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Abstract Biodegradable inverse opal (IoPPC) was syn-

thesized from a multifunctional carboxylic acid and polyols

by colloidal crystal templating. The IoPPC was prepared by

infiltration of the monomer solution into interparticle voids

of silica colloidal crystal template, polycondensation of the

infiltrated film, and removal of the template. The synthe-

sized IoPPC was characterized by infrared absorption,

X-ray diffraction measurements, differential scanning

calorimetry, and thermogravimetry/mass spectrometry

analysis. In order to clarify the effect of biodegradation on

the inverse opal structure and the optical reflection prop-

erty, the IoPPC was implanted in subcutaneous tissue of the

lower back of three mice (ICR, 10 weeks, female). After

the 2 weeks implantation, fragmented samples were har-

vested from the implant location and investigated by

scanning electron microscope observations and optical

reflection measurements. It was found that the reflection

peak for the harvested samples decayed from that for the

sample without implantation. Such a spectral change is

considered to be attributed to the deterioration of the

regularity of the inverse opal structures through biodegra-

dation. The finding of this study will serve in the

development of reflection-based sensing in various bio-

medical applications.

Introduction

Biodegradable materials with three-dimensional porous

structures are of great interest because of a wide variety

of potential biomedical applications. Many types of fab-

rication techniques such as salt leaching, freeze drying

[1], phase separation [2], foaming [3], molding [4–9] are

presently used to prepare scaffolds for cell culture, arti-

ficial organs, and microchip devices for drug delivery

systems (DDS) [10, 11]. For all of these applications,

regulation of the pore geometry, i.e., porosities, pore

sizes, and pore arrangements, is very important because it

affects the characteristics of the materials such as

mechanical strength, thermal stability, degradability, cell

affinity, adsorptive activity, and release ability of the

adsorbates.

Among the fabrication techniques, colloidal crystal

templating has attracted much attention because it enables

the fabrication of periodic porous structures, so-called

inverse opal structures, from various kinds of organic and

inorganic materials [12, 13]. Inverse opals are fabricated by

following facile procedures: infiltration of the solution of

monomers (or preformed polymers) or sol-gel precursors

into interparticle voids of the colloidal crystal template,

polymerization of the monomers or evaporation of solvents

from the infiltrated template, and removal of the template

by etching or calcination. The fabricated inverse opal

structures possess solid frameworks that divide the internal

space into three-dimensional periodic arrays of pores with

controlled sizes.

The inverse opals are considerably different from porous

materials prepared from conventional techniques. They are

three-dimensional photonic crystals displaying character-

istic structural color. The colorization is derived from the

Bragg diffraction that occurs when the periodicity of their
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structures is comparable to the wavelength of visible or

near infrared (NIR) light [14]. In recent years, inverse opals

with this optical property have been studied for use for

reflection-based optical sensing of pH [15], temperature

[16], biochemical reaction [17], and metal ions [18]. From

the viewpoint of biomedical applications, inverse opals

made up of biodegradable polymers have a bright prospect

of becoming novel implantable porous materials that may

enable reflection-based optical sensing of biodegradation.

However, there have been few reports of such inverse opals

[19].

In this paper, we report the biodegradable inverse opal

(IoPPC) that has the potential of becoming implantable

three-dimensional photonic crystals. The interesting fea-

ture is that the inverse opal in this study shows the

selective NIR reflection, intensity of which varies with

biodegradation because of the simultaneous destruction of

the porous structures. It is well known that living tissues

are relatively transparent in the NIR region around

650–1,100 nm because the absorbance of H2O and

hemoglobin, which are the main absorbers of light in

living tissue, is very low in this region [20]. Therefore,

the inverse opal will be, in principle, visible even under

implanted conditions in living tissue. Furthermore, the

inverse opal does not require surgical removal from the

implant location at the completion of use because it can

completely degrade in physiological environments. Based

on these functionalities, IoPPCs will enable reflection-

based optical sensing for events such as release of loaded

drugs [21, 22], proliferation of cultured tissues, and

bioresorption when used as artificial organs.

