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We report a transient absorption (TA) imaging method for fast visualization and quantitative layer
analysis of graphene and GO. Forward and backward imaging of graphene on various substrates
under ambient condition was imaged with a speed of 2us per pixel. The TA intensity linearly
increased with the layer number of graphene. Real-time TA imaging of GO in vitro with capability
of quantitative analysis of intracellular concentration and ex vivo in circulating blood were
demonstrated. These results suggest that TA microscopy is a valid tool for the study of graphene
based materials.

Graphene and graphene oxide (GO) have attracted great interest and been considered as promising
materials for, for example, future electronics!?, energy or hydrogen storage®*, biosensing>, and drug
delivery”®. As more applications have been explored, there is an urgent need for methods that can quan-
titatively and rapidly analyze graphene and graphene oxide. For graphene, its excellent electronic, optical
and mechanical properties strongly depend on the number of atomic layers, thus to fabricate large scale
devices on chip, it is significant to perform rapid quantitative characterization of large area graphene
with layer sensitivity under ambient environment. Meanwhile, the vast applications of GO in biologi-
cal environment require both visualization and quantitative analysis of its concentration, an important
parameter for its biological effect’.

To image graphene with layer sensitivity, various microscopic and spectroscopic techniques have been
developed. Atomic force microscopy>'® and Raman spectroscopy''? have been reported to be relia-
ble methods to identify and quantitatively measure the layer number of graphene. However, the low
throughput preclude their use for large area scanning!®'*!4. For example, due to the low efficiency of
Raman scattering, it would take several hours to get a Raman image of an area of tens of micrometers!'>®.
Several electron microscopies, including low-energy electron microscopy'”!®, high resolution transmis-
sion electron microscopy?, scanning electron microscopy? scanning tunneling microscopy*®, photoemis-
sion electron microscopy'’, have been used for determining the number of layers of graphene. In most
cases, these techniques require cumbersome sample preparation and/or high vacuum condition for char-
acterization of limited sample area®. Although it is widely used for quick examination, optical micros-
copy can only be applied to samples deposited on properly designed substrates to get better contrast'+*..
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Fluorescence quenching microscopy was recently employed to quickly visualize graphene based sheets,
where a fluorescent dye was coated on the surface’?. A nonlinear optical microscopy method based on
self-phase modulation was used for in vitro imaging of graphene, but this contrast is not sensitive to
GO=.

GO with abundant oxygen-containing groups can be readily modified with targeting ligands to facili-
tate drug delivery”®. Recently, the strong near infrared absorption of GO is utilized for the photothermal
treatment of cancer or Alzheimer’s disease?*%°. In spite of progresses in this biomedical direction, few
methods exist for tracing GO in biological environment. Ideally, the intrinsic photoluminescence of GO
can be used for cellular imaging”?’, however, the emission efficiency is low?%. Strategies are developed
to overcome such low efficiency, including fluorescently or radioactively labeling GO***3!. Radioisotopes
used for radioactive labeling are hazardous and must be handled with extreme care, while fluorescence
probes often introduce toxicity and interference with normal biological processes and might suffer from
photobleaching®»*. What is more important, these existing methods is difficult to directly quantify the
concentration of GO.

Here, we report a label-free highly sensitive imaging method for fast visualization and quantitative
layer analysis of graphene and graphene oxide based on the transient absorption (TA) process. TA imag-
ing has been developed for visualizing single nanomaterials, such as gold nanoparticles*»*, nanowires®,
semiconductor and meta nanostructures®*, single-walled carbon nanotubes®-*!. Recently, TA spectros-
copy and imaging have been employed to study the carrier dynamics in graphene*** and graphene
oxide*** with limited sensitivity.

In this work, we demonstrate TA imaging with single layer sensitivity. We used megahertz modulation
that effectively avoids the low-frequency laser noise and employed a resonant circuit that electronically
amplified the heterodyne-detected signal. On this imaging platform, we achieved high speed (2 ps/pixel)
imaging of graphene on various substrates (e.g., glass, silicon) under ambient condition and of graphene
oxide in living cells and animals. The intensity of TA images is found to linearly increase with the layer
number of graphene. It takes a few seconds to acquire a TA image of graphene samples, which is much
faster than Raman mapping. More importantly, our method is able to image graphene and GO in biolog-
ical environment with capability of quantitative analysis of intracellular concentration of well-dispersed
GO functionalized with polyethylene glycol (PEG).

