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Two-photon fluorescence (TPF) Bombyx Mori silk fibers were acquired for bioimaging by 

molecular recognised functionalization. In this context, 2,7-bis((E)-4-((E)-4-nitrostyryl)styryl)-

9,9-dioctyl-9H-fluorene (NF) was adopted to functionalize silkworm silk fibers. NF exhibits a 

large two-photon absorption cross section, but has a low TPF quantum yield in the solid form 

due to the side-by-side (π-π) molecular stacking. In terms of the molecular recognition between 

the nitro groups of NF and the amide groups of silk fibroin, the silk fibers acquire the two-

photon fluorescent emission with a significant enhancement for 350% in TPF quantum yield of 

NF molecules, compared with the solid state. In comparison, two molecules, 2,7-bis((E)-4-

methylstyryl)-9,9-dioctyl-9H-fluorene (MF1), and 2,7-bis((E)-4-((E)-4-methylstyryl)styryl)-

9,9-dioctyl-9H-fluorene (MF2), were selected for similar experiments. The later shows little 

effect due to the lack of molecular recognition. The TPF silk scaffolds were obtained, and the 

high quality imaging of NF in cell culture was finally achieved, which exerts extremely 

relevant implication in biomedical applications. 

 

Introduction 

Bioimaging becomes increasingly important in recent years.1  In 

tissue engineering, the study of the structure, organization and 

evolvement of the scaffolds in vivo or in vitro is extremely crucial.2 

The conventional imaging techniques, such as scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM), 

although of very high resolution (SEM < 1 nm, and TEM < 0.1 nm.), 

they can only be used for ex-situ observation.3 However, these 

techniques are not capable of providing characterization and 

monitoring the growth of a tissue in real-time. These problems can 

be resolved to a certain extent by using in-situ observation 

techniques such as micro-CT and magnetic resonance imaging (MRI) 

techniques. However, both have their own disadvantages. The 

former one suffers from relatively low resolution (1-2 microns),4 it 

requires a dense tissue sample for achieving a reasonably good 

contrast, and it can quite easily cause radiation damage in the 

sample.5  On the other side, MRI uses non-ionizing radiation and is 

capable of imaging thin slices of tissue in any orientation at any 

depth. However, the application of this technique for high quality 

imaging is considerably limited by quite low resolution (~ 3 µm).6 

One-photon fluorescent microscopy is a possible technology 

available for single molecule analysis, apart from the issues of 

invasive excited UV light and the limited depth.7 Recently, the use 

of two-photon fluorescence (TPF) microscope for biological imaging 

has received extensive interest because of several major advantages 

over current detection systems.8 This exciting light of TPF 

microscope is located in the biologically transparent spectral range 

800-1000 nm, and is therefore able to penetrate more deeply into 

biological tissues in non-invasive and real-time manner.9 Meanwhile, 

the excitation probability is proportional to the square of the laser 

flux, with virtually no excitation outside the laser focal volume. This 

enables the precise spatial imaging for the microstructure of cell 

tissue. In this sense, this technology will fulfill the demands of high 

quality scaffold imaging. 

