. The white arrow shows the stack increasing 
in thickness. Scale = 10 nm 

 

By examination of the SEM and TEM images in Fig. 1-2, one can see that the 

MWCNTs were indeed split into GNRs, displaying wavy patterns characteristic of 
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GNRs and a much smaller persistence length than MWCNTs. The GNRs are in 

triangular stacks that result from unzipping several nanotubes in a MWCNT, 

where the largest tube makes the widest ribbon at the bottom, and the smaller 

tubes make increasingly thinner GNRs, stacked in order on top of each other (Fig. 

1-2d). The GNRs are not individuals, but staked structures that do not easily 

exfoliate. 

 

Figure 1-3. Histogram of GNR aspect ratios. Measured histogram of aspect ratio 
of 300 PEG-GNRs as measured by TEM. Lognormal fit gives a standard deviation of 

36, and the average aspect ratio is 85. 

 

The critical percolation concentration is determined by the aspect ratio of 

the conductive structures. This was calculated by measuring the lengths of 

individually dispersed PEG-GNRs on a silicon substrate of every PEG-GNR longer 

than 1 μm. (Fig. 1-2a). The average width and height of PEG-GNRs was measured at 
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higher magnification under TEM. Dividing the distribution of lengths over the 

average height and width resulted in a histogram (Fig. 1-3) that fit a normal 

logarithm plot with a standard deviation of 35, and a number average of the aspect 

ratio was 85. This average aspect ratio corresponds to a critical void fraction 

necessary for percolation of 1% in order for a conductive path to form18. 

 

Figure 1-4. Conductivity of PEG-GNR in PEG. Experimentally measured 
conductivity of the PEG-GNR in PEG600 at varying concentrations. 

 

The percolation conductivity was measured from a concentration of 0.003% 

to 100% of PEG-GNRs in PEG at 1 kHz, as this is approximately the frequency of 

neuronal signals (Fig. 1-4). While there was not a dramatic change in conductivity 

at ~1% as the average aspect ratio predicted, the conductivity was an order of 

magnitude higher than the pure PEG. However, in a biological system, the PEG 
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might diffuse away rapidly, leaving the PEG-GNRs behind in much higher 

concentration, allowing for the effective conductivity, and thus efficacy, of the 

PEG-GNR solution to rise over time. 

 

Conclusion 

In my previous work19, we have shown that the addition of PEG-GNRs to 

PEG dramatically increases the favourability of the outcomes following complete 

cervical spinal cord transection. In this paper, we have characterized the material 

as used. We anticipate further enhancements to the outcomes by ameliorating 

traumatically caused oxidative stress with our high-capacity, fast-acting 

antioxidants20–23. For full effect, these can be administered systemically and 

topically in the PEG/PEG-GNR mixture. 

 

Author Contributions 

I synthesized the PEG-GNRs. I also performed the TGA, SEM, and 

conductivity measurements. Tuo Wang & Drew Metzger performed TEM. 
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Spinal cord fusion with PEG‑GNRs (TexasPEG): Neurophysiological 

recovery in 24 hours in rats 
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Introduction 

To achieve a successful spinal cord fusion as required during 

cephalosomatic anastomosis (CSA), an effective technique to assure rapid 

reinnervation of the body across the divided cervical spinal cord is necessary2.[5] In 

the proposed spinal cord fusion protocol called GEMINI, reapposition of two 

sharply severed cords brings in contact the gray matter cores in which the 

cortico-truncoreticulo-propriospinal (CTRPS) pathway courses; this cellular core 

re-establishes contact by regrowth of the severed connections among 

propriospinal cells and by acute “fusion” of the neural membranes that were 

transected acutely. This regrowth has been confirmed histologically in animal 

models of spinal cord sections by Freeman3, who demonstrated a huge amount of 

fibers regrowing across the stumps interface, and more recently by other groups3–5. 

The CTRPS pathway – rather than the myelinated fibers of the descending and 

ascending tracts – is truly responsible for motor and coarse sensory transmission 

and is the linchpin of the GEMINI spinal cord fusion protocol (for an in-depth 

review of the key role of the evolutionarily conserved CTRPS in sensorimotor 

integration, refer to references2,3,5. The GEMINI fusion process achieves 

accelerated fiber fusion by way of substances called fusogens2,6 This fusion of 

transected axons is made possible by exploiting fusogens, such as polyethylene 

glycol (PEG), i.e., substances that restore the integrity of acutely transected nerve 

fibers both in peripheral nerves and sharply transected spinal cords2,3,6. This is 

accompanied by a resealing (sealant effect of PEG) of the membranes of neurons 
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injured by the nanoblade transection (akin to a neuroprotective effect) in the 

CTRPS spinal core. As mentioned, neuronal survival at the interface of the two 

apposed stumps is followed by resprouting and restoration of mechanical integrity. 

This specific process can be accelerated by electrical stimulation3,5. Despite the 

properties of PEG having been discovered in 1986, very little work has been 

published over the subsequent 30 years2,6. Acute transections in man being rare, 

no group pursued a clinical application of this technology. A head-body transplant 

and the need for an accelerated spinal cord fusion protocol resurrected these older 

studies. Fusogens exert their beneficial effect maximally when applied locally to 

the point of transection rather than when administered parenterally6. Membrane 

fusion and attendant mixing of the cytoplasm of fused cells occurs when adjacent 

membranes touch in the presence of PEG or a similar compound. Acute 

dehydration of the fusing plasmalemmas permits glycol/protein/lipid structures to 

resolve into each other at the outer membrane leaflet first and the inner 

membrane leaflet subsequently. In other words, dehydration of the membrane 

facilitates the hydrophobic core of the lamellae to become continuous; rehydration 

after PEG exposure permits the polar forces associated with the water phase to 

help reorganize the structure of transmembrane elements. PEG is dislodged once 

the membrane is sealed. This reorganization of cellular water is believed to result 

from the strongly hydrophilic structure of PEG2. This fusion effect was first 

demonstrated in single axons, then in peripheral nerves2,6. In light of these data, 

we asked whether results could be improved by adding conductive, high-aspect-
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ratio graphene nanoribbons (GNR) to the fusogen solution. In a three-dimensional 

tissue setting, across a gap in the spinal cord, we expected the GNRs to first act as 

an electrical conduit and then act as an electrically active scaffold upon which the 

neurons will grow, directing their processes in the proper direction across the gap. 

We expect this result primarily because GNRs have been patterned on 

two-dimensional surfaces cause growing and differentiating neurons to take on the 

same pattern7,8. Only a very small concentration of PEG-GNRs in the fusogen was 

required because at <1% m/v of high aspect ratio rod-like carbon nanostructures in 

polymers, electrical percolation (i.e., the concentration at which conductive 

particles make the overall, usually insulating, solution conductive) can be 

achieved9. In other words, in order to improve and accelerate the recovery of 

function, we tested PEG enhanced by these electrical conducting nanoribbons. 

PEG-GNRs would achieve both membrane fusion, facilitate initial electrical 

conduction, and then act as a scaffold for sprouting fibers. We have recently 

shown how a sharp transection aided by PEG alone can restore at least partial 

motor function in a rat and mice6,10 and neurophysiologic transmission6 compared 

with the control groups of animals. In this paper, we report for the first time on 

the effects of a locally applied water-soluble, PEGylated conductive GNR solution 

on neurophysiologic conduction after sharp cervical cord transection in rats.  
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Methods 

Surgery 

The experiment was carried out in accordance with animal ethics guidelines 

and was approved by the Institutional Animal Care and Use Committee of Konkuk 

University (Seoul, South Korea). Female Sprague-Dawley rats (250~280 g, Young 

Bio, Gyeonggi-do, Korea) were anesthetized using zoletil and xylazine (3:1 ratio, 1 

ml/kg). The muscles overlying the cervical vertebral column were reflected 

exposing C4-6; a C5 laminectomy was performed and the dura mater was split 

open longitudinally. After gently raising the cervical cord with a hook, full 

severance was performed with surgical sharp blades #11. The experimental group (n 

= 5) was treated with the PEG-GNR solution (0.5 mL per animal) directly applied at 

the level of transection of the cervical cord. The control group (n = 5) was treated 

with the same volume of phosphate buffered saline. The muscle and fascia were 

sutured and the skin closed. Dextrose 5% solution (20 mL/kg) was administered 

daily via intraperitoneal injection. The two stumps of the spinal cord of the rats 

were kept in mechanical proximity by simple hyperextension of the head. 

Electrophysiology 

One day after the surgery, the animals were reanesthetized with urethane 

(1.25 g/kg, i.p.). Each animal was placed on a stereotaxic device (Narishige 

Scientific Instrument Laboratory, Tokyo, Japan) and artificially ventilated using a 

small animal respirator (Model 683, Rodent Ventilator, Harvard, Holliston, MA, 



20 
 

USA). Somatosensory evoked potentials (SSEPs) were recorded to measure the 

conduction recovery of the sensory system. A special electrode (NE-120, Rhodes 

Medical Instruments, Inc., Woodland Hills, CA, USA) was used for SSEP recording. 

For the SSEP recording, the recording electrode was placed in the sensorimotor 

cortex (bregma: −2 mm, lateral: 2 mm; recording side). A bipolar platinum wire 

electrode placed in the contralateral sciatic nerve (stimulating side) was used as a 

stimulating electrode. A single square pulse (0.1 ms duration) of electrical stimulus 

was delivered by a stimulus isolator (A365D, World Precision Instruments, Inc., 

New Haven, CT, USA) that was driven by a pulse generator (Pulsemaster A300, 

World Precision Instruments). The analog signals of the evoked potentials were 

amplified (×10000), filtered (Band-Pass 300–1000 Hz), and fed to an 

IBM-compatible PC through an AD/DA converter (CED 1401, Cambridge, UK) to 

be averaged out using Spike 2 software. SSEP consisted of an average of 100–300 

single sweep epochs. The effect of the stimulation intensity on SSEPs was analyzed 

in the waveforms by latencies and amplitudes. 

Behavioral assessment 

Four of the PEG-GNR treated rats died accidentally (drowning during a 

storm that filled the underground lab) subsequently to the SSEP study. The 

surviving rat is reported here versus controls treated with saline. The modified 

Basso, Beattie, and Bresnahan (mBBB) 22-point (0–21) scoring was employed. A 

score of 21 indicates unimpaired locomotion as observed in uninjured animals, 
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whereas a score of 0 indicates a complete absence of voluntary movement. 

Assessment occurred daily for 2 weeks. 

Results & Discussion 

Table 2-1. In vivo electrophysiological analysis 

Group 
Latency (ms)  Amplitude (μV) 

Initial N1 P1  Initial N1 P1 

Normal 10±1 21±4 40±5  0.6±0.4 60±14 100±30 

PEG-GNR 10±1 26±2 50±5  0.21±0.05 6±3 10±4 

Control        

 

SSEPs were used to evaluate the functional integrity of ascending sensory 

pathways following surgery and topical treatment. SSEPs are a quantitative way to 

assess the conduction of somatosensory pathways following cervical cord 

transection. SSEPs were measured from normal rats (without transection) to 

acquire baseline recordings for comparison.  
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Figure 2-1. Somatosensory evoked potentials of PEG-GNR treated rats. SSEP 
waveforms by 6‑mA stimulation in the experimental group 24 hours after 

transection. No SSEPs were detected in the control group. The PEG‑GNR‑treated 
group exhibited SSEP recovery, although not yet at a normal level 

 

Fig. 1 shows the representative waveforms of the SSEPs evoked by stimuli of 

various intensities. With a stimulus of 6 mA, the amplitude and latency parameters 

were classified as initial, N1- and P1 peak, and represented the amount of signal 

transduction.  
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Conclusion 

In conclusion, we report for the first time the effect of a novel form of PEG with 

the goal of rapid reconstruction of a sharply severed spinal cord. Ongoing studies 

will clarify its full potential. 
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Introduction 

End-stage age-related macular degeneration (AMD) causes severe visual 

impairment by eliminating the central area of vision, impairing a patient’s ability 

to read, to drive, and to recognize faces1. The prevalence of severe loss of central 

vision due to AMD is growing with an aging population. While the outer layer of 

retinal tissues (photosensitive cells) are lost in diseases such as AMD or cone 

dystrophies, the inner layers of retinal tissues (bipolar and ganglion neurons) 

remain functional. Existing artificial retinal prostheses use a top-down process to 

replace the function of the outer retinal tissues by electrically stimulating the inner 

retina with metal electrodes2. These devices are limited in their resolution by their 

inability to interact intimately with the retina3. Metal disks are limited in how 

closely they can approach the cell; they sit on top of the tissue and are several 

microns away from the cell bodies they are meant to stimulate4. In addition, 

because on top of the retinal ganglion cell layer is a layer of axons that get denser 

as they propagate towards the optic disk, metal electrodes stimulate swaths of 

these axons in addition to the cell bodies they mean to stimulate. The effect of this 

is that individual “pixels” of the artificial retina device produce an image that 

appears to be broad strokes of light, called "phosphenes"5, not to be confused with 

the chemical compound PH3. Because the electric field at the cell surface interacts 

with the cell, and the electric field decreases as the distance to the electrode 

increases, high voltages are required for the current technology6 and are limited by 
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their heating of the retina1. Additionally, it becomes increasingly difficult to wire 

every individual electrode as the resolution increases. These challenges, along with 

biocompatibility, durability, and power requirements, limit scaling of these 

technologies2. 

We are developing a bottom-up process using vertically aligned carbon 

nanotubes that push into the retina to intimately interact with the neurons 

(ganglion & bi-polar cells). Because they interact only nanometers from the 

neuronal cell bodies and processes (outgrowths from the cell body), they require 

only 10's of nA and several mV[7]. This current and voltage level allows even an 

inefficient solar cell to deliver the required energy; no external power source is 

required. 

Vision is a complex phenomenon, with many biological components that 

need to work together for functional vision8. In the retina, the most complex part 

of the vision cascade are the photoreceptors9. Those are the cells that are 

responsible for absorbing light, triggering a chemical isomerization that in turn 

causes a field potential to change at the cell's surface. This analog field potential is 

read by a complex set of cells that process the signal and effectively digitize it into 

a series of action potentials10. The exact digital pattern is not well elucidated, but it 

is generally understood that modulation of firing rates and firing patterns is 

integral to vision. In certain blind people, the photoreceptors have some 

malfunction that prevents them from operating correctly, while the rest of the 
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retina and visual pathway are intact11. There have been devices built to bypass the 

photoreceptors, but they are very invasive and require external power4. In 

addition, because of the design of the electrodes that stimulate the retina, they 

require high potential and high current to cause the necessary field gradient over 

the cell membrane to trigger action potentials. They require this, primarily 

because of how close the electrodes can get to the cells of interest and how 

strongly the dipole moment of water shields the electrodes from the cells1. Carbon 

nanotubes offer a potential solution to this problem if they can get close enough to 

the cells to generate the same field gradient with much smaller charge injection 

and a much smaller voltage. By reducing the power requirements, it is possible 

that a device could be built which is completely passive and only powered by the 

light incident on the surface. 

Methods 

Synthesis of perforated thin silicon wafer:  

A thin silicon wafer with the following properties was ordered from 

University Wafer: p-type silicon (15 ± 1) µm thick, 10 mm diameter, 10-20 Ωcm. It 

was mounted to a larger chip as a substrate, and then using standard lithographic 

masking and etching techniques, 50 µm holes were etched in a hexagonal close 

pack (hcp) lattice 150 µm apart from each other. The thin wafer was released from 

the substrate.  
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Synthesis of the silicon/graphene interface: 

The thin silicon was placed on a clean wafer and a thin polyimide film 

cleaned with isopropyl alcohol was placed over top. The entire assembly was taped 

to the stage of the laser with the wafer facing the laser. The laser was rastered over 

the surface, penetrating through the silicon without damaging it and graphitizing 

the polyimide at the surface and forming laser-induced graphene12 (LIG). LIG 

formation was confirmed by Raman spectroscopy. 

Carpet growth of nanotubes from graphene 

Iron/alumina catalyst was drop cast onto the LIG, and placed into a 

nanotube carpet growth tube furnace. 10 min of nanotube growth was allowed13. 

Samples were characterized by SEM following carpet growth. 

Cyclic voltammetry of the silicon/graphene solar cell 

Silver contacts were placed against the bare silicon and nanotubes. Cyclic 

voltammetry (CV) curves were swept in the presence of strong broadband IR light 

and in darkness.  