Results and Discussion

TA images were acquired on a laser-scanning microscope (Fig. S1) with a pump beam and a probe
beam (See Methods). Samples were prepared through transferring chemical vapor deposition grown
graphene to a glass coverslip following the standard procedure*(See Supplementary Information). The
image shown in Fig. 1a clearly revealed graphene domains with single layer (position 1 in Fig. 1a), defects
(position 0), double layers (position 2) and multiple layers (position 3). The intensity profile (Fig. 1a)
shows that the signal intensity I is quantized and linearly proportional to the number of graphene lay-
ers, n, with I=nl; where I is the signal intensity from single layer graphene area. To further confirm
the layer resolved by the image, we measured Raman spectra from different domains using the Raman
capability on our transient absorption microscopy platform®’. The peak ratio of G band (~1580cm™) to
2D band (~2620cm™}), together with the intensity of G band and the peak shape of 2D band, was taken
in consideration to confirm the layer number. The Raman spectrum (Fig. 1b) taken from the single layer
domain (position 1 in Fig. 1a) exhibited a 2D/G peak ratio of 2.2 and a symmetric 2D band with full
width half maximum (FWHM) of 30cm™". 2D/G peak ratio measured from 10 Raman spectra from the
single layer areas was found to be 2.3+ 0.3, which confirms the single layer assignment!'*%, In addition,
the intensity of G band is almost proportional to the number of graphene layers*, which confirmed the
existence of double layer domain (position 2 in Fig. 1a). The strong, symmetric 2D band with a FWHM
of 34cm™! observed from the double layers (Fig. 1b) suggested that the double layer might be rotation-
ally mis-oriented stacked or twisted, which were found common in graphene synthesized by chemical
vapor deposition*®*. We also observed broad and asymmetric 2D band from some other double layer
domains (Fig. S2), suggesting Bernal stacked double layers. Collectively, the Raman spectra measure-
ment validated the capability of TA imaging in quantitatively determining the layer number of graphene
sheet. Moreover, the speed of TA imaging reported here is three orders of magnitude faster than Raman
spectroscopy, which allows high-throughput mapping of large area graphene sheet in synthesis process.

A time-resolved measurement was carried out by varying time delay between pump and probe pulses.
The time-resolved intensity curves obtained from single, double and triple layers (Fig. 1c) exhibited a
bi-exponential decay. The fast decay (~0.2 ps) was attributed to be from coupling between excited carrier
and optical phonons, while the slow decay (~1.0 ps) was considered to be from hot phonon effect*>. These
results also demonstrate the ability of TA microscopy to study the ultrafast carrier dynamics of different
layer graphene in a high-throughput manner. In addition, TA imaging is not destructive to the samples,
as no sample damages were observed even at the saturation power, which was 1.3 mW for pump and 0.9
mW for probe on the sample (Fig. 1d,e).

We further investigated the possible contrast mechanism of the TA signal from graphene. In a TA
microscope, we measure the difference in transmission of probe (Al e/ one) induced by the presence
of pump. This signal can originate from different optical processes, including optical bleach, stimu-
lated emission, excited state absorption, and multiphoton absorption®. The TA signal can be positive
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Figure 1. TA imaging of graphene on glass coverslip. (a) TA image of graphene layer (upper) and intensity
profile along the dashed line (lower). Single layer (position 1) graphene can be easily distinguished from
defects (position 0), double layers (position 2) and multiple layers (position 3). The pump beam was

at 665nm, and probe was at 820nm. Scale bar: 10 um. (b) Raman spectra of graphene sheet with different
layer number. (c) Time-delay curve of TA imaging on single, double and triple graphene layers. Time

zero was determined by stimulated Raman scattering (SRS) image. The data points were fitted with a two
component exponential model (Green line) (d,e) Dependence of TA imaging on pump (d) and probe (e)
power. Pump and Probe beam power was fixed at 1.10mW and 0.68 mW at sample, respectively, when the
other beam is tuned from 0 to 5mW. Data were fitted with the saturation function y= Ax/(1+x/x,). Here, A
is a constant, x is the input power, and x, represents the saturation power.