To achieve the TPF high quality and omnidirectional imaging, the 

scaffolds need to be functionalized by TPF molecules. Meanwhile, 

the distributed TPF molecules have large two-photon absorption 

(TPA) cross section and high efficiency.10  However, one should 

bear in mind that TPF quenching in scaffold caused by molecules 

aggregation may affect the feasibility of scaffold imaging. This is 

due to the known fact that most TPF molecules tend to aggregate via 

the π-π stacking, which usually results in a dramatic decrease of the 

TPF quantum yield.11 To overcome above problem, various 

approaches have been developed to frustrate the fluorescence 

quenching. This includes designing a molecule with a distorted 

structure,12 the attachment of steric hindrance groups,13 and 

increasing the branches/dimensionality of the molecules.14 

Nevertheless, those methods still don’t satisfy the high-level and 

special requirement in the TPF bioimaging applications.15  

  Bioscaffold is a kind of biocompatible and bioresorbable materials 

with 3D structure, which can provide space and nourishment for 

tissue regeneration.16 The scaffold will degrade over time and 

promote the growth of new tissue. TPF microscopy would be one of 

the best choices for monitoring the evolution of bioscaffold in non-

invasive, real time manner. Silk scaffolds have been attracting a 

great deal of interest in the biomedical fields,17 notably in tissue 

engineering, due to their intrinsic functions, such as in vitro and in 

vivo biocompatibility,18 robust mechanical properties,19 and 

relatively slow proteolytic biodegradation.20 Here, we take silk 

scaffold as an example to realize the analytic technique for TPF 

imaging of bioscaffold (Fig. 1a). The highlight of this paper is to 

achieve silk scaffold with high fluorescence efficiency by taking 

advantage of the molecular recognition of TPF and silk fibrin 

molecules. In this regard, the molecular recognition between silk 

fibroin molecules and TPF molecules between amide (NH) and nitro 

(NO2) groups could decouple the π-π stacking TPF molecules, so 

that the annealed TPF would be “turned on”.  
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Fig. 1 a) Proposed model for the silk fibril decoupling effect by the molecular recognition of 2,7-bis((E)-4-((E)-4-nitrostyryl)styryl)-9,9-

dioctyl-9H-fluorene (NF) molecules. Two-photon fluorophores NF were decoupled by their specific binding with the amide groups in the 

silk fibroin molecules by means of hydrogen bonds. b) Molecular structures of NF, MF1, and MF2. 

Results and discussion 

Synthesis and characteristics of two-photon molecules 

The TPA cross section of the organic stainers in scaffolds is one 

of the critical factors for TPF imaging, which can be increased by 

lengthening the π-conjugation, and improving the symmetry and 

donor-acceptor intensity of the organic molecule.21 Fluorene has a 

large electron delocalization conjugated plane with two benzene 

rings, fused by a five-member ring with several active positions. To 

obtain large TPA cross-section, the π-conjugation on the fluorene 

core can be elongated by vinylbenzene at two para positions 2 and 7 

to form the larger symmetrical structures. Furthermore, two 

terminals of fluorene derivatives can be connected with special 

functional groups to explore the effect for enhancing the TPA cross 

section and TPF quantum yield. In addition, fluorene is a 

conventional staining agent with low toxicity for living cell.22 

Taking this into account, we synthesized three fluorene compounds 

containing different substitutional groups, namely, 2,7-bis((E)-4-

((E)-4-nitrostyryl)styryl)-9,9-dioctyl-9H-fluorene (NF) 2,7-bis((E)-

4-methylstyryl)-9,9-dioctyl-9H-fluorene (MF1), and 2,7-bis((E)-4-

((E)-4-methylstyryl)styryl)-9,9-dioctyl-9H-fluorene (MF2) (Fig. 1b). 

The UV-Vis absorption spectra of NF, MF1, and MF2 molecules 

in THF (tetrahydrofuran) are given in Fig. 2. The absorption 

maximum of MF1 is located at 374 nm. The absorption spectrum of 

MF2 has the maxima at 406 nm. Comparing the absorption peaks of 

MF1 and MF2, 32 nm red shift was found, indicating that the latter 

has a longer conjugation length than the former one. The absorption 

maximum of NF is red-shifted compared to that of MF2, which is 

due to the electron withdrawing ability and better electron 

delocalization of the terminal nitro group in NF. 

 

Fig. 2 UV-Vis absorption spectra of NF, MF1, and MF2 in THF at 

concentration 1.0×10-6 M. The spectra are normalized at their peak 

wavelengths. 

Z-scans measurements were carried out to evaluate the TPA 

processes and properties of all compounds using ultrafast 450 fs 

laser pulses at 1-kHz repetition rate. To prevent the deviation of the 

measured TPA cross-section values from the intrinsic TPA process 

caused by the potential accumulative thermal scattering effects and 

exited-states absorption, a relatively low intensity range was 

employed to detect the samples at concentration of 1.0 × 10-4 M. 