Assembly of complete artificial retina 

A ~1 mm2 section of the silicon/graphene/nanotube assembly was 

suspended in a ~ 2 mm2 hole in a nitrocellulose membrane by very small amounts 

(~ 1 µL) of Vaseline at the corners of the chip  
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Ex-vivo testing 

Dark-adapted C57BL6 mice under protocol 315238 at Baylor College of 

Medicine were anesthetized by 80 mg/kg Ketamine, 2 mg/kg Xylazine, and 1 

mg/kg Acepromazine to induce a surgical plane. After no response to a toe pinch, 

the cervical region of the spine was dislocated, and the head was amputated. Eyes 

were enucleated and placed into oxygenated Ames’ buffer. The retina was 

dissected under a night vision dissecting microscope and the retina (photoreceptor 

side up) was picked up by the nitrocellulose membrane which was holding the 

artificial retina, causing the artificial retina to gently adhere to the retina as the 

nitrocellulose strongly adhered to the tissue. The retina/nitrocellulose/artificial 

retina sandwich was placed in the well of a multi-electrode array (MEA) (ganglion 

cell side down) and gently sandwiched in place by a plastic holder, which gripped 

the sides of the MEA dish and had a hole in the center where the retina was to be 

stimulated. The tissue was then placed in a recirculating bath of warm, oxygenated 

Ames’ media for 15 min for the tissue to recover from the trauma of dissection. 

After recovery, recording of the multi-electrode array started and white light and 

850 nm IR light illuminated the surface of the retina to measure the retina's 

response to IR and white light. 

Results & Discussion 

One of the first hurdles to show that a low power device can be an effective 

artificial retina is to show that it can change the firing rate of the retinal ganglion 



31 
 

cells of the retina. To do that, the cells of the RGC layer need to pass the minimum 

transmembrane potential of ~30 mV. However, because of the dielectric 

environment of the tissue, a simple 30 mV potential at the surface of an electrode 

is not enough, because most of this potential is shielded from the neuron by 

electric double layers that form at the surface of the electrode. The device was 

designed to have carbon nanotubes extend into the tissue to bring the stimulus 

potential into very close proximity to the surface of the neuron to allow a smaller 

potential and smaller current to effect an action potential. Fig. 3-1 shows a 

disordered, but predominately vertically aligned forest of nanowires. 

 

 

Figure 3-1 SEM of artificial retina. SEM reveals close connection between the 
silicon and the LIG, and the morphology of the CNT growing from the LIG. 
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This forest of nanowires was pressed gently into ex vivo retinal tissue as 

described by Schematic 3-1. The carbon nanotubes were pressed against the 

photoreceptor layer of the retina, as this is the analog side of the retina, where 

light normally would cause a deflection in the field potential. This deflection in the 

field potential of these cells triggers the bipolar and amacrine cells in the mid-

layers of the retina to convert these analog potentials to a digital signal of firing 

patterns of retinal ganglion cells. This firing pattern is not well understood14; it is 

thought that vision is accompanied by a change of the firing pattern from baseline. 

In the dark, there is a baseline firing rate, and any change in that firing pattern can 

be interpreted visually by the brain.  

 

Scheme 3-1 Measurement of testing setup. The mouse retina was placed 
photoreceptor side facing towards the carbon nanotubes of the artificial retina. 

The ganglion cells were placed in contact with the multi-electrode array. 

 



33 
 

 

Figure 3-2. Electrical properties of the artificial retina. When illuminated by 
40 klx of IR light, the minimum current passing through the cell appeared at -120 
mV, indicating that the cell was producing +120 mV when illuminated. There was 

very little change when the bare silicon was probed directly. 

 

Because 30 mV is the minimum voltage required to cause an effect, the cell created 

needed to at least generate 30 mV when under normal illumination conditions. 

The cell produced 120 mV under IR light. The bare silicon was also illuminated to 

show that the effect was not simply due to electrode/silicon interactions, which do 

form a Shottky barrier. However, the potential, in the case of bare silicon, was -20 

mV, so any effect seen is not likely to be caused by it alone. 
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Figure 3-3 Action potential events from 6 different recorded cells. Parts of the 
Figure highlighted in red are where the IR light was on. The four different data sets 
were recorded 30 s apart and in sequence. The first recording was done in the dark, 

then the second recording was performed 30 s later with continuous IR exposure 
starting 2 s before the recording started. A third recording was done with the IR 

light off, then a fourth with the IR light turning on halfway through the recording. 

 

As Fig. 3-3 shows, the firing rate of the retinal ganglion cells decreased by 

70% when the IR light was on when compared to baseline in the dark. The light 

that was used was in the deep infrared of 850 nm, and mice retinas are blind to 

normal red and infrared light. However, the artificial retina is sensitive to the 

infrared light, as shown in Fig. 3-2, so any change in the firing rate of the retina is 

due to the interaction between the artificial retina and the mouse retina. Because 
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the firing rate decreases, it is likely that the artificial retina is hyperpolarizing the 

photoreceptors and the nearby cells, causing fewer action potentials to be 

transmitted to the retinal ganglion cell layer. 

 

Figure 3-4 White light and IR combination stimulus. Upon stimulation 
of white light, there is a burst of firing potentials. With continuous IR exposure, 

the peak intensity of the firing rate was diminished by ~25%. 

 

This hypothesis was further confirmed when the same retina was 

illuminated with white light. The retina responded normally to the white light 

with a sudden increase in the firing rate of the retinal ganglion cells. However, 

when also illuminated with IR light, the response was 20% weaker than what it was 

with simply the white light stimulus. This further indicates that the IR light, 

through the artificial retina, is causing a change in the firing pattern of the retinal 

ganglion cells. 

The design of the artificial retina had to allow for oxygen permeability 

through the chip, because the MEA below the retina was made of impermeable 
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glass, and nutrients and oxygen from the recirculating Ames’ media must be able 

to get to the retina to allow for action potential events. Spacing between the holes 

of the artificial retina was chosen by the approximate space between capillaries in 

the retina to provide full oxygenation. (Fig. 3-6) 

 

Figure 3-5. Pores in the artificial retina. On face image of the pores 
drilled through the silicon of the artificial retina before LIG formation or nanotube 

growth 

 

A side benefit of the open pores in the artificial retina is that they allow a 

short path to ground the electric fields, as they can pass directly through the pores. 

This increases the electric field passing through the retinal cells without an 

increase in the potential. (Scheme 3-2) 

 

 

Scheme 3-2. Electric field lines upon activation of the artificial retina. 
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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 diseases2. 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 tissues3. 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 mental symptoms, and 

shortened life span4. 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 cancer5,6. Excessive production of reactive oxygen 

species (ROS) has been implicated in the pathogenesis of multiple T cell-mediated 

autoimmune diseases5,7–10. Indeed, the significance of ROS as a therapeutic target 
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for MS has been highlighted with dimethyl fumarate, an approved therapeutic for 

this disease11. 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 proteins11,12. 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 cells13. In addition, Nrf2 levels decrease 

with age, suggesting a potential loss of Nrf2-mediated efficacy of dimethyl 

fumarate in older patients14. Finally, studies in Nrf2−/− mice demonstrated that 

dimethyl fumarate affects immune cell functions in a Nrf2-independent manner15. 

Endogenous and dietary antioxidants, such as vitamins C and E, have shown only 

modest clinical efficacy in autoimmunity7,10, likely due to their poor selectivity for 

radical annihilation, limited stoichiometric capacity, and dependence on 

detoxifying molecules16. 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 ROS17. 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, 
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act as a crucial second messenger during T lymphocyte activation18–21. Since most 

current therapies for autoimmune diseases are broad-spectrum 

immunosuppressants associated with deleterious side effects5,6, 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 diseases16,22. Carbon 

nanomaterials have also demonstrated remarkable affinity towards particular cell 

types and consequently have been used as shuttles for targeted drug delivery23. A 

major challenge precluding the translation of carbon nanomaterials into the clinic 

has been their associated cellular toxicity24. However, nanomaterials that are 

hydrophilic, have no trace metals and that do not form fibrous aggregates, are 

associated with little to no toxicity16. 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 

injury17. Indeed, high doses of PEG-HCCs have induced no acute toxicity involving 

the heart, liver, kidney, spleen or brain in extended mouse studies25. In addition, 

PEG-HCCs possess clear benefits over currently available antioxidants by 

specifically and more effectively scavenging O2•− and its derivative, hydroxyl 

radical16,23,25,26. Interestingly, PEG-HCCs accumulate in the spleen of rodents25, a 

secondary lymphoid organ. Consequently, here, we determined the ability of 
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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.  

Results & Discussion 

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 

administration25, 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 previously shown effective in rat studies of traumatic brain 

injury16. Maximum circulating levels of PEG-HCCs (0.6 µg/mL) were reached 24 h 

after injection (Fig. 4-1a), 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 
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injection site (Supplementary Fig. 4-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 Figs S1 and 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. 4-S1). We obtained a stronger signal from 

the anti-PEG antibodies after permeabilization of splenic T lymphocytes (Fig. 4-1b, 

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. 4-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. 
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Figure 4-1. 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 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. 
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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 (Supplementary Fig. 4-S3). PEG-HCCs were not internalized by immune cells 

in the inguinal lymph nodes (Fig. 4-1b, right), although they could be observed in 

the intact tissue (Supplementary Fig. 4-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 
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(Fig. 4-1c). 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. 4-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 Fig. 4-S6). Similarly, a PEG signal was not detected in spleen 

sections from rats that had received vehicle instead of PEG-HCCs (Supplementary 

Fig. 4-S3). Finally, nanoparticles were not detectable in dead T cells, which are 

readily permeable, thus precluding a non-specific uptake mechanism 

(Supplementary Fig. 4-S7) 

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 4 °C 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, thus demonstrating that T lymphocytes internalize 

PEG-HCCs via clathrin-mediated endocytosis (Fig. 4-2a). Next, we examined the 

kinetics of PEG-HCC uptake by T lymphocytes and found maximal intracellular 

levels after a 25 min incubation at 37 °C; increasing incubation time did not further 
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increase internalization levels (Fig. 4-2b and Supplementary Fig. 4-S8). We then 

used transmission electron microscopy (TEM) 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. 4-2c and larger images in Supplementary Fig. 4-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 37 °C, both external and internal levels of 

PEG-HCCs decreased over 6 h (Fig. 4-2d and Supplementary Fig. 4-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 cell-based sandwich ELISA (Supplementary Fig. 

4-S10). In the absence of cells, PEG-HCCs were readily detected and saturated the 

detection signal (Fig. 4-2e). When T lymphocytes loaded with increasing 

concentrations of PEG-HCCs were placed onto the antibody-coated plate for 5 h, 

PEG-HCCs were detected in a dose-dependent manner, indicating that PEG-HCCs 

exit the T lymphocytes. Importantly, unconjugated mPEG-NH2 (5000 kDa) alone 

was not detected by the assay, providing further confirmation that the anti-PEG 

antibodies used throughout this study can only detect conjugated PEG moieties as 

claimed by its manufacturer.  
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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. 4-3a), and helper (CD4+) 

and cytotoxic (CD8+) T cells (Fig. 4-3b); 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. 4-3b). As our data had indicated that PEG-HCCs entered 

approximately 5–10% of T cells, we investigated T cell subsets present at a lower 

frequency in the spleen. We first analyzed δ γ 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. 4-3c). 

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. 4-3d). 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 4-2. 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. 4-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, two-tailed Student’s t test). (e) PEG-HCC exit from 

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. 
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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. 4-4a,b and Supplementary Fig. 4-S11)36–38. 

Human peripheral blood T cells or rat splenic T cells (Supplementary Fig. 4-S12) 

stimulated with mitogens were similarly sensitive to PEG-HCCs. In contrast, 

mPEG-NH2 (5000 kDa), used alone as a control, did not affect T cell proliferation 

(Supplementary Fig. 4-S13), whereas non-PEGylated HCCs did inhibit proliferation 

(Supplementary Fig. 4-S11). However, unlike PEG-HCCs, HCCs flocculate rapidly in 

water (Supplementary Fig. 4-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. 4-4c). In contrast, stimulating the T cells 6 h after 

washout rescued the inhibitory effect on proliferation (Fig. 4-4c), demonstrating 

that the nanoparticles need to be internalized to decrease T lymphocyte activity. 

This result is in alignment with the kinetics shown in Fig. 4-2d 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. 4-4d), suggesting the higher antioxidant 

capacity of PEG-HCCs26 is necessary for this inhibitory effect. 
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Figure 4-3. 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 δ γ T cell subset (CD3+δ γ +) as compared to non-δ γ T cells 
(CD3+δ γ −) 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. 

 

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. 4-4e and 
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Supplementary Fig. 4-S14), suggesting distinct cell signaling pathways are altered 

by PEG-HCCs. Dimethyl fumarate induces the apoptosis of activated T cells13. 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 PEG-HCCs or HCCs prior to stimulation and found no 

changes in cell viability (Fig. 4-4f and Supplementary Fig. 4-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. 4-S15), suggesting that an increase in intracellular O2•− levels 

during T lymphocyte activation18–21 is necessary for PEG-HCCs to alter cellular 

function. 

PEG-HCCs leave key functions of macrophages unaltered. 

We demonstrated in Fig. 4-1 that macrophages do not internalize PEG-

HCCs 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 

PEG-HCCs 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. 
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Figure 4-4. PEG-HCCs scavenge intracellular O2•− and suppress T 
lymphocyte activity. (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 
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(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. 

 

Adding PEG-HCCs during macrophage stimulation did not affect T 

lymphocyte migration (Fig. 4-5a), 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. 4-5a), in agreement with our finding that PEG-HCCs do not affect 

unstimulated T cells. We further found that, unlike other nanoparticles36, PEG-

HCCs do not affect phagocytosis by macrophages (Fig. 4-5b and Supplementary 

Fig. 4-S16). To measure antigen processing and presentation, macrophages were 

loaded with ovalbumin, washed, and provided ovalbumin-specific T cells; T cell 

proliferation was used to assess adequate antigen processing and presentation 

(Supplementary Fig. 4-S17). 
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Figure 4-5. 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 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 
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(blue). Right, quantification of the phagocytosis assay (n = 100 cells/rat; N = 3 rats 
spleens, two-tailed 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 the 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. 

 

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. 4-5c). 

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. 4-5c), similar to our findings in 

Fig. 4-4b. 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. 4-5d). As a control, we verified that PEG-HCCs alone do not induce 

fungistasis (Supplementary Fig. 4-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 4-6. 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 ovalbumin-specific 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). (c) Clinical scores of rats 
with acute active EAE, treated with saline (vehicle) or 2 mg/kg PEG-HCCs 

subcutaneously every 3 d, beginning at onset of disease signs (n = 6 rats per 
group). (d) Histological analysis of spinal cord gray matter collected from rats with 
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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. 

 

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 rats37 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. 4-6a). A similar result was 

obtained in the adoptive model of DTH elicited by the injection of antigen-

stimulated GFP-transduced ovalbumin-specific T cells, followed by ovalbumin 

challenge (Fig. 4-6b)38,39. 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 PEG-HCC treatment (Fig. 4-6b). 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 
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homing inhibition as seen with other T cell immunomodulators40. 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 

PEG-HCCs every three days (equivalent to three circulating half-lives based on our 

pharmacokinetics data), starting after the onset of clinical signs, reduced disease 

severity (Fig. 4-6c). Histologic analysis of spinal cords collected from EAE rats at 

peak of disease (day 12 post-immunization) revealed a decrease in inflammatory 

foci (Fig. 4-6d), suggesting that PEG-HCCs reduce immune cell infiltration into the 

central nervous system. 

Discussion 

In summary, we have demonstrated that the antioxidant carbon 

nanoparticles, PEG-HCCs, are immunomodulators that preferentially target T 

lymphocytes. We established that, unlike other nanoparticles that mainly target 

phagocytic cells18–22, 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 

nanoparticles41. 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 
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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 PEG-HCCs 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 cells42. 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 PEG-HCCs 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 cells43. Furthermore, future studies will be necessary to determine if PEG-HCCs 

affect the use of O2•− as a microbicidal agent by neutrophils44. However, the 

significance of our ex vivo results on T cell activity by PEG-HCCs was clearly 

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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Methods 

Animals. 

