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ABSTRACT
We have demonstrated, for the first time, the use of 

multifunctional biophotonic nanostructures on an implantable 
medical device to improve its optical readout performance and 
anti-biofouling properties. Inspired by the unique transmissive 
light-scattering nanostructures found on the transparent wings of 
the Chorinea faunus (C. faunus) butterfly, we fabricated 
multifunctional bioinspired nanostructures (BINS) on a 
freestanding Si3N4-membrane using a polymer phase-separation 
process and used the nanostructured Si3N4-membrane as an opto-
mechanical sensing element in a microscale implantable 
intraocular pressure (IOP) sensor with remote optical readout. In a 
1-month in vivo study using New Zealand white rabbits, BINS-
integration on the resonance-based IOP sensor significantly 
reduced the angle dependence of the sensor’s readout process and 
led to 10-fold and 3-fold reduction in IOP error compared to 
traditional tonometry and an IOP sensor without BINS, 
respectively. Furthermore, the use of BINS effectively suppressed
biofouling and inflammation and greatly improved the sensor’s
biocompatibility by 12 folds.

INTRODUCTION
With increased dependence on medical implants for 

improving quality of life, research efforts are underway to integrate 
multiple functionalities in highly-miniaturized implantable 
packages while delivering reliable in vivo performance [1, 2].
Numerous multifunctional nanostructures on insect wings 
demonstrating omnidirectional antireflection, self-cleaning, anti-
fouling and bactericidal properties have been previously studied 
and replicated [3, 4]. However, their incorporation into implantable 
biomedical devices remains unexplored. 

Here, inspired by the multifunctional properties of the 
biophotonic nanostructures found on the wings of the C. faunus
butterfly, we engineer bioinspired nanostructures (BINS) on a 
freestanding Si3N4-membrane. The BINS exhibit isotropic 
transmissive light-scattering similar to nanostructures in the inner 
sections of the C. faunus wings (indicated by blue arrows in Figure 
1a) that could be beneficial to optical sensors’ readout processes.
Additionally, being improved on the biophysical properties of the 
C. faunus wing nanostructures, the BINS achieves antifouling
through structurally-induced hydrophilicity that inhibits the 
adhesion of proteins, prokaryotes and eukaryotes in vitro.
Antifouling by preventing adhesion is more advantageous when 
used with implants as it could minimize cell and tissue damages 
and avoid inflammation. Finally, we integrate the BINS Si3N4-
membrane onto a resonance-based implantable IOP sensor and 
successfully demonstrated a greatly improved range of optical 
readout angles and biocompatibility in a month-long in vivo study.  

THEORY
The AFM, SEM, optical, and biological characterizations 

have revealed that two groups of dome-shaped nanostructures with 
different periodicity co-exist on the transparent wings of the C. 
faunus: (1) angle-independent anti-reflective nanostructures with 

periods of 140-180-nm in the postdiscal areas indicated by red 
arrows in Figure 1a; and (2) angle-independent transmissive light-
scattering nanostructures with periods of 200-300 nm in the basal 
areas indicated by blue arrows in Figure 1a. The difference in 
structural periodicity between the two groups of nanostructures is 
shown in Figure 1b. This zone-dependent variation in periodicity
influences the extent of light scattering on the wing. Due to its sub-
wavelength structural periodicity (< 200 nm), the postdiscal area is
scattering-free and anti-reflective. This phenomenon is consistent 
with other sub-wavelength nanostructures found in nature and can 
be modelled using the established effective medium theory and the 
transfer matrix model [3]. On the other hand, the basal area with a
periodicity comparable to light wavelengths (> 200 nm) shows 
forward narrow-angle Mie scattering. In addition, the diffuse (non-
scattered and scattered) and specular (non-scattered only)
transmittance of the postdiscal areas were almost identical while 
the basal areas showed 20% reduction in the specular 
transmittance, indicating noticeable isotropic scattering effects 
(Figure 1c-d). Furthermore, the nanostructures in the basal areas
exhibit a short-range order and consequently an angle-independent
transmissive light-scattering property.