(AT ope/Torope > 0) or negative (AL gpe/Lyope < 0) depending on different processes. For example, signals
from optical bleach and stimulated emission are positive, while signal from absorption is negative. Here,
we observed a positive TA signal from graphene, indicating an increase of transmitting probe induced
by pump. We also measured the dependence of TA signal level on pump and probe laser intensities
(Fig. 1d,e). We observed a linear relationship at low power, and saturation when pump and probe power
exceeded 1.3 mW and 0.9 mW, respectively, implying an optical bleach effect was reached at high power.
Thus, the major contribution to observed TA signal in graphene is likely from optical bleach due to state
filling effect®”. Our explanation is consistent with a previous study using TA imaging on semiconductor
and metal nanostructures®.

SCIENTIFIC REPORTS | 5:12394 | DOI: 10.1038/srep12394 3



www.nature.com/scientificreports/

a silicon . ks collagen
| graphene
_ - glass
graphene
-T-/
A4
Laserin
PBS
- L
F
_-IA—“ PD (; 5: 1'0 1'5 2'0 215 310 3l5 4l0 (; ; 110 115 2|0 2l5 3'0 3'5
Distance (um) Distance (um)

Figure 2. TA imaging of graphene on silicon-based sheet and with collagen coating. (a) Layout of
epi-detection of TA signals. PBS: cube polarization beam splitter installed in interchangeable turret; A/4:
quarter-wave plate; L: lens with 100 mm focal length; F: bandpass filter used before photodiode; PD: large
area photodiode. The graphene sheet was prepared on top of a thin silica layer (~300nm), with silicon sheet
underneath. (b) Epi-detected TA imaging of graphene and intensity profile along the dashed line. Single
layer, double layers and defects were clearly resolved in a quantitative manner. The average power used for
pump beam was 5mW at 665nm, and 10mW for probe beam at 820 nm. Scale bar: 10 um. (c¢) TA imaging
of graphene with collagen coating and intensity profile along the dashed line. Inset: diagram of the sample
preparation. Graphene sheet was placed on a glass coverslip with 0.17mm thickness, and collagen was
coated on top of the graphene sheet. Scale bar: 10 um.

Compared to transparent substrates, non-transparent substrates, for example, SiO,/Si substrate, are
more often required for graphene electronic applications. To demonstrate the capability of visualizing
graphene sheet on SiO,/Si substrates, we performed TA imaging in the backward direction (Fig. 2a). In
this detection scheme, photons from the specimen are collected by a large area photodiode in the back-
ward direction, while in conventional forward detection scheme photons transmitting the specimen are
collected (Fig. S1). The sample was prepared by placing the graphene sheets on a silicon substrate with
a top layer of 300nm silicon oxide (Fig. 2a). Graphene domains with different thickness, for example
single layer, double layers and defects, can be readily distinguished in the image and the layer number
could be quantitatively determined by the intensity profile (Fig. 2b). The results indicate TA imaging is
applicable to graphene on SiO,/Si substrate, which would further broaden the application of this method
for graphene research. In addition, we considered the rapidly increasing applications of graphene in
biological environments. Recently it has been reported that using graphene as substrate enhances the
differentiation of human mesenchymal stem cells into neurons®? and bone cells*®. Here, we demonstrate
high-quality images of graphene with collagen coating on top, mimicking the extracellular environment,
could be acquired by TA microscopy (Fig. 2c). The TA signal intensities were found to be the same as
those from bare graphene layers in air.

To further explore the potential of TA imaging in graphene research, we applied TA microscopy to
visualize GO in living cells. GO was firstly functionalized by adding PEG tags to improve the stability
and solubility of GO in aqueous solution as well as the blood circulation of GO (See Supplementary
Information). After modification, GO-PEG was dissolved in aqueous solution at 2mg/ml concentration
without detectable aggregates. TA imaging of 2mg/ml GO-PEG solution showed a uniformly distribu-
tion pattern (Fig. 3a insert). On contrary to that in graphene, the TA signal from GO-PEG solution is
negative, suggesting an enhanced absorption of the probe beam happen, leading to a decrease of probe
transmitting through sample. It has been shown that the band gap of different GO structures lies below
1.0eV>*%. Our pump beam (1090nm) energy (~1.14eV) is enough to overcome this energy gap, and
we suggest that TA signal originates from transition from localized states at the bottom of conduction
band to the higher excited states.