Among many kinds of biodegradable polymeric mate-

rials [23], we have focused on citric acid-based polyesters

composed of multifunctional carboxylic acids and polyols

[24, 25]. The polyesters are biodegradable elastomers

having regular network structures formed by cross-link-

ages among the monomers by ester bonds. They can be

synthesized by a facile synthetic process without expen-

sive monomers, harmful catalysts, and cross-linking

reagents. Their physicochemical properties including

elasticity can be controlled by synthetic parameters such

as temperature, reaction period, concentration, and

monomer composition.

Here, we report synthesis, characterization, and evalu-

ation of the optical reflection property of the IoPPC. The

effect of in vivo biodegradation on the inverse opal struc-

ture and the optical reflection is firstly presented. In the

degradation experiments, sample films were implanted in

subcutaneous tissue of mice (ICR, 10 weeks, female). We

selected the lower back of mice as an implant location in

order to protect implanted samples from self-injurious

behavior in mice and to evaluate the sole effect of

biodegradation.

Experimental

Preparation of colloidal crystal template

Colloidal crystal templates were prepared by a gravity

sedimentation method modified from one previously

reported [26, 27]. Several drops of 10 wt.% colloidal dis-

persions of silica microspheres with an average diameter of

300 nm (Polysciences, Inc.) were placed on glass sub-

strates and left in an airtight container for several days at

room temperature. In this process, solvents of the disper-

sions were allowed to completely evaporate and then

iridescent templates were formed.

Synthesis of IoPPC

All reagents for the synthesis of the citric acid-based

polyester, poly(1,5-pentanediol-co-pentaerythritol-co-citric

acid) (PPC) were purchased from Wako Chemicals, Inc.

The mixed aqueous solution of citric acid, 1,5-pentanediol,

and pentaerythritol with a molar ratio of 12:10:1 was

infiltrated into the voids of the templates and the excess

solution was carefully removed from the template surfaces.

The infiltrated films were settled in the pressure bottles

with a few droplets of deionized water and then kept in an

oven at 127 �C for 1 day. During this procedure, vapor

pressure was exerted on the films and the generation of air

bubbles over the polycondensation of the monomers was

suppressed. The cured composite films were immersed in

an etching solution composed of dimethyl sulfoxide, 42%

aqueous solution of ammonium fluoride, and ethanol for up

to 48 h. By this treatment, the templates were completely

dissolved. The remaining iridescent films were rinsed with

deionized water several times and stored in ethanol.

Microscope observation

Structural color of IoPPC was observed with an optical

microscope (Nikon, LV100D). Scanning electron micro-

scope (SEM) images were taken with a field emission SEM

(Hitachi High-Technologies, S-4800). Before the SEM

observations were taken, the samples were lyophilized and

sputtered with Os vapor. The composition of the samples

was also determined by energy dispersive X-ray spectros-

copy (EDS) using an EDS analyzer (HORIBA, EMAX

ENERGY EX-250) combined with SEM.

Characterization

The IoPPC at an etching time of 48 h was used for char-

acterization. Fourier transformed infrared (FTIR)
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absorption was recorded at room temperature using an

FTIR spectrometer (JASCO, FT/IR-470). X-ray diffraction

(XRD) measurement was performed with an X-ray dif-

fractometer (Bruker AXS, D8 Advance) with Cu Ka
radiation. Differential scanning calorimetry (DSC) ther-

mogram was obtained on a differential scanning

calorimeter (Shimadzu, DSC-60) under an N2 gas atmo-

sphere. Measurements were carried out in the range of -50

to 100 �C with a heating rate of 10 �C/min. Before the

thermograms were recorded, the samples were preheated

from room temperature to 100 �C and cooled to -50 �C

with heating and cooling rates of 10 �C/min. The glass

transition temperature was determined as the starting point

of the recorded step change in heat capacity. The thermal

stability of IoPPC was evaluated by thermogravimetry/

mass spectrometry (TG/MS) analysis with a Bruker TG-

DTA/M59610 in the temperature range of 30 to 400 �C. In

the experiments, temperature dependence of the ionic

currents from decomposition products (H2O and CO2) was

monitored during the heating.

