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In this work, we propose a novel approach for wafer-scale integration of 2D materials on CMOS photonic
chip utilising methods of synthetic chemistry and microfluidics technology. We have successfully
demonstrated that this approach can be used for integration of any fluid-dispersed 2D nano-objects
on silicon-on-insulator photonics platform. We demonstrate for the first time that the design of an
optofluidic waveguide system can be optimised to enable simultaneous in-situ Raman spectroscopy
monitoring of 2D dispersed flakes during the device operation. Moreover, for the first time, we have
successfully demonstrated the possibility of label-free 2D flake detection via selective enhancement
of the Stokes Raman signal at specific wavelengths. We discovered an ultra-high signal sensitivity to
the xyz alignment of 2D flakes within the optofluidic waveguide. This in turn enables precise in-situ
alignment detection, for the first practicable realisation of 3D photonic microstructure shaping based
on 2D-fluid composites and CMOS photonics platform, while also representing a useful technological
tool for the control of liquid phase deposition of 2D materials.

The recent development of nanocomposites consisting of fluid-dispersed atomically thin two-dimensional
(2D) materials has sparked a great level of interest as a highly promising in-situ tailored meta-material device
platform for the next generation of multi-functional optoelectronic systems'~**>. Dynamically controlled
three-dimensional (3D) self-assembly of fluid-suspended 2D materials not only provides a new breakthrough
route for technological applications of 2D material based 3D device architectures!*16, but also their fluidic nature
allows CMOS-compatible wafer-scale back-end integration on chip using microfluidic technology'’~*°. The
practical realisation of dynamically reconfigurable 3D material fluid metastructures integrated into a microflu-
idic system and coupled with a CMOS photonic circuit (as illustrated in Fig. 1) opens up limitless possibilities
in the fabrication of compact and low-power systems for commercially viable, miniaturised, multi-functional
light-management devices such as light emitting sources?, tuneable optical filters*! and nanoantenna phased
arrays®2. For example, 1D photonic crystals of graphene which could act as optical filters have been theoretically
explored? but as yet no method exists for the precise reconfigurable control of such structures. Additionally,
self-assembly of fluid dispersed 2D materials represents a remarkable precursor state for liquid phase deposition
of ordered lamellae, stacks and other structures in the solid phase**-2°. Reconfigurability of the metastructures
can be achieved by exploiting liquid crystal technology®'* with in-situ monitoring used to characterise the meta-
structure formation.

However, the primary challenge for the first realisation of on-chip controlled assembly of 2D flakes into func-
tional metastructures is the lack of a reliable and sensitive method for in-situ characterisation. Such a method is
pivotal to the confirmation of the integration of composites in the device and to enable determination of parame-
ters, such as spatial alignment of incorporated 2D materials, dynamically during device operation. Conventional
characterisation methods such as Raman spectroscopy>*”?%, coherent anti-Stokes Raman spectroscopy (CARS)*
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In-situ monitoring

Figure 1. A CMOS photonic circuit coupled to a microfluidic layer integrating dynamically reconfigurable 2D
material metastructures by exploiting liquid crystal technology. In-situ micro-Raman spectroscopy detection
and monitoring gives information on the formation of the metastructures.
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Figure 2. (a) Map showing regions where both the D and G bands of 2D carbon-based materials are
determined numerically to be strongly enhanced in Raman spectroscopy measurements. (b) Expanded view of
the region of interest highlighted in a. The range of parameters for which strong enhancement is observed are
shown with the white lines including fabrication deviation Ahyy and Aw.

and Fourier Transform Infrared Spectroscopy (FTIR)* are not suitable for studies of fluid nanocomposites with
relatively low concentrations of nanoparticles dispersed. In this case, the significantly greater scattering volume
of the host fluid compared to that of the dispersed nanoparticles always dominates the vibrational signal intensity,
rendering the monitoring of the considerably weaker bands of dispersed nanoparticles impossible.