Page 2 of 7Journal of Materials Chemistry B

Jo
u

rn
al

 o
f 

M
at

er
ia

ls
 C

h
em

is
tr

y 
B

 A
cc

ep
te

d
 M

an
u

sc
ri

p
t



Journal Name ARTICLE 

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 3  

From Fig. S1, it can be found that the measured TPA cross-section 

values of NF, obtained from the best fits between the TPA theory 

and Z-scan data, remain nearly constant in a straight line across the 

irradiance range from 58.5 to 116.9 GW·cm-2 within the 

experimental errors, confirming the independence of the laser 

intensity. This indicates the observed nonlinear absorption is induced 

from a pure TPA process. Other nonlinear mechanisms such as 

thermally induced scattering and excited-state absorption, in 

particular singlet excited-state absorption, are negligible in our 

experiments. Other molecules exhibit similar behavior. It can be seen 

that the TPA cross-section of 1886 GM for NF is considerably 

higher than 905 GM for MF2, greater than MF1 (σ = 506 GM). All 

of them are higher than the conventional TPA dye, rhodamine 6G, 

which is about 100 GM.23 Large TPA cross-section of NF molecules 

in THF can be attributed to the significant role of the strong 

polarization effect between electron accepted group NO2 and π-

conjugation moieties in their molecular structure.24
 

Preparation of two-photon silk fibers/scaffolds and the 

mechanical properties 

 

Fig. 3 Preparation process of two-photon silk scaffolds. 

 

Fig. 4 Mechanical properties of  Bombyx mori silk (Fiber Number 

0), NF, MF1, and MF2 modified silk fibers (Fiber Number 1-3). a) 

Relationship between maximum the breaking stress and fiber 

number, b) Relationship between maximum tensile strain and fiber 

number, c) Relationship between maximum energy and fiber number 

The TPF silk fibers were achieved via assembling NF, MF1, and 

MF2 into silk fibers. The Bombyx mori silk fibers were from No. 2 

Liang Guang. In our method, a proper amount of the fluorene 

compound was added into in dimethylsulfoxide (DMSO), and 

sonicated to make the solution homogenous. The Bombyx mori silk 

fibers/scaffolds were immersed into the solution and kept in it for 

about 40 minutes at 80 oC. This procedure resulted in the swollen 

sample, which was then taken out of the solution and allowed 

DMSO to evaporate at room temperature. This treatment leads to the 

absorption of TPF molecules into the silk fibrils and at the same time 

gives rise to the cooperative assembly between TPF molecules and 

the silk fibroin (Fig. 3). 

To check whether the assembly process may exert any impact on 

the mechanical property of the silk fibers, the mechanical properties 

of the modified silk were compared to the unmodified one. The 

results of the comparison between the two are shown in Fig. 4. It is 

quite obvious that the properties such as the breaking stress, the 

breaking strain, and the breaking energy of the functionalized silk 

fibers exhibit no much difference from the comparative Bombyx 

mori silk fibers. In other words, the treatment does not deteriorate 

the mechanical properties of the original Bombyx mori silk fibers. 

From the SEM images of the functionalized silk fibers (Fig. 5), it 

can be seen that diameters and surface morphologies of comparative 

degummed silks and functionalized silk fibers exhibit no difference. 

This is additional evidence that the functionalization process did not 

jeopardize the basic properties of the silk fibers. 

 

Fig. 5 Scanning electron microscope of silk fibers modified with a) 

NF silk fiber, b) MF1 silk fiber, c) MF2 silk fiber, and d) control 

silk fibers. 

Mechanism of fluorescence enhancement 

When a solid state sample was illuminated with a UV lamp, NF 

emitted very week light, but on the other side the emitted light from 

the NF fibers was very strong, which indicates that the dissociation 

formation in the latter one enhanced the light emission considerably. 

To verify these observations, one-photon fluorescence properties of 

NF, MF1, and MF2 in solid state (powder) and in the respective 

liquid states (each dissolved in THF), as well as in silk fibers were 

characterized. The quantum yield values of the solid were 

determined using an integrating sphere (ISF-513). It’s found that in 

solid state the process of π-π stacking usually leads to the decrease 

of the fluorescence quantum yield and the red-shift of the 

fluorescence spectrum.13a, 25 Comparison of the quantum yield of NF 

in solid states and in the silk fibers, it can be found that while the 
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quantum yield of NF in the solid states is as low as 8%, the NF is 

boosted to 28% by assembling to silk fiber. It becomes clear that the 

assembling of NF to the silk fibroin enhanced the NF fluorescence 

emission. The structure of MF2 is identical to NF except the fact 

that the terminal group -NO2 in NF is replaced by -CH3 in MF2. 

