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Abstract

Graphene-based nanomaterials (GBNSs) are quickly revolutionizing modern electronics, energy
generation and storage, clothing and biomedical devices. Due to a variety of physical and chemical
parameters of GBNs that define its toxicity and aggregation of GBNs in suspension, the
interpretation of toxicology analysis is challenging without accurate information on graphene
distribution and behavior in a live organism. In this work, we present a laser-based optical
detection methodology for noninvasive detection of GBNs and its pharmacokinetics analysis
directly in blood flow in mice using in vivo photoacoustic (PA) flow cytometry (PAFC). PAFC
provides unique insight on how chemical madifications of GBNs affect its distribution in blood
circulation and how quickly it is eliminated from the flow. Overall, PA spectroscopy provided a
unique data crucial for understanding GBNSs toxicity through real-time detection of GBNs using
the intrinsic light absorption contrast of these nanomaterials.
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INTRODUCTION

Graphene based nanomaterials (GBNSs) have a tremendous potential in various applications
ranging from industry, to energy storage, to consumer electronics and medical applications
(Castro Neto, et al. 2009, Mao, et al. 2013, Stankovich, et al. 2006). A widespread use of
GBNs would require a detailed understanding of how these materials may interact with live
systems at a single cell, as well as at a whole organism levels (Mao, et al. 2013). GBNs
consist of mostly carbon atoms arranged in 2D layered sheets (Novoselov, et al. 2004). A
toxicity profile of graphene is defined by the number and nature of various groups
decorating particles, size and shape of the flakes, surface charge and etc (Duch, et al. 2011,
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Mao, et al. 2013). Complex chemistry of GBNs would also dictate its pharmacokinetic
profile and possible toxic effects on live systems upon exposure (Mao, et al. 2013, Sanchez,
etal. 2012, Yang, et al. 2011).

One of the major complications in the research of GBNs is the fact that identification of
carbon-based nanomaterials in carbon-rich biological samples is very hard using
conventional analytical techniques. Programmed thermal analysis (Doudrick, et al. 2015),
requiring sample destruction, was proposed for wastewater biomass analysis. Raman
spectroscopy has been proposed for spectral identification and mapping of carbon
nanomaterials in cells (Majeed, et al. 2016) in vitro. In vivo GBNS were analyzed using
GBNs radio-labeled with 14C (Mao, et al. 2015) or 1251 (Badun, et al. 2016, Yang, et al.
2011), as well as particles decorated with fluorescent tags (Yang, et al. 2010)(Wang, 2016).
In most cases radio-labeling and graphene decorating with tags either requires synthesis of
completely new material and cannot be applied toward existing products, or decoration may
change the chemistry of GBNs since chemical modification is needed to attach tags to the
particle surface.

Most of GBNSs have unique optical properties and exceptionally high light absorption
contrast (Bonaccorso, et al. 2010, Koppens, et al. 2011) with each single layer of graphene
absorption as much as 2.3 % of incident light in a wide range of wavelengths. This opens up
a possibility toward detection of GBNSs using their intrinsic light absorption through the use
of photoacoustic (PA) detection techniques. PA spectroscopy is utilizing light absorption
contrast for quantification of proteins, dyes and nanoparticles (Cox, et al. 2012, Hu 2016,
Liu and Zhang 2016, Wang, et al. 2016, Wu, et al. 2014). High contrast of GBNs prompted
development of graphene-based contrast agent for PA imaging (Mao, et al. 2013, Moon, et
al. 2015, Patel, et al. 2013, Sheng, et al. 2013). The advantages of PA detection of GBNs
include non-destructiveness and analysis of light scattering tissues including deep vessels.

Herewith, we present PA based flow cytometry technique for noninvasive detection and
monitoring of circulating GBN particles /n vivo in whole mouse blood. For mice this non-
invasive approach requiring no blood sampling provides a possiblity to dramatically reduce
the number of animals and overall research cost. We demonstrate that PA flow cytometry
(PAFC) has detection sensitivity sufficient for detection of single GBN flakes /n vivo and
provides real-time information on concentration of GBNSs in flow revealing differences in
pharmacokinetics of circulating GBNs with hydrophobic and hydrophilic surfaces.