Figure 1: (a) C. faunus butterfly. Postdiscal and basal areas 
indicated with red and blue arrows, respectively. Scale: 1 cm. (b)
SEM images reveal the difference in structural periodicity between 
the postdiscal and basal areas. Scale: 1 µm. Measured diffuse and 
specular transmittance of (c) the postdiscal and (d) the basal 
areas.

RESULTS
Multifunctional BINS Fabrication and Characterization

Modeled after the nanostructures observed in the basal areas
of the C. faunus wings, we developed short-range ordered BINS on 
a Si3N4-membrane using a highly-scalable polymer-phase-
separation process involving poly (methyl methacrylate) (PMMA) 
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and polystyrene (PS) in methyl ethyl ketone (MEK) [5]. The 
polymer template was then transferred to Si3N4-membranes 
through reactive ion etching (RIE). The periodicity of BINS ranged 
from 385 to 505 nm and had a height of 150 nm as seen in the 
SEM and AFM characterizations of the surface in Figure 2a and 
2b, respectively. Angle-resolved transmission spectroscopy 
showed that the BINS-integrated membrane closely replicated the 
transmissive light-scattering property of the nanostructures found 
in the basal areas of the C. faunus wing, and its light transmission 
was twice more angle-independent than a flat Si3N4-membrane 
(Figure 2c-d).

Figure 2: (a) SEM image and (b) AFM image of BINS-integrated 
Si3N4-membrane. (c) Angle-resolved transmission of flat Si3N4-
membrane showing 30 nm blue-shift at 40o incident angle. (d) 
BINS-integrated Si3N4-membrane showing only 15 nm shift at 40o

incident angle.

BINS In Vitro Biophysical Properties
The adhesion of representative proteins (albumin and 

streptavidin), prokaryotes (E. coli) and eukaryotes (HeLa cells) on 
the BINS-integrated Si3N4 surface was compared with that on flat 
Si3N4 and control (glass) surfaces in in vitro testing. Due to the 
surface nanostructuring, the BINS-integrated Si3N4 surface 
displays strong hydrophilicity (contact angle: <20°) compared to 
the flat Si3N4 surface which is moderately hydrophilic (contact 
angle: 35–40°). Due to increased adsorption of proteins, 
moderately hydrophilic surfaces such as flat Si3N4 strongly 
promote cellular adhesion when compared to strongly hydrophilic 
surfaces [6]. Additionally, the presence of BINS on the Si3N4

surface leads to a reduction in cellular-adhesion points on the 
surface [7]. As a result, the BINS-integrated Si3N4 surface
displayed anti-biofouling properties through anti-adhesion against 
proteins (albumin and streptavidin, ***P ≤ 0.001), prokaryotes (E. 
coli, **P ≤ 0.01), and eukaryotes (HeLa cells, ***P ≤ 0.001) when 
compared to flat Si3N4 and control (glass) surfaces (Figure 3).

BINS-Integrated IOP Sensor In Vivo Performance
We used the BINS-integrated Si3N4-membrane as a sensing 

element of a recently developed optical resonance-based IOP 
sensor (Figure 4a). The resonance of a Fabry-Perot (FP) cavity 
changes as a function of ambient pressure due to the deflection of 
the Si3N4-membrane (Figure 4b). While the IOP sensor with a flat 
Si3N4-membrane successfully demonstrated in vivo IOP 
monitoring in lab environments [8, 9], but its practical applications 
were limited by its narrow readout angle inherent to FP-resonators 
and infrequent but severe biofouling observed after long-term 

implantation. The BINS integration onto the IOP sensor led to a 
2.5-fold improvement in readout angle, or up to 30°, over an IOP 
sensor without BINS in benchtop testing (Figure 4c). In a one-
month in vivo study conducted in New Zealand white rabbits
(Figure 4d), the BINS-integrated IOP sensor showed a 10-fold and 
3-fold reduction in IOP error when compared to conventional 
rebound tonometry and an IOP sensor without BINS, respectively 
(Figure 4e).