After incorporating into silk fibers, the quantum yield of MF2 in silk 

fibers (14%) remains, almost no change compared with those in the 

solid form (10%). Quantum yield change of MF2 from in powder 

state to in silk fibers is obviously different from that of NF, which 

confirms that the fluorescence emission enhancement is caused by 

the nitro (-NO2) terminal groups of NF molecules. Nitro groups have 

strong polar bonds, which can interact effectively with the amide 

groups of silk fibroins by hydrogen bonds. Hence, we can predict 

that the nitro groups act as anchors, which can prevent the π-π 

stacking of conjugated bridge. To further verify the interaction 

which makes the quantum yield jump up, the quantum yields of 

MF1 in solid form and in silk fiber were characterized, the results 

(12% in solid form, 15% in silk fiber) show the similar behaviour to 

MF2. 

 

Fig. 6 One-photon fluorescence spectra of NF, MF1, and MF2 in 

THF solution, assembled in silk fibers and in solid powder form. 

As shown in Fig. 6a, it is surprisingly to see that NF fabrics reveal 

intense fluorescence, while the emission from NF powders is very 

weak and hardly detectable (the maximum fluorescence spectra of 

the NF powder cannot be identified). This reflects the molecular 

aggregation difference at different states. NF molecules in the 

powder form exhibit a stronger dipole-dipole and π-π interaction. 

The interactions lead to the aggregation between NF molecules, 

which anneal the fluorescence emission. In the NF functionalized 

fibers, the binding of NF molecules to silk fibrils dissociates the π-π 

stacking NF molecules, which eliminates the fluorescence annealing 

in the dry powder state, therefore, enhances the fluorescence 

emission by functionalized silk fibroin fibers. The maxima of the NF 

powder in silk fiber is almost the same as that of NF powder in THF 

solution. As we known, π-π stacking of fluorescence molecules in 

good solvent can be eliminated. It can be inferred that π-π stacking 

of NF is dissociated well by the protein of silk fiber. MF1 has small 

conjugated bridge and relative long alkyl chain on the position 9 of 

fluorine, π-π stacking of MF1 would not be as strong as NF. The 

fact is that MF1 is not a good candidate to be used. Indeed, a close 

inspection of Fig. 6b, shows that  there are no obvious shifts of the 

fluorescence peaks of MF1 fibers compared with those in solution 

and in solid powder form, suggesting that this material is not a good 

candidate to be used as TPF agent. On the other side, the fluorescent 

curves of the MF2 solution, MF2 fibers, and the powders exhibit a 

monotonous bathochromic shift in the following order; MF2 

solution < MF2 fibers < MF2 powder (Fig. 6c). Compared with 

MF1, MF2 has longer conjugated bridge and lower quantum yield, 

which implies that the intermolecular interactions between silk 

fibroins and MF2 create better de-aggregation effect than MF1. 

However, both of the intermolecular interactions are weaker than in 

NF. 

Two-photon action cross section was characterized by ση, 

where σ is the TPA cross section and η is the fluorescence quantum 

yield. These parameters were used to evaluate the overall TPF 

performance. Using the previously determined values for σ and η,  

the product of the two was determined for NF in the solid form and 

NF silk fibers. The ση values for the former one was relatively low, 

σηsolid = 1886 × 0.08 = 150 GM, while for the latter one was 

strikingly bigger, σηfiber = 1886 × 0.28 = 528 GM. A comparison 

between the corresponding ση values indicates clearly that 

enhancement of TPF for NF silk fibers is more than 3.52 times 

bigger than that for NF in the solid form. On the other side, the ση 

values for MF1 and MF2 silk fibers are 76 GM and 126 GM, 

respectively. Therefore, the NF silk fibers exhibit much higher TPF 

property, even though the quantum yield is very low in solid form. 

Hence, the NF silk scaffolds are most promising candidate for TPF 

imaging. 

