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We report the use of fluorescence lifetime measurements for 

investigating two-photon polymerization. For this purpose, a 

molecular rotor was successfully exploited as viscosity probe to 

reveal heterogeneity in multi-material microstructures made by 

two-photon polymerization. Furthermore, a correlation between 

laser intensity and local viscosity changes in the polymerized 

microstructures was established.  

In recent years, two-photon stereolithography (TPS), based on 

the non-linear absorption of light, has emerged as a powerful 

additive manufacturing technology to create arbitrary and 

complex 3D or 4D microstructures, made of single or multi-

materials.1-5 By tightly focusing an ultrafast laser beam into a 

photoresist, photopolymerization can be induced within the 

focal volume and consequently create structures whose 

resolution can reach below the diffraction limit.6-9 Owing to the 

increasing importance of TPS for rapid prototyping of 3D 

structures at the microscale, numerous studies have been 

performed to characterize the resulting microstructures and 

several methods have been implemented to elucidate the 

mechanisms underlying the two-photon polymerization (TPP) 

reaction.10,11  

Surprisingly, although the resin viscosity is known to play a 

crucial role in photopolymerization,12 this parameter has been 

scarcely studied in the context of TPP. For instance, Zandrini et 

al. have very recently investigated the impact of resin viscosity 

on the linewidth, polymerization and damage thresholds, 

dynamic range and fabrication resolution.13 Sakellari et al. have 

developed a method for high-resolved TPS based on quencher 

diffusion which allows to produce microstructures with 

resolution comparable to those obtained via STED-like 

lithography.14 While these examples highlight the importance 

to take into consideration the influence of viscosity on the final 

properties of fabricated microstructures and its impact on the 

kinetics of TPP, the changes in viscosity occurring before and 

after polymerization were not investigated. Although several 

methods, such as rheometry, viscometry and dilatometry have 

been commonly employed to measure viscosities,15,16 these 

approaches probe only on a macroscopic scale and are not 

adapted to investigate samples as small as those produced in 

TPP. Meanwhile, fluorescence-based techniques have attracted 

extensive attention, owing to their high sensitivity, large 

contrast and high resolution.17,18 Molecular rotors as 

fluorophores have been highlighted as promising candidates for 

measurements of local viscosity.19-22 In this class of 

fluorophores, the non-radiative decay of the excited state is 

strongly influenced by the viscosity of the medium. When the 

viscosity increases, the intramolecular rotation becomes slower 

and the non-radiative decay consequently decreases. Thus, 

both the fluorescence quantum yield and the lifetime of 

molecular rotors can be correlated with the viscosity of the 

surrounding environment.23 Measurements based on 

fluorescence quantum yields suffer from difficulties in 

distinguishing between viscosity and other factors which may 

affect the fluorescence intensity, such as fluctuations of the 

fluorophore’s concentration or variations in the optical 

properties of the medium.24 To solve this problem, a ratiometric 

approach has been developed using probes which incorporate 

two independent fluorophores – one is a molecular rotor, 

another one is unaffected by viscosity – into one compound.25,26 

However, this approach requires additional synthesis and 

calibration steps, rendering this method much more complex. 

Compared with fluorescence intensity-based measurement, 

fluorescence lifetime detection offers a major advance due to 

easy system calibration, ultrasensitive detection and the 

possibility to be coupled with a spatially resolved imaging (e.g. 

FLIM, Fluorescence Lifetime Imaging Microscopy), which is a 

powerful technique to distinguish the unique molecular 

environment of fluorophores.27  

In our present work, we used fluorescence lifetime 

measurements to investigate two-photon polymerization. We 

first demonstrated how local viscosity can be used to probe 

heterogeneity in multi-material microstructures made by two-

photon polymerization. Then, we investigated the impact of 

writing conditions on local viscosity of undeveloped 
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polymerized microstructures. For these purposes, a molecular 

rotor, Bodipy-C12 (Scheme 1 and Figure S1-3 for synthesis and 

characterization) was chosen because 1) its lifetime sensitivity 

covers a wide viscosity range; 2) the lifetime, at least at high 

viscosities, is only weakly affected by the polarity and 

temperature of the environment; and 3) mono exponential 

decays of the excited state allows for straightforward data 

interpretation. 19,27-31 After introducing this probe and a 

photoinitiator  (4,4'-bis (N,N-diethylamino) benzophenone, 

DEABP) into two different multi-functional monomer and 

oligomer, namely pentaerythritol triacrylate (PETA) and 

poly(ethylene glycol) diacrylate 700 (PEGDA 700) respectively 

(Scheme 1), we measured the fluorescence lifetimes before and 

after two-photon polymerization. 

To exclude any influence of the probe itself on the 

photopolymerization process, FTIR experiments were 

conducted on the two acrylate resins under UV irradiation in 

presence and absence of Bodipy-C12. From Figure S4a and S4b, 

showing the evolution of double bond (C=C) conversion, it is 

obvious that without photoinitiator, but with Bodipy-C12 (10-4 

mol L-1) in the formulation, the conversion of C=C in both PETA 

and PEGDA 700 remains close to 0. Adding Bodipy-C12 (10-4 mol 

L-1) to resin formulations PETA/DEABP (1 wt% in PETA) and 

PEGDA/DEABP (1 wt% in PEGDA 700) does not influence the 

respective photopolymerization as well, compared with the 

same formulation without Bodipy-C12. Thanks to these results, 

we can conclude that Bodipy-C12 does not play a positive or 

negative role in the photopolymerization reaction. 

In order to establish the calibration plot of fluorescence lifetime 

τ versus viscosity η for Bodipy-C12, we performed fluorescence 

lifetime measurements of Bodipy-C12 in glycerol-methanol 

mixtures (Figure S5a), whose viscosity can be altered in a wide 

range (0.5–950 cP). The plot of log10τ versus log10η (Figure S5b) 

shows a linear fit. From these data, we can see the fluorescence 

lifetime of Bodipy-C12 increases from 0.78 ns to 3.44 ns with 

increasing solution viscosity from 28 to 950 cP. The fluorescence 

lifetime follows the Forster–Hoffmann equation (see ESI, 

equations 1 and 2) in this viscosity range, since a good linear 

correlation with a slope of 0.4 is observed.27,32,33 

After calibration, the fluorescence lifetime of Bodipy-C12 in 

PETA and PEGDA 700 was determined before and after 

polymerization. The microstructures were fabricated with an 

exposure time of 10 ms and the laser intensity was set to 

9.40 mW cm-2 and 17.8 mW cm-2 respectively. Then, the 

microstructures were developed in ethanol to remove the 

unpolymerized resin. Before two-photon polymerization, the 

fluorescence lifetime in PETA and PEGDA-700 based resins are 

1.5 ns and 1.03 ns, respectively. In contrast, after 

polymerization, the fluorescence lifetime in both 

microstructures increases, in PETA to 4.09 ns and in PEGDA-700 

to 2.9 ns. Table 1 lists all fluorescence lifetime values. The 

fluorescence decay curves for both before and after 

polymerization on a logarithmic scale are presented in Figure 1, 

which evidently shows that after two-photon polymerization, 

the fluorescence lifetime increases. This can be explained by the 

local increases in viscosity after photopolymerization. Here, it is 

worth noting that the curves obtained from the resins before 

photopolymerization were fