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Two-photon polymerization is expected to realize the fabrication of biological tissues for 

regenerative medicine and drug development because of its capability of three-dimensional 

fabrication with submicrometer spatial resolution. However, photopolymerization initiators 

generally added to resins have low biocompatibility and water solubility, which pose a 

challenge for the biological application of micro- and nano-structures fabricated by 

photopolymerization. In this study, we perform two-photon polymerization using 

biocompatible materials without photoinitiators and evaluated the preservation of the material 

properties of the fabricated 3D structures. Poly(ethylene glycol) diacrylate (PEGda) and 

collagen have been successfully fabricated using a femtosecond pulsed laser at a wavelength 

of 400 nm with a feature size of 100 nm without photoinitiator. The excitation intensities 

required for the polymerization of PEGda and collagen are about 450 kW/cm2 and 150 

kW/cm2, respectively, which are smaller than those reported with using photoinitiators. 

Raman spectroscopy is used to confirm that the water-swelling polymer network of PEGda 

and the enzymatic degradation of collagen, which are important factors in the application with 

live cells, are maintained in the fabricated structures. 

 

1.  Introduction 

Two-photon polymerization (TPP) can be used to fabricate three-dimensional 

micro/nanostructures with a feature size beyond the diffraction limit of light [1,2]. TPP 

fabrication has been used in biological applications such as cell culturing [3–5], tissue 

engineering[6,7], and microfluidics [8,9]. In biological applications, arbitrary 3D fabrication with 

a submicron feature size has the potential to reproduce 3D scaffolds with subcellular-scale 

structures for organ printing or with precisely controlled geometry for systematic study of 

cellular behavior at the single-cell level. 

 One of the challenges in the biological applications of TPP is the development of 

photoinitiators to be added to photopolymerizable resins. When a near-infrared (NIR) 
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femtosecond pulsed laser beam is used for the excitation of TPP, the photoinitiator absorbs 

two photons of NIR light and generates radicals to trigger a free-radical polymerization 

reaction. For bio-applications in TPP, photoinitiators must have less cytotoxicity and high 

solubility in an aqueous medium, as well as a large two-photon absorption cross-section to 

increase the efficiency of radical generation. However, photoinitiators in a resin typically 

reduce the survival rate of cells cultured on the microstructures made of the resin[3,10,11], which 

has hindered the biological applications of TPP.  

 Recently, TPP without the addition of photoinitiators has been conducted using visible 

femtosecond pulsed laser light[12,13]. Two-photon absorption using visible light can directly 

excite functional groups of monomers, such as C=C, C=O, or aromatic compounds, which 

have strong absorption in the deep UV region from 200 to 300 nm, to realize two-photon 

polymerization (deep-UV two-photon polymerization, DUV-TPP) of the monomers. By using 

a wavelength of 530 nm[12], the 3D fabrication of microstructures of proteins (bovine serum 

albumin and human serum albumin) has been demonstrated. Taguchi et al. reported TPP using 

femtosecond laser pulses with a wavelength of 400 nm and presented the 3D nano-fabrication 

of pure acrylate monomer/oligomer with a feature size of 80 nm[13]. Because shorter 

excitation wavelengths have higher photon energy and can excite a greater variety of chemical 

bonds related to photopolymerization, this can polymerize various materials without 

photoinitiators. Moreover, we found that the excitation laser power required for fabrication 

using 400-nm femtosecond pulses was lower than that using NIR pulses and photo-initiators 

because the monomers absorbing light to start polymerization are high in concentration.  

 In this study, we applied DUV-TPP to photoinitiator-free polymerization of bio-

practical materials. We performed DUV-TPP of PEGda as a hydrogel material and collagen 

as a typical extracellular matrix (ECM) protein in biological tissue, which have been used in 

various biological applications. It is important to investigate the chemical properties of 

biomaterials upon DUV-TPP to understand how the materials are chemically modified at two-
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photon polymerization without photoinitiators and determine the extent to which the intrinsic 

properties are preserved. By comparing the Raman spectra before and after irradiation with 

visible pulses, we examined the chemical reaction in direct two-photon excitation 

polymerization without photoinitiators. We confirmed that the hydrogel response to water and 

enzymatic degradation of collagen were preserved in the fabricated microstructures.   

2.  Result and Discussion 

2.1. DUV-TPP of PEGda 

We used PEGda with an average molar mass of 700 g/mol to demonstrate the DUV-TPP of 

hydrogels without a photoinitiator. PEGda is a biocompatible and low-cytotoxic hydrogel that 

has been used for the 3D microfabrication of hydrogel structures by NIR-TPP with 

photoinitiators [3,14–17]. PEGda has two C=C bonds per molecule (Figure 1A). It does not 

exhibit light absorption in the visible region but, in the DUV region (around 200 nm), as 

shown in Figure 1A and did not show photopolymerization under irradiation of CW laser light 

with a wavelength of 405 nm (Figure S1). We expected photopolymerization of PEGda with 

two-photon excitation using visible femtosecond pulses.  

A micro-woodpile structure of PEGda was fabricated with 400-nm femtosecond 

pulsed excitation. Figure 1B shows the SEM image of the microwoodpile structure fabricated 

using pure PEGda as a material. The structure was designed with the volume of 5 µm×5 

µm×5 µm and the periodicity of 0.5 µm and 0.3 µm in lateral and axial, respectively. 

 The 3D structure of PEGda was fabricated without photoinitiators as designed. Figure 1C 

shows the SEM image of the area indicated by the dotted rectangle in Figure 1B. The 

linewidth at the top of the 3D microstructure is 100 nm. By utilizing the effect of shrinkage 

during development[18,19], we achieved a linewidth of 30 nm for a suspended nanowire when 

we used 4arm-PEG acrylate as a monomer (Figure S2).  
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Figure 1.  DUV-TPP of PEGda. (A) UV-Visible absorption spectrum of PEGda and its 

molecular structure. (B) SEM images of 3D microstructures with a nano-feature size. The 

excitation intensity was 485 kW/cm2. (C) SEM image magnified in (B). 

 We fabricated a PEGda cube with a side of 5 µm by adjusting the excitation intensity 

from 0 kW/cm2 to 708 kW/cm2 to understand the effect of the excitation intensity. Figure 2A 

shows an optical bright-field image of the microcubes fabricated with excitation intensities 

from 99 kW/cm2 to 708 kW/cm2. While an excitation intensity smaller than 436 kW/cm2 was 

not sufficient for DUV-TPP, an excitation intensity over 708 kW/cm2 caused the structure to 

explode (Figure S3). 

To understand the chemistry of DUV-TPP, we performed in situ Raman analysis. 

Figure 2B shows the Raman spectra of PEGda irradiated with a 400 nm femtosecond pulsed 

laser beam at various excitation intensities, together with the Raman spectrum of pure PEG.  

The Raman spectra of PEGda after DUV-TPP still have specific Raman peaks of PEG, 

indicating that the fabricated microstructures possess a chemical structure similar to that of 

PEG. 

We plotted the Raman peak intensities to the DUV-TPP excitation intensity for several 

Raman bands in Figure 2C. The Raman peak intensities are normalized by the intensity of O-

CH2 deformation at 1470 cm-1, with an assumption that O-CH2 was not altered by the 

polymerization reaction [20] and could be used as an internal reference. Hence the difference in 

the detection volume in each measurement was canceled in the plot. We also normalized each 
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plot by the Raman peak intensity at an excitation intensity of 0 kW/cm2, where no Raman 

peak was affected by DUV-TPP. Figure 2C clearly shows the threshold in the excitation 

intensity that alters Raman spectrum; there was no significant change in the peak intensity of 

any of the Raman peaks at excitation below 380 kW/cm2, whereas above 436 kW/cm2, the 

plots show decreases or increases in the Raman peak intensity. The threshold excitation 

intensity also corresponds to the intensity that separates successful and unsuccessful 

fabrication in bright-field observations shown in Figure 2A.  

The decreased Raman peaks at 1411 cm-1, 1636 cm-1, 1722 cm-1, 3113 cm-1, and 3041 

cm-1 are related to the alkene C=C and C=O bonds, similar to the responses observed in the 

DUV-TPP of acrylate resin[13]. The decrease in these Raman intensities indicated that the C=C 

bonds were consumed via their cleavage by photoexcitation. The decrease in the C=O Raman 

peak was presumably caused by the collapse of conjugation with the cleaved C=C bonds[21,22]. 

Associated with the cleavage of C=C bonds, the loss of molecular planarity occurred and the 

reduction in the in-plane CH2 deformation vibration was caused. These Raman intensities 

decrease nonlinearly with excitation intensity, indicating that the photopolymerization of 

PEGda under visible femtosecond-pulse irradiation was induced by a two-photon process. 

The increase in Raman peaks at 2889 cm-1 and 2950 cm-1, assigned to the symmetric or 

asymmetric CH2 stretching vibration in C-C bonds, can be explained by the increase in the 

number of C-C bonds generated from the C=C bonds via their cleavage.  

At the excitation intensities between 493 and 708 kW/cm2, the Raman intensity 

increase and decrease became subtle, and Raman intensities related to C=C bonds converged 

to 0.2 approximately. According to literature, approximately 20% of the acrylate monomer 

remains unreacted during the polymerization reaction at room temperature[23,24]. In our study, 

the photopolymerization reaction became saturated, and unreacted monomers remained in the 

fabricated structure. The degree of conversion from monomer to polymer in DUV-TPP can be 

estimated at 80% from Raman spectroscopy. The value is equal to or higher with 
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photoinitiators in one-photon[25] and two-photon polymerization[26,27]. Because the higher 

conversion rate exhibits larger mechanical strength of photo-induced polymer[27,28], our result 

suggests no significant difference in mechanical properties between with and without 

photoinitiators in two-photon polymerization. Also, this result indicates that cytotoxicity 

effect from unreacted monomer in a microstructure using DUV-TPP is not larger than that 

using a photoinitiator in one-photon and two-photon polymerization. 

We also polymerized 4arm-PEG acrylate with DUV-TPP and performed in situ 

Raman analysis of the fabricated structures. With the Raman analysis, we confirmed that the 

intensity decrease in Raman peaks was attributed to C=C bonds and the intensity increase in 

Raman peaks was attributed to C-C bonds. (Figure S4). The changes in the Raman peaks 

occurred with a lower excitation intensity (21 kW/cm2) than that for the case of PEGda. This 

is because the greater number of functional groups exists in the C=C bonds per molecule.  

The lowest excitation intensity of 436 kW/cm2 for DUV-TPP of PEGda is less than 

one-fourth of the energy required in the previous report where 535-nm femtosecond pulses 

were focused by an NA-1.4 objective lens for two-photon excitation of PEGda (700 Mn) with 

a photo-initiator (HMPP)[29]. About half of the recent publications used an NA-1.4 and the 

exposure time similar to our experiments [17,30]. The smaller excitation threshold with 

photoinitiators was due to the higher concentration of excited species. The resin consisting of 

100% PEGda was directly excited in DUV-TPP. On the other hand, in the case of using 

photoinitiators in NIR-wavelength excitation, the concentration of the photoinitiator is 

typically less than 1 wt% in the resin to avoid cytotoxicity. We experimentally compared the 

excitation threshold of TPP using a photoinitiator of Irgacure 369 and NIR-wavelength 

excitation (Figure S5). The result shows that DUV-TPP has an excitation threshold smaller 

than TPP by NIR light using photoinitiators with a concentration less than 2.0 wt%. This 

result shows that the photoinitiator generated radicals more efficiently per molecule than the 
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monomer (PEGda). However, cytotoxicity would also increase when the photoinitiator 

concentration is increased. 

 

 Figure 2. Raman analysis of PEGda upon DUV-TPP. (A) Optical bright-field image of 

micro-structures which were fabricated with different excitation intensities. (B) Raman 

spectra of PEGda micro-structures (solid lines) and PEG (dotted line) (C) Plots of Raman 

peak intensities as a function of excitation intensity for DUV-TPP. 

 To verify that the properties of the fabricated PEG microstructures were preserved, we 

investigated their water response. The PEG molecular structures can swell by absorbing 

water. It has been reported that microstructures fabricated with TPP still exhibit a swelling 

function in water[15,31]. Water-swollen polymer networks in hydrogels can mimic the 

mechanical stiffness of the ECM in soft tissue and are helpful for cell attachment[32]. We cast 

a droplet of 100 µL distilled water on the micro bolt-shaped structures with a thick cylinder 

on a thin cylinder (Figure 3A) which were fabricated using DUV-TPP with excitation 

intensities from 513 kW/cm2 to 718 kW/cm2. (Figure 3B). Figure 3C shows that all the 

obtained microstructures showed expansion by swelling. We measured the swelling ratio 

based on the surface area at the top surface of the bolt heads before and after the addition of 

water. As shown in Figure 3D, the swelling ratio decreases as a function of excitation 

intensity. This decrease can be related to the cross-linking density at the micro-structure; the 

higher the excitation intensity for photopolymerization of PEGda, the higher cross-linking 
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density with less polymer mesh size and, consequently the smaller water swelling[31]. The 

result indicates that DUV-TPP can be used to fabricate the microstructure of a PEG hydrogel 

with a water-swollen polymer network. 

 

Figure 3. Water response of PEG structures fabricated by DUV-TPP. (A) Design of a micro-

structure for measurement (B) Bright-field image of microstructures fabricated from pure 

PEGda with the excitation intensities from 513 kW/cm2 to 718kW/cm2. (C) Bright-field 

image of the micro-structures after the addition of 100 µL distilled water. Scale bars is 5 µm. 

(D) A plot of swelling ratio as a function of excitation intensity. 