Two-photon fluorescence silk scaffolds for bioimaging 

Since the uniformity of the fluorescence emission of silk scaffolds 

is one of the key features for TPF bioimaging, a TPF confocal 

microscopy was employed to study the functionalized silk fibers (at 

the wavelength of exciting light λ = 800 nm). For this purpose, 

precise images of optical slices of the NF functionalized silk fibers 

are given in Fig. S2. These images show that the TPF emission from 

both the surface and the centers of the silk fibers were observed. 

This indicates that NF molecules were distributed evenly into the 

bulk of silk fibers and interact strongly with the alkyl chains in the 

silk fibrous proteins chains in terms of the nitro group in NF. 

However, the TPF of MF1, and MF2 fibers mainly occurs near the 

surface of the silks, which reveals their week absorbability and 

dispersibility in the silk fibers (c.f. Fig. S3). This suggests that NF is 

likely to be the most attractive TPF molecule for functionalization. 
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Fig. 7 FTIR spectra of control silk fiber, NF and the mixture of NF 

and silk fibroin fiber (mass ratio: 1:1) 

As an additional support that NF molecules can be distributed 

evenly into the silk, we take FTIR spectra of the NF silk fiber in the 

same wavelength region (1360 - 1300 cm-1) as that used to examine 

pure silk fibers, NF powder and the mixture of NF and silk fibroin 

fiber (mass ratio: 1:1). It was confirmed in literature that adulterant 

manifests a good dispersion in polymer matrix if a relatively strong 

attractive interaction between polymer and adulterant is introduced.26  

Silk fiber is an amphiphilic block co-polymer with the molecular 

mass of the dominant high molecular weight protein of ~390 KDa27. 

The dominating hydrophobic peptide repeats self-organization into 

the β-sheet structures, which were connected by hydrophilic 

noncrystal regions28. After the assembly treatment, β-sheet structures 

remained while the hydrophilic block of the silk fibroin may make it 

a potential dispersing agent for two-photon molecules. It is known 

that the hydrophilic chains in the non-crystal region are rich in amide 

groups, which can provide NH. Therefore, the two-photon molecules 

should have polar group to interact with silk fibroin to fulfill the 

demands for the strong attractive interaction. As shown in Fig. 7, NF 

shows a characteristic nitro vibration band centered at 1340 cm-1. 

After NF is incorporated into the silk fibers, this maximum 

absorption shifts slightly toward a lower frequency (a lower 

wavenumber). As the frequency shift of FTIR is much related to the 

interaction between the functional molecules, the increase of 

absorbance frequency is due to the hydrogen bond interaction.29 

Evidently, silk fibroin provides some NH groups to interact with the 

nitro group of NF by hydrogen bonds. So the nitro group of NF is 

crucial to control the distribution of NF in silk fibers. However, no 

obvious active groups were found for MF1, and MF2 after they 

doped into silk, which accounts for their week intermolecular 

interaction with the silk fibers. As mentioned earlier, development of 

silk scaffolds with TPF properties is valuable for in vitro and in vivo 

imaging applications. According to the TPF quantum yield and 

uniformity, NF silk scaffolds seem to fulfill above biological 

imaging criteria. 

To assess TPF bioimaging application for NF silk scaffolds, the 

cell culture experiments were applied. Three-dimensional TPF 

images of NF silk scaffolds were obtained by a laser scanning 

confocal microscope at the exciting wavelength of 800 nm. After 

sterilizing, 3T3 fibroblast cells were seeded and grown on the silk 

fibroin scaffolds for ten days. TPF images were taken after the cells 

were stained with Alexa Fluor® 488 phalloidin and 4',6-diamidino-

2-phenylindole (DAPI) to show normal growth of the cells on the 

fibroin scaffold. The results are shown in Fig 8. The key features of 

them are: the NF scaffolds appear pink while the actin appears green, 

and nucleolus blue. The results show that the cells can grow well on 

NF silk scaffold, which infer that the modified silk scaffold is 

biocompatible. The clear interface between scaffold and cells allows 

convenient monitoring of scaffold. The results show that the silk 

scaffolds keep TPF emission well, which provide the possibility for 

the scaffolds imaging by advanced TPF technologies. TPF spectrum 

of the silk fabric scaffold shows maxima at around 573 nm (c.f. Fig. 