Here we demonstrate, for the first time, the wafer-scale integration of fluid-dispersed 2D materials on Si
photonic chip utilising microfluidic technology, and their subsequent electrical and optical manipulation. We
also propose and subsequently demonstrate a novel approach for ultra-sensitive, label-free, in-situ detection and
monitoring of integrated 2D-fluid composite materials on-chip. Specifically, we propose an in-situ micro-Raman
characterisation approach, whereby the Raman signal of 2D dispersed nanoparticles is selectively enhanced
through the design of optofluidic waveguide geometry on silicon-on-insulator (SOI) platform. It has previously
been shown that the Raman signal from micro-structured silicon cavities can be enhanced due to Fabry-Pérot
type resonances®-*. Here, the structure is designed to simultaneously enhance different resonant modes relating
to different parameters of the optofluidic waveguides, balancing the required enhancement of the signal from
multiple vibrational bands with the desire for the greatest achievable intensity for the individual bands. The devel-
oped approach demonstrates ultra-high sensitivity to the xyz alignment of 2D nanoparticles within optofluidic
waveguides. Hence, for the first time, our findings demonstrate the possibility of monitoring the dynamics of
fluid-dispersed 2D nanoparticles on chip. Our work paves the way for the practical realisation of dynamically
reconfigurable photonic metastructures based on 2D-fluid composites integrated on CMOS photonics platform
with a range of important applications, such as renewable energy, optical communications, bio-chemical sensing,
and security and defence technologies*®* or as a precursor to controlled deposition of solid state structures?*-2.

Typically, large-scale CMOS photonics builds on a SOI platform; a high index-contrast waveguide platform
which prevents interference between the photonic integrated circuit components and the substrate. Therefore,
we use an SOI based Fabry-Pérot type optofluidic waveguide channel, with an open top cladding (Fig. 1 inset) to
allow in-situ micro-Raman detection and monitoring of the integrated 2D fluid nanocomposite system during
device operation. To optimise the optofluidic waveguide design for facilitating strong confinement of light on chip
and to significantly enhance the Raman back-scattered signal of the individual incorporated 2D nanoplatelets, we
model the variation in the intensity of the Raman bands of dispersed nanoparticles while varying parameters that
can be experimentally controlled, such as: the waveguide width, w, and the buffer oxide (BOX) layer thickness,
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Figure 3. (a) SEM image of the chip used for Raman measurements, before infiltration with the
nanocomposite. (b) Polarised microscopy image of the structure infiltrated with a composite of MLC 6608
and graphene oxide. Integration of the composite, including GO flakes, into all microfluidic structures on

the chip can be seen. (c) SEM of GO flakes infiltrated with a host LC into a 3.6 pm channel. (d) SEM of GO
flakes infiltrated with a host LC into an 11.6 pm channel. (e) SEM of an 11.6 pum channel, with the LC removed,
showing the integration of large numbers of GO flakes.

hpox. We consider the specific case of the D and G bands of 2D carbon-based materials (Fig. 2)- such as graphene
and graphene oxide (GO)- dispersed in a nematic liquid crystal (LC) host, however the proposed methodol-
ogy can be utilised for any fluid-dispersed material. The backscattered Raman signal intensity is numerically
determined for wavelengths corresponding to the Raman active bands using the scattering matrix method [See
Supplementary Methods]. The complex variation of the Raman signal as a result of modifying the optofluidic
waveguide parameters can be rationalised as the superposition of Fabry-Pérot resonance effects in different parts
of the geometry. Enhancement of up to 100x can be observed between maximising and minimising combinations
of the optofluidic waveguide parameters.

In order to experimentally demonstrate the enhancement of the Raman intensity, 2D material-fluid nanocom-
posites, consisting of graphene and GO nanoplatelets dispersed in LCs, were prepared by a liquid phase dispersion
method [See Supplementary Methods]. The optimal parameters for the microfluidic structures were determined
from the calculated Raman signal intensity maps shown in Fig. 2. Resonator devices consisting of optofluidic
waveguide channels of different widths were fabricated on SOI wafer with a thick buffer oxide (hpox =2 pm) layer
and with a silicon device layer of 15 pum. The prepared nanocomposites were integrated into optofluidic waveguide
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Figure 4. (a,b) Normalized Raman spectra showing the enhancement of the D and G bands for graphene oxide
dispersed in (a) liquid crystal MLC 6608 and (b) liquid crystal E7. Spectra are shown for three microfluidic
geometries: in (c) an infiltration reservoir of width 100 um (magenta), in (d) a microfluidic cavity of width
11.6um (green) and in (e) amicrofluidic cavity of width 3.6 pm (black). Approximate laser spot sizes are shown
in (c-e). (f) Comparison of numerically determined (solid lines) and experimentally measured (points) Raman
intensities of the graphene oxide D (blue) and G (red) bands. All data is normalized to the case where the walls
are separated by a distance great enough for Fabry-Pérot resonances to have no effect.