 

2.2. DUV-TPP of type-I collagen 

We performed photoinitiator-free DUV-TPP using type-I collagen, which is one of the ECM 

proteins. The ECM regulates various cellular functions, such as cell behavior [33], cytoskeleton 

formation[34], and intercellular communication[35]. Type I collagen is fibrillar collagen present 

in most organs and is a major component of the ECM. It is particularly abundant in the bones, 

tendons, and dermis. Type I collagen has been used as a material for 3D fabrication using 

cross-linking after two-photon absorption by photoinitiators [36–40]. However, the fact that type 

I collagen is soluble only in acidic aqueous solutions could place a difficulty in the use of 



  

10 
 

photoinitiators because photoinitiators typically lose their function under acidic conditions 

[36,38].   

Type I collagen absorbs DUV light, especially at 200- 220 nm (Figure S6), by amino 

acids such as glycine, proline, alanine, and aromatic amino acids, which are major 

components of collagen. Here, we performed photoinitiator-free fabrication of type I collagen 

by DUV-TPP.  An acidic type I collagen aqueous solution without photoinitiators was 

prepared and dropped on a coverslip at room temperature. The collagen sample was excited 

using a visible femtosecond pulsed laser beam (Experimental Section). The focal spot was 

steered over a cubic region of 5 µm per side. Cubic structures were fabricated at the excitation 

intensity of 141 kW/cm2 and higher up to 213 kW/cm2. Figure 4A shows a bright-field image 

of the structures fabricated with different excitation intensities. The excitation intensity of 141 

kW/cm2 was approximately one-seventieth of the value obtained by direct multiphoton 

excitation of collagen using a near-infrared femtosecond pulsed laser[41]. Adjusting the two-

photon excitation wavelength to match approximate double of the one-photon absorption peak 

wavelength leads to a more efficient cross-linking reaction.  

Figure 4B shows the Raman spectra of the fabricated structures shown in Figure 4A. 

The solid lines represent the Raman spectra, and the dotted line indicates the baseline 

calculated using polynomial fitting[42]. The increased baseline with an excitation intensity 

above 141 kW/cm2 indicates an increase in autofluorescence from collagen microstructures. 

Figure 4C shows the Raman spectra after baseline subtraction. According to literature 

showing intact type I collagen Raman spectra[43–46], The peaks observed in the obtained 

spectra are interpreted as follows; the peaks at 816 cm-1,  855 cm-1, and 878 cm-1 can be 

assigned to the stretching vibration of C-C, mainly from proline and hydroxyproline; 1003 

cm-1, the stretching vibration of C-C bonds in phenylalanine; 1236 cm-1, the amide III band in 

the random coil structure; 1270 cm-1, the amide III band in the alpha-helix secondary 

structure; 1451 cm-1, the deformation vibration of CH3 and CH2; 1601 cm-1, the ring vibration 
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in tyrosine and phenylalanine; and 1667 cm-1, the stretching vibration of C=O in the amide I  

band. Even after two-photon excitation using a visible laser, several Raman peaks at 878 cm-1 

and 1003 cm-1 remained unchanged. Above the intensity of 141 kW/cm2, two Raman peaks 

appeared at 1601 cm-1 and 1772 cm-1. These two Raman bands correspond to the 

photoproduct band[47] and the stretching vibration of C=O in COOH, but not in the amide I 

band, respectively.  

Next, we analyzed the intensity of autofluorescence. Figure 4D shows the plot of the 

baseline intensity obtained with the sum of the baselines between 800 cm-1 and 1800 cm-1. 

The fluorescence baseline intensity increased drastically above the two-photon excitation 

intensity of 141 kW/cm2. It has been reported that collagen shows an increase in fluorescence 

after UV irradiation due to cross-linking[48,49]. It has been experimentally demonstrated that 

photo-induced cross-linking and fluorescence are derived from aromatic acids [50,51]. It has 

also been reported that fluorescence from collagen increases after the addition of a 

photosensitizer and two-photon excitation using a NIR femtosecond laser [52]. In literature, the 

growth of the fluorescence signal was attributed to formation of di-tyrosine, which was 

generated by photo-oxidation of the tyrosine side chain [52]. In our study, the increase in 

fluorescence was probably caused by cross-linking of collagen molecules which was directly 

induced with a visible femtosecond pulsed laser. On the other hand, we observed that the 

microstructures with too much excitation intensity for fabrication caused less 

autofluorescence (Figure S7). It can be explained by the optical breakdown of collagen. 

Figure 4E shows a plot of the relative Raman intensity, which was calculated using the 

ratio of the intensities at 1236 cm-1 of amide III mode in the random coil, to those at 1270 cm-

1 of amide III in the alpha-helix. These Raman bands have been used to identify the secondary 

structure of collagen[53]. We observed a decrease in the Raman intensity ratio and a large 

slope of the decrease at 165 kW/cm2 as the excitation intensity increased. The decrease in the 
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intensity ratio shows that the secondary structure changed from an alpha helix to a random 

coil. This structural change has been experimentally reported for DUV irradiation [54].  