Evaluation of optical property

UV–Vis–NIR absorption spectrum was recorded at room

temperature using a UV/VIS/NIR spectrophotometer

(JASCO, V-570). Reflection spectra were obtained at

normal incidence to the samples using an optical micro-

scope combined with a fiber optic spectrometer (Ocean

Optics, HR4000-CG). An objective lens (109 / 0.3 N.A.)

and an optical fiber with a diameter of 1 mm were used for

the measurements. The refractive index of PPC was

determined by a multiwavelength Abbe refractometer

(ATAGO, DR-M2) with an interference filter of 689 nm at

25 �C.

In vivo degradation study

In vivo degradation experiments were performed by

subcutaneous implantation of sample films in the lower

backs of three mice (ICR, 10 weeks, female). The films

were rinsed with saline prior to the implantation, and

then inserted in the subcutaneous tissue for 2 weeks. At

the end of the implantation period, fragmented films were

harvested from the implant location and rinsed with sal-

ine and ethanol several times, and then stored in a glass

bottle filled with ethanol. In order to certify the bio-

compatibility of the implanted samples, weights of mice

were measured during the implantation period. Survival

of mice after the completion of the implant experiments

was confirmed.

Results and discussion

Microscope observation of IoPPC

Figure 1a is a photograph of IoPPC at an etching time of

48 h, which was obtained at normal incidence of white

light with respect to the sample surface. IoPPC appeared

brilliant red under immersion in deionized water. Since

non-porous PPC has no apparent absorption in the visible

region, such colorization should be caused by optical dif-

fraction by the inverse opal structure. The irregular lines

observed in the photograph are assumed to be caused by

the replication of crevices in the template.

Figure 2 shows SEM images of the colloidal crystal

template, the composite film, and the etched IoPPC at a

various etching time. The image of the template (Fig. 2a)

shows a hexagonally close-packed array of uniform

microspheres (mean diameter 300 nm). The direction

Fig. 1 Optical microscope images of (a) IoPPC (etching time: 48 h)

and (b) harvested IoPPC from mouse after subcutaneous implantation

(scale bar: 100 lm). The samples were immersed in deionized water

and illuminated with a white light from normal with respect to the

sample surfaces. Inset in (a): photograph of the IoPPC implanted in

subcutaneous tissue of mouse
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vertical to the image corresponds to the (111) direction of

the face-centered cubic (fcc) lattice. From the image of the

composite film (Fig. 2b), the voids of the templates seems

to be occupied completely with PPC.

Figure 2c shows IoPPC at an etching time of 5 h, in

which the periodic pore arrays were observed. This sug-

gests that the close-packed fcc structure of the template

was successfully replicated in PPC. Residues in the pores

seemed to be silica colloids, which were removed by fur-

ther etching. From EDS analysis for the IoPPC at an

etching time of 30 and 48 h (Fig. 2d, e), no signal from

either Si or F was detected indicating the completion of the

removal of the template and the etching solution.

It can be seen that the further etching caused collapse of

pores and distortion of their arrangement on these samples

(Fig. 2d, e). In addition, the etched samples did not show

any structural color in lyophilized condition for the SEM

observations, whereas they did in wet condition (Fig. 1a).

The observed deformation of the porous structure and

disappearance of the color should come from the fact that

IoPPC is a hydrogel that becomes contracted by removal of

the water absorbed within the network structure. Identifi-

cation of the hydrogel structure is discussed in the

following section.

Characterization of IoPPC

The FTIR spectrum (Fig. 3) showed an intense absorption

peak between 1,690 and 1,770 cm-1, which can be assigned

to the C=O stretching mode. The broadening of this peak

implies the existence of C=O bonds in residual carboxyl

groups in addition to the existence of C=O bonds in ester

bond. It also suggests that these C=O bonds take part in the

formation of the intramolecular hydrogen bond. The

hydrogen bonding is also confirmed by the broad absorption

peaks of O–H stretching mode at 3,235 and 3,480 cm-1.