Figure 3: (a) 3-fold reduction of albumin adhesion and (b) 2-fold 
reduction of streptavidin adhesion on BINS-integrated Si3N4

surface over flat Si3N4 surface. (c) Significant reduction of E. coli 
adhesion on BINS-integrated Si3N4 surface after 4 hours. (d) 7-fold 
reduction of HeLa cell adhesion after 72 hours on BINS-integrated 
Si3N4 surface.

Figure 4: (a) A schematic of a FP-resonator-based IOP sensor 
with a flat and BINS-integrated opto-mechanical Si3N4-membranes 
that serve as a sensing element. (b) Pressure vs resonance spectra 
of IOP sensor: a change in the ambient pressure induces a shift in 
optical resonance of the FP resonator, which is detected remotely 
using reflected light. (c) Pressure variation of the flat and BINS-
integrated IOP sensor as a function of increasing incident angle, 
measured at 1 atm: The flat sensor shows an IOP error of 4.5 
mmHg at 12o while the BINS-integrated sensor shows an IOP 
error of 1.75 mmHg at 30o, displaying significant improvement in 
angle independence. (d) Images of the implanted flat and BINS-
integrated sensors during the in vivo study: the flat sensor looks 
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hazy due to tissue build-up. (e) The BINS-integrated sensor 
displays 10-fold and 3-fold improvement in in vivo IOP-
measurement errors compared to traditional tonometry and the flat 
sensor, respectively.

BINS-Integrated IOP Sensor In Vivo Biocompatibility
The IOP sensors with and without BINS integration were 

harvested from the rabbit eyes after 1 month to evaluate in vivo
biocompatibility. We used confocal immunofluorescence
microscopy to assess the extent of tissue growth over the surface of 
the two sensors at the time of retrieval. The sensors were stained 
with DAPI (nucleus marker), Phalloidin (F-actin marker) and 
MMP-2 (MMP-2 marker). DAPI was used to localize cells in 
adherent tissue while Phalloidin and MMP-2 were used as 
indicators for cellular health and inflammation, respectively. 
Figure 5 shows the images of the two sensors obtained using 3-
channel z-stack confocal microscopy. The BINS-integrated IOP 
sensor (Figure 5a) displayed a 12-fold reduction in surface area 
covered by adherent tissue when compared to the IOP sensor 
without BINS (Figure 5b).

Figure 5: 3-channel z-stack confocal-microscopy images of (a) the 
IOP sensor without BINS and (b) IOP sensor with BINS, harvested 
after 1-month in vivo study: DAPI 405 (nucleus, in magenta), 
Phalloidin 488 (F-actin, in green) and MMP-2 594 (MMP-2, in 
red) markers were used. 

CONCLUSIONS
In this work, inspired by the multifunctional basal 

nanostructures of the C. faunus butterfly wing, we develop BINS 
on a freestanding Si3N4-membrane. The BINS-integrated Si3N4-
membrane was twice more angle independent than a flat Si3N4-
membrane. Furthermore, the BINS-integrated Si3N4 surface 
displayed strong hydrophilicity that repelled the adhesion of 
proteins, prokaryotes and eukaryotes in vitro. The BINS-integrated 
Si3N4-membrane was then used as the sensing element on a highly-
miniaturized IOP sensor implant. The BINS integration onto the 
IOP sensor lead to a 2.5-fold improvement in readout angle from 
12o to 30o on benchtop. In a 1-month in vivo study, the BINS-
integrated IOP sensor lowered the in vivo IOP error by 10-fold and 
3-fold when compared to rebound tonometry and an IOP sensor 
without BINS, respectively. Finally, the BINS-integrated IOP 
sensor displayed enhanced in vivo biocompatibility through a 12-
fold reduction in surface area covered by tissue after a 1-month 
implantation. With these highly promising results, we envision 
greater usage for the multifunctional bioinspired nanostructures in 
medical implant applications.