channels via infiltration reservoirs on the chip (Fig. 3). The selected microfluidic channels had widths in the
ranges 3.7 0.2 um (narrow channels, strong enhancement) and 10.5+ 1.5 ym (wide channels, weaker enhance-
ment). Optical microscopy (Fig. 3b) and scanning electron microscopy (Fig. 3c-¢) both confirmed the successful
integration of the nanocomposite into all channels.

Raman spectra are presented for the GO-LC nanocomposites- with MLC-6608 (Fig. 4a) and with E7 (Fig. 4b)
as the fluid host-measured in-situ at three points on the chip; more specifically: in a wide channel (Fig. 4c), ina
narrow channel (Fig. 4d) and in an infiltration reservoir (Fig. 4e). Liquid crystal MLC-6608 exhibits weak Raman
bands (see Supplementary Results) that have no strong overlap with the D and G bands, allowing for clear deter-
mination of the GO bands in gathered spectra. Raman spectra were recorded for individual monolayer flakes of
area 1.0 +0.1 pum? in all cases. For GO dispersed in MLC-6608, the D band Raman intensities were observed in
the approximate ratio 5:8:16 for an infiltration reservoir, 11.6 yim channel and 3.6 ym channel respectively. For the
G band, intensities were observed in the ratio 5:7:16. E7, however, has a strong Raman active vibrational band at
around 1605 cm ! (see Supplementary Results), overlapping with the G band. Nevertheless, utilising the proposed
signal enhancing design, the observation of the G band as a broad shoulder on this band is feasible (Fig. 4b). In
addition, similar results were obtained for nanocomposites with graphene instead of GO.

The close agreement, in Fig. 4f, between the relative intensities of the D and G bands found experimentally for
all nanocomposites (points) and those determined numerically (solid lines) verifies the method for predicting
the Raman signal enhancement. For both the D and G bands, the numerically determined enhancement ratio was
within the error of the experimental measurements; slight differences occur due to the flake not being positioned
precisely at the centre of the channel. Therefore, this technique presents an effective tool for maximising the
enhancement of the Raman signal.

Understanding the dynamics of 2D nanoplatelet spatial alignment is essential for the realisation of
three-dimensional metastructure formation. External stimuli, such as applied electric field and light coupling®!®
[See Supplementary Results and Supplementary Videos 1-4], induce dynamic re-ordering of suspended 2D nan-
oparticles. Here, a Raman laser was exploited to move a GO flake within a channel (Fig. 5a), while simultaneously
being used to monitor the xyz alignment over time. The variation in the experimental Raman spectra for different
flake positions within the channel is illustrated in Fig. 5b.

The effect of the flake position on the Raman signal intensity was modelled by varying the position of the
oscillating dipoles within the optofluidic waveguide channel both laterally and vertically. The ratio of the D and G
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Figure 5. (a) GO flake movement induced by the Raman laser. Each image represents the change after 10s
exposure time in the order in which they were observed. (b) Raman spectra of a GO flake dispersed in liquid
crystal E7 within a narrow channel (approx. 3.6 um) at positions 1 (cyan), 2 (violet) and 5 (grey) as seen in a.
(c—d) The variation of the Raman intensity of the GO D (blue) and G (red) bands for lateral (c) and vertical

(d) displacements of a GO flake within the microfluidic channel. Solid lines give the numerically determined
Raman intensities. Flake positions determined from normalized experimental spectra are shown as points. For
lateral displacements, the error in the experimental measurement is given by the size of the symbols.

band intensities is not constant as the position is varied (Fig. 5c—d). For lateral displacements (Fig. 5¢), there are
ratios of 11 and 32 between the minimal and maximal intensities determined numerically for the D and G bands
respectively. For vertical displacements (Fig. 5d), the maximum and minimum values of the average intensity
differ by factors of around four and five times for the D and G bands respectively.