Figure 4F shows a plot of the Raman peak intensity at 1601 cm-1, normalized by that 

at 1454 cm-1. The plot also shows a gradual increase below 141 kW/cm2 and a sharp increase 

above that. This Raman peak was originally assigned to ring vibrations of tyrosine and 

phenylalanine. The growth in the Raman band could be attributed to photoproducts generated 

in collagen from photo-oxidation of amino acid residues, especially tyrosine, histidine, 

phenylalanine, and methionine, as indicated by photo-oxidation of those amino acids using 

DUV irradiation[55]. It has also been reported that the Raman bands of these photoproducts 

were observed around 1600 cm-1 in the Raman spectra of proteins and cells after DUV 

exposure [47]. Moreover, oxidized tyrosine shows a similar Raman band [56]. We 

experimentally verified that tyrosine solution after DUV-TPP also has Raman spectrum 

similar to the reported oxidized tyrosine one (Figure S8), indicating that visible-wavelength 

two-photon excitation onto collagen induced photo-oxidation of tyrosine residues.  

Figure 4G shows the plot of the Raman peak intensity at 1772 cm-1. The plot shows a 

drastic increase above a threshold intensity of 141 kW/cm2. It has been reported that the 

appearance of the C=O peak at approximately 1780 cm-1 is due to the partial hydrolysis of 

peptide links within collagen[57]. It is also known that UV exposure to collagen induces the 

cleavage of its peptide bonds[58–60]. These facts indicate that the cleavage of peptide bonds in 

collagen was induced in DUV-TPP. 

Raman intensities and auto-fluorescence intensity also in Figure 4D-G have nonlinear 

behavior with a respect to excitation intensity. On the other hand, the irradiation of 400 nm 

CW light did not show photopolymerization effects even at a 5 times higher excitation 

intensity (Figure S1), which confirms that the photopolymerization under the visible pulse 

irradiation did not occur with the linear process. The above results indicate that the oxidation 

of amino acids and cleavage of peptide bonds in collagen were induced in two-photon 



  

13 
 

process. In our assumption, the oxidation of aromatic amino acids induces crosslinking of 

collagen and the cleavage of peptide bonds results in discontinuous collagen structures. These 

chemical changes led to conformational changes in the random-coiled structure. 

We performed further analysis of collagen using liquid chromatography (LC) and 

mass spectrometry (MS). Dozens of collagen microstructures (800 µm × 800 µm × 5 µm) 

were prepared with DUV-TPP, were digested with collagenase solution. The detailed 

pretreatment for LC and MS measurement is described in the experimental section. Figure 4H 

is fluorescence chromatograms of collagenase digest of collagen with and without DUV-TPP. 

Excitation and detected emission wavelength were set to 320 nm and 400 nm, respectively. 

Fluorescence chromatogram of collagen with DUV-TPP shows several distinct peaks at the 

retention time between 2.5 and 10 min, which are not seen in that without DUV-TPP. 

Enzymatic degraded peptide fragments with DUV-TPP emit autofluorescence. Figure 4I 

shows MS spectrum of the eluate with DUV-TPP at 2.8 min retention time, at which collagen 

with DUV-TPP showed the strongest peak in fluorescence chromatogram. MS spectrum has 

two characteristic peaks at 861.06, and 877.03 m/z, which are not observed in MS spectrum 

without DUV-TPP, suggesting the mass of fluorescence peptides. According to the LC and 

MS analysis, visible two-photon excitation generated fluorescent peptides in collagen as a 

photoproduct. 
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Figure 4. Raman, LC and MS investigation of collagen upon DUV-TPP. (A) Optical bright-

field images of microcubes fabricated with different excitation intensities of DUV-TPP. (B) 

Raman spectra of collagen irradiated with different excitation intensities of DUV-TPP. Solid 

lines are normalized one. Dotted lines are the baselines. (C) Baseline-subtracted Raman 

spectra of (B). (D)-(G) Raman peaks plots as a function of excitation intensity of DUV-TPP. 

(H) Fluorescence chromatograms of digested collagen with (red) and without (black) DUV-
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TPP. Excitation and emission wavelength were set to 320 nm and 400 nm, respectively. (I) 

MS spectrum of HPLC fractioned collagen at the retention time at 2.8 min.  