MATERIALS AND METHODS

Graphene based nanomaterials

Three types of GBNs were analyzed in this work: few layer poweder of pristine graphene
(N002-PDR, lot# DR5014043001, purchased from Angstron Materials, Dayton, OH),
functionalized graphene (f-graphene) made from N002-PDR graphene powder by treating it
with 600 mL of H,SO4 (Certified ACS Plus, Fisher Chemical, 95.0 to 98.0 w/w % F.W.
98.08) and 200 mL of concentrated HNO3 (Certified ACS Plus 70%, Fisher Chemical, F.W.
63.01), and graphene oxide (N002-PS, lot# S2071112, Angstron Materials, Dayton, OH). As
purchased pristine graphene had flakes of various diameter and thickness of 1-1.2 nm and
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was highly hydrophobic. It formed clusters up to 10 um in diameter persistent even after
aggressive sonication (Supplementary Figure S1). Upon chemical treatment (Majeed, et al.)
functionalized graphene was decorated with some hydrophilic alcohol and carboxylic acid
groups, that rendered less hydrophobic and had fewer large clusters. X-ray photoelectron
spectroscopy analysis (Bourdo, et al. 2017, Majeed, et al.) demonstrated a ~ 6.63+0.14%
oxygen content increase compared to ~2.5% for initial graphene powder. Graphene oxide (<
46% of oxygen, manufacturer data, Supplementary Information Table S1) was finely
dispersed in water and fromed a stable suspension in water without any significant
precipitation observed over more than 2 years of shelf storage. All GBN solutions for
injection were prepared in 1X phosphate buffered saline (PBS, Gibco, Life Technologies)
with a final concentration of GBNs in the range 25 — 250 pg/mL.

Animal model

All the animal protocols were approved by the University of Arkansas for Medical Sciences
Institutional Animal Care and Use Committee. /7 vivo PA detection was performed in mouse
ears in 35-45 um sized blood vessels of nude (nu/nu) mice (female, 8-10 weeks old,
weighing 20-30 g, procured from Charles River Breeding Laboratories, Wilmington, MA).
Mice were kept in normal environment (RH = 55%-65%, T = 20-24 C, normal light cycles)
at UAMS DLAM facility. For PA monitoring animals were anesthetized using Isoflurane
(inhalation, 1.2%), and placed on a temperature-controlled stage (37°C) of the custom
microscope. 50 pL solution of GBNSs (at concentrations ranging from 25 to 250 pg/mL) was
introduced using either mouse tail vein injection. The typical duration of PA experiment was
~ 60 min including at least 40 min long monitoring of PA signals after injection. Mice were
euthanized using CO, chamber after PA monitoring, while still under Isoflurane anesthesia.

In vitro calibration of PA detection of GBNs was performed using whole blood from control
nu/nu mice (not injected with GBNs). Terminal whole blood samples (cardiac puncture, up
to 1 mL sample volume) were collected using plastic syringes and stabilized with K2EDTA
(10 L of 10% solution per 1 mL of blood). Blood samples were kept on ice, spiked with
GBN:s solution and gently mixed by several tube inversions. For PA analysis the inlet end of
the quartz capillary was inserted directly into the test with whole blood sample.

Laser scanning PA microscopy

The custom laser scanning PA microscope was based on Olympus 1X81 inverted microscope
platform. Laser scanner was based on XY galvo mirrors (GVSM002, Throlabs Inc., Newton,
NJ), pulsed lasers were coupled to the microscope via single mode optical fibers. The system
was equipped with nanosecond lasers: 532 nm (LUCE 532, Bright Solutions, Italy), 671 nm
(CrystaLaser, Reno NV) and 1064 nm (MOPA-M-10, MultiWave Photonics, Portugal)
focused into the sample by a 10x objective (DPlan 10x, Olympus Inc). Acoustic waves were
acquired by a non-focused 4.5 MHz transducer (model 6528101, 3.5 MHz, 4.5 mm in
diameter; Imasonic Inc., Besangon, France) placed over the sample (transmission
configuration). Signals from the transducer were amplified by a 20 dB amplifier (0.05-100
MHz bandwidth, AH-2010-100, Onda Corp.) and recorded by a PC equipped with a high-
speed digitizer (PCI-5124, 12-bit card, 128 MB of memory, National Instruments, Austin,
TX). System synchronization and laser triggering were performed by a digital waveform

J Appl Toxicol. Author manuscript; available in PMC 2018 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nedosekin et al.