Female inbred Lewis rats were purchased from Charles River and group-

housed 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 d old. All remaining studies used rats aged 43–48 d 

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. 

Cells. 

Splenocytes were isolated from spleens of naïve rats45. Mononuclear 

splenocytes were isolated using Histopaque-1077 (Sigma-Aldrich)46. 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)47. Primary Lewis 

rat myelin basic protein-specific T cells were a kind gift from Evelyne Béraud 

(Université de la Méditerranée, Marseilles, France)48. As antigen-presenting cells 

for ovalbumin-specific or myelin-basic protein-specific T cell stimulation, either 

rat splenic macrophages or irradiated (30 Gy) rat thymocytes were used45. Lymph 

node cells were isolated from inguinal lymph nodes of rats with EAE at the peak of 
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disease (day 12 post-immunization) by preparing a single-cell suspension using 70 

μm cell strainers. Cells were cultured as described4 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 water49. Endotoxin levels in PEG-HCCs 

were measured using ToxinSensor Chromogenic LAL Endotoxin Assay Kit 

(GenScript) using the manufacturer’s protocol. 

Pharmacokinetics. 

Blood was drawn50 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. 
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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. 

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 Fcγ II/Fcγ III 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 Figs S1 and 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 
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used to inhibit clathrin-mediated endocytosis51. 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 h. 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 double deionized water (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 
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catalyst, then pellets were embedded in Spurr Low Viscosity resin and polymerized 

at 62 °C for 3 d. 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 flat-bottom 96-well plates were coated with purified anti-

PEG antibodies (Table S2, 100 µl, 5 µg/mL) at 4 °C 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 37 °C, 5% CO2. 

Cells were washed thoroughly with medium while the antibody-containing plate 

was washed with PBS. Cells were seeded into the plate (1 × 105 per well) and 

incubated for 5 h at 37 °C, 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 
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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 37 °C, 5% 

CO2. Cells were washed with RPMI 1640 and incubated with or without PEG-HCCs 

(0.1–100 µg/mL) for 30 min at 37 °C, 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 antigen-

presenting cells38,52,53. 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)37,54. 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-
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Aldrich), respectively38,48,55. Rat mononuclear splenocytes and human peripheral 

blood cells were stimulated with 1 µg/mL concanavalin A or phytohemagglutinin, 

respectively48,56. 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 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 cytometry56. 

Antigen processing and presentation by macrophages. 



70 
 

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. 4-

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 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. 
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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)57. 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 



72 
 

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 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 

was tested as described58. 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)52. For induction of 

adoptive DTH, GFP-transduced ovalbumin-specific rat T cells were activated ex 
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vivo by stimulation with 10 µg/mL ovalbumin in the presence of irradiated rat 

thymocytes, serving as antigen-presenting cells38,39. 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 ear38,39. At 48 h post-challenge, ear swelling was measured 

using a spring-loaded 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 
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onset of clinical signs and continued every three d until the vehicle-treated rats 

spontaneously recovered. Rats were weighed and scored twice daily using the 

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 euthanasia28,38,59. Randomly selected rats with EAE were 

humanely euthanized at the peak of disease (day 12 post-immunization). After 

cardiac perfusion with saline60, 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 
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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). 

Author Contributions 

I synthesized and characterized HCCs and PEG-HCCs. I performed ex vivo 

experiments with the PEG-HCCs and rat sera to determine the lability of the PEG 

moieties in vivo. Loïc & Lizzane synthesized HCCs. Redwan, Thomas, Mark, 
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Chapter 5 

PEG-GNRs restore Optomotor and PERG function in optic nerve 

transection and repair model 
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Introduction 

Optic nerve regeneration is one of the challenges that must be overcome to 

enable whole eye transplantation (WET)1,2. Without the ability to repair an optic 

nerve, WET in humans would be an advanced bioprosthetic. If the optic nerve can 

be fused between the recipient and the donor transplant, it is possible that the eye 

could be more than a prosthetic and allow for functional restoration of vision. A 

rat model has been developed in the Kia M. Washington lab (Denver, Colorado) 

for transection and repair of the optic nerve without disruption of the central 

retinal artery that supplies the retinal ganglion cells, the origin of the optic nerve. 

If a transection of the optic nerve is made too close to the insertion of the globe, 

the central retinal artery will be cut, and the retinal ganglion cells will die. Any 

regeneration that would have otherwise occurred after the repair of the optic nerve 

will be overshadowed by the loss of key retinal cells3. The physiology of the rat 

retina and optic nerve are similar to human's in this regard so surgical techniques 

used in the rat will translate to higher primates and humans. A Cleveland group4 

has developed a model with the aid of rat cadavers that obtains access to the optic 

nerve and is able to transect it without interfering with any other important 

structures. They did not measure any vision restoration following the transection 

but rather looked at the overall health of the eye. 
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Scheme 5-1. The visual pathway. 

Because vision occurs along a pathway and is a process with multiple steps, 

it has measurable outcomes at various physical points along the visual pathway, 

the integrity of the vision can be measured several different ways. By measuring 

the vision at multiple points along this pathway, it can be determined how far 

along the visual pathway the signal has been propagated, and identify the failure 

point, if any. Photoreceptors, which are the first cells in the optical pathway, can 

be assessed with full field flash electroretinography (fERG). fERG measures the 

positive interference of the dipoles generated in the photoreceptor cells when they 
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are exposed to a bright light flash simultaneously5. Ganglion cells, which are the 

next step in the visual pathway, can be assessed via a similar process, called 

pattern electroretinography (pERG), where the overall light intensity doesn't 

change, but vertical lines alternate from light to dark. When the edges of these 

lines fall over small groups of photoreceptors that communicate with a single 

retinal ganglion cell, the ganglion cell fires in a unique way, which can be 

measured in an ensemble through positive interference, especially when time-

averaged over several hundred stimuli6. If the optic nerve has degenerated, the 

pERG signal will be dramatically reduced. However, because the photoreceptors 

are more removed from the injury, the fERG signal can only be expected to 

degrade somewhat, and mostly in the low light regime7. However, both of these 

analytical methods probe the retina and don't get at the function of the optic nerve 

directly. These two measurements can only indirectly probe the connection 

between the retina and the lateral geniculate nucleus (LGN), which is the first 

place in the brain that is innervated by the optic nerve8. To assess the optic nerve 

signal transduction directly, behavioral tests can be used to probe if the eye is able 

to transmit useful information to the brain about its surroundings. The easiest 

such test is the optomotor test, in which a rat looks at a pattern of lines that is 

moving. If the animal can see the moving pattern, it will reflexively rotate its head 

in the same direction in order to see the pattern more clearly9,10. 

The central nervous system (CNS) and the peripheral nervous system (PNS) 

have different repair mechanisms11–13. While the PNS can repair long segments of 
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damage because of a favorable environment and large-signal target for re-

innervation, the CNS is largely inhospitable to repair, and the targets for re-

innervation are very small, and any growth that does re-occur is dysmorphic14. 

Since PEG-GNRs have been shown to have suitable reparative properties for the 

spinal cord, the optic nerve was an obvious next choice for repair. While the spinal 

cord and optic nerve are both outgrowths of the CNS and exhibit the same repair 

properties of the CNS, there are structural differences4,15–19. The spinal cord has 

neuronal cell bodies throughout and does some independent processing of signals, 

while the optic nerve is a retinotopic bundle of axons that connect the ganglion 

cells of the retina to the lateral geniculate nucleus11,20. In the spinal cord, regrowth 

only must occur from cell body to cell body over a relatively short distance to get 

some connection, while the optic nerve must regrow all the way from the cell body 

of the retina to the target in the brain. Depending on the difference of the kinetics 

between the optic nerve repair and the spinal cord repair, clues can be deciphered 

about the mechanism. If both the optic nerve and spinal cord repair at 

approximately the same speed, there is evidence that the repair is mostly re-fusion. 

If the optic nerve takes 4-6 weeks longer to have similar repair to that of the spinal 

cord, there is evidence that the nerves must repair from the cell body through to 

the target and the material acts in a different way, allowing a bridge and 

preventing scar tissue from interrupting the pathway.  



89 
 

Methods 

Animals 

Adult male Brown Norway rats are obtained from Charles River 

Laboratories International Inc (Wilmington, MA). All animals received care in 

compliance with the University of Colorado Institutional Animal Care and Use 

Committee and followed guidelines from the Guide for the Care and use of 

Laboratory Animals as published by the National Institutes of Health. The 

University of Colorado provides veterinary care in a specific pathogen-free animal 

facility. The animals are provided rat chow and water ad libitum and caged with a 

maximum of three animals per cage, with a 12-h light/dark cycle. 

 

Surgical Care 

All operations were performed under clean conditions. Induction of 

anesthesia was performed with 1% isoflurane and intraperitoneal injection of 80 

mg/kg Ketamine, 2 mg/kg Xylazine, and 1 mg/kg Acepromazine. Pre-operatively, 

1.2 mg/kg buprenorphine sustained release was injected into the subcutaneous 

tissue. 

Surgical Groups 

To investigate the effects of each aspect of the exposure and optic nerve 

transection and repair, we divided the animals into four surgical groups, in 
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addition to a naïve group. In the sham surgery group (positive control), the optic 

nerve is exposed, but the optic nerve sheath is not disturbed. The sham control is 

important to evaluate whether surgical manipulation has an effect on the 

outcomes. The negative control group underwent optic nerve transection with 

simple apposition and suture of the nerve ends. The solvent control group will 

undergo optic nerve transection and repair while coated with poly(ethylene glycol) 

molecular weight 600 (PEG 600). The experimental group underwent optic nerve 

transection and repair while coated with TexasPEG (1% by carbon core weight of 

PEG-GNRs). These four groups were randomized and blinded to the person doing 

the vision measurement and analysis. The naïve group cannot be blinded. 

Surgery 

The right side face of the 9 week old rat is shaved and prepped with an 

alcohol swab. The supraorbital ridge is palpated, and the overlying skin is incised 

sharply down to periosteum, with a lateral extension (Fig. 5-1a). The overlying flap 

is dissected off and retracted (Fig. 5-1b). Partial resection of the temporalis muscle 

is performed with bipolar cautery to allow for improved exposure (Fig. 5-1c). The 

extraocular muscles are dissected until the optic nerve sheath is identified. Gently, 

surrounding muscle and fat are dissected off the sheath to isolate the structure 

(Fig. 5-1d). 
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Figure 5-1. Surgical images of optic nerve transection and repair. The optic 
nerve sheath was cut, allowing the optic nerve to bulge out. The optic nerve was 

then cut from the top, while under a bath of the treatment material (nothing, PEG, 
or TexasPEG). The top half was sutured together with 10-0 nylon surgical thread, 
and the bottom half was then cut and sutured similarly. The skin was closed with 

6-0 nylon surgical thread. 

 

Scheme 5-2. The steps to cut and repair of the optic nerve. The 

numbers denote the step. The optic nerve is multicolored (green -> yellow) to 

show the relative position of the nerve traces within the optic nerve. 
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Optomotor Analysis 

Rats were placed on a 12 cm by 5 cm platform, which allowed for free 

movement and turning around but keeps the direction of the body bimodal. The 

stimulus was presented on an LCD screen of dimensions 90 cm by 50 cm, 50 cm 

away from the rat. The bottom of the screen is aligned with the bottom of the 

platform. The screen was placed far enough away that the rat could not jump from 

the platform to the screen (50 cm). The platform was 1 m off the ground, the 

minimum height at which the rats would not jump off the platform. When the rat 

is parallel (antiparallel) with the platform, only the right (left) eye can see the 

stimulus pattern. A bright orange sticker was affixed to the cranium between the 

eyes and the ears of the rat. A checkered, sinusoidal pattern of black and white 

squares with 0.1 cycles per degree of 1.2 and cycles per second parallel to the 

ground. The pattern is displayed on a flat screen, but the pattern is displayed to 

simulate a sphere around the head of the rat. This pattern is generated with 

custom software. The pattern was held stationary for 5 min while the rat 

acclimatized to the environment, then the pattern moved left for 5 min, followed 

by 2.5 min of a stationary pattern, followed by 5 min of leftward movement, 

followed by another 2.5 min of a fixed pattern. A webcam mounted 30 cm above 

the rat captured frames between 25 and 33 frames per s (FPS). Custom software 

captured the position of the marker in real-time, and generates a file showing the 

position and time of the rat head. This data file is then split into two data sets 

based on which eye could see the pattern. These are further parsed by time to 
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determine what pattern (moving left, moving right, and stationary) the eye is 

currently seeing. The derivative of these groups of data points within these 6 bins 

are taken, which generates angular velocity of the head. These angular velocities 

are binned, then an index is generated where a value of 0 would mean there is no 

bias either direction, and a positive value indicates movement with the pattern and 

a negative value indications motion predominately against the movement of the 

pattern. The spontaneous motion under no movement is subtracted from both 

leftwards motion and rightward motion, which are then are averaged to create a 

vision index value, which is reported for left and right eyes. 

Pattern ERG measurement 

pERG measurements were made with custom-built hardware from Jörvec. 

Two visual stimulation boxes were positioned 7 cm away from eyes of the rat and 

positioned to take up as much of their visual field as possible. Sterile needle 

electrodes were placed in the base of the tail, between the ears and in the center of 

a triangle made between the eyes and the tip of the nose of the rat. The tail 

grounding electrode inserted to its full length, but the nose and ear electrodes 

were inserted until there was a sharp drop in the force resisting the needle’s 

insertion, meaning just the tip of the needle had penetrated the skin. The 

impedance was verified to be lower than the set point of 5 kΩ. A 2 channel optical 

differential amplifier made by Intelligent Hearing Systems was used to amplify the 

signals. The two channels were electrically tied together, but independently 
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amplified and averaged by the software, also modified from intelligent hearing 

system's electroencephalogram (EEG) software. The left and right channels were 

deconvoluted by a small frequency difference between the left and right eye 

stimulator switching frequencies. 744 individual stimuli were made for the right 

eye and 720 stimuli were made for the left eye, and the variable frequency between 

the two stimulus boxes allowed each to positively interfere at the right temporal 

position. The stimuli were made in 24 groups of 31 for the right eye and 30 for the 

left eye. The amplitude of the pERG response was measured as the difference 

between the P50 peak and the N95 trough, two standard measurement points of 

the electrophysiological analysis of pERG. 

Flash ERG measurement 

Scotopic and photopic fERG measurements were made with a Celeris 

system by Diagnosys with full field flash electrodes. For dark adapted 

measurement, light intensities were tested from 0.001 cd∙s/m2 to 100 cd∙s/m2 in 

approximate half-log steps. Flashes were repeated in triplicate, with 1 s between 

stimuli for low light levels, increasing to 2 s between stimuli, finally increasing to 

10 s between stimuli for the brightest flashes. For light-adapted stimuli, light 

intensities between 0.1 cd∙s/m2 to 15 cd∙s/m2 in approximate half-log steps were 

tested over a continously light background. The amplitude was measured as the 

difference in potential between the peak of the A-wave and trough of the B-wave, 

two standard measurement points of the electrophysiological analsysis of fERG. 
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Results & Discussion 

 

 

Figure 5-2 fERG analysis. This Figure shows the amplitude of light-adapted (top) 
and dark-adapted (bottom) flash electroretinography. Amplitude is measured as 

the difference between the trough of the A wave and the trough of the peak of the 
B wave. 
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In normal dark-adapted animals, the amplitude A wave increases in 

negative amplitude as the flashes of light get brighter, followed by the B wave 

increasing in amplitude, with a corresponding decrease in the negative amplitude 

of the A wave. In the very bright regime, both waves are suppressed21. The sum 

total is a difference in the A and B waves (the total amplitude of the fERG 

response) slowly increasing, staying stable, then decreasing as the brightness 

increase. This accounts for the normal pattern of amplitude increasing from 0 to 

about a peak of 100 mV, then decreasing to 80 mV. fERG measures the response of 

the photoreceptors and the bipolar cells that take the analog signal from the 

photoreceptors and pass it to the digital layer of the retina, the retinal ganglion 

cells. Thus, a fERG response is necessary, but not sufficient for vision5. However, 

there is two-way feedback, so the health of the retinal ganglion cells affects the 

properties of the other cells in the retina21. When an optic nerve is cut, there is 

Wallerian degeneration of the axons of the retinal ganglion cells, the 

photoreceptor cells can be affected. The most sensitive regime for changes in 

photoreceptor behavior is observed in low light conditions7. Thus, the position of 

the onset of signal is important for determining the health of the photoreceptors. 