The intensity of TA imaging was linearly proportional to the concentration of GO-PEG solution
(Fig. 3a), which can be used for a quantitative analysis of intracellular GO-PEG concentration. After
incubating CHO cells with 10 ug/ml GO-PEG for 3h, TA imaging revealed an intracellular accumulation
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Figure 3. TA imaging of GO-PEG in solutions and in living cells. (a) TA imaging of 2mg/ml GO-PEG
aqueous solution (inset) and linear dependence of TA signal on GO-PEG solution concentration. (b) TA
imaging of GO-PEG in living CHO cells. CHO cells were treated with 10pg/ml GO-PEG (upper) or PEG
(lower) for 3h. Overlay of TA image (yellow dots) and transmission image (gray) showed intracellular GO-
PEG in GO-PEG treated cells, but not in PEG only treated cells. Dynamic cellular uptake of GO-PEG

(c) or PEG (d) was monitored by TA imaging overtime, from 0 to 180 min after treatment. TA images (first
row) and overlay images (second row) showed intracellular accumulation of GO-PEG. (e) Quantification of
mean TA signal intensity per cell in GO-PEG treated cells. Scale bar: 10 pm.

of GO-PEG in GO-PEG treated cells, but not in PEG only treated cells (Fig. 3b). The dynamic intracel-
lular trafficking of GO was also monitored by TA imaging (Fig. S3 and the video in the Supplementary
Information). To study the uptake process of GO-PEG into living cells, time-lapse imaging was per-
formed. GO-PEG was encapsulated into the cells and accumulated in the cells over time, from the mem-
brane to cytoplasm (Fig. 3c). On the contrary, no signal was detected from cells treated with PEG only
(Fig. 3d). A quantitative analysis of the intracellular mean intensity showed an exponential increase of
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Figure 4. TA imaging of GO-PEG circulating in rat blood vessel. Rat was intravenously injected of 500 ul
2mg/ml GO-PEG solution. TA imaging was performed at 30 min post injection. GO-PEG particles (yellow
dots in circles) were observed in the peripheral blood vessel. Red dashed lines mark the blood vessel wall
determined by transmission image. Scale bar: 20 pm.

GO-PEG accumulation in the cells (Fig. 3e). These results indicate the TA imaging permits real-time
live cell analysis of GO-PEG, which may help extend the biomedical applications of GO, including drug
delivery and thermal therapy.

Furthermore, we demonstrated that TA imaging could be used for ex vivo imaging of GO. With PEG
modification, the blood circulation of GO-PEG will be enhanced, as shown in other nanosystems®*.
30min after intravenous injection of GO-PEG solution, the rat ear was placed under microscope for
imaging. The blood vessel and surrounding tissues were visualized by transmission illumination and the
circulated GO-PEG was monitored by TA imaging simultaneously (Fig. 4). As shown in Fig. 4, circu-
lating GO-PEG particles (yellow dots in circles) in blood vessel were clearly visualized by TA imaging.
Although the size of GO sheets was estimated to about 100 nm, under diffraction limit of optical micro-
scope, the strong TA signal of GO enabled us to track even individual GO sheet, which has been demon-
strated in other nanomaterials*”**%°. It is known that nano-GOs tend to aggregate in salt or biological
solutions’. Thus, it is highly possible that some dots shown in Fig. 4 are aggregates but not individual GO
sheet, therefore these dots varied in size and shape. Further systematic investigation will be carried out
to study the related biological effects, such as bio-distribution of GO-PEG in organs. Collectively, these
results provide solid evidences that TA imaging can be used to visualize and monitor the dynamics of
graphene or GO in the biological environment.

Conclusions

TA microscopy is a high-throughput versatile tool for quantitative evaluation of graphene and GO. The
imaging speed is as fast as 2 jus/pixel, and it can be applied to study layer number of graphene on various
substrates as well as with collagen coating. It can also be used to track GO dynamics in living cells and
live animals. The high sensitivity of TA imaging method enables to detect the GO with concentration as
low as 10 pg/ml, which is typical or even lower concentration used in biological experiment®**. With the
advantage of high speed, nondestructive, label-free, as well as capability of in vitro and ex vivo imaging,
our study opens new opportunities for using TA imaging to facilitate the study of graphene and GO in
synthesis, device fabrication, and biological applications.