Page 4

generator (DG4062, Rigol, Beijun, China). Laser beam spot size was estimated to be ~ 0.9
um (FWHM) and laser step scan was 1 pm. For each sample point maximal amplitude of the
acoustic wave was recorded. Optical microscopy images were collected by DP72 camera
(Olympux Inc) using a custom ring illuminator mounted on the transducer, Figure 1B.

In vivo Photoacoustic Flow Cytometer

PAFC setup has been described in detail elsewhere (Nedosekin, et al. 2013),(Nedosekin, et
al. 2014). Here, PAFC setup was equipped with 10 kHz 671 and 820 nm high pulse
repetition rate lasers (CrystLaser, Reno, NV and Luce 820 Bright Solutions, Italy,
respectively) for PA detection. Laser beams were focused into a square shaped quartz
capillary having 100um internal diameter (/n vitro PAFC) or into a mouse ear blood vessel
(/n vivo PAFC) PA signals from the circulating objects were acquired by an unfocused
ultrasound transducer (model 6528101, 3.5 MHz, 5.5 mm in diameter; Imasonic Inc.,
Besancon, France). Signals from transducer were amplified (amplifier model 5662B, 50kHz
— 4 MHz; Panametrics) and recorded by PC.

In vitro analysis of blood samples

200 pL blood aliquots were spiked with 5 uL of GBNSs solution in PBS to achieve a final
concentration of GBNs in the range 50 ng/mL to 25 pg/mL. Blood samples were pulled
through a square quartz capillary (100 pm i.d., Polymicro Tech., Molex, Phoenix AZ) by a
syringe pump (KDS 200, withdraw mode, KD Scientific, Holliston, MA) at a rate of 1 mL/h,
Figure 2C. PA signals were recorded for ~ 2 min for each sample (16 pL tested sample
volume). Transient PA signals exceeding detection threshold set up for control blood were
counted within 10 s long intervals for each sample (~2 L blood volume per interval) and
used to calculate the calibration graph. A tiny sample of GBN spiked blood was diluted with
PBS and placed into a 35 mm round dish for PA microscopy analysis.

In vivo PA visualization of circulating GBNs clusters in blood vessels

In vivo PA visualization of GBNSs in live mouse tissues has been performed by high speed
PA laser scanning microscope visualizing tissues and blood vessels through a window
chamber implanted in mouse skin fold (Bao, et al. 2013). Mice were anesthetized using

1.2 % Isoflurane, placed on a heated stage with glass side of the window chamber facing
focusing objective. Skin on the other side of the window chamber was covered with
ultrasound gel for acoustic matching. Ultrasound transducer was carefully positioned over
the analyzed area. PA images were collected either at a speed of 8 Hz (50x50 pixels) or 0.25
Hz (200%x200 pixels). Laser energy was 10 pJ/pulse and no tissue damage was observed after
PA imaging. 50 uL of functionalized graphene at 125 pg/mL was injected through tail vein.

In vivo PA flow cytometry analysis of GBNs pharmacokinetics

In vivo PA analysis of GBNs in mouse blood was performed on 40um ear arteries using
PAFC system. Anesthetized mouse (1.2% Isoflurane) was placed on a heated stage with ear
spread flat on a glass coverslip. Transducer was placed over the ear with ultrasound gel used
for acoustic coupling. 50 uL of GBNSs solution at concentration of 125 ug/mL was injected
through a tail vein and PA signals from the artery were recorded for 40-60 min after that.
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For each GBN we performed 5-7 injections (each time a new mouse was used) with a goal
of achieving at least satisfactory 5 PA recordings per group.

Statistical Analysis

RESULTS

PAFC data trace analysis and statistical calculations were performed using custom LabView
(national Instruments, Austin, TX) software, which identified transient PA signals exceeding
a certain threshold. The threshold was calculated using local mean PA signal (to account for
baseline fluctuations) and “no-even” PA signal value calculated from the control data traces
(before injection or control blood with no GBNs) for each experiment. This ensured absence
of false-positive signals in the recording. Next, identified PA peaks were either counted
directly or all the PA signals over a certain threshold were integrated (10 to 40 s time bin) to
account for differences in PA signal amplitudes from single flakes and large clusters. PA
data was presented as raw traces, integrated PA signal or, when appropriate, as mean PA
signal + standard deviation.