For the dark-adapted animals, the onset potential came at a luminance stimulus of 

0.01 cd∙s/m2, 5 times higher than the onset potential required for all other groups. 

Similarly, in the light-adapted fERG, the onset potential came at a factor of 3 

brighter than all the other groups. 
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Figure 5-3 pERG analysis. pERG was taken at 3 different time points following 
the surgery. 1 week, 3 weeks, and 6 weeks, denoted by the number immediately 
above the group. In the negative and PEG groups, the time point at week 6 was 

significantly different than the normal. This Figure shows the amplitude of the OD 
eye only. Comparing individual bars to the bars defined as normal (weeks 1-6 of 

the Naïve and Positive controls), only two individual bars are significantly different 
at the p<0.05 level – the 6 week marks of the Negative and PEG controls as 

determined by the two-tail t-test. 

 

Pattern ERG keeps the overall illuminance the same during the stimulus, 

but presents a pattern of black and white bars that alternate with regular 

frequency. Clusters of neurons in the retina interpret the inversion of an edge as a 

ganglion cell response. Because the overall illuminance doesn't change, there is no 
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response from the other retinal cells that positively interfere after a large number 

of stimuli. This response is more directly connected to the Wallerian degeneration 

of the optic nerve, as the processes of the RGCs are the ones that are being cut in 

the optic nerve. This degeneration takes some time to complete, and in the 

negative control and PEG, the signal has degraded by the 6-week time point, but 

has been saved somewhat in the PEG-GNR group 

 

 

Figure 5-4. Optomotor analysis. The visual index for the right, experimental 
(OD) eye and the left, control (OS) eye. There is no significant difference between 
the OD and OS eyes, except in the Negative and PEG-only groups, where p < 0.05. 
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Taken as an average, the visual index of the experimental eye in PEG-GNR is 
neither significantly different from the OS eyes athat can see, or the OD eyes of the 
PEG and Negative control. n=3 for all, except the PEG-GNR, where n=5. Comparing 

individual OD bars to the bars defined as normal (OS eyes and the Naive and 
Positive control OD eyes), only two individual bars are significantly different at the 

p<0.05 level – the OD marks of the PEG and Negative controls as determined by 
the two-tail t-test. 

 

This optomotor test differs from the standard optomotor tests in that only a single 

eye can view the stimulus patterns at any given time. This was required, because if 

both eyes could view the pattern simultaneously, the signal from the control eye 

would overwhelm the signal from the experimental eye. Rats have 15° of stereo 

vision22, so 20° on either side were rejected and not categorized into any bin during 

analysis. 

Conclusion 

The visual pathway is built on a pathway of cells – information is passed 

from one to the next. fERG measures the first step in this pathway, where light is 

turned into an analog potential. The negative control showed that it was less 

sensitive to dim light in this assay, but otherwise, all other groups had complete 

function. In the pERG assay, which measures the function of retinal ganglion cells, 

the next step in the visual pathway, both the negative control and the solvent 

control by week 6 did not have good responses. The last test, which measure the 

behavior of the rat, and thus is connected directly to information being passed 

through the optic nerve, is the optomotor test. The visual signal is passed to the 
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brain, where it undergoes high-level processing and sends signals to the neck 

muscles. The only way the optomotor effect can be rescued is if there is sufficient, 

coherent data being passed to the brain through the optic nerve. Since the 

optomotor effect is intact in the experimental animals, it provides substantial 

evidence that the optic nerve has enough nerves tracts intact for functional vision. 

However, this exciting result is tempered by the fact that it is impossible to 

differentiate between a completely severed nerve during surgery and nerve fibers 

that have been re-fused or repaired. Because the cut of the optic nerve is 

performed after the fusogen material is added, and the PEG-GNR is black, while 

the other two solutions applied are clear, it's possible that the optic nerve in the 

PEG-GNR sample was incompletely cut. However, this deficiency is being 

addressed by better surgical technique during the cut and repair, and also with a 

whole eye transplant (WET), in which the complete transection of the optic nerve 

is obvious.  
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Mechanistic Study for the Conversion of Superoxide to Oxygen and 

Hydrogen Peroxide in Carbon Nanoparticles 
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Introduction 

Superoxide (O2
• ̶ ) is a radical anion of enormous importance in biology and 

medicine. O2
• ̶ is generated as a primary by-product of partial reduction of O2 during 

aerobic metabolism, and it is a key component of the more broadly termed reactive 

oxygen species (ROS)2–4. Other ROS include hydrogen peroxide (H2O2), singlet 

oxygen, organic peroxides, hydroperoxyl radical (HO2
•) and hydroxyl radical (HO•), 

which are the products of subsequent proton coupled reactions2,5. ROS are 

implicated in many diseases, and ROS can cause severe damage to cellular 

components and metabolism. To protect against ROS, living organisms have 

developed defensive metalloenzymes such as superoxide dismutase (SOD), 

peroxidase and catalase6–8. In addition to enzymes, protection against ROS-induced 

oxidative stress is provided by antioxidants such as vitamin A, vitamin E, ascorbic 

acid, uric acid, glutathione and hydroquinones9,10. Due to the existence of reactive 

redox coupling of metal ions, SOD has been widely investigated by electrochemical 

techniques, which led to the development of various SOD-modified amperometric 

biosensors for the measurements of O2
• ̶ 11,12.  

In addition to the biological importance of the oxygen reduction processes, 

the cathodic oxygen reduction reaction (ORR) has been an important counterpart 

and half-reaction in fuel cells13–15. ORR can be a two-electron process, yielding H2O2, 

or a four electron process with the reduction of O2 all the way to H2O. Synthetic 

metalloporphyrins are common molecular ORR catalysts inspired by the heme-

based cofactors16. However, platinum still remains the first choice as an 
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electrocatalyst for current fuel cells, despite its high cost and low abundance. 

Various SOD modified catalysts have been investigated for their ORR 

performances17. The existence of O2
• ̶ as an intermediate during ORR has been shown 

in aprotic solvents18. In our continuing study of carbon based nanomaterials for 

applications in both medicine19–24 and as metal-free catalysts to convert chemical to 

electrical energy25–27, we explore here the intersection of the two fundamental 

carbon-based electrochemical pathways. 

We recently developed water soluble highly oxidized carbon nanomaterials, 

poly(ethylene glycolated) hydrophilic carbon clusters (PEG-HCCs), that act as a 

highly active mimetic of superoxide dismutase (SOD), a selective antioxidant that 

dismutases 2 O2
• ̶ to afford O2 and H2O2 according to Scheme 6-1, eqs 1 and 228. 

 

PEG-HCC• + O2
• ̶ → PEG-HCC ̶ + O2 (1) 

PEG-HCC ̶ + O2
• ̶ + 2H+ PEG-HCC• + O2 (2) 

Scheme 6-1. Mechanism of catalytic O2• ̶ dismutase by PEG-HCCs28. 

 

Another important feature of PEG-HCCs is their inertness to nitric oxide 

(NO•). Although PEG-HCCs have 1 equivalent of stable π-conjugated carbon radical 

per highly oxidized carbon core, PEG-HCCs still do not activate NO• through either 

radical-radical coupling or single electron-transfer processes. Knowing the 

difference in the redox potentials of O2
• ̶ and NO• [E° ( O2

• ̶ / O2) = −0.60 V vs SCE 

and E° (NO•/NO+) = +1.36 V vs SCE or E° (NO−/NO•) = −1.6 V vs SCE],29–31 it is clear 
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that oxidative single electron-transfer activation of O2
• ̶ by PEG-HCCs is 

thermodynamically more favorable than either oxidative or reductive activation of 

NO•.  

In order to investigate both the antioxidant and the catalytic properties of 

HCCs, we sought to analyze the properties of the carbon core of PEG-HCCs, namely 

HCCs, to address their mechanism for the efficient conversion of O2
• ̶ to O2. HCCs 

are conjugated graphenic domains with highly oxidized edges19,24. These are then 

appended with PEG moieties to render them more soluble in commonly used 

phosphate buffered saline (PBS) and serum, and to increase their blood circulation 

time in vivo20–23. Therefore, the objective of this work is to investigate (a) the 

oxidizing strength of HCCs by electrochemical analysis of its redox potential, (b) the 

reactivity with O2
• ̶ in homogeneous conditions (in aprotic solvents) and (c) the ORR 

activity of the HCC through its immobilization on an electrode acting as a 

heterogeneous catalyst (in aqueous media). 

 

Methods 

Materials 

All chemicals were purchased from Sigma-Aldrich and used without further 

purification unless otherwise stated. SWCNTs (batch HPR 187.4) were obtained from the 

HiPco Laboratory at Rice University 
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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. 

 

RDE and RRDE experiments were conducted in an electrochemical cell 

(AUTO LAB PGSTST 302) using a Pine Instrument rotator (model: AFMSRCE) 

connected to a CH Instruments electrochemical analyzer (model 600D), with an 

Ag/AgCl reference electrode and a Pt wire counter electrode. A HCC solution ink 

was prepared by dispersing 4 mg of the HCC into 1 mL of 4:1 DCM/EtOH solvent, 

and 8 μL of the catalyst solution ink was loaded onto a glassy carbon electrode (5 

mm in diameter). A constant bubbling by a stream of O2 in the cell solution was 

maintained throughout the measurement to ensure continuous O2 saturation. 

Measurements were carried out at pH 7 (0.1 M K2HPO4/KH2PO4 buffer). For RRDE 

experiments, the electrode rotation speed was 1600 rpm (scan rate, 0.05 V/s; 

platinum data collected from anodic sweeps), while the ring electrode potential was 

held at 1.1 V vs reversible hydrogen electrode (RHE). 
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The O2 reduction current increases with increasing rotation rates following 

the K-L eq 7, 

J-1 = JK
-1 + JL

-1 (7) 

where JK is the potential dependent kinetic current and JL is the Levich 

current. JL is expressed as 0.62nF[O2](DO2)2/3 ω1/2 ν -1/6, where n is the number of 

electrons transferred to the substrate, F is the Faraday constant, [O2] is the 

concentration of O2 in an air-saturated buffer (0.22 mM in case of pH 7) at 25 °C, 

DO2 is the diffusion coefficient of O2 (1.8 × 10-5 cm2 s-1 at pH 7) at 25 °C, ω is the 

angular velocity of the disc and ν is the kinematic viscosity of the solution (0.009 

cm2 s-1) at 25 °C. Rewriting eq 7 as eq 8 and solving for JL gives eq 9:  

1/J = 1/JK + 1/JL (8) 

JL = 0.62nF[O2](DO2)2/3ω1/2υ─1/6 (9) 

RRDE measurements were carried out to determine the H2O2 yield (%) and 

n, which were calculated by eqs 10 and 11: 

H2O2% = [200 ir/N]/[id + ir/N] (10) 

n = 4 id/[id + ir/N] (11) 

where id and ir are the disk and ring currents, respectively. N is the ring 

current collection efficiency which was determined to be 25% by the reduction of 10 

mM K3[Fe(CN)6] in 0.1 M KNO3.  
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XPS 

The XPS were obtained on a PHI Quantera SXM scanning X-ray microprobe 

system using a 100 μm X-ray beam with a takeoff angle of 45° and pass energy of 140 

eV for the survey and 26 eV for the high resolution elemental analysis. 

 

Detection of radicals by EPR spectroscopy 

The EPR spectra of HCCs (0.05 mg/mL in DMSO) in a capillary tube at 

ambient temperature was 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 re-measured after adding a small amount of KO2 (1 mg in powder form). 

 

Results and Discussion 

Preparation and characterization of HCCs. Preparation of HCCs was 

reported earlier19,20,24. Oxidation of single-walled carbon nanotubes (SWCNTs) 

under harsh oxidation conditions employing oleum and fuming nitric acid resulted 

in extremely small, water soluble, generously oxidized and non-tubular hydrophilic 

carbon clusters, HCCs (Scheme 6-2). The nanotubes unzip to give planar graphene-

like fragments that are devoid of any radial breathing modes in the Raman spectra. 

The average sizes of HCCs are ~ 3 nm wide and range from 30 to 40 nm long and 

they have been extensively characterized by atomic-force microscopy (AFM) and 
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transmission-electron microscopy (TEM)19,20,24. Additionally, harsh oxidation 

conditions facilitated functionalization of HCCs with various oxygen-containing 

functional groups.  

 

 

Scheme 6-2. Synthesis of HCCs from SWCNTs as the starting material. 

 

In order to estimate the extent of the harsh oxidation step and evaluate the 

oxygen content and functionalities of the HCCs, we characterized HCCs by x-ray 

photoelectron spectroscopy (XPS). In our previous works, we determined the degree 

of oxidation of HCCs by identifying the C/O ratio in HCCs as 2/1 (Fig. S1)20. Here, 

we report the details of the high resolution XPS spectra (C 1s and O 1s) of the HCCs. 

Fig. 6-1 shows the C 1s and O 1s deconvoluted peaks of HCCs (Fig. S1).  
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Figure 6-1. High resolution deconvoluted XPS (a) C 1s and (b) O 1s 
spectra of HCCs. 

 

From the deconvoluted C 1s peaks, it is apparent that the oxygen-containing 

groups are predominantly in the form of hydroxyl, ether and epoxy (C─O and 

C─O─C, 286.6 eV) groups. There are also carbonyl (C=O, 287.5 eV) groups in the 

form of ketones or quinones and carboxyl (HO─C=O, 288.9 eV) groups. Note that 

the spectra were centered at 284.8 eV for the sp3- and sp2-hybridized carbons 

(C─C/C=C). Since the HCCs are heavily oxidized, the contribution from sp3-

hybridized carbons are favored. The deconvoluted O 1s peak of HCCs further shows 

large amounts of carbonyl and carboxyl (C=O and -O─C=O, 531.5 eV) groups, and 

the hydroxyl and ether (C─O and C─O─C, 532.4 eV) groups. We have also identified 

the peak at 530.3 eV as the peroxyl group (C─O─O). Relative contributions of each 

functional group are summarized in Table S1. In general, from both the C 1s and O 

1s peaks, HCCs show a presence of hydroxyl, ether, carbonyl and carboxylic groups 
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in large amounts as compared to sp3- and sp2-hybridized carbon (C─C/C=C) groups, 

indicating the large degree of oxidation of SWCNTs that results from this procedure. 

It is also noteworthy to mention that the common oxidation procedures for 

graphene oxide (GO) preparation were not reported to give such a high degree of 

disrupted π-conjugated network during the oxidation of graphene32. 

Further evidence of the electron-deficient oxygen-containing functional 

groups was obtained by electrochemical analysis of HCCs. Fig. 6-2a illustrates the 

comparison of cyclic voltammograms (CVs) of GO and HCCs in aqueous media at 

pH 7.4. Electrochemistry of electrode-immobilized carbon materials have been 

reported before, and particularly from the detailed studies for GO, the nature of 

electrochemically reducible oxygen-functional groups was shown to be dependent 

on the methods of preparation33. Out of four reported GO preparation methods, 

using the Staudenmeier34, Hoffman35, Hummers36, and Tour32 procedures, only 

Staudenmeier’s procedure, which employs chlorate as an oxidant in the presence of 

fuming nitric acid (HNO3), produces GO with a positive reduction wave starting at 

−0.7 V and peak potential at −1.1 V vs Ag/Ag+. All other methods, which use 

permanganate as the oxidant, exhibit reduction waves for GO staring at −1.0 V or 

below with the peak potentials ranging from ~ −1.8 V to −2.0 V vs Ag/Ag+ (Fig. 6-

2a)32,33. From the CV of HCCs (Fig. 6-2a) in PBS, which was prepared using the 

procedure employing only oleum and fuming nitric acid, without an additional 

oxidant, HCCs have dominant electron-deficient domains that are far more 

extensive than seen in GO. HCCs reveal reduction peaks staring at 0.0 V with the 
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peak maxima at ~ −0.8 V, which makes HCCs a stronger oxidant than GO by almost 

1.0 V on average. Oxygen-containing functional groups show different reduction 

potentials, specifically, only peroxide and aromatic quinone-type functional groups 

are reduced at such high potentials as HCCs (from 0.0 to –0.7 V vs Ag/Ag+)37,38. 