Methods

Transient absorption microscope. The schematic of our TA microscope is shown in Fig. S1. A
Ti:Sapphire laser (Spectra-Physics Lasers Inc., Mountain View, CA) pumped an optical parametric oscil-
lator (OPO, Inspire, Spectra-Physics Lasers Inc.), producing the pump beam tunable from 490 to 750 nm
and probe beam at 820nm. Two beams were temporally synchronized and collinearly combined into a
laser-scanning inverted microscope (FV300+ IX71, Olympus Inc., Central Valley, PA). The laser was
focused on the sample with a 60 x water-immersed objective (NA = 1.2, UPlanApo/IR, Olympus Inc).
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The pump beam intensity was modulated by an acousto-optic modulator (AOM, Gooch & Housego)
with about 70% modulation depth at 6 MHz or 7.08 MHz. The power of pump and probe beams was
adjusted using neutral density fillers. The TA signal was detected by a photodiode (818-BB-40, Newport,
CA) after a bandpass filter of 850/90nm to block the pump beam. The photodiode output was sent to
a resonant circuit (RC) which selectively transmits the heterodyne-detected TA signal at the laser mod-
ulation frequency to a fast lock-in amplifier (LIA, HF2LI, Zurich Instrument). For backward TA signal
detection, a polarization beamsplitter cube (PBS) was installed in the turret to direct the signal to the
photodiode. All images were acquired with 2ps/pixel dwell time. Confocal Raman signal was detected
by a spectrometer (Shamrock SR-303i-A, Andor Technology, Belfast, UK.) mounted to the side port
of the microscope. For Raman spectral analysis, a 5-ps, 80 MHz Ti:sapphire laser oscillator (Tsunami,
Spectra-Physics Lasers Inc.) was used as an excitation beam at 707 nm. After acquiring the images, the
turret was switched to a short-pass dichroic mirror (720dcxr, Chroma), which sent the Raman signal to
the spectrometer.

In vitro TA imaging of GO-PEG. Chinese hamster ovary (CHO) cells were used for imaging. CHO
cells were cultured in DMEM/F-12 medium supplemented with 10% FBS at 37 °C incubator with 5% CO,
and were passaged every three days with a 1:5 split ratio. For imaging purpose, cells were plated into
35mm glass-bottom dishes (In Vitro Scientific, D35-10-1.5-N) at density of 1 x 10° cells/plate. GO-PEG
solution was added to the cell culture medium 24 h after plating at a final concentration of 10 pg/ml. Cells
were incubated at 37°C for 0~3h. Then the dishes were placed under optical microscope for imaging.
For in vitro TA imaging, a femto-second coherent laser was used. The pump beam was at 1090 nm with
average power of 20mW at sample, and the probe beam was at 850 nm with average power of 5mW at
sample. At this frequency, the SRS signal from C-H or other bands in cells can be avoided. The scanning
speed for all experiments is 2 ps/pixel.

Ex vivo TA imaging of GO-PEG. All protocols were approved by the Purdue University Animal Care
and Use Committee and were performed in accordance with guidelines. Adult Long-Evans rats (~300g)
were anesthetized by isoflurane. 500l of 2mg/ml GO-PEG solution in PBS was injected through the
jugular vein. 30 min after the injection, a small piece of rat ear was cut off and placed under the micro-
scope for TA imaging. The imaging parameters were the same as those used in in vitro imaging process.