The XRD pattern of IoPPC (Fig. 4) showed a broad

intense diffraction peak at 2h = 19.7�. According to the

literature [28], such peak is attributed to a regular network

Fig. 2 SEM images of (a)

colloidal crystal template, (b)

composite film, and IoPPC at an

etching time of (c) 5, (d) 30, (e)

48 h, and (f) harvested IoPPC

from mouse after subcutaneous

implantation (scale bars: 2 lm)
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structure formed by esterification among multifunctional

monomers with symmetric molecular structure. The

d-spacing of this structure was calculated to be 4.5 Å.

Differential scanning calorimetry thermogram in Fig. 5

showed endothermic change at 3.8 �C indicating glass

transition temperature. A similar thermal behavior is fre-

quently observed for aliphatic polyesters composed of

multifunctional monomers [25, 28]. In addition, no crys-

tallization or melting peaks of the monomers were

observed in the thermogram, suggesting complete esterifi-

cation of the monomers.

The thermal stability of IoPPC was investigated by TG/

MS analysis. As shown in Fig. 6, the increase in ionic

currents from H2O and CO2 was observed at ca. 230 �C,

indicating the decomposition of IoPPC. Moreover, the

ionic current from H2O showed a broad peak at 128 �C.

Fig. 3 FTIR absorption spectrum of IoPPC (etching time: 48 h)

Fig. 4 XRD pattern of IoPPC (etching time: 48 h)

Fig. 5 DSC thermogram of IoPPC (etching time: 48 h)

Fig. 6 Temperature dependence of ionic currents for IoPPC (etching

time: 48 h). Curves correspond to ionic currents from (a) H2O and (b)

CO2, respectively
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This should come from the release of the water absorbed

within the hydrophilic network structure.

Optical reflection property of IoPPC

Figure 7a shows the reflection spectrum obtained with

IoPPC under immersion in deionized water. The reflection

spectrum of a colloidal crystal template in air is also dis-

played. The maximum reflection wavelength, kmax, for the

IoPPC is 679 nm. From this value, the pore diameter of the

IoPPC was estimated by a modified version of the Bragg

equation, as follows [29–31]:

kmax ¼ 2ðd=mÞn2
s Vs þ n2

f Vf � sin2 hÞ1=2; ð1Þ

where d is the interplanar spacing, m is the order of the

Bragg diffraction, n is the refractive index, V is the volume

fraction, and h is the incident angle of light measured from

the sample normal. (Subscripts s and f mean sphere and

framework, respectively.)

For an fcc lattice, the relationship between the inter-

planar spacing d and the center-to-center distance D

between spheres is given by the following equation:

d ¼ 21=2D=ðh2 þ k2 þ l2Þ1=2: ð2Þ

Assuming that the optical reflection is derived from the

(111) planes, we obtained the d value, 0.8165D. Combining

Eq. 1 with Eq. 2 gives the following contracted expression:

kmax ¼ 1:633ðD=mÞðn2
s Vs þ n2

f Vf � sin2 hÞ1=2: ð3Þ

From Eq. 3, the pore diameter of the IoPPC in wet con-

dition was estimated to be 303 nm using values of

Vs = 0.74, Vf = 0.26, m = 1, h = 0, and refractive indexes

of water (ns = 1.33) and PPC (nf = 1.49). Since the esti-

mated value is in reasonable agreement with the mean

diameter of silica spheres (300 nm), it can be mentioned

that the fcc geometry of the template was completely

transferred into the inverse opal structure and is sustained

under immersion in deionized water.

The optical reflection of the IoPPC is appreciably dif-

ferent from that of the template (Fig. 7b) in the peak

position and peak width. The spectral difference is derived

from the difference in the average refractive index (na) and

the refractive index contrast (nc) [32]. In brief, the peak

position shifts toward lower energy with an increase in na,

and the peak width becomes narrower with a decrease in

nc. In the present case, these trends are achieved for the

IoPPC in wet condition (na = 1.37, nc = 0.16) and the

template in air (na = 1.22, nc = 0.29) [33].1

Modulation of optical reflection property by

biodegradation

Preliminary experiments were performed in order to

examine the effect of biodegradation on the inverse opal

structure and the optical reflection property. As shown in

the inset of Fig. 1a, the sample films were implanted in the

subcutaneous tissue of the lower back of mice for 2 weeks.