Therefore, the strong oxidizing properties of HCCs could be due to the presence of 

both peroxyl and quinone moieties. The presence of peroxyl and quinone groups 

was also consistent with the XPS analyses shown above. 

 

 

Figure 6-2. CVs of 50 mM PBS at pH 7 (a) on a bare glassy carbon (GC) 

working electrode coated with HCC or GO, recorded under N2 atmosphere; (b) 

comparison of CVs of GC/HCC (solid line, recorded under N2 atmosphere); O2/O2
• ̶ 

couple (dot-dash line, O2 saturated buffer) and GC (dotted line, N2 atmosphere). Scan 

rate: 100 mV/s. 

 

To estimate the electron accepting strength of HCCs, we compared the 

reduction potentials of HCC and O2 (Fig. 6-2b) in aqueous buffer. Unlike in aprotic 

solvents28, in aqueous media due to the disproportionation and proton-transfer 

processes, O2 exhibits an irreversible reduction wave potential. The reduction wave 
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for O2 corresponds to the reversible one-electron wave followed by a second 

irreversible proton-coupled one-electron reduction wave, according to eqs 3 and 4:  

O2 + e ̶ → O2
• ̶ (3) 

O2
• ̶ + 2H+ + e ̶ → H2O2 (4) 

 

As shown in Fig. 6-2b, the O2 reduction wave potentials nicely overlap with 

the reduction wave potential of HCCs. Hence, the single-electron transfer oxidation 

of O2
• ̶ by HCCs is thermodynamically favorable and an exothermic process. 

 

Reactivity of HCCs with superoxide in apolar solvents. In addition to the 

electron-deficient oxygen-containing functional groups, an HCC also possesses one 

(on average) stable unpaired radical (Fig. 6-3a) in DMSO as observed previously. 28 

HCCs display an intense and symmetric EPR signal with g = 2.0017 with an overall 

linewidth of 7 G. The sharp and structureless peak implies that π-delocalization 

across the extended π-network of HCCs is limited, and the radical character is more 

localized in nature. The stable radical character of HCCs is retained after appending 

the PEG groups to form water soluble PEG-HCCs28. PEG-HCCs show remarkable 

selective antioxidant superoxide dismutase-like properties28. The origin of efficient 

catalytic quenching of O2
• ̶ was correlated to the stable-radical species of carbon core 

(HCCs) of PEG-HCCs (Fig. S2). Consequently, HCCs showed the same behavior as 

PEG-HCCs toward the quenching of O2
• ̶ . Addition of KO2 to the solution of HCCs 

in dry DMSO resulted in immediate loss of the EPR signal of HCCs. This implies that 
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HCCs are capable of oxidizing O2
• ̶ with the formation of a reduced and near EPR-

silent form of HCCs (Fig. 6-3a). This is the first evidence that the stable intrinsic 

radical in HCC is capable of redox communication with O2
• ̶ .  

 

 

Figure 6-3 EPR and CV of HCCs. (a) The EPR spectra of 0.05 mg/mL of HCC in 

DMSO (blue) and after addition of KO2 (red). (b) CVs in DMSO containing 0.1 M [(n-

Bu)4N]+ClO4
− as a supporting electrolyte at 298 K at a glassy carbon working electrode 

and a platinum wire as a quasi-reference electrode. E(Fc/Fc+) = 0.44 vs SCE in DMSO. 

Scan rate: 100 mV/s, HCC in DMSO under N2 (blue), after adding KO2 (red) and after 

bubbling the resulting solution with N2 for 5 min to remove any gaseous O2 from the 

solution (blue broken lines). 

 

To further test the single-electron transfer mechanism, we have performed 

electrochemical detection of formed O2 as a second reaction product, according to 

eq 5.  

HCC• + O2
• ̶ → HCC ̶ + O2 (5) 

 

The electrochemistry of O2 in aprotic solvents is well-documented, and it 

shows a reversible single-electron reduction process to form stable O2
• ̶ 39. In the 
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presence of a proton source, the O2/O2
• ̶ couple loses the reversibility upon the 

proton-transfer reaction pathways40. This behavior of O2
• ̶ was used to test the 

antioxidant capacities of various phenols and polyphenols41. A well-dispersed 

solution of HCCs, in anhydrous DMSO with the [(n-Bu)4N]+ClO4
− as a supporting 

electrolyte while under an inert atmosphere, does not show any noticeable redox 

peaks associated with the dispersed HCCs (Fig. 6-3b). This outcome indicates that 

the intrinsic stable radical of HCC is not responding to the sweeping redox potential 

field in this aprotic solvent, in contrast to that in the aqueous buffer (Fig. 6-2). 

However, addition of KO2 causes the appearance of a peak at Eº = − 1.25 V vs Fc/Fc+, 

which is the reversible reduction peak of dissolved O2, that was confirmed by 

separate measurements in the absence of HCCs. Interestingly, this peak disappears 

upon bubbling of the resulting solution with N2 for 5 min (Fig. 6-3b), which confirms 

the conversion of O2
• ̶ into molecular O2. This is unlike the dissolved O2

• ̶ , which is 

persistent in solution even after bubbling it with N2 for 6 h (Fig. S3). Therefore, this 

measurement further demonstrates that HCCs oxidize O2
• ̶ to O2 through a one-

electron transfer reaction according to eq 3, and the product, molecular O2, can be 

observed electrochemically. In addition to O2
• ̶ , we also tested water soluble 

perylenedimine radical anion (PEG-PDI• ̶) as a one-electron reductant of HCCs. One-

electron transfer reaction between HCC• and PEG-PDI•─ only takes place after 

sonication for 20 min, which could be due to the large differences in the diffusion 

rates between PEG-PDI•─ and O2
•─. 
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ORR activity of HCCs. In order to further explore the properties of HCCs, 

particularly their interactions with O2, we performed electrocatalytic ORR activity 

tests. HCCs were immobilized on a GC working electrode which served as an O2-

electrode, and tested by CV and linear sweep voltammetry (LSV) in O2-saturated 0.1 

M NaHPO4/NaH2PO4 buffer solution at pH 7. CVs over a short potential range are 

shown in Fig. 6-4a. ORR activity has been demonstrated by comparing the CVs 

under inert atmosphere and in the presence of O2 (Fig. 6-4a). An Ar-saturated 

electrolyte exhibits weak CV peaks, but under the O2-saturated electrolyte, a 

prominent ORR peak with an onset potential at ~0.65 V vs RHE was observed. The 

nature of the ORR peak and activity was evaluated from the estimation of the 

electron-transfer number (n, number of electrons exchanged per oxygen molecule 

during the ORR) obtained using Koutecky–Levich (K-L) equations (Fig. 6-4b)42. The 

ORR electron-transfer number was determined to be n = 3.0 at a potential range 

from −0.10 V to 0.20 V, which demonstrates almost equal contribution of two-

electron and four-electron reduction pathways, with two-electron oxygen being 

reduced to H2O2 (according to eqs 3 and 4) and a four-electron pathway with 

complete reduction to water. Mixing of two- and four-electron pathways for ORR is 

common for carbon based nanomaterials. The contribution of the glassy carbon 

substrate for the 2-electron ORR is shown in Fig. S5, revealing that the glassy carbon 

electrode contributes only a small catalytic effect on the ORR performance. Though 

the HCCs are suggest for biomedical applications, and not for use in fuel cells, the 
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cycling stability is shown in Fig. S6, suggesting that the catalytic sites are quite stable 

in the presence of produced aggressive radicals during ORR. 

Rotating disk electrode voltammetry (RDEV) and rotating ring-disk 

electrode voltammetry (RRDEV) were used to further investigate the mechanism of 

the O2 reduction, specifically, in order to estimate the potential range of the ORR 

and to determine the yield of H2O2 during the ORR. Fig. 6-4c displays the RRDEV 

of the O2-saturated solution at 1600 rpm. The disk current goes through a gradual 

change when it is scanned from 0.8 to −0.2 V (consistent with the voltammograms 

shown in Figs. 6-4a and 6-4b), revealing the ORR activity. At the same time, it is 

possible to observe the symmetric (with respect to the disk current, Fig. 6-4c) 

changes in ring current as a function of disk potential. The change in the ring 

current, as a catalytic response, is coupled to the formation of H2O2 as a product at 

the disk.  
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Figure 6-4 CV and RRDEV of HCCs. (a) CVs of HCCs under 1 atm O2 or 
Ar. All scans were collected at 100 mV s–1 using a GC working electrode with an 

area of 0.196 cm2. (b) LSV curves of RDEVs of HCCs in O2-saturated 0.1 M 
NaHPO4/NaH2PO4 buffer solution at pH 7 with different rotating speeds ranging 

from 400 to 1600 rpm. Inset: Koutecky–Levich plots of HCCs where n = 3.0. (c) 
RRDEV of HCC in 0.1 M NaHPO4/NaH2PO4 buffer solution at pH 7 with a rotation 
speed 1600 rpm. The disk was scanned from 0.8 to −0.2 V while the ring electrode 
was held at 1.4 V. (d) The number of electrons transferred and the H2O2 yield of 

HCCs during ORR as calculated by ring currents.  

Based on the disk and ring currents in Fig. 6-4, the electron-transfer number 

(n) was 3.5 and the yield of H2O2 produced was ~ 25%, according to eq 4 (see 

experimental section for the details of the calculations). Therefore, in addition to 

the efficient one-electron oxidation of O2
• ̶ to O2 by HCCs in aprotic media, HCCs 

catalyze O2 reduction to H2O2 by a two-electron process in the presence of a proton 
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source. This work focuses on the oxidizing properties of HCCs and the formation of 

H2O2 in 25% yield through a two-electron process. Another four-electron transfer 

process takes place, generating H2O in 75% yield15. We propose a mechanistic 

pathway, as shown in Scheme 6-3, based on the H2O2-producing behavior of HCCs. 

The hydrolysis (proton-transfer steps) of the reaction intermediates [HCC/ O2
• ̶ ]− 

and [HCC/ •OOH]− are faster than the two successive electron-transfer steps, which 

shows that the electron-transfer steps are the rate determining steps of the ORR by 

HCCs to form H2O2. We are not certain that this as a biologically relevant scheme 

for HCCs, but it is seen in electrochemical ORR processes.  
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Scheme 6-3. ORR mechanism by HCC. 

 

These observations suggest that the SOD-mimetic activity of PEG-HCCs is 

linked to the properties of HCCs as an oxidant. After the initial electron-transfer 

step from O2
• ̶ to HCCs, HCC− forms as a reactive intermediate. In the presence of 

protons, HCC− further proceeds through fast reaction with another equivalent of O2
• 

̶ , giving rise to the O2 and H2O2 as final products. The overall SOD-type activity of 

HCCs could be summarized as shown in eq 6 and precisely as was predicted by our 

earlier EPR and stop-flow studies27. 

HCC• + O2
• ̶ → HCC ̶ + O2 

HCC ̶ + O2
• ̶ + 2H+ → HCC• + H2O2 (6) 

2O2
• ̶ + 2H+ → O2 + H2O2 
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Conclusion 

In summary, the reduction potential of HCCs has been measured to show 

that HCCs are stronger oxidants than GO. Harsh fuming acid oxidation conditions 

give rise to increased electron withdrawing functionalities on HCCs. Both π-

conjugated carbon radical centers and electron withdrawing functionalities make 

HCCs an excellent oxidant to oxidize O2
• ̶ to O2 in aprotic solvent by a single-electron 

transfer mechanism. In order to assess the importance of subsequent proton-

coupled steps, HCCs were immobilized on a GC working electrode and the 

electrocatalytic reduction of O2 to H2O2 in a neutral aqueous environment was 

demonstrated. The ORR electrocatalysis by HCC is indicated to proceed with an 

electron-transfer number of 3.0. RRDEV of HCCs show the production of H2O2 in 

~25% yield, indicating that proton-coupled hydrolysis of electron-transfer 

intermediates is much faster than the electron-transfer steps. Thus electron transfer 

steps are the rate determining steps.  

To obtain a good analog for PEG-HCCs with very high SOD activity, we need 

to have its redox potential located in between those of the two half reactions: O2
•- 

oxidation to O2 and O2
•- reduction to H2O2 (-0.16 and +0.94 V, respectively, relative 

to NHE in water). In this study we demonstrate that HCCs meet redox requirements 

for O2
•- oxidation to O2 in DMSO and aqueous buffer. In order to fully meet the 

expectation for both of the half reactions, synthetic small molecule analogues of 

HCCs and PEG-HCCs are currently being constructed and tested. The reactivity of 

the HCC intrinsic radical toward O2
•- in DMSO observed in this study (Fig. 3) is 
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encouraging to suggest its relevance in this process. Transient kinetic measurements 

by rapid-freeze quench EPR for the direct reaction between PEG-HCCs and O2
•- in 

aqueous buffer is also under careful study to assess if this intrinsic radical indeed 

participates in the actual chemical steps of the catalytic mechanism. 
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Chapter 7 

Nanoparticulate carbon black in cigarette smoke induces DNA 

cleavage and Th17-mediated emphysema 

This chapter was copied from reference 1 
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Introduction 

Tobacco smoking is linked to a long and growing2,3 list of fatal illnesses 

(e.g., emphysema, cancer, and stroke) and is the major preventable cause of 

human death. Despite public awareness of the harmful effects of smoking, in many 

large developing countries the prevalence of smoking is growing4. Compounding 

this risk is particulate air pollution due to the combustion of organic materials 

including biomass fuels, slash and burn agriculture, and coal5–7. While our 

understanding of the immune basis of smoke-induced sterile inflammation has 

increased, the molecular mechanism underlying emphysema and its persistence 

despite smoking cessation remains unclear8,9. Even less is known regarding the 

health related inhalation effects of atmospheric and workplace airborne carbon 

particulates. Innate immune cells such as alveolar macrophages and neutrophils 

are recruited to the lungs in response to cigarette smoke10. Several human studies 

and pre-clinical models of smoke-induced emphysema have also confirmed that 

lymphocytes (T and B cells) and lung antigen presenting cells (APCs) play 

pathogenic roles in chronic lung inflammation in smokers11–13. Prior work has 

shown that increased concentrations of pro-inflammatory cytokines such as IL-6, 

IL-1β, and IL-17A are among the most important hallmarks of smoke-mediated 

lung inflammation11–13. We and others have previously shown that IL-17A plays a 

critical role in smoke-induced emphysema in humans and in mouse models of 

disease9,14–17. Further, adoptive transfer of lineage-negative CD11c+ myeloid 

dendritic cells (mDCs) isolated from the lungs of smoke-exposed mice to naive 
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mice recapitulates smoke-induced lung disease, indicating a direct causal 

relationship between mDC and emphysema18. Despite these advances, the 

mechanism by which smoke induces the inflammatory mDC phenotype remains 

completely unknown. Tobacco smoke contains many noxious chemicals (e.g., 

carbon monoxide, sulfur, nitrogen dioxide, nitric oxide, and methane), aromatics 

(e.g., benzene, toluene, and xylene) and chlorinated (e.g., methyl chloride, 

chloroethene, and chloroform) volatile organic compounds, as well as particulate 

matter10,19,20. One or more of these agents is thought to underlie the carcinogenic 

potential of smoke, involving at least eight different cancers; accordingly, the role 

of volatile carcinogens found in smoke has been studied extensively3,21. Far less is 

known about the pathogenic effects of particulate matter that is suspended in 

smoke and which includes nanoparticulate carbon, metal oxides, and inorganic 

salts. Histopathological analysis of the lungs of heavy smokers invariably reveals 

dark-staining anthracotic pigment often attributed to poorly soluble material 

found in tobacco smoke22. Anthracotic pigment is also found in the lymph nodes 

of smokers23, but its chemical composition and potential contribution to smoking 

related diseases have not been explored. In this study, we show that the 

anthracotic material found in the lung of human smokers is nanoparticulate 

carbon black (nCB), a hydrophobic material that accumulates specifically in highly 

activated CD1a+ lung APCs. Raman spectroscopy, hyperspectral imaging, and high-

resolution TEM (HR-TEM) were used to confirm this observation and show that 

nCB further accumulates in the lung and APC of mice exposed to smoke. 



135 
 

Moreover, we show that nCB given by inhalation to mice in amounts that are 

comparable to human exposures is alone sufficient to cause sterile inflammation 

and induce robust T helper 17 cell (Th17) responses and emphysema, implicating 

the potential health risks of airborne nCB that contaminates a wide range of 

workplace and domestic environments24. 