References
1. Geim, A. K. Graphene: Status and Prospects. Science 324, 1530-1534 (2009).
2. Geim, A. K. & Novoselov, K. S. The rise of graphene. Nat. Mater. 6, 183-191 (2007).
3. Kuila, T., Mishra, A. K., Khanra, P,, Kim, N. H. & Lee, J. H. Recent advances in the efficient reduction of graphene oxide and its
application as energy storage electrode materials. Nanoscale 5, 52-71 (2013).
4. Tozzini, V. & Pellegrini, V. Prospects for hydrogen storage in graphene. Phys. Chem. Chem. Phys. 15, 80-89 (2013).
5. Pumera, M. Graphene in biosensing. Mater Today 14, 308-315 (2011).
6. Kuila, T. et al. Recent advances in graphene-based biosensors. Biosens. Bioelectron. 26, 4637-4648 (2011).
7. Sun, X. et al. Nano-graphene oxide for cellular imaging and drug delivery. Nano Res 1, 203-212 (2008).
8. Liu, Z., Robinson, J. T., Sun, X. & Dai, H. PEGylated Nanographene Oxide for Delivery of Water-Insoluble Cancer Drugs. . Am.
Chem. Soc. 130, 10876-10877 (2008).
9. Liu, Y. et al. Graphene oxide can induce in vitro and in vivo mutagenesis. Sci Rep 3, 3469 (2013).
10. Novoselov, K. S. et al. Electric Field Effect in Atomically Thin Carbon Films. Science 306, 666-669 (2004).
11. Ferrari, A. C. et al. Raman Spectrum of Graphene and Graphene Layers. Phys. Rev. Lett. 97, 187401 (2006).
12. Graf, D. et al. Spatially Resolved Raman Spectroscopy of Single- and Few-Layer Graphene. Nano Lett. 7, 238-242 (2007).
13. Evans, C. L. & Xie, X. S. Coherent Anti-Stokes Raman Scattering Microscopy: Chemical Imaging for Biology and Medicine. Annu
Rev Anal Chem 1, 883-909 (2008).
14. Novoselov, K. S. et al. Two-dimensional atomic crystals. Proc Natl Acad Sci USA 102, 10451-10453 (2005).
15. Havener, R. W. et al. High-Throughput Graphene Imaging on Arbitrary Substrates with Widefield Raman Spectroscopy. ACS
Nano 6, 373-380 (2011).
16. Krauss, B. et al. Laser-induced disassembly of a graphene single crystal into a nanocrystalline network. Phys Rev B 79, 165428
(2009).
17. Virojanadara, C. et al. Homogeneous large-area graphene layer growth on 6H-SiC(0001). Phys Rev B 78, 245403 (2008).
18. Hibino, H. et al. Microscopic thickness determination of thin graphite films formed on SiC from quantized oscillation in
reflectivity of low-energy electrons. Phys Rev B 77, 075413 (2008).
19. Stolyarova, E. et al. High-resolution scanning tunneling microscopy imaging of mesoscopic graphene sheets on an insulating
surface. Proc Natl Acad Sci USA 104, 9209-9212 (2007).
20. Nolen, C. M., Denina, G., Teweldebrhan, D., Bhanu, B. & Balandin, A. A. High-Throughput Large-Area Automated Identification
and Quality Control of Graphene and Few-Layer Graphene Films. ACS Nano 5, 914-922 (2011).
21. Jung, 1. et al. Simple Approach for High-Contrast Optical Imaging and Characterization of Graphene-Based Sheets. Nano Lett.
7, 3569-3575 (2007).
22. Kim, J,, Cote, L. J., Kim, E. & Huang, J. Visualizing Graphene Based Sheets by Fluorescence Quenching Microscopy. J. Am. Chem.
Soc. 132, 260-267 (2009).
23. Li, B. et al. Direct Optical Imaging of Graphene In Vitro by Nonlinear Femtosecond Laser Spectral Reshaping. Nano Lett. 12,
5936-5940 (2012).
24. Yang, K. et al. Graphene in Mice: Ultrahigh In Vivo Tumor Uptake and Efficient Photothermal Therapy. Nano Lett. 10, 3318-3323
(2010).
25. Li, M, Yang, X,, Ren, J., Qu, K. & Qu, X. Using Graphene Oxide High Near-Infrared Absorbance for Photothermal Treatment
of Alzheimer’s Disease. Adv Mater 24, 1722-1728 (2012).
26. Robinson, J. T. et al. Ultrasmall Reduced Graphene Oxide with High Near-Infrared Absorbance for Photothermal Therapy. J. Am.
Chem. Soc. 133, 6825-6831 (2011).

SCIENTIFIC REPORTS | 5:12394 | DOI: 10.1038/srep12394 7



www.nature.com/scientificreports/

27. Li, J.-L. et al. Graphene Oxide Nanoparticles as a Nonbleaching Optical Probe for Two-Photon Luminescence Imaging and Cell
Therapy. Angew Chem Int Ed 51, 1830-1834 (2012).