 

We also examined the enzymatic reaction of collagen after DUV-TPP treatment using 

collagenase, which specifically fragments peptides in the collagen triple helix. To do this, we 

fabricated cubic structures with sides of 5 µm using different excitation intensities for DUV-

TPP from 191 kW/cm2 to 450 kW/cm2. A droplet of collagenase solution in PBS at 37 °C was 

added to the microstructures. Figure 5A shows time-lapse bright-field images of the 

fabricated microstructures after the addition of collagenase solution. We observed the decay 

of the image contrast of the microcubes over time with the structures fabricated with laser 

intensities lower than 450 kW/cm2. The micro-cube fabricated with an excitation of 450 

kW/cm2 was observed 800 s after the addition of the enzyme. Figure 5B shows plots of the 

relative darkness, which was calculated by subtracting the value of micro-cubes from that 

around the micro-cubes as a background. Single exponential fitting of these plots showed that 

the time for contrast decay increased as the excitation intensity for DUV-TPP increased. The 

contrast decay of the structure fabricated at 450 kW/cm2 was two orders of magnitude slower 

than the others, indicating that triple-helix structures in collagen were mostly destroyed by its 

high excitation intensity. These results indicate that at an excitation intensity of less than 450 

kW/cm2, DUV-TPP of collagen can be performed with a small degradation in the peptide 

structure of collagen. Moreover, we performed fluorescence staining with the collagen-

binding reagent Col-F, which is also specific to the triple-helix structure. We confirmed that 

the microstructure of collagen was stained with Col-F, and the microstructure showing the 

breakdown effect was not stained (Figure S9). Additionally, we confirmed that the fabricated 

collagen microstructures swelled about 1.7 times in DMEM medium at 37 °C temperature 

(Figure S10). This indicates that the fabricated collagen microstructures have hydrogel 
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characteristic. These results conclude that careful tuning of the DUV-TPP conditions can 

realize the 3D fabrication of collagen while maintaining its intrinsic properties. 

 

Figure 5. Enzymatic reaction of collagen structures fabricated by DUV-TPP. (A) Time-lapse 

bright-field images during enzymatic reaction with collagenase. (B) Plots of contrast change 

and the decay time (tdecay) of the collagen microstructure. 

We observed 3D micro or nanostructures of collagen by detecting the auto-

fluorescence of collagen after irradiation with visible wavelength pulses at 400 nm. Confocal 

microscopy was used for three-dimensional (3D) imaging. We fabricated a 3D collagen 

micro-network structure with seven posts connected in lines. We conducted 3D imaging of 

collagen microstructures without any developmental process because the 3D collagen 

structures collapsed due to its insufficient stiffness when they were extracted in the air. 

Fluorescence was collected at 500-550 nm using a 488 nm excitation wavelength. Figure 6A 

shows the obtained 3D optical sectioning images. The lines were only observed at a height of 

3 µm. Figure 6B shows the 3D fluorescence image of the fabricated structure. Figure 6C 

shows a cross-sectional (xz) fluorescence image obtained from the dotted line in Figure 6A. 

The line structure is free-standing in three dimensions and imaged as a line with FWHM 

values of 0.340 and 0.610 µm in the lateral and axial directions, respectively. The lateral 

linewidth was three times smaller than that in a demonstration using NIR femtosecond 
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pulses[41]. Because the extraction of the 3D structures in the air was not successful, scanning 

electron images were not obtained in this experiment. 
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Figure 6. 3D observation of a fabricated collagen micro-structure. (A) 3D optical sectioning 

with a confocal autofluorescence image of the 3D collagen microstructure. The excitation and 

detection wavelengths were 488 nm, and 500-550 nm, respectively. The excitation intensity of 

DUV-TPP was 360 kW/cm2. (B) Reconstructed autofluorescence image of the 3D collagen 

structure. (C) Cross-sectional (xz) fluorescence image obtained at the dotted line in (A). (D) 

Line profiles of the micro-structure indicated by arrows in (C) in lateral and axial directions. 

 

3.  Conclusion 

In this work, we applied photoinitiator-free two-photon polymerization to fabricate 

micro/nano-scale 3D structures using biocompatible materials PEGda and collagen.  We 

successfully performed 3D microfabrication of these materials with a feature size on the 

nanometer scale and a higher polymerization efficiency than those obtained using 

photoinitiators by a longer excitation wavelength. As a future work, it is necessary to increase 

the stiffness of the 3D collagen structure in order to extract it in the air for biological 

applications. It can probably be a solution to mix glucose as a cross-linker and conduct photo-
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crosslinking of the mixed one[61], or to use collagen chemically modified by (meth)acryloyl 

groups[62,63].  

We elucidated the chemical mechanism of the photoinitiator-free TPP of PEGda and 

collagen by introducing a Raman spectroscopic system into DUV-TPP. In PEGda, the C=C 

bonds are consumed for two-photon polymerization, even without photoinitiators. In collagen, 

we found that cross-linking via photooxidation of aromatic amino acids and cleavage of 

peptide bonds occurred simultaneously, leading to a partial change in the secondary structures 

of collagen. We confirmed that the water swelling of the PEGda microstructures was similar 

to that of the fabrication using a NIR femtosecond pulsed laser and a photo-initiator. We also 

observed that the microstructures of collagen without optical breakdown can maintain the 

enzymatic properties of collagenase. These results indicate that the material-specific 

characteristics of each material are preserved even after DUV-TPP.  