For the lateral displacement of the flake, the ratios of the intensities of the GO D and G bands were extracted
from experimental spectra when a flake was next to the wall and when moved further towards the centre of the
channel. These ratios were then used as a multiplier on the numerically determined intensity for the flake next to
the wall (position 2 in Fig. 5a) to determine an approximate displacement. Positions approximated using experi-
mental data in tandem with the numerically determined results are closely matched to the values observed using
optical microscopy techniques (See Supplementary Results), falling within the experimental error. The lateral
position can therefore be determined with similar precision to optical microscopy (approx. £ 5%) currently, but
with scope for the error to be reduced significantly by improving the signal-to-noise ratio.

For the vertical displacement of the flake, again the ratios of the intensities of the GO D and G bands were
extracted, this time from data with the flake at the bottom of the channel and further towards the surface. The
ratios were then used to multiply the numerically determined intensity with the flake at the bottom of the channel
to determine an approximate displacement. The numerical analysis covering the effect of vertical flake position
shows close agreement with the experimental data. The vertical position of the flake cannot be determined from
optical microscopy but the close agreement of the positions determined separately from the D and G bands
confirms that the method is accurate. Therefore, the predictions made from the Raman spectra are the most
accurate method of determining the vertical position currently available. While we propose this technique as a
method for monitoring self-assembly of 3D metastructures comprised of 2D materials, this approach may also
find applications in a wide range of other areas such as controlling flake alignment for liquid phase deposition of
2D materials?*? or for spatial monitoring of nanoparticle distributions®.
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In summary, we propose a novel approach for integration of 2D materials on CMOS photonic chip utilising
microfluidics technology. We have successfully demonstrated that this approach can be used for integration of any
fluid-dispersed 2D nanoparticles on SOI photonics platform. The optofluidic system design can be optimised to
enable in-situ Raman spectroscopy monitoring of 2D dispersed flakes during device operation. In-situ label-free
2D flake sensing via selective enhancement of the Stokes Raman signal at given wavelengths has been deter-
mined numerically and confirmed experimentally. This approach has been applied to monitor the individual 2D
nanoplatelet dynamic within an optofluidic waveguide with high sensitivity, enabling precise in-situ alignment
monitoring for the first practical realisation of 3D photonic metastructure shaping based on 2D-fluid composites
and CMOS photonics platform.