28. Mei, Q. et al. Highly efficient photoluminescent graphene oxide with tunable surface properties. Chem. Commun. 46, 7319-7321
(2010).

29. Eda, G. et al. Blue Photoluminescence from Chemically Derived Graphene Oxide. Adv Mater 22, 505-509 (2010).

30. Yang, K. et al. In Vivo Pharmacokinetics, Long-Term Biodistribution, and Toxicology of PEGylated Graphene in Mice. ACS Nano
5, 516-522 (2010).

31. Wang, C. et al. Gold Nanoclusters and Graphene Nanocomposites for Drug Delivery and Imaging of Cancer Cells. Angew Chem
Int Ed 50, 11644-11648 (2011).

32. Alford, R. et al. Toxicity of organic fluorophores used in molecular imaging: literature review. Mol. Imaging 8, 341-354 (2009).

33. Song, L., Varma, C. A, Verhoeven, J. W. & Tanke, H. J. Influence of the triplet excited state on the photobleaching kinetics of
fluorescein in microscopy. Biophys. J. 70, 2959-2968 (1996).

34. van Dijk, M. A,, Lippitz, M. & Orrit, M. Detection of Acoustic Oscillations of Single Gold Nanospheres by Time-Resolved
Interferometry. Phys. Rev. Lett. 95, 267406 (2005).

35. Devadas, M. S., Li, Z. & Hartland, G. V. Imaging and Analysis of Single Optically Trapped Gold Nanoparticles Using Spatial
Modulation Spectroscopy. J Phys Chem Lett 5, 2910-2915 (2014).

36. Carey, C. R., Yu, Y., Kuno, M. & Hartland, G. V. Ultrafast Transient Absorption Measurements of Charge Carrier Dynamics in
Single II—VI Nanowires. ] Phys Chem C 113, 19077-19081 (2009).

37. Hartland, G. V. Ultrafast studies of single semiconductor and metal nanostructures through transient absorption microscopy.
Chem Sci 1, 303-309 (2010).

38. Major, T. A, Lo, S. S, Yu, K. & Hartland, G. V. Time-Resolved Studies of the Acoustic Vibrational Modes of Metal and
Semiconductor Nano-objects. ] Phys Chem Lett 5, 866-874 (2014).

39. Jung, Y. et al. Fast Detection of the Metallic State of Individual Single-Walled Carbon Nanotubes Using a Transient-Absorption
Optical Microscope. Phys. Rev. Lett. 105, 217401 (2010).

40. Tong, L. et al. Label-free imaging of semiconducting and metallic carbon nanotubes in cells and mice using transient absorption
microscopy. Nat Nanotechnol 7, 56-61 (2012).

41. Gao, B., Hartland, G. V. & Huang, L. Transient Absorption Spectroscopy and Imaging of Individual Chirality-Assigned Single-
Walled Carbon Nanotubes. ACS Nano 6, 5083-5090 (2012).

42. Huang, L. et al. Ultrafast Transient Absorption Microscopy Studies of Carrier Dynamics in Epitaxial Graphene. Nano Lett. 10,
1308-1313 (2010).

43. Gao, B. et al. Studies of Intrinsic Hot Phonon Dynamics in Suspended Graphene by Transient Absorption Microscopy. Nano
Lett. 11, 3184-3189 (2011).

44. Murphy, S. & Huang, L. Transient absorption microscopy studies of energy relaxation in graphene oxide thin film. J. Phys.:
Condens. Matter 25, 144203 (2013).

45. Ruzicka, B. A., Werake, L. K., Zhao, H., Wang, S. & Loh, K. P. Femtosecond pump-probe studies of reduced graphene oxide thin
films. Appl. Phys. Lett. 96, 173106 (2010).

46. Li, X. et al. Large-Area Synthesis of High-Quality and Uniform Graphene Films on Copper Foils. Science 324, 1312-1314 (2009).

47. Slipchenko, M. N,, Le, T. T., Chen, H. T. & Cheng, J.-X. High-speed vibrational imaging and spectral analysis of lipid bodies by
compound Raman microscopy. ] Phys Chem B 113, 7681-7686 (2009).

48. Jih-Shang, H. et al. Imaging layer number and stacking order through formulating Raman fingerprints obtained from hexagonal
single crystals of few layer graphene. Nanotechnology 24, 015702 (2013).