Since the mice showed no remarkable weight loss during

the implantation period and survived after that, it can be

said that the IoPPC is biocompatible. Figure 1b is a pho-

tograph of the harvested IoPPC from one of the mice, in

which brilliant red observed for the original sample

(Fig. 1a) appears to be faded. The fading of the color is

supposed to be due to the overlap of colors of the degraded

IoPPC (pale brown) and the view field of the optical

microscope (pale blue). The harvested sample was

observed to be broken into small fragments. The frag-

mentation could result from degradation along the

replicated crevices as shown in Fig. 1a. Figure 2f shows an

SEM image of the harvested sample, where irregular por-

ous structure with non-uniform pores was observed instead

of the replicated pores as shown in Fig. 2e. Such irregular

structure seems to be responsible for the fading of the

color.

Fig. 7 Optical reflection spectra of (a) IoPPC (etching time: 48 h),

(b) colloidal crystal template, and (c) harvested IoPPC from mouse

after subcutaneous implantation. Spectra were obtained at normal

incidence of white light to the IoPPC and harvested IoPPC immersed

in deionized water, and the template in air

1 The refractive index of silica colloids was estimated to be 1.29 from

Eq. 3 with a kmax value of 597 nm (Fig. 7b). Such a small refractive

index as compared with the value of crystalline silicon dioxide (1.45)

is derived from the mesoporous structure of the silica colloids.
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Figure 7c shows the reflection spectrum for a piece of

the harvested fragments. It can be seen that the reflection

peak for the piece decayed from that for the sample without

implantation (Fig. 7a). Although the extent of the decay

varied from piece to piece because of differences in the

degree of biodegradation under heterogeneous in vivo

environment, the trend of the decay was confirmed for each

piece. Such a spectral change is considered to be attributed

to the deterioration of the regularity through biodegrada-

tion, which leads to the reduction of number of lattice

planes required for the Bragg diffraction of incident light.

These preliminary results suggest that IoPPC has an ability

to inform observers of its own degradation by changing its

optical reflection.

Such degradation-dependent reflection property is

expected to be applied to reflection-based optical sensing in

DDD, tissue engineering, and artificial organs. Although

the utilization of the inverse opal of this study is restricted

only in wet condition because of the contractive polymer

frameworks, it will expand through the improvement of the

structural robustness of the frameworks. Robustness is

considered to be improved by an increase in the number of

cross-linkages between monomers through the regulation

of synthetic parameters. Another way of fabricating robust

IoPPCs should be the use of crystalline polymers, e.g.,

poly(lactic acid) and cellulose, as additives. Studies for

these methods are now in progress.

Conclusion

Biodegradable inverse opal with optical reflection property

was successfully synthesized from a multifunctional car-

boxylic acid and polyols by colloidal crystal templating.

This is the first example of implantable three-dimensional

photonic crystals that can inform observers of its own

degradation by changing its optical reflection. The results

of this study should contribute to develop reflection-based

optical sensing in various biomedical applications.
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32. Mı́guez H, Meseguer F, López C, Lopez-Tejeira F, Sanchez-

Dehesa J (2001) Adv Mater 13:393

33. Busch K, John S (1998) Phys Rev E 58:3896

1896 J Mater Sci (2008) 43:1890–1896

123


	Implantable photonic crystal for reflection-based optical sensing of biodegradation
	Abstract
	Introduction
	Experimental
	Preparation of colloidal crystal template
	Synthesis of IoPPC
	Microscope observation
	Characterization
	Evaluation of optical property
	In vivo degradation study

	Results and discussion
	Microscope observation of IoPPC
	Characterization of IoPPC
	Optical reflection property of IoPPC
	Modulation of optical reflection property by biodegradation

	Conclusion
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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 (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