References
1. Behabtu, N. et al. Spontaneous high-concentration dispersions and liquid crystals of graphene. Nat. Nanotechnol. 5, 406-11 (2010).
2. Engel, M. et al. Light-matter interaction in a microcavity-controlled graphene transistor. Nat. Commun. 3, 906 (2012).
3. Bao, Q. & Loh, K. P. Graphene Photonics, Plasmonics, and Broadband Optoelectronic Devices. ACS Nano 6, 3677-3694 (2012).
4. Xia, F,, Wang, H., Xiao, D., Dubey, M. & Ramasubramaniam, A. Two-dimensional material nanophotonics. Nat. Photonics 8,
899-907 (2014).
. Ferrari, A. C. et al. Raman Spectrum of Graphene and Graphene Layers. Phys. Rev. Lett. 97, 187401 (2006).
6. Shen, T.-Z., Hong, S.-H. & Song, J.-K. Electro-optical switching of graphene oxide liquid crystals with an extremely large Kerr
coefficient. Nat. Mater. 13, 394-9 (2014).
7. Zakri, C. et al. Liquid crystals of carbon nanotubes and graphene. Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. 371, 20120499 (2013).
8. Ferrari, A. C. et al. Science and technology roadmap for graphene, related two-dimensional crystals, and hybrid systems. Nanoscale
7,4598-4810 (2015).
9. Li, S. et al. Enhanced photorefractive and third-order nonlinear optical properties of 5CB-based polymer-dispersed liquid crystals
by graphene doping. J. Phys. Chem. C 118, 18015-18020 (2014).
10. Khan, A. A. et al. Graphene and chiral nematic liquid crystals: a focus on lasing. RSC Adv. 5, 57437-57443 (2015).
11. Akbari, A. et al. Large-area graphene-based nanofiltration membranes by shear alignment of discotic nematic liquid crystals of
graphene oxide. Nat. Commun. 7, 10891 (2016).
12. Yu, L., Cheng, Z., Dong, Z., Zhang, Y. & Yu, H. Photomechanical response of polymer-dispersed liquid crystals/graphene oxide
nanocomposites. J. Mater. Chem. C 2, 8501-8506 (2014).
13. Shivanandareddy, A. B., Krishnamurthy, S., Lakshminarayanan, V. & Kumar, S. Mutually ordered self-assembly of discotic liquid
crystal-graphene nanocomposites. Chem. Commun. (Camb). 50, 710-2 (2014).
14. He, L. et al. Graphene oxide liquid crystals for reflective displays without polarizing optics. Nanoscale 7, 1616-22 (2015).
15. Tie, W. et al. Dynamic electro-optic response of graphene/graphitic flakes in nematic liquid crystals. Opt. Express 21, 19867-79
(2013).
16. Islam, M. M. et al. Liquid Crystalline Graphene Oxide/PEDOT:PSS Self-Assembled 3D Architecture for Binder-Free Supercapacitor
Electrodes. Front. Energy Res. 2, (2014).
17. Li, Q. Nanoscience with Liquid Crystals. (Springer International Publishing, 2014). doi: 10.1007/978-3-319-04867-3
18. Soltani, M., Inman, J. T, Lipson, M. & Wang, M. D. Electro-optofluidics: achieving dynamic control on-chip. Opt. Express 20,
22314-26 (2012).
19. Huang, Y. & Mason, A. J. Lab-on-CMOS integration of microfluidics and electrochemical sensors. Lab Chip 13, 3929-34 (2013).
20. Coles, H. & Morris, S. Liquid-crystal lasers. Nat. Photonics 4, 676-685 (2010).
21. Caputo, R. et al. POLICRYPS: a liquid crystal composed nano/microstructure with a wide range of optical and electro-optical
applications. J. Opt. A Pure Appl. Opt. 11, 24017 (2009).
22. Ni, X,, Emani, N. K,, Kildishev, A. V,, Boltasseva, A. & Shalaev, V. M. Broadband Light Bending with Plasmonic Nanoantennas.
Science (80-.). 335, 427-427 (2012).
23. Fan, Y., Wei, Z., Li, H., Chen, H. & Soukoulis, C. M. Photonic band gap of a graphene-embedded quarter-wave stack. Phys. Rev. B -
Condens. Matter Mater. Phys. 88, 241403 (2013).
24. Jalili, R. et al. Processable 2D materials beyond graphene: MoS 2 liquid crystals and fibres. Nanoscale 8, 16862-16867 (2016).
25. Jalili, R. et al. Scalable One-Step Wet-Spinning of Graphene Fibers and Yarns from Liquid Crystalline Dispersions of Graphene
Oxide: Towards Multifunctional Textiles. Adv. Funct. Mater. 23, 5345-5354 (2013).
26. Jalili, R. et al. Organic Solvent-Based Graphene Oxide Liquid Crystals: A Facile Route toward the Next Generation of Self-Assembled
Layer-by-Layer Multifunctional 3D Architectures. ACS Nano 7, 3981-3990 (2013).
27. Castriota, M. et al. In situ polarized micro-Raman investigation of periodic structures realized in liquid-crystalline composite
materials. Opt. Express 19, 10494 (2011).
28. Guddala, S., Dwivedi, V. K., Vijaya Prakash, G. & Narayana Rao, D. Raman scattering enhancement in photon-plasmon resonance
mediated metal-dielectric microcavity. J. Appl. Phys. 114, 224309 (2013).
29. Zheltikov, A. M. Nano-optical dimension of coherent anti-Stokes Raman scattering. Laser Phys. Lett. 1, 468-472 (2004).
30. Xu, J., Wang, K., Zu, S.-Z., Han, B.-H. & Wei, Z. Hierarchical Nanocomposites of Polyaniline Nanowire Arrays on Graphene Oxide
Sheets with Synergistic Effect for Energy Storage. ACS Nano 4, 5019-5026 (2010).
31. Kuzik, L. A, Yakovlev, V. A. & Mattei, G. Raman scattering enhancement in porous silicon microcavity. Appl. Phys. Lett. 75, 1830
(1999).
32. Mamichev, D. A. et al. Enhanced Raman scattering in multilayer structures of porous silicon. J. Raman Spectrosc. 42, 1392-1395
(2011).
33. Mamichev, D. A. et al. Enhanced Raman scattering in grooved silicon matrix. Phys. status solidi 246, 173-176 (2009).
34. Hui Chen, Z., Long Tan, Q, Lao, J., Liang, Y. & Guang Huang, X. Reconfigurable and tunable flat graphene photonic crystal circuits.
Nanoscale 7,10912-10917 (2015).
35. Mezzenga, R. & Ruokolainen, J. Nanocomposites: Nanoparticles in the right place. Nat. Mater. 8, 926-928 (2009).