49. Ni, Z., Wang, Y., Yu, T. & Shen, Z. Raman spectroscopy and imaging of graphene. Nano Res 1, 273-291 (2008).

50. Reina, A. et al. Large Area, Few-Layer Graphene Films on Arbitrary Substrates by Chemical Vapor Deposition. Nano Lett. 9,
30-35 (2008).

51. Ye, T, Fu, D. & Warren, W. S. Nonlinear Absorption Microscopy. Photochem. Photobiol. 85, 631-645 (2009).

52. Park, S. Y. et al. Enhanced Differentiation of Human Neural Stem Cells into Neurons on Graphene. Adv Mater 23, H263-H267
(2011).

53. Nayak, T. R. et al. Graphene for Controlled and Accelerated Osteogenic Differentiation of Human Mesenchymal Stem Cells. ACS
Nano 5, 4670-4678 (2011).

54. Eda, G. & Chhowalla, M. Chemically Derived Graphene Oxide: Towards Large-Area Thin-Film Electronics and Optoelectronics.
Adv Mater 22, 2392-2415 (2010).

55. Yan, J.-A., Xian, L. & Chou, M. Y. Structural and Electronic Properties of Oxidized Graphene. Phys. Rev. Lett. 103, 086802 (2009).

56. Shang, J. et al. The Origin of Fluorescence from Graphene Oxide. Sci Rep 2 (2012).

57. Liu, Z. et al. In vivo biodistribution and highly efficient tumour targeting of carbon nanotubes in mice. Nat Nanotechnol 2, 47-52
(2007).

58. Lasic, D. D. & Needham, D. The “Stealth” Liposome: A Prototypical Biomaterial. Chem. Rev. 95, 2601-2628 (1995).

Acknowledgment

Authors gratefully acknowledge Dr. Jiaxing Huang and Dr. Jiayan Luo for providing GO samples, Dr.
Wei Wu for providing technical support for the animal study. We also thank Dr. Libai Huang for her
insightful discussion about the contrast mechanism of TA imaging. C. Yang acknowledges Purdue
University for financial assistance.

Author Contributions

J.L., WZ., C.Y. and ].C. designed this work and wrote the paper. W.Z. and J.L. performed the experiments
and data analysis. T.E.C. and Y.P.C. helped to prepare graphene samples. M.N.S. helped to set up the TA
measurement.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Li, J. et al. Highly sensitive transient absorption imaging of graphene and
graphene oxide in living cells and circulating blood. Sci. Rep. 5, 12394; doi: 10.1038/srep12394 (2015).

SCIENTIFIC REPORTS | 5:12394 | DOI: 10.1038/srep12394 8


http://www.nature.com/srep

www.nature.com/scientificreports/

This work is licensed under a Creative Commons Attribution 4.0 International License. The

M images or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:12394 | DOI: 10.1038/srep12394 9


http://creativecommons.org/licenses/by/4.0/

	Highly sensitive transient absorption imaging of graphene and graphene oxide in living cells and circulating blood

	Results and Discussion

	Conclusions

	Methods

	Transient absorption microscope. 
	In vitro TA imaging of GO-PEG. 
	Ex vivo TA imaging of GO-PEG. 

	Acknowledgment

	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ TA imaging of graphene on glass coverslip.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ TA imaging of graphene on silicon-based sheet and with collagen coating.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ TA imaging of GO-PEG in solutions and in living cells.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ TA imaging of GO-PEG circulating in rat blood vessel.



 
    
       
          application/pdf
          
             
                Highly sensitive transient absorption imaging of graphene and graphene oxide in living cells and circulating blood
            
         
          
             
                srep ,  (2015). doi:10.1038/srep12394
            
         
          
             
                Junjie Li
                Weixia Zhang
                Ting-Fung Chung
                Mikhail N. Slipchenko
                Yong P. Chen
                Ji-Xin Cheng
                Chen Yang
            
         
          doi:10.1038/srep12394
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep12394
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep12394
            
         
      
       
          
          
          
             
                doi:10.1038/srep12394
            
         
          
             
                srep ,  (2015). doi:10.1038/srep12394
            
         
          
          
      
       
       
          True
      
   