DUV-TPP can be a method for fabrication of a 3D cell culturing scaffold with a single 

cell scale. Since DUV-TPP does not use photoinitiator, the fabricated structures probably 

have more biocompatible than that fabricated with TPP using photoinitiators. By creating 3D 

microstructures with DUV-TPP and seeding cells on the microstructures, cells can be cultured 

in a 3D environment with less cytotoxicity. On the other hand, DUV-TPP may not be used for 

the 3D fabrication in the presence of living cells because cells can also be excited via one- or 

two-photon absorption. When considering the encapsulation of cells, using NIR wavelength 

for excitation is more appropriate due to the less cell damage during light irradiation[15,64,65]. 

In principle, DUV-TPP is highly feasible for application to other biocompatible 

materials with absorption in the deep-UV region, such as functionalized biodegradable 

polymers or other ECM proteins. DUV-TPP can expand the range of materials used to 

fabricate 3D cell scaffolds with high biocompatibility. Using a shorter wavelength would 

expand the range of chemical bonds available for DUV-TPP, possibly providing more 

efficient excitation with a better spatial resolution. The challenge of low-throughput 
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fabrication in two-photon polymerization remains but as DUV-TPP requires a lower 

excitation intensity than that of TPP using NIR light does, it has the potential of higher 

throughput by combining existing technologies, such as multi-focus excitation[66] or 2D 

projection based on spatiotemporal focusing[67], which have been developed for NIR-TPP.  

 

4. Experimental section 

Optical system for DUV-TPP fabrication and in-situ Raman spectroscopy 

Figure 7 shows an optical system for performing DUV-TPP fabrication and the Raman 

spectra of materials in situ before and after DUV-TPP. The light source for two-photon 

excitation was a mode-locked Ti: sapphire laser (Tsunami, Spectra Physics) oscillating at a 

center wavelength of 800 nm with a pulse width of 80 fs and repetition rate of 82 MHz. The 

800-nm femtosecond pulses were converted to 400-nm pulses via second harmonic generation 

by focusing on a BBO crystal (CASTECH INC.) through a lens (L1, f=50 mm, AC254-050-

B-ML, Thorlabs). The generated visible pulsed laser was collimated by another lens (L2, 

f=100 mm, AC254-100-A-ML, Thorlabs), expanded by a couple of lenses (L3, f=30 mm, 

AC254-30-A-ML, Thorlabs; L4, f=150 mm, AC254-150-A-ML), and extracted through a 

bandpass filter with a center wavelength of 400 nm (FBH400-40, Thorlabs). The visible 

femtosecond pulses were reflected on two dichroic mirrors (DM1, DMLP505, Thorlabs; 

DM2, FF665-Di02-25×36, Semrock) and focused onto a sample with an oil-immersion 

objective (NA1.45, UPlanApo, OLYMPUS). The sample was set on a 3-axes piezoelectric 

stage (P-517, Physik Instrumente) and steered in three dimensions relative to the fixed focal 

spot.  

 We used a 532-nm solid-state CW laser (Samba, Cobolt) as the light source for Raman 

excitation. The excitation laser beam was collimated and expanded with a couplel of lenses 

(L3, f=30 mm, AC254-030-A-ML; L4, f=200 mm, AC254-200-A-ML). The expanded beam 

was reflected at two dichroic mirrors (DM2, FF665-Di02-25×36, Semrock; DM3, Di02-
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R532-25×36, Semrock) and focused with the same objective lens onto the sample. Scattering 

from the samples was collected through the objective. Raman scattering data were extracted 

using DM1 and a long-pass filter (LP, LP02-532RU-25). Raman spectra were obtained using 

a spectrophotometer (SP300i, Princeton Instrument Acton) equipped with a cooled charge-

coupled device (CCD) camera (Spec10: 400BR, Princeton Instruments) through a lens (L7 

f=200 mm, AC254-200-A-ML). We used a grating with a blaze wavelength of 500 nm and 

600 grooves/mm for Raman measurements.  

Sample preparation 

PEGda (700 Mn) from Sigma was used without any purification. For the fabrication of 

hydrogel PEGda, a 20 µL droplet of pure PEGda was cast on a MAS-coated coverslip (MAS-

GP, Matsunami). When measuring a UV-Visible absorption spectrum of PEGda, we diluted 

PEGda in water to a concentration of 2 wt%. 