ACKNOWLEDGEMENTS
The work was funded by the National Institute of Health 

(NIH) research grant EY024582 to H.C. & D.S., a HMRI 

Investigator Award, Caltech CI2 program, Powell Foundation 
Award to H.C., and a Research To Prevent Blindness Innovation 
Award to D.S. Imaging was performed in the Biological Imaging 
Facility, with the support of the Caltech Beckman Institute and the 
Arnold and Mabel Beckman Foundation. We acknowledge support 
from the Beckman Institute of the California Institute of 
Technology to the Molecular Materials Research Center.   

REFERENCES
[1] Y.-H. Joung, “Development of Implantable Medical Devices: 

From an Engineering Perspective”, International Neurology 
Journal, 17, 98 (2013).

[2] A. Canales, X. Jia, U. P. Froriep, R. A. Koppes, C. M. 
Tringides, J. Selvidge, C. Lu, C. Hou, L. Wei, Y. Fink and P. 
Anikeeva, “Multifunctional Fibers for Simultaneous Optical, 
Electrical and Chemical Interrogation of Neural Circuits In
Vivo”, Nature Biotechnology, 32, 1134 (2015).

[3] R. H. Siddique, G. Gomard, and H. Hölscher, “The Role of 
Random Nanostructures for the Omnidirectional Anti-
Reflection Properties of the Glasswing Butterfly”, Nature
Communications, 6, 6909 (2015).

[4] E. P. Ivanova, J. Hasan, H. K. Webb, V. K. Truong, G. S. 
Watson, J. A. Watson, V. A. Baulin, S. Pogodin, J. Y. Wang, 
M. J. Tobin, C. Löbbe, and R. J. Crawford, “Mechanical 
Rupture of Pseudomonas aeruginosa Cells by Cicada Wings”, 
Small, 8, 2489 (2012).

[5] R. H. Siddique, Y. J. Donie, G. Gomard, S. Yalamanchili, T. 
Merdzhanova, U. Lemmer, and H. Hölscher, “Bioinspired 
Phase-Separated Disordered Nanostructures for Thin 
Photovoltaic Absorbers”, Science Advances, 3, e1700232
(2017).

[6] J. H. Lee, S. J. Lee, G. Khang, and H. B. Lee, “The Effect of 
Fluid Shear Stress on Endothelial Cell Adhesiveness to 
Polymer Surfaces with Wettability Gradient”, Journal of 
Colloid and Interface Science, 230, 84 (2000).

[7] M. Arnold, E. A. Cavalcanti-Adam, R. Glass, J. Blümmel, W. 
Eck, M. Kantlehner, H. Kessler, and J. P. Sptaz, “Activation 
of Integrin Function by Nanopatterned Adhesive Interfaces”, 
Chemphyschem, 5, 383 (2004). 

[8] J. O. Lee, H. Park, O. Chen, A. Balakrishna, J. Du, D. W. 
Sretavan, and H. Choo, “A Microscale Optical Implant for 
Continuous In Vivo Monitoring of Intraocular Pressure”, 
Microsystems & Nanoengineering, 3, 17057 (2017).

[9] J.O. Lee, V. Narasimhan, J. Du, B. Ndjamen, D. Sretavan,
and H. Choo, “Biocompatible Multifunctional Black-Silicon 
for Implantable Intraocular Sensor”, Advanced Healthcare 
Materials, 6, 1 (2017).

CONTACT
*H. Choo, tel: +1-626-395-8774; hchoo@caltech.edu

25


	MAIN MENU
	Help
	Search
	Print
	Author Index
	Keyword Index
	Table of Contents


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType true
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on 'IEEE_Xplorer'] Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 6.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