8c). It is well known that the transition probability for TPF depends 

on the square of the incident light intensity30. TPF spectroscopy of 

the NF silk scaffold was obtained at different excitation intensities. 

Inset of Fig. 8c displays the log-log plots of the detected TPF 

intensity versus the excitation intensity. The emission signal of the 

NF silk scaffold is proportional to excitation intensity, and the slope 

is about 2, confirming the presence of the TPA process. The use of 

the TPF silk as a scaffold not only takes the advantage of TPF 

technologies, but also allows an improved visualization of cells. 

 

Fig. 8 a) TPF microscope image showing cross-sectional view of NF 

fabric scaffold and 3T3 fibroblast cells stained with Alexa Fluor® 

488 phalloidin and 4',6-diamidino-2-phenylindole (DAPI) after 

culturing for ten days in culture medium. Excitation laser 

wavelength = 800 nm. b) Three-dimensional TPF images of NF silk 

scaffold and 3T3 fibroblast cells. c) Normalized TPF spectra of NF 

silk, Inset: Input-intensity-dependent TPF of NF silk fiber. 

Conclusions 

TPF compounds with large TPA cross-section were designed and 

synthesized to functionalize Bombyx mori silk fibers for TPF 

imaging. NF molecules in silk fibers exhibited a large TPA cross-

section (1886 GM) and stable TPF evenly emitted from both the 

surface and the centers of the silk fibers, while good mechanical 

properties of pure silk fibers were maintained. The mechanism of 

fluorescence enhancement and monodispersion of NF in silk fibers 

is due to the molecular recognition between the nitro groups and silk 

fibroin. On the contrary, MF1 and MF2 cannot effectively overcome 

the aggregation effect due to the lack of molecular recognition 

between amide groups and CH3 groups. This work provides a 

promising solution for the scaffolds imaging in a non-invasive, 3D 

and real time manner. The strategy of molecular recognition is not 

only limited between the NF molecules and silk protein, but can be 
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applied to the interaction of other materials, such as between 

functional molecules/quantum dots and other scaffolds. We can 

foresee a great demand to produce functional materials using 

molecular recognition that can be applied for tissue engineering 

scaffolds with biological electrical, optical and magnetic features. 

Experimental Section 

Preparation of two-photon fluorescence silk scaffolds 

Silk scaffolds were waved from silk fibers, which were obtained 

from NO. 2 Liangguang Bombxy mori silkworm silk. Raw silk fibers 

were degummed in an aqueous solution containing 5g·L-1 sodium 

carbonate, 10 g·L-1 soap at 85oC for 45 min, then rinsed throughout 

using DI water. The fibers were dried at room temperature for two 

days. In a typical process, silk fibers/scaffolds were immersed in a 

reaction bath with a dimethylsulfoxide (DMSO) solution (0.15 ml) 

consisting of 4% NF (on the weight of fibers [o.w.f.]). Then, the silk 

fibers/scaffolds were fished out and dry at room temperature. The 

functionalized silk fibers were rinsed with distilled water, and 

sonicated for 5 minutes. The same rinsing procedure was repeated 

for five times. 

Cell culture and seeding. 

Silk scaffolds were cut into cuboids (5 mm × 5 mm × 2 mm), 

sterilized using UV radiation, under laminar airflow chamber. These 

sterilized silk scaffolds were then transferred to a 24-well culture 

plates individually. 3T3 fibroblast cells were seeded onto the 

scaffolds at a density of 4 × 105 cells per scaffold, and then cultured 

in Dulbecco’s modified Eagle’s medium (DMEM) supplemented 

with 10% fetal bovine serum (FBS), 3% D-(+)-Glucose, 1.5% 

sodium bicarbonate and 1% penicillin streptomycin solution (10.000 

mg/ml) at 37oC at 95% humidity and 5% CO2. Cells were observed 

daily by microscopy and the cell culture medium was changed on a 

daily basis. 

Two-photon fluorescence imaging. 