PA contrast of GBNs in blood

PA counting

PA contrast of GBNs is determined by the non-radiative relaxation of absorbed light into
heat. Each carbon layer of GBNs absorbs incident light (Bonaccorso, et al.), thus even a few-
layers-thick flake have a significant PA contrast. PA microscopy confirmed that
functionalized graphene can be identified among red blood cells (RBCs), Figure 1A, using
only intrinsic light absorption of GBNs in the tissue transparency window. PA signal at 532
nm was mostly dominated by hemoglobin, while at 671 nm graphene had high contrast and
hemoglobin signal was negligible. Spectroscopy of hemoglobin and graphene solutions,
Figure 1C, indicate good contrast of graphene both in the tissue transparency window (630
to 900 nm), and at clinically relevant 1064 nm wavelength, where low cost of high energy
pulsed lasers and low tissue scattering provide an optimal combination (Nedosekin, et al.
2010). In microscopy mode we estimated the sensitivity of PA measurements by acquiring
signals from graphene clusters of different sizes, Figures 1D and 1E. A large laser spot (20
um) was selected to ensure that the whole cluster is illuminated. Overall, detection
sensitivity was estimated to correspond to a single few layer thick flake with a diameter of ~
250 nm; however, accurate cluster/flake size measurements of such size were not possible in
the selected microscope configuration, thus more accurate sensitivity estimation may require
controlled graphene deposition to build a calibration standard material.

of GBNs flakes in whole blood under flow conditions

In order to prove the concept that PA detection in flow is sufficient for accurate enumeration
of circulating GBN flakes we designed an /n vitro phantom featuring a 100 pm i.d. quartz
capillary tube immersed in acoustic gel. Blood samples were spiked with £graphene and PA
signal trace from spiked samples demonstrated the presence of multiple transient high-
amplitude PA signals that were not observed in control blood samples. Figure 2 shows
typical examples of PA traces with f-graphene peaks having amplitudes up to 2 orders of
magnitude higher than blood background. The distribution of PA peak amplitudes was very
wide reflecting the fact that f-graphene tends to form clusters and aggregates. However, the
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calibration based on the number of observed peaks was linear and sufficient for prediction of
GBNSs concentration in the sample. The sensitivity of detection was proportional to the
duration of data acquisition and total sample volume. The system used in this project was
capable of pulling 1 mL of whole blood in ~ 1h allowing for a potential increase in
sensitivity by extending 1 s long data sections up to 1h long intervals, i.e. up to 3600 times.
We also observed some clustering of the graphene with white blood clots (formed by white
blood cells) that had a dual “positive-negative” PA contrast (Supplementary Figure S2),
since white clots included little or none RBCs and provided a decreased PA background (no
hemoglobin).

Optimization of noninvasive PA analysis of GBNs pharmacokinetics in mouse blood

circulation

The injection of 50 uL of f-graphene solution at concentrations of 250 ug/mL, 125 pg/mL
and 25 pg/mL (a total of 12.5, 6.25 and 1.25 ug of the graphene, respectively) was used to
optimize the concentration and total amount of GBNs required for the PA analysis of
circulating GBNs, Figure 3A. The injection of concentrated (250 ug/mL) f-graphene
solution caused significant changes in mouse breathing and led to the death of several mice
(possibly, due to clogging of pulmonary vessels). Interestingly, slightly more diluted solution
(125 pg/mL) was tolerated better and caused fewer side effects in relation to blood flow, and
no mice were lost. Overall, the PA traces recorded for all the concentrations tested correlated
very well and revealed a quick decrease in the number of observed PA peaks across all the
samples. This preliminary data highlighted that PA sensitivity is sufficient for detection of
individual flakes and clusters in flow and provides temporal resolution unattainable by
invasive methods. In order to assess the changes in the number of observed PA signals over
time we either calculated the number of PA signals per a certain period of time, Figure 3C,
or summed up the amplitudes of all the PA signals exceeding a certain threshold. The latter
case better allows accounting for differences in mass of clusters (high PA signals) and single
flakes (low amplitude PA signals). Calculation of the average PA signal from GBNs over a
certain time frame allowed minimization of the random distribution of GBNSs in flow. Still,
some physiological factors remained including sudden changes in blood flow that decreased
an observed concentration of GBNs, Figure 3C (125 pg/mL data for the time period 17 to 22
min after the injection). For all the further experiments we selected the injection of 125
ug/mL solution that produces sufficient number of PA peaks for accurate statistical analysis
of GBNs in circulation, while it had minimal effect on the animal during the procedure.