wu

Acknowledgements

We acknowledge financial support from: The Engineering and Physical Sciences Research Council (EPSRC) of the
United Kingdom via the EPSRC Centre for Doctoral Training in Electromagnetic Metamaterials (Grant No. EP/
L015331/1) and also via Grant Nos. EP/N035569/1, EP/G036101/1, EP/M002438/1, and EP/M001024/1, Science
Foundation Ireland Grant No. 12/IA/1300, the Ministry of Education and Science of the Russian Federation
(Grant No. 14.B25.31.0002) and the Royal Society Research Grant RG2016 R1 and International Exchange Grant
2015/R3. The microfluidic structures were fabricated at Tyndall National Institute under the Science Foundation
Ireland NAP368 and NAP94 programs.

SCIENTIFICREPORTS | 7:42120 | DOI: 10.1038/srep42120 6



www.nature.com/scientificreports/

Author Contributions

A.B. conceived and planned the research, analysed data. A.B and B.H. wrote the paper with input from M.C.,
T.P, Y.G., A.B,, T.P, B.H. and S.Y. conducted the experiments; S.D. wrote the code used for numerical analysis;
L.B. synthesised the nanocomposites; A.B. and M.C. supervised and directed the research. All authors read and
approved the final manuscript.

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: Hogan, B. T. et al. Dynamic in-situ sensing of fluid-dispersed 2D materials integrated
on microfluidic Si chip. Sci. Rep. 7, 42120; doi: 10.1038/srep42120 (2017).

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

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

MM o1 other third party material in this article are included in the article’s Creative Commons 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/

© The Author(s) 2017

SCIENTIFIC REPORTS | 7:42120 | DOI: 10.1038/srep42120 7


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Dynamic in-situ sensing of fluid-dispersed 2D materials integrated on microfluidic Si chip

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ A CMOS photonic circuit coupled to a microfluidic layer integrating dynamically reconfigurable 2D material metastructures by exploiting liquid crystal technology.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ (a) Map showing regions where both the D and G bands of 2D carbon-based materials are determined numerically to be strongly enhanced in Raman spectroscopy measurements.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ (a) SEM image of the chip used for Raman measurements, before infiltration with the nanocomposite.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ (a,b) Normalized Raman spectra showing the enhancement of the D and G bands for graphene oxide dispersed in (a) liquid crystal MLC 6608 and (b) liquid crystal E7.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ (a) GO flake movement induced by the Raman laser.



 
    
       
          application/pdf
          
             
                Dynamic in-situ sensing of fluid-dispersed 2D materials integrated on microfluidic Si chip
            
         
          
             
                srep ,  (2017). doi:10.1038/srep42120
            
         
          
             
                Benjamin T. Hogan
                Sergey A. Dyakov
                Lorcan J. Brennan
                Salma Younesy
                Tatiana S. Perova
                Yurii K. Gun’ko
                Monica F. Craciun
                Anna Baldycheva
            
         
          doi:10.1038/srep42120
          
             
                Nature Publishing Group
            
         
          
             
                © 2017 Nature Publishing Group
            
         
      
       
          
      
       
          © 2017 The Author(s)
          10.1038/srep42120
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep42120
            
         
      
       
          
          
          
             
                doi:10.1038/srep42120
            
         
          
             
                srep ,  (2017). doi:10.1038/srep42120
            
         
          
          
      
       
       
          True
      
   