A solution of collagen type I (3 mg) under acidic conditions was purchased from Nitta 

Gelatin (Cellmatrix type I-A). Collagen solution (60 µL) was dropped on a coverslip (MAS-

GP, Matsunami) and dried at room temperature for 30 min, which increased the concentration 

of collagen molecules.  

Fabrications 

The fabricated structures were designed using 3D CAD software. The trajectory of the focal 

spot during TPP fabrication was calculated based on the G-code. The exposure time for 

fabrication was 4 ms/voxel for all experiments. The light intensity for TPP was changed from 

0 kW/cm2 to approximately 700 kW/cm2 depending on the purpose of the experiments. For 

the Raman spectroscopy study, we fabricated a cubic structure with a side of 5 µm. The light 

intensity at a sample plane was calculated by dividing the average power by the spot size, π

(0.61λ/NA)2. 

Raman measurements and analysis 
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For Raman measurements of the PEGda samples, the exposure time of the CCD camera and 

the Raman excitation intensity was 10 s and 2700 kW/cm2, respectively. The width of the slits 

was 40 µm.  

When we used collagen as a sample, we set the CCD camera exposure time at 60 s, slit 

width at 40 µm, and excitation intensity at 2700 kW/cm2. We applied Savitzky-Golay filtering 

with a polynomial order of 3 and frame length of 5 to the obtained Raman spectra. Baseline 

correction using a modified polyfit fluorescence removal method[42] was applied to the Raman 

spectra to plot the Raman intensities of several Raman peaks as a function of the excitation 

intensity for DUV-TPP.  

Scanning electron microscope observation of PEG micro-structures 

To observe the microstructure of PEGda, the fabricated microstructure was extracted using 

ethanol and covered with a platinum layer of 2 nm thickness. The microstructure was 

observed using a field-emission scanning electron microscope (S4800, Hitachi).  

Liquid chromatograph (LC) and mass spectrometry (MS) of collagen 

Fabricated collagen structures on a coverslip were collected in a tube by scratching surface of 

the coverslip with tweezers, incubated in 37 °C collagenase solution for digestion in 30 min, 

and freeze-dried. The freeze-dried sample was dissolved in 50 µL water-acetonitrile mixture 

(95/5; v/v) containing 0.1% trifluoroacetic acid, and filtered with 0.45 µm pore sizes (Millex-

LH, Merck-Millipore). 10 µL solution was injected into a high-performance liquid 

chromatography (HPLC) system composing of an Inertsil ODS-3 column (4.6 × 250 mm; GL 

Sciences, Inc.), a pump (PU-2087, JASCO Corporation), and a fluorescence detector (FP-

2020, JASCO Corporation) at a flow rate at 1 mL/min. We set excitation wavelength and 

detected fluorescence wavelength to 320 nm and 400 nm, respectively. We used mobile-phase 

A (0.1% TFA in distilled water) and mobile-phase B (0.1% TFA in acetonitrile) to make a 

gradient condition as 5-50% B in 30 min. The fractionated eluate was freeze-dried, and 

dissolved in 10 mg/mL α-cyano-4-hydroxycinnamic acid in water-acetonitrile mixture (10/90; 
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v/v) containing 0.1% trifluoroacetic acid. The eluate solution was deposited on a MALDI 

plate. MS spectrum was acquired with a MALDI-TOF MS system in positive ion mode (JMS-

S3000 SpiralTOFTM-plus2.0, JEOL Ltd.). 

Enzymatic degradation of collagen 

Collagenase (FUJIFILM Wako Pure Chemical Corporation) was dissolved in PBS at a 

concentration of 0.8 mg/mL. The collagen solution warmed to 37 °C was dropped onto 

collagen microcubes with a side of 5 µm. We observed the enzymatic degradation of the 

microcubes with time-lapse optical bright-field imaging using the same objective lens as used 

for DUV-TPP fabrication. We plotted the changes in image contrast by enzymatic 

degradation, calculated by subtracting the light intensity on the microcubes from that around 

the microcubes. The decay time of the enzymatic degradation was estimated by fitting an 

exponential function. 

Confocal fluorescence imaging of collagen micro-structures 

We used a confocal fluorescence microscope (A1, Nikon) for the 3D observation of collagen 

microstructures. The excitation wavelength was 488 nm. An objective lens (60×, NA1.4, oil 

immersion, Plan Apo VC60×Oil DIC N2 Nikon) was used. The wavelength range for 

fluorescence detection was 500–550 nm. The diameter of the pinhole was tuned to be 0.5 Airy 

units (AU). 
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Figure 7. Experimental setup for two-photon polymerization (TPP) fabrication and in-situ 

Raman spectroscopic measurement. L: lens, BP: bandpass filter, FM: flip mount mirror, DM: 

dichroic mirror, LP: long-pass filter. 
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