Reproducibility of in vivo PA analysis

A single PA trace provides detailed real-time data on the presence of GBNs in blood.
However, a comparison of PA traces between animals may be complicated due to differences
in the amount of injected materials, differences in ear blood vessel size and flow rate and
overall mouse conditions, including transient changes caused by the injection of potentially
toxic compounds. For example, after the injection of GBNs we often observed temporal
decline in blood flow velocity and/or blood vessel contraction/dilation. In order to assess
how reproducible the results of PA analysis of GBNs pharmacokinetics are, we analyzed PA
traces for 5 animals injected with identical amount of functionalized graphene solution,
Figure 4A. Overall, the number of peaks and integrated PA signals varied dramatically with
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up to 10-folds difference in the amount of the material detected right after injection.
However, the long term monitoring, Figure 4B, shows that general trends are similar,
especially in the short term, when the majority of the nanomaterial is removed from
circulation and/or redistributed throughout the whole blood volume. The analysis of PA data,
Figure 4B, shows that two distinct regions can be identified. First, a fast exponential decline
in GBNs concentration takes place for approximately 10 min after injection. This region is
well reproduced in all the mice. It is followed, by a second slower process, when the
concentration of particles is still decreasing, but not as fast. Lower reproducibility of the
second curve is most probably related to the fact that lower number of peaks are detected,
leading to a decreased significance of the measured GBNs concentration using PA data
traces.

Pharmacokinetics of hydrophobic and hydrophilic GBNs

The PA flow cytometry can reveal differences in how GBNs that have different chemical
properties are distributed in blood during circulation. We analyzed PA data traces after
injection of pristine graphene (hydrophobic), functionalized graphene (partially hydrophilic)
and graphene oxide (hydrophilic flakes). The difference in hydrophobicity affected stability
of the flakes in water suspensions. The most stable solution without any visible aggregates
was formed by graphene oxide. Both commercial and functionalized graphene samples
quickly precipitated and only a minor fraction of the material remained in the solution. PA
detection has confirmed these GBNs behave differently in blood circulation. Graphene oxide
had very uniform distribution of signal amplitudes. There were no PA signatures observed
that we usually correlate with large GBN clusters (high amplitude, wide peaks in PA trace),
Figure 5A. For both pristine and functionalized graphene samples, Figures 5B and 5C, PA
traces reveal high heterogeneity of PA signal amplitudes that indicates the presence of
clusters. Moreover, in pristine graphene there were very few low amplitude peaks that
usually correspond to single, individual flakes of GBNSs.

Surprisingly, the analysis of integrated PA signal shows that the general trends of a decline
in the number and intensity of PA signals are very close for both very hydrophilic graphene
oxide and only partially hydrophilic functionalized graphene. This correlates with the fact
that identical amounts were injected into circulation. However, we assumed that due to
different surface chemistry the elimination dynamic would be dramatically different. In the
case of pristine graphene, the dynamic curve does not allow making a conclusion regarding
changes in the concentration due to the presence of rare large clusters randomly entering the
detection zone.

DISCUSSION

PA detection provides a unique approach toward noninvasive detection of GBNs directly in
blood flow and a trove of unique data to correlate toxicity manifestations with the
pharmacokinetic profile for the nanomaterial. To the best of our knowledge this is the only
technique that allows for noninvasive monitoring of single GBN flakes in whole blood
circulation. Moreover, most of the conventional analytical techniques are not suitable for
identification of single carbon-based flakes of the nanomaterial in carbon-rich samples
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(blood or tissues) even ex vivo. The PA contrast of GBNs is based on intrinsic light
absorption of the nanomaterial and, thus, does not require any chemical modification
(labeling of the flakes with fluorescent or radioactive tags). Chemical modifications of
GBN:s to attach such tags may dramatically change properties of the nanomaterial including
its potential toxicity. Here, both pristine graphene (most likely to be used in industry
applications) and graphene oxide (high potential for biomedical application) were analyzed
as is, without any chemical modifications.