Results 

Detection of nCB in lungs of smokers In contrast to the white or pink 

appearance of normal lungs, the lungs of heavy smokers are typically dark brown 

or black23. During the routine preparation of lung phagocytic cells including CD1a+ 

mDCs and APCs, we observed the same anthracotic pigmentation in lung cells 

from smokers (Fig. 7-1A,B), whereas the same cells isolated from non-smokers 

lacked the pigment. We previously showed that activated mDCs from smokers and 

smoke-exposed mice promote Th1 and Th17 responses.11,18. To determine the nature 

of the anthracotic pigment from mDCs, we first performed HR-TEM of the residual 

black material after complete proteolytic digestion of human emphysematous lung 

and observed the aggregates that were composed of 20–50 nm spheroids (Fig. 7-

1C). To further extend these observations, we examined CD1a+ mDCs from human 

emphysematous lung tissue using Raman spectroscopy and hyperspectral mapping 

which showed the signature for pure nCB and not inorganic salts or metal oxides 

(Fig. 7-1D–H). Thus, nCB is extensively deposited as solid material in the lungs of 

smokers and specifically accumulates in lung APC. Next, using our established 



136 
 

mouse model of cigarette smoke-induced emphysema12,18, we exposed mice to 4 

cigarettes daily or air for 4 months to examine whether nCB accumulates in lung 

APCs. When compared to air-exposed mice, we confirmed that isolated CD11c+ 

APCs and cells present in bronchoalveolar (BAL) fluid (macrophages >90%)18 

contain particulate matter with the Raman spectral signature of nCB within each 

cell (Fig. 7-1I). These findings indicate that both humans and mice chronically 

exposed to cigarette smoke accumulate nCB within phagocytic lung APCs. 

nCB induces emphysema in mice 

We have previously recapitulated smoke-induced lung sterile inflammation 

and emphysema by adoptively transferring lineage-negative CD11c+ mDCs isolated 

from the lungs of smoke-exposed mice to naive mice, which revealed the direct, 

causal role of mDCs in emphysema18. As we found that these mDCs contained 

nCB, we sought to determine if nCB was alone sufficient to induce emphysema. 

We first determined that the commercial nCB does not desorb polycyclic aromatic 

hydrocarbons (PAHs), as determined by Soxhlet extraction followed by gas 

chromatography mass spectroscopy (GCMS)25. Mice were then exposed twice 

weekly for 6 weeks to hydrocarbon free, hydrophobic, neutral surface charged nCB 

(average particle size 15 nm), to achieve a total lung dose of ∼1% of wet lung 

weight (mg/g), which approximates human lung nCB burdens (Fig. 7-2—Fig. 7-

supplement 1). 4 weeks after the last intranasal instillation of nCB, harvested lungs 

were extensively anthracotic, similar in appearance to lungs of long-term smokers 
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(Fig. 7-2A). Physiologically, the nCB challenge-induced enlargement of the alveolar 

spaces (Fig. 7-2B) concomitant with significant increases in total lung  

 

Figure 7-1. Carbon black (CB) deposition in the lungs of patients with 
emphysema. (A) Representative images of lung CD1a+ cells from a smoker with 
emphysema and a control subject. Scale bar: 10 μm. (B) Lung CD1a+ cells from a 

patient with emphysema, detected by TEM. Arrow indicates black substance in the 
vesicles. Scale bar: 1 μm. (C) Structure of the residual black material from digested 
human emphysema lung tissue, detected by high-resolution transmission electron 
microscopy. Scale bar: 10 nm. (D) Raman spectrum yielded by the black material in 

the cells. The bifid spectral peaks between 1000 and 2000 cm−1 are the typical 
Raman signature for CB. Representative hyperspectral image of lung CD1a+ cells 

from a patient with emphysema (E–H): a reference sample of nanoparticulate 
carbon black (nCB) was used to generate a signature spectral library (E) using 
CytoViva Hyperspectral Imaging System. Each colored spectra represents the 
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spectral profile of a distinct area of the nCB sample, which were used in 
combination to map nCB present in cells. (F) Bright field (BF), (G) dark field (DF), 
and (H) overlay CB signature spectrum of lung CD1a+ cells. Positive signals were 

pseudo-colored red to aid visualization. Scale bar: 20 μm. (I) Raman spectrum 
yielded in lung CD11c+ and macrophages isolated from lungs of mice exposed to 

smoke for 4 months; CB reference (CB Ref) signal indicates solid CB sample. SMK: 
4 months of cigarette smoke. Inset images for cell type correspond to Raman 

spectra indicating the subcellular localization of CB. The brightness of each 2 μm × 
2 μm pixel, representing one spectrum, indicates the height of the graphitic band 

of CB at 1600 cm−1 compared to the background, such that brighter pixels indicate 
more CB. 

 

 

Figure 7-2. Carbon black-induced emphysema mouse model. (A) 
Representative image of fresh lungs harvested from mice exposed to vehicle (PBS) 

or nanoparticulate carbon black (nCB) as described in Figure 7-2—Figure 7-
supplement 1. (B) Representative Hematoxylin and eosin (H&E) staining of 

formalin fixed lung sections. Scale bar: 100 μm. (C) Micro-CT quantification of 
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lung volume. (D) MLI measurement was done on the same groups of mice. (E) 
Total and differential cell count in bronchoalveolar (BAL) fluid: macrophages 

(Mac), neutrophils (Neu), and lymphocytes (Lym). Quantitative PCR of Mmp9 and 
Mmp12 (F) gene expression in BAL cells isolated from PBS- or CB-challenged mice. 

Representative lung CD11c+ cells isolated from mice challenged with nCB under 
bright field (BF) (G), dark field (H), and overlap images (pseudo-red area) (I) 

signifying nCB signature spectrum. Scale bar: 20 μm. Data are mean ± SEM and 
representative of three independent experiments; ***p < 0.001, **p < 0.01 as 

determined by the Student’s t-test; n = 5 per group. 

 

volume quantified by micro-CT imaging and unbiased lung morphometry 

measurement (mean linear intercept; MLI) (Fig. 7-2C,D), both hallmarks of 

emphysema. Mice exposed to nCB showed significantly increased numbers of 

macrophages, neutrophils, and lymphocytes in BAL fluid as compared to vehicle 

(PBS)-challenged control animals (Fig. 7-2E). Consistently, increased lung 

inflammation was accompanied by higher concentrations of inflammatory 

cytokines and chemokines (Fig. 7-2—Fig. 7-supplement 2) as well as elastolytic 

matrix metalloproteinases (MMPs) 9 and 12 (Fig. 7-2F), all of which are 

characteristic features of cigarette smoke-induced emphysema in human patients 

and animal models of this disease23,26. Similarly, both lung parenchymal CD11c+ 

mDCs and BAL fluid macrophages showed an accumulation of nCB as detected by 

hyperspectral imaging (Fig. 7-2G–I). Gross and microscopic examination of the 

lungs at 7 and 18 months following the last nCB exposure showed persistence of 

nCB, lung inflammation, and hyperinflation (Fig. 7-2—Fig. 7-supplement 3–5). 

Thus, nCB—as an insoluble byproduct of tobacco combustion as shown above and 

also delivered through a non-smoking model—accumulates in lung and airway 
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APCs, is poorly cleared from the lungs, and is alone sufficient to cause lung 

inflammation and emphysema in mice.  

 

 

Figure 7-3. nCB promotes Th17 responses. Representative staining (A) and 
cumulative analysis (B) of the percentage of CD11c+CD11bhigh cells in lung B220− 

cell subset. Representative intracellular staining (C) and cumulative analysis (D) of 
IL-17A+ cells expressing lung CD4+ T cell (Th17) subset. (E) Micro-CT 

quantification of lung volume in WT and Il-17a−/− mice. (F) Lung MLI was 
determined in the same group of mice. (G) BAL fluid analysis of the indicated 

groups of mice showing the total cells including macrophages (Mac), neutrophils 
(Neu), and lymphocytes (Lym). ***p < 0.001, **p < 0.01, *p < 0.05 as determined by 

the one-way ANOVA and Bonferroni’s multiple comparison test. N = 4 to 6 per 
group. Data are mean ± SEM. (H) Representative H&E staining of formalin-fixed, 

5-μm lung sections in indicated groups of mice. Scale bar: 100 μm. 
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nCB activates APCs to secrete pro-Th17 cytokines and inhibits regulatory T cell 

differentiation in vitro We previously determined that cigarette smoke induces 

lung APC activation in human patients and mice, which then induces Th17 cell 

differentiation in naive T cells11. To determine whether nCB specifically induces 

Th17 responses in vivo, we first examined lung mDCs from nCB intranasal-

challenged mice. Lung CD11c+CD11bhi mDCs were significantly increased in the 

lungs of nCB-challenged mice when compared with controls (Fig. 7-3A,B). nCB 

also selectively induced lung Th17 but not Th1 responses relative to control animals 

(Fig. 7-3C,D and Fig. 7-3—Fig. 7-supplement 1). Lung CD11c+ APCs isolated from 

nCB-challenged mice secreted significantly more of the Th17 cell growth factors IL-

6 and IL-1β, along with other pro-inflammatory cytokines and chemokines, but not 

IL-12 or IL-4 (IL-4 was undetectable in both PBS and nCB groups), which promote 

Th1 and Th2 cell differentiation, respectively (Fig. 7-3—Fig. 7-supplement 2). To 

determine if lung APCs from nCB-challenged mice induce specific T cell 

differentiation programs in vitro, we cocultured naive splenic CD4+ T cells with 

CD11c+ cells isolated from lungs of nCB- or PBS-challenged mice. Lung APCs from 

nCB-challenged mice induced significantly more IL-17A, but neither IFN-γ nor IL-4 

production, when compared to controls (Fig. 7-3—Fig. 7-supplement 3).  
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Figure 7-4. Hydrophobicity of nCB is important for its pathogenesis. Micro-
CT quantification of lung volume (A) and MLI measurement of lung morphometry 

(B) in vehicle (PBS), nCB, and PEG-nCB treated mice. (C) Representative H&E 
staining of lung sections Scale bar: 100 μm. (D) Total and differential cell count in 

bronchoalveolar (BAL) fluid; macrophages (Mac), neutrophils (Neu), and 
lymphocytes (Lym). Quantitative PCR of Mmp9 (E) and Mmp12 (F) gene 

expression in BAL cells isolated from the above group of mice. Lung homogenate 
collected from indicated groups of mice were measured for IL-6 (G) and IL-1β (H) 

by ELISA. Representative intracellular staining (I) or cumulative analysis (J) of 
Th17 cells in the lungs. ***p < 0.001, **p < 0.01, *p < 0.05 as determined by the one-
way ANOVA and Bonferroni’s multiple comparison test. n = 4 to 6 per group, and 

data are mean ± SEM and representative of two independent studies. 

 

Lung Th17 responses persisted for at least 7 months following the last nCB 

challenge (Fig. 7-3—Fig. 7-supplement 4). Further, Il-17a−/− mice were resistant to 

nCB challenge as assessed by their attenuated increases in lung volume, lung 
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immune cell infiltration, and the reduced destruction of alveoli (Fig. 7-3E–H) when 

compared to identically treated WT mice. Thus, in vivo nCB selectively induces 

chronic lung Th17 responses, which are crucial for CB-induced emphysema in 

mice. We next explored whether nCB plays a direct role (i.e., independent of 

APCs) on T helper cell differentiation. To address this question, we polarized T 

cells toward Th1, Th17, and regulatory (Treg) phenotypes in the presence or 

absence of nCB in vitro. We found that nCB did not affect Th1 or Th17 cell 

differentiation directly (Fig. 7-3—Fig. 7-supplement 5A). However, nCB treatment 

significantly inhibited Treg differentiation (Fig. 7-3—Fig. 7-supplement 5A,B). 

These findings indicate that nCB promotes sterile inflammation by inducing Th17 

differentiation indirectly through APCs and directly by inhibiting Treg 

differentiation. 
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Figure 7-5. nCB activates APCs by the induction of DNA damage and Erk 
signaling. (A) Heat map (reverse phase protein array) of protein expression and 
phosphorylation level in RAW 264.7 cells stimulated with vehicle (PBS), nCB (105 
ng/ml), and PEG-CB (105 ng/ml). p: phosphorylated. Blue is relatively low (−0.5) 

and yellow high (0.5) based on log2 ratio of the value for expression level. (B) RAW 
264.7 cells under indicated conditions immunostained for nuclear DNA (DAPI, 

blue) and anti-γH2AX (green) to detect double strand break (DSB). Scale bar: 50 
μm. (C) Quantitative summary of panel B indicating the percentage γH2AX 

positive RAW cells in indicated groups. (D) IL-6 concentration detected by ELISA 
after 48 h in the supernatant of MDDC treated with CB or LPS in the presence of 
increasing dose of Nu7026 or vehicle (DMSO). (E) IL-17A concentration detected 
by ELISA after 72 h co-culture of splenic CD4 T cells and lung CD11c+ cell isolated 

from the mice after challenged with PBS or nCB and anti-CD3 (1 μg/ml) in the 
presence of Nu7026 (100 nM), Ku55933 (100 nM), or vehicle control (DMSO). (F) 

Western blot of protein extracted from BMDC treated with different concentration 
of nCB targeting phosphorylated-Erk. Data are representative of two independent 

experiments. (G) IL-6 concentrations detected by ELISA in the supernatant of 
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MDDC treated with nCB in the presence of increasing dose of U0126 (MEK1/2 
inhibitor) for 48 hr. n = 4 to 7 per group and data are mean ± SEM and 

representative of two independent experiments (C, D, E, G). ***p < 0.001, **p < 0.01 
as determined by the one-way ANOVA and Bonferroni’s multiple comparison test. 

Hydrophobicity of nCB correlates with pathogenicity The previous findings 

demonstrated that when deposited in the lungs, nCB activates mDCs and induces 

durable Th17-dependent inflammation and emphysema in mice. To determine the 

mechanism of nCB-mediated lung pathology, we next investigated whether its 

physicochemical properties could account for its immunostimulatory function. 

Whether manufactured or found in the lungs of smokers with emphysema, nCB is 

very hydrophobic and completely insoluble in aqueous media. Conjugating 

polyethylene glycol to nCB (PEG-nCB) renders the material hydrophilic and 

miscible with aqueous solutions27. Mice challenged with intranasal PEG-nCB using 

the same protocol (Fig. 7-2—Fig. 7-supplement 1) failed to develop emphysema as 

assessed by quantitative CT-based lung volume measurements, MLI and 

microscopic evaluation of the lungs (Fig. 7-4A,B,C). Further, we detected less 

anthracotic pigment in the lung parenchyma, suggesting that in contrast to 

hydrophobic nCB, PEG-nCB could be cleared from the lungs (Fig. 7-4C). 

Microscopic inspection of isolated BAL fluid cells from PEG-nCB-challenged mice 

showed intact phagocytic cells compared to that of hydrophobic nCB, suggesting 

that the latter may induce less cytotoxic effects on phagocytic cells (Fig. 7-4—Fig. 

7-supplement 1). In support of this, we found that the release of lactate 

dehydrogenase (LDH), an indicator of cytotoxicity, was enhanced in macrophage-

like RAW 264.7 cells exposed to nCB as compared to PEG-nCB (Fig. 7-4—Fig. 7-
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supplement 2). Consistent with the failure to induce emphysema and cell death, 

exposure to PEG-nCB also resulted in attenuated recruitment of macrophages, 

neutrophils, and lymphocytes to the lung when compared with hydrophobic nCB 

(Fig. 7-4D). This reduction in inflammation was accompanied by reduced 

expression of Mmp9 and Mmp12 transcripts in BAL fluid cells as compared with 

nCB-challenged mice (Fig. 7-4E,F). The markedly reduced inflammatory nature of 

PEG-nCB was further underscored by the reduced concentrations of pro-

inflammatory cytokines and chemokines detected from freshly collected lung 

homogenates of PEG-nCB-challenged mice (Fig. 7-4—Fig. 7-supplement 3), 

including decreased IL-6 and IL-1β levels (Fig. 7-4G,H). Critically, PEG-nCB failed 

to induce lung Th17 cells when compared to nCB-exposed animals (Fig. 7-4I,J). 