Incubation of the cells was stopped after ten days, cell growth was 

examined with light microscopy and cells were fixed with 3.8% 

paraformaldehyde (PFA) for 15 minutes at room temperature. The 

cell membrane was permeabilized with 0.1% Triton X-100  in PBS 

for 5 minutes at room temperature. The samples were imaged by 

TPF microscope after incubating the samples in 0.4 mL PBS 

containing 10 µl Phalloidin-Alexa 488 and 4 µl 4’,6’-di-amidino-2-

phenyl-indol (DAPI) for 30 min, followed by extensive washing at 

200 rpm for 45 mins.  

Physical characterization. 

The FTIR spectra were recorded on a Thermo Nicolet 5700 

spectrometer. The 1HNMR spectra were recorded on a Bruker 

AVANCE/DMX 400-MHz Bruker NMR spectrometer using 

chloroform-d (CDCl3). Tetramethylsilane was used as the internal 

reference for the NMR analyses. UV-vis spectra were recorded on a 

Varian cary 50 spectrometer with a 1-cm2 quartz cell. Fluorescence 

spectra were recorded on a JASCO FP-6600 spectrophotometer 

using a quartz cell with an optical path length of 1 mm. The quantum 

yield of the solid films were determined using an integrating sphere. 

Scanning electron microscopy images were recorded on a JEOL 

JSM-6700F field electron microscope operating at 5 kV. An Instron 

MicroTester was used to measure the force-extension characteristics 

of the silk. A thread was fixed between two hooks of the instrument, 

which had a gauge length of 20 mm with a measured error of 0.1 

mm. The thread was stretched until it broke and the stain rate was 

50% per minute. The experiments were operated at 22oC and 

humidity was kept at 65%.  

TPF measurement of organic compounds was carried out using the 

same laser system described above operating at 780 nm. The details 

of the two-photon technique experimental setup are described 

elsewhere. TPF imaging and spectrum of fibers were performed 

using Leica TCS SP2 laser scanning confocal microscope with a 

Ti:Sapphire laser (Mira Optima 900F, Coherent) as the excitation 

source. For all experiments, the laser is tuned at 800 nm with 0.5 

mW power after the objective and provides ~100 fs pulses at a 

repetition rate of 76 MHz. 

TPA cross-section values for all dyes were determined by open-

aperture Z-scan measurements at 780 nm with 450-fs laser pulses at 

1-kHz repetition rate. The laser beam was generated by a mode-

locked Ti: Sapphire laser, which was seeded a Ti: Sapphire 

regenerative amplifier. The laser pulses with near-Gaussian spatial 

and temporal profiles were focused onto 1-mm-thick quartz cuvette 

using a lens of focal length of 15 cm. Moreover, the Z-scan 

experimental system was calibrated using a piece of cadmium 

sulfide bulk crystal because this sample possesses large TPA at the 

wavelength of 780 nm and was well-investigated in our laboratory. 

In theory, the normalized transmittance for the open aperture can be 

written as 

1||,
)1(

)]([
)1,( 0

0
2/3

0 <
+

−
== ∑

∞

=

qfor
m

zq
szT

m

m

            (1) 

where q0(z) = βI0Leff/(1+z2/z2 0) with β is the TPA coefficient, I0 

is the intensity of laser beam at focus (z = 0), Leff = [1-exp(-αL)]/α is 

the effective thickness (α is the linear absorption coefficient, L is the 

sample thickness, z0 is the diffraction length of the laser beam, and z 

is the sample position).31 The TPA cross-section σ is calculated by 

σ = hνβ/N                                        (2) 

where N is the number of molecules per cm3 and hv is the excitation 

photon energy. The TPA cross-section σ is expressed in Göppert 

Mayer (GM) units, in which 1 GM = 1×10-50 cm4 s photon-1.  

TPF imaging and spectrum of fibers were performed using Leica 

TCS SP2 laser scanning confocal microscope with a Ti:Sapphire 

laser (Mira Optima 900F, Coherent) as the excitation source. For all 

experiments, the laser is tuned at 800 nm with 0.5 mW power after 

the objective and provides ~100 fs pulses at a repetition rate of 76 

MHz. The silk sample sealed in test tubes were carried out at 80 oC 

for about 40 mins. Then, the silk fibers/scaffolds were fished out and 

rinsed with distilled water, and sonicated for 5 mins. The same 

rinsing procedure was repeated for five times. The obtained 

fibers/scaffolds were dried later at room temperature.  
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