The major advantage of /n vivo monitoring is that it provides real-time data on concentration
of GBNSs, which is not feasible if blood has to be sampled to quantify GBNSs. This
dramatically reduces the number of animals required to study the pharmacokinetics of
nanomaterials and the cost of research. Another advantage of PA flow cytometry
demonstrated here is that PA data traces directly show whether the nanomaterial is
aggregated or homogeneously distributed. The overall amount of graphene, as demonstrated
by the integrated PA signal data, Figure 5, was close for the analyzed GBNSs; however PA
traces show that there is a dramatic difference in the behavior of the NPs in flow (clusters vs
single flakes). Here, we hypothesize that similar dynamics of GBNs in circulation could be
related to a rapid coating of the hydrophobic nanomaterials with blood serum proteins;
however, more experiments would be required to prove this.

Certainly, the technique presented here has disadvantages. First, the rate of graphene signals
dramatically depends on blood flow velocity in the vessel and vessel size. Here, we assumed
that volume blood flow rate is identical for all the mice analyzed. This assumption can be
easily corrected by real-time tracking of the flow rate, and it is possible to alter the current
PA experiment design to extract such data directly from PA data traces (Nolan, et al. 2016,
van den Berg, et al. 2015). Second, the amount of injected hanomaterial and the loss of the
material during injection increase data variability. Figure 4 shows that an absolute count of
GBN peaks may differ greatly for different mice/injections, however it is also true for other
techniques relying on i.v. injection. A possible solution to this problem may include a co-
injection of a standard solution of fluorescent beads to be detected independently
(Supplementary Figure S3) using fluorescence modality of an /n vivo flow cytometer
(Nedosekin, et al. 2013). Third, the PA signal from large aggregates can be nonlinearly
enhanced through formation of gas bubbles around overheated nanoparticles (Sarimollaoglu,
et al. 2014). In this case the amount of clustered nanomaterial can have a higher impact on
the overall PA signal compared to single flakes. This would require a careful calibration of
PA signals from flakes and clusters of different size. At the moment it is not clear how much
the effects of nonlinear amplification could affect our data. Overall, the direct correlation of
the acquired PA signals with the mass of GBNs in circulation is not possible since there are
no standard calibration materials that could be injected in order to calibrate PA signal
response. Still, even direct counting of peaks (Fig 2B) or integrated PA signals (Fig. 5) may
provide sufficient data on relative changes in GBNs concentration and/or clustering status.
Finally, the PAFC system is not able to distinguish between co-injected GBNs with different
chemistry or between GBN and other carbon-based nanomaterials since their absorption
spectra are almost identical. This is rather insignificant in pharmacokinetic studies, but may
complicate application of the technique in analysis of environmental exposure, or if a
mixture of different nanoparticles is proposed as a drug carrier.
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The PA system used in this work was optimized for detection of pigmented cells and
nanoparticles in mouse ear veins; however, for other animals thicker skin can dramatically
reduce detection sensitivity. This effect can be minimized either through the use of a
different PA cytometer optimized for thick samples though the use of acoustic focusing
(Menyaey, et al. 2013) or by removing skin and installing a glass window chamber to have
an ultimate access to blood vessels under skin. While an invasive procedure (Shao, et al.
2013), the window chamber would allow transferring our technology to any animal model
and even increase detection sensitivity. In this work, we focused only on detection and
enumeration of GBN flakes in blood and analysis of pharmacokinetics for different GBNs
materials. However, PA detection can be easily extended to analysis of other biological
fluids and tissues including whole animal imaging using PA tomography (Bao, et al. 2013)
and label free mapping of graphene in histological tissue sections (Cook, et al. 2013,
Nedosekin, et al. 2010).

CONCLUSIONS

We have presented here a novel technique for noninvasive detection and analysis of
pharmacokinetic profile for potentially toxic carbon-based nanomaterials in blood
circulation. PA detection allowed real-time label-free monitoring of different GBNs in whole
blood with sensitivity reaching levels corresponding to single flakes of graphene in the
detection volume. The analysis of GBNSs having different surface chemistry has
demonstrated that while overall dynamics of GBNs clearance from circulation was relatively
similar. The hydrophilic material (graphene oxide) was circulating mostly as single flakes,
while pristine graphene (hydrophobic material) and functionalized graphene (partially
hydrophobic material) formed multiple large clusters in circulation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 4.
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Figure5.
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