Thus, the proinflammatory potential of nCB is intimately tied to its hydrophobic 

surface and ability to induce cytotoxicity of phagocytic cells. 
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Figure 7-6. ASC-mediated inflammasome pathway is required for nCB-
induced Th17 responses and emphysema. (A) Representative H&E staining of 
lung sections from WT and Pycard−/− mice exposed to nCB or vehicle (PBS) as 

described in Figure 7-2—Figure 7-supplement 1. Scale bar: 100 μm. (B) Micro-CT 
quantification of lung volume in indicated groups of mice. (C) Lung MLI 

measurement in the same group of mice. (D) Total and differential cell count in 
bronchoalveolar (BAL) fluid: macrophages (Mac), neutrophils (Neu), and 

lymphocytes (Lym). (E) Relative abundance of lung mDCs (CD11c+ CD11bhigh) 
isolated from whole lung tissue in the same group of mice. IL-6 (F) and IL-1β (G) 
concentrations detected by ELISA in the supernatant of lung CD11c+ cells isolated 

from indicated group of mice after overnight culture. (H) IL-17A concentration 
detected by ELISA in the supernatant of splenic CD4+ T cells co-cultured with 

lung CD11c+ cells isolated from indicated group of mice for 3 d in the presence of 
anti-CD3 (1 μg/ml). ***p < 0.001, **p < 0.01, *p < 0.05 as determined by the one-way 
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ANOVA and Bonferroni’s multiple comparison test; n = 3 to 7 per group, and data 
are mean ± SEM and representative of two independent studies. 

 

nCB-mediated induction of DNA damage and Erk signaling activates APCs We 

conducted additional studies to determine how nCB activates APCs to secrete pro-

inflammatory cytokines (e.g., IL-6 and IL-1β) and chemokines. In response to nCB, 

but not PEG-nCB, reverse phase protein array (RPPA) identified the activation of 

several DNA damage (e.g., PARP, p-Chk2, p-ATM) and MAPK/Erk (p-ERK, p-

MEK1/2)-response proteins (Fig. 7-5A and Fig. 7-5—Fig. 7-supplement 1). 

Consistent with these data, we found that nCB, but not PEG-nCB, induced DNA 

double strand breaks (DSB) as determined by phosphorylation of Histone 2AX 

(H2AX) on serine 129 (γH2AX) (Fig. 7-5B,C). Further, the induction of DSB was 

inversely dependent on the size of nCB as we observed progressively fewer DSB 

with increasing nCB size (Fig. 7-5—Fig. 7-supplement 2). We next examined 

whether CB-induced DSB could account for the pro-inflammatory responses seen 

in APC. Human monocyte-derived dendritic cells (MDDCs) treated with Nu7026, 

an inhibitor of the DNAdependent protein kinase catalytic subunit (Wilmore et al., 

2004; Zhou et al., 2014), exhibited reduced IL-6 production in a dose-dependent 

manner in response to nCB but not LPS (Fig. 7-5D). Moreover, in nCB-exposed 

RAW 264.7 cells, transfection of a specific siRNA against ataxia telangiectasia 

mutated (ATM)—a serine–threonine kinase that coordinates repair of 

doublestranded DNA breaks28—significantly reduced expression of IL-6 and TNFα, 
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two inflammatory cytokines that are induced through ATM (Fig. 7-5—Fig. 7-

supplement 3). To further examine whether induction of Th17 responses is 

dependent on nCB-mediated DNA damage, CD11c+ lung mDCs isolated from nCB-

challenged mice were co-cultured with splenic CD4 T cells in the presence of 

either Nu7026 or Ku55933, an inhibitor of ATM29, for 3 d. As expected, mDCs 

isolated from nCB-challenged mice promoted Th17 cell differentiation, which was 

significantly reduced in response to Nu7026 or Ku55933 (Fig. 7-5E) while Th1 and 

Th2 cell differentiation remained unchanged (Fig. 7-5—Fig. 7-supplement 4). 

Together, these findings suggest that nCB-mediated DNA damage is required for 

the induction of pro-inflammatory cytokines in mDCs and Th17 cell 

differentiation. Moreover, nCB exposure in a dose- and time-dependent way 

increased phosphorylation of Erk (Fig. 7-5F), and similar inhibition of MEK1/2 with 

U0126, an inhibitor of MAP kinases30, reduced IL-6 production in response to nCB 

exposure (Fig. 7-5G). Together, these findings indicate that hydrophobic nCB 

activates DNA damage responses and induces MAPK/Erk signaling coincident with 

the induction of Th17 responses. 

ASC-mediated assembly of the inflammasome complex is required for nCB-

induced Th17 responses and emphysema The inflammasome detects danger signals 

released in response to cell injury and sterile inflammation and the adaptor 

protein ASC (apoptosis-associated speck-like protein containing CARD) was 

shown to be required for inflammasome-dependent caspase-1–mediated 

conversion of pro-IL-1β to mature IL-1β31. In response to nCB exposure, lung 
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CD11c+ mDCs increased IL-6 and IL-1β expression and RAW 264.7 cells released 

more LDH, consistent with the concept that nCB induces both sterile 

inflammation and necrotic cell death. To determine if ASC is also required for 

nCBinduced Th17 responses and emphysema, Pycard−/− mice were challenged 

intranasally with nCB. When compared to WT mice treated identically, Pycard−/− 

mice showed attenuated emphysema (Fig. 7-6A–C) and reduced macrophage, 

neutrophil, lymphocyte, and mDC infiltration into the lungs (Fig. 7-6D,E). 

Consistently, lung mDCs of Pycard−/− mice produced less IL-6 and IL-1β and 

poorly activated splenic T cells to differentiate into Th17 cells when compared with 

WT mDC (Fig. 7-6F–H). Freshly collected lung homogenates from Pycard−/− mice 

challenged with nCB also showed reduced inflammatory chemokine production 

compared with WT mice (Fig. 7-6—Fig. 7-supplement 1). Thus, the earliest 

immunological events induced by nCB include ASC activation and inflammasome 

assembly, which are in turn required for nCB-mediated Th17 responses and 

emphysema. 

Discussion 

Evidence from experimental systems and human translational studies 

strongly support a role for chronic inflammation—and Th17 cells in particular—in 

the initiation and progression of emphysema in smokers9,14,32. A characteristic 

feature of the anthracotic pigment of smokers’ lungs is that such discoloration 

persists even long after smoking has ceased13. In this study, we addressed the role 
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of insoluble anthracotic pigment that is universally found in the lungs of smokers 

with emphysema in driving this pathological response. Although several chemical 

identities have been proposed, our study is the first to clearly identify the 

anthracotic pigment as nCB and show that it accumulates specifically in human 

lung phagocytic cells 

Our functional studies are also the first to show that nCB administered to the 

lungs in pathophysiologically relevant amounts can induce sterile inflammation 

and emphysema that is indistinguishable from disease induced by exposure to 

cigarette smoke in mice. Thus, nCB is likely the major component of smoke that 

causes long-term lung toxicity. Furthermore, our findings have major implications 

regarding the safety of activities involving the chronic inhalation of smoke and the 

need to control the particulate composition of air. Since nCB is used extensively in 

the rubber, plastics, and composites industries, the exposure levels should also be 

controlled in the workplace. Our findings also elucidate both the nature of and the 

mechanism by which inflammation in the lungs of heavy cigarette smokers is 

perpetuated even long after cessation of cigarette smoking. Both chronic exposure 

to cigarette smoke and inhalation of nCB mediate similar inflammatory responses 

that are characterized by the activation of lung mDCs, differentiation and 

accumulation of Th17 cells, and lung parenchymal destruction (emphysema)12. In 

part, this sterile inflammatory response to nCB is due to activation of the 

inflammasome pathway. Specifically, we found that inhaled nCB induces the 

production of IL-1β and IL-6, two pro-inflammatory cytokines that are required for 
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mDC-mediated differentiation of Th17 cells and emphysema development. This 

inflammation persists and lung damage continues to accumulate even after 

smoking cessation due to the insoluble nature of nCB. Although readily taken up 

by phagocytic lung cells that could theoretically be expectorated or migrate out of 

the lungs via the lymphatics33, these cells most likely undergo cell death too 

rapidly in response to nCB ingestion for any of these potential clearance 

mechanisms to operate efficiently. The nCB is then released in the lung by the cells 

it kills, only to be taken up again and kill subsequent phagocytes. nCB thus 

establishes an unending cycle of cell death that, if sufficiently pronounced, will 

trigger activation of the inflammasome pathway in response to the release of 

danger-associated molecular patterns (DAMPs) from dying cells34. Immune 

responses both rapidly kill invading pathogens and solubilize antigenic and 

adjuvant-like pathogen-derived substances to facilitate their removal and thus 

terminate the potentially deleterious inflammation. Both of these fundamental 

immune functions are thwarted in the context of nCB accumulation, leading to a 

perpetual cycle of lung inflammation and damage. Our findings, therefore, raise 

concerns that other insoluble environmental nanoparticles may, if inhaled, 

accumulate in lung phagocytic cells and induce similar pathology. In support of 

this, inflammasome-activated IL-1β has been shown to play a major role in lung 

sterile inflammation induced by other nanoparticles associated with lung 

diseases35. ASC is required for the assembly of pro-caspase 1 in order to yield 

caspase 1 for the activation of pro-IL-1β to IL-1β36. We show that inhaled nCB can 
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activate the inflammasome pathway that results in production of mature IL-1β. In 

addition, inflammasome sensors activated by nCB-damaged cells require ASC 

activation because lung mDCs isolated from Pycard−/− mice failed to increase IL-

1β and showed attenuated Th17 responses. A critically important physical feature 

of nCB, accounting in large part for its pro-inflammatory potential, is its 

hydrophobic character. Exposure to large quantities of hydrophobic nCB has been 

shown to induce cell injury, pyroptosis and generate reactive oxygen species (ROS) 

in cultured cells37. One particular characteristic of nCB that correlates with its 

toxicity is its large surface area; larger forms of elemental carbon have much less 

potential to induce cell injury38 and, as we have shown here, damage DNA. A 

single burning cigarette can generate approximately 1012 particles that vary in size 

from 1 micron to a few nanometers in diameter39. The deposition site of particulate 

matter in the lungs of smokers is governed largely by size, with larger particles 

depositing in the mouth and upper airway while smaller particles are deposited in 

progressively smaller and more distal airways40,41. For our studies, we used nCB 

spheroids with a nominal size of 15 nm that aggregate in clusters of 3–4, forming 

50–75 nm per particle. However, in aqueous solution, this material forms macro-

aggregates that fail to distribute evenly in the lung after intranasal challenge as 

does nCB delivered by smoke inhalation. We were partially successful in 

alleviating this confounding factor by adding sucrose to the nCB in aqueous 

solution. Nonetheless, although we endeavored to deliver nCB to mice in amounts 

that matched actual burdens found in human lung, it is likely that we did not fully 
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recapitulate the in vivo particle size and distribution of nCB acquired through 

smoke inhalation. Further studies are required to define how nCB size affects in 

vivo toxicity as defined in these studies. Thermal and chemical analyses have 

shown that a combustion heat of 350–550 ˚C yields black carbon (BC) that 

contains PAHs that are linked to inflammation42, but combustion at much higher 

temperatures (650–1100 ˚C) produces PAH-free CB43; we used this material heated 

to higher temperatures for intranasal administration in mice. A critical question 

related to our studies is, therefore, which form of carbon, BC or CB, is deposited in 

the lung during smoking, and how much do PAHs contribute to smoking-related 

lung inflammation. The nCB used in our studies lacked detectable PAHs by gas 

chromatography mass spectrometry analysis, which has a sensitivity limit of 1 part 

in 1010 by mass. While PAHs are present in soot and diesel exhaust particles (Garza 

et al., 2008), neither Raman spectroscopy nor hyperspectral imaging can 

distinguish CB from BC as could be found in human lungs. However, X-ray 

analysis of the melting of small metal particles has revealed the temperature 

distribution inside a burning cigarette as 850–920 ˚C during active inhalation, 

decreasing to 700 ˚C during the smoldering phase; this temperature regime is 

consistent with the creation of predominant CB during smoking44. Moreover, as 

PAH-free CB recapitulates almost entirely the pathology induced by smoke 

exposure, we conclude that sterile inflammation and pulmonary emphysema are 

primarily the result of CB accumulation in the lung and not that of BC or PAHs 

therein during smoking. Among signaling pathways that are important for APC 
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activation and inflammation, we found that phosphorylation of Erk was 

significantly upregulated in cells exposed to CB treatment in a dose- and time-

dependent manner while phosphorylation of p38 or JNK were not changed. The 

most notable, and unexpected, result of our RPPA analysis was the upregulation of 

several DNA damage enzymes by nCB exposure. This led us to confirm that nano-

sized CB induces DSB in DNA as detected by the expression of γH2AX, an ATM-

regulated pathway. We show that larger forms of CB result in attenuation of DSB, 

indicating that the size of CB is an important factor in its genotoxicity. Activation 

of this DNA repair pathway is in turn linked to the production of pro-

inflammatory cytokines such as IL-6 and IL-1β that are required for Th17 

differentiation. In addition, microRNA-22 (miR-22) has been shown to be 

upregulated in lung APC of mice exposed to smoke or nCB and is critical in Th17 

responses through activation of AP-1 complexes and histone deacetylase (HDAC)45. 

Thus, together with DAMPs released by cells killed by nCB, nCB-induced DNA 

damage accounts for much of the inflammatory nature of nCB. The mechanism by 

which nCB cleaves DNA and the additional biological consequences of this adverse 

property remain active areas of investigation in our laboratory. In summary, our 

findings show that inhalation of cigarette smoke leads to the accumulation of nCB 

in airway APCs (macrophages and mDCs). This insoluble material promotes 

perpetual Th17 cellmediated lung inflammation in part through the double-

stranded cleavage of nuclear DNA. These findings largely explain the persistent 

and incurable nature of smoking-related lung disease. Because no medical means 
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of removing accumulated lung nCB exists, our findings underscore the need for all 

individuals and societies to minimize the production of and exposure to smoke-

related particulate air pollution and industrial nCB. 

Methods 

Mice C57BL/6J mice were purchased from the Jackson Laboratory (Bar Harbor, 

ME). Pycard−/− mice (C57BL/6 background; Pycard encodes for Asc protein 

[Mariathasan et al., 2004]) were obtained from Dr Vishva Dixit (Genentech, South 

San Francisco, CA). Il-17a−/− mice (C57BL/6 background) were obtained from Dr 

Chen Dong (The University of Texas MD Anderson Cancer Center, Houston, TX). 

All mice were bred in the transgenic animal facility at Baylor College of Medicine. 

All experimental protocols (AN-4589) used in this study were approved by the 

Institutional Animal Care and Use Committee of Baylor College of Medicine and 

followed the National Research Council Guide for the Care and Use of Laboratory 

Animals. 

Reagents MEK1/2 inhibitor U0126 was purchased from Cell Signaling 

(Danvers, MA). DNA-PKc inhibitor Nu7026 was purchased from Tocris (Bristol, 

UK). ATM inhibitor Ku55933 was purchased from Millipore (Billerica, MA). Pierce 

LDH Cytotoxicity Assay Kit was purchased from Life Technologies (Grand Island, 

NY), and LDH release was measured according to the manufacturer’s instructions. 
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Nanoparticle characterization and preparation 

Various sizes of nCB were obtained from Cabot Corporation (15 nm, 

Monarch 1100, Lot 1278105; 35 nm, Vulcan 9A32, Lot: CS-5822; 70 nm diameter, 

Sterling NS1, Lot 761510, CAS# for CB: 1333-86-4; Alpharetta, GA). The nCB, 

although listed to be 15 nm, is more precisely described by the manufacturer to 

have 15-nm CB particles that are arranged in clusters of 3–5 particles, much as 

grape clusters, so the actual size is ∼50–75 nm diameter clusters. Conjugation of 

polyethylene glycol to nCB (PEG-nCB) was performed as described (Zhou et al., 

2014). Briefly, 15-nm nCB (250 mmol) was dispersed in tetrahydrofuran (THF) 

using bath sonication for 3 h. Then, 4,4′-azobis(4-cyanopentanoic acid) (ACPA) 

was added to the nCB dispersion in a three-step process. The first portion of ACPA 

(7 mmol) was added and stirred continuously for 24 h at 70 ˚C. This addition was 

repeated at 24 h and 48 h. The mixture was cooled to room temperature, filtered 

through a 45-μm pore Teflon membrane, washed with THF, ethanol and acetone 

for three times, and vacuum dried (60 ˚C, 100 Torr), producing carboxyl-

functionalized nCB. Carboxyl-functionalized nCB (2 mmol) was dispersed in 

dimethylformamide for 30 min, then mixed with N,N′-dicyclohexylcarbodiimide 

(0.8 mmol), mPEG-NH2 (0.04 mmol), and dimethylaminopyridine (2 flakes). The 

reaction was stirred for 24 hr, transferred to a dialysis bag (molecular weight cut-

off, 5.0 kDa), dialyzed in running deionized water for 1 week, and filtered through 

a 0.22-μm pore Teflon membrane. X-ray photoelectron spectroscopy performed on 
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an a PHI Quantera SXM scanning X-ray microprobe with 26 eV passing energy, 45˚ 

takeoff angle, and a 100-μm beam size.  

Thermogravimetric analysis 

Performed on a TA Instruments Q-600 Simultaneous TGA/DSC. FTIR 

spectra were recorded using a Nicolet FTIR with an ATR attachment. By TGA, 

PEG-nCB contains 42–50% PEG by mass. By X-ray photoelectron spectroscopy, the 

PEG-nCB surface is 15% carbon, 56% oxidized carbon, 1.2% nitrogen, and 28% 

oxygen. FTIR: 840(m), 960(m), 1060(w), 1090(vs), 1150(m), 1240(m), 1280(m), 

1340(m), 1360(m), 1470 (m), 1570(w), 1620(w), 2880(s) cm−1 . 

Animal model of nCB-induced emphysema 

We suspended 20 mg of endotoxin-free nCB or 47 mg PEG-nCB (containing 

20 mg of nCB by weight) in pre-warmed 1 ml tert-butyl alcohol with 1% sucrose. 

The mixture was then frozen at −80 °C for 24 h and was placed on a vacuum pump 

and lyophilized until dry for 24 h. nCB or PEG-nCB mixed with 1% sucrose were 

rehydrated in sterile PBS to achieve the concentration of 0.5 mg/50 μl, vortexed 

and sonicated in a water bath for 10 min before administration. Mice were deeply 

anesthetized with isoflurane, and 50 μl droplets containing 1% sucrose in PBS 

(vehicle) or nCB or PEG-nCB (mixed with 1% sucrose in PBS) were applied to the 

nares. Mice were challenged twice per week for 6 weeks and were sacrificed 1 

month after the last challenge. 
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Quantification of experimental model of emphysema The severity of lung 

parenchymal destruction (emphysema) was determined by computed tomography 

(CT) methods (Shan et al., 2012). Briefly, mice were anesthetized with etomidate 

(30 mg/kg) and placed in an animal CT scanner (Gamma Medica, Salem, NH), and 

completed images of the chest were obtained by the Animal Phenotyping Core in 

Baylor College of Medicine. Amira 3.1.1 software (FEI, Hillsboro, OR) was used to 

process the images and quantification of emphysema in three dimensions. The 

MLI used for measurement of mouse lung destruction (e.g., lung morphometry) 

was calculated as previously described12. Briefly, an unbiased observer randomly 

selected ten fields from the left lobe (large airways and vessels were excluded). 

Paralleled lines were placed on serial lung sections and MLI was calculated by 

multiplying the length and the number of lines per field, divided by the number of 

intercepts. 

Analysis of experimental model of emphysema 

BALF and lung tissue were collected as previously described26. Briefly, mice 

were anesthetized with etomidate and BALF was collected by instilling and 

withdrawing 0.8 ml of sterile PBS twice through the trachea. Total and differential 

cell counts in the BALF were determined with the standard hemocytometer and 

HEMA3 staining (Biochemical Sciences Inc, Swedesboro, NJ) using 200 μl of BALF 

for cytospin slide preparation. Mouse lungs were dissected to prepare single-cell 

suspensions; alternatively, lungs were fixed with instillation of 4% 
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paraformaldehyde solution via a tracheal cannula at 25-cm H2O pressure followed 

by paraffin embedding and were sectioned for histopathological studies. 

Hematoxylin and eosin (H&E) staining was performed as described (Goswami et 

al., 2009). 

Intracellular cytokine staining 

Mouse lung RBC-free single-cell suspension were stimulated with phorbol 

12-myristate 13-acetate (PMA, 10 ng/ml; Sigma–Aldrich, St. Louis, MO) and 

ionomycin (1 μg/ml; Sigma–Aldrich) for overnight supplemented with brefeldin A 

(10 μg/ml; Sigma–Aldrich) for the last 6 hr. Cells were stained for surface markers 

with anti-CD3, anti-CD4, anti-CD8, and anti-γδTCR antibodies and then fixed with 

FACS lysing solution (BD BioSciences, San Jose, CA), permeabilized with 0.5% 

saponin (Sigma– Aldrich), and stained with anti-IFNγ and anti-IL-17A antibodies 

for analysis of intracellular cytokine production by flow cytometry. 

Mouse immune cell isolation from lung, spleen, and bone marrow-derived 

dendritic cell (BMDC) culture 

Mouse lung or spleen single-cell suspensions were prepared by mincing 

whole organs through a 40-μm cell strainer (BD Falcon, San Jose, CA) followed by 

red blood cell (RBC) lysis (ACK lysis buffer, Sigma–Aldrich) for 3 min. For isolation 

of lung APCs, RBC-free whole lung cells were labeled with anti-CD11c-conjugated 

magnetic beads (Miltenyi Biotec, San Diego, CA) and then isolated by autoMACS 
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(Miltenyi Biotec). For isolation of spleen CD4 T cells, RBC-free whole splenocytes 

were labeled with anti-CD4 conjugated magnetic beads (Miltenyi Biotec) and then 

isolated by autoMACS. Mouse BMDCs were prepared as previously described with 

some modification46 Femurs and tibias of 4- to 8-week-old female were isolated 

and freed from the surrounding tissue. Intact bones were kept in 70% ethanol for 3 

min followed by a PBS wash. Both ends of the bones were cut with scissors, and 

the marrow was flushed out with RPMI-1640 medium through a syringe with 26.5 

needle. RBCs were then removed by ACK lysis buffer and cell debris or tissue 

clusters were filtered out. Cells from bone marrow were cultured in a 6-well plate 

with 20 ng/ml mouse GM-CSF and 10 ng/ml mouse IL-4 (R&D Systems, 

Minneapolis, MN) for 5 to 6 d. 

Human immune cell isolation from lung and human MDDC culture  

Human lung single cell suspensions were prepared as previously 

described12. Briefly, fresh lung tissue was cut into 0.1-cm pieces in Petri dishes and 

treated with 2 mg/ml of collagenase D (Roche Pharmaceuticals, Basel, Switzerland) 

in HBSS and incubated for 30 to 40 min at 37 ˚C. Single cells were collected by 

mincing the digested lung tissue through a 40-μm cell strainer (BD Falcon) 

followed by RBC lysis. Lung CD1a+ DCs were isolated by labeling RBC-free lung 

cells with anti-CD1a-conjugated magnetic beads (Miltenyi Biotec) and then 

isolated by autoMACS. PBMCs were isolated by Ficoll–Paque (GE Healthcare Life 

Sciences, Pittsburgh, PA) density gradient centrifugation. Human MDDCs were 
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prepared as previously described12. Briefly, RBC-free PBMCs were seeded in 6-well 

plates for 2 h at 37 ˚C and then nonadherent cells were removed by washing with 

PBS. Adherent cells were cultured with 50 ng/ml human GM-CSF and 10 ng/ml 

human IL-4 for 5 to 6 d. 

In vitro nanoparticle treatment 

APC and T cell co-culture and cytokine measurement CD11c+ cells isolated 

from mouse lung, BMDCs, monocyte-derived (MD)DCs or RAW 264.7 cells 

(mouse leukemic monocyte/macrophage cell line) (ATCC, Manassas, VA) were 

treated with indicated amount of nCB for 1 or 2 d, were washed and placed in co-

culture assays with or without T cells (at 1:10 ratio). Mouse APCs were co-cultured 

with congenic splenic CD4+ T cells (1:10 ratio) in the presence of anti-mouse CD3 

(1 μg/ml; BD Biosciences) for 3 d. ELISA (BD BioSciences) or Multiplex kit 

(Millipore) were used for the measurement of concentration of IL-17A, IFNγ, IL-4, 

IL-6, IL-1β, IL-1α, IL-12p70, TNFα, MIP-1α, MIP-1β, KC, RANTES, MCP-1, IP-10 in 

either lung homogenate or supernatant collected from cultured cells. 

siRNA transfection 

Mouse ATM siRNA and scrambled siRNA were purchased from Sigma–

Aldrich. Mouse RAW 264.7 cells were transfected with Nucleofection kit (Lonza, 

Basel, Switzerland) according to the manufacturer’s instructions. RAW cells 

treated with siRNA were incubated for 6 h before CB treatment for overnight. 
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Flow cytometry and antibodies 

Flow cytometry was performed with a BD LSR II (BD BioSciences), and data 

were analyzed with FlowJo software (Tree Star Inc., Ashland, OR). The following 

anti-mouse antibodies were purchased from BD Pharmingen and used: Pacific 

Blue-CD3 (500A2), PE-Cy5-CD4 (RM4-5), APC-Cy7-CD8 (53-6.7), PE-IL-17A (TC11-

18H10) and APC-IFNγ (XMG1.2). FITC-γδTCR (eBioGL3), eFluro450-B220 (RA3-

6B2), PE-CD11b (M1/70), and APC-CD11c (N418) were purchased from eBioscience 

(San Diego, CA) and used. 

Western blot 

RAW 264.7 cells or BMDCs were harvested, pelleted, washed with PBS and 

lysed in RIPA (Radioimmunoprecipitaiton Assay) buffer (Sigma–Aldrich) with a 

cocktail of proteinase and phosphatase inhibitor (Thermo Scientific, Waltham, 

MA). The protein concentration of whole cell lysate was detected by BCA kit 

(Thermo Scientific). Equivalent amounts of protein in each sample were resolved 

by SDS-PAGE and transferred into nitrocellulose membranes. Membranes were 

blocked in 5% nonfat-dried milk in PBS with 0.05% Tween 20. Rabbit anti-mouse 

phospho-Erk (Cell Signaling, Danvers, MA) was used for protein detection. 

Immunostaining 

Cytospins of single cell suspensions were fixed with 4% formaldehyde, 

permeabilized with 0.5% saponin, and blocked with 3% BSA and Fc receptor 
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Blocker (BD BioSciences). Then cells were stained with anti-γH2AX (Millipore) for 

overnight and detected by antibodies labeled with DAPI (4′,6- diamidino-2-

phenylindole) and Alexa Fluor 488. Images were detected with Nikon ECLIPSE 

TE2000 and NIS-Elements software version 2.30 and Leica DFC300 FX. 

RPPA analysis of RAW 264.7 cells treated with nanoparticles 

RPPA analysis was performed at the University of Texas MD Anderson 

Proteomic Core facility. Control RAW cells (untreated) and nanoparticle treated 

(100 μg/ml nCB and 100 μg/ml PEG-nCB) for 24 h in triplicates were washed, 

pelleted, and subjected to RPPA analysis. A detailed description of sample 

processing and data analysis is available on the website of the core facility. 

Heatmaps were generated by the softwares Cluster and Treeview. 

In vitro mouse CD4 T cell differentiation 

Naive CD4+ T cells were isolated using anti-CD4-conjugated magnetic 

beads (Miltenyi Biotec) and were isolated with an autoMACS cell separator. Cells 

were differentiated under Th1, Th17, or Treg polarizing conditions. In brief, 2 to 2.5 

× 106 /ml cells were activated with 1.5 μg/ml plate-bound anti-CD3 and 1.5 μg/ml 

soluble anti-CD28 antibodies in addition to: 10 μg/ml anti-IL-4 antibodies, 50 U/ml 

IL-2 and 20 ng/ml IL-12 (Th1 polarizing condition), or 10 μg/ml anti-IL-4 

antibodies, 10 μg/ml anti-IFNγ antibodies, 50 U/ml IL-2, 40 ng/ml IL-6 and 6 

ng/ml TGFβ (Th17 polarizing conditions) or 10 μg/ml anti-IL-4 antibodies, 10 
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μg/ml anti-IFNγ antibodies, 50 U/ml IL-2 and 6 ng/ml TGFβ (Treg polarizing 

conditions). In some experimental groups 100 ng/ml nCB or vehicle control were 

added. Cells were cultured for 3 to 5 d, were harvested and washed for intracellular 

staining of IL-17, IFNγ or Foxp3 and the surface staining of CD25 to determine 

Th17, Th1, or Treg differentiation. 

mRNA isolation and quantitative PCR 

Cell pellets were treated with TRIzol (Life Technologies), and mRNA was 

extracted as previously described (Shan et al., 2014). All probes, mouse Mmp9 

(Mm00600164_g1), mouse Mmp12 (Mm00500554_m1), mouse Il6 

(Mm00446190_m1), mouse Atm (Mm01177457_m1), and mouse Tnf (Mm00443258) 

were purchased from Applied Biosystems (Foster City, CA). All data were 

normalized to 18S ribosomal RNA (Hs99999901_s1) expression. 

TEM and high-resolution TEM 

TEM: human lung CD1a+ cells were fixed with modified Karnovsky’s fixative 

in 0.1 M Millonig’s phosphate buffer, osmicated, minced into 1-mm cubes, 

dehydrated, and stained with saturated uranyl acetate (Watson, 1958). Cells cubes 

were embedded in resin and polymerized at 68 ˚C for 2 d (Spurr, 1969). Sections of 

55–65 nm were cut and collected on 150 hex-mesh copper grids and counterstained 

with Reynold’s lead citrate (Reynolds, 1963). The stained sections were viewed with 

a Hitachi H7500 transmission electron microscope, and images were captured by 
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Gatan US1000 digital camera and Digital Micrograph, v1.82.366 software. HR-TEM: 

the human emphysematous lung tissue was digested with proteinase K overnight 

followed by a wash with ethanol and air-dried. The residual black substance was 

drop-cast directly on a lacey carbon TEM grid (Ted Pella, Inc., Redding, CA) and 

vacuum dried for 6 h before usage. The HR-TEM image was taken with the JEM-

2100F field emission gun transmission electron microscope (JEOL USA, Inc., 

Peabody, MA) operated at 200 kV. 

Hyperspectral mapping of dark field imaging 

Samples were imaged and analyzed by CytoViva. Darkfield hyperspectral 

imaging was performed using a CytoViva dark field microscope system equipped 

with CytoViva Hyperspectral Imaging System 1.2 (Auburn, AL). 

Raman imaging 

The Raman spectrum of 15 nm carbon black from Cabot (Lot: 1278105) was 

acquired using a Renishaw inVia Raman Microscope (Hoffman Estates, Il) with a 

514.5-nm laser and a 50× objective lens. Similarly, Raman spectra were acquired 

from individually dispersed cells drop cast onto a glass slide and was fixed with 4% 

paraformaldehyde. The spectra from each cell type were combined, and 

background cellular fluorescence was subtracted. Raman maps were taken with a 

pixel size of 2 μm × 2 μm. 

GCMS of PAHs in CB 
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Soxhlet extraction with dichloromethane and direct extraction with ODCB 

were used to determine PAH contamination of CB (Harwood and Moody, 1989). 

GCMS was used to probe for PAHs, which failed to detect below the limit of 

detection (1 part in 1010 by mass) as standardized by Pyrene and Anthracene (Pilla 

et al., 2009). 

Statistical analysis 

For the comparison of cytokine production and gene expression of mice 

challenged with nanoparticles, cells treated with nanoparticles and reagents, and 

CT quantification of mouse lung volume, we used the Student’s t-test or one-way 

analysis of variance (ANOVA) test and Bonferroni’s multiple comparison test. All 

data shown are the mean ± standard error of the mean (SEM), and all analyses 

were performed with the Prism software (GraphPad Software). 

Author Contributions 

I performed Raman mapping spectroscopy on lung cells to confirm presence of CB 

and showed from the literature that carbon black could be derived from 

temperatures found in cigarettes. I also performed soxhlet extraction of potential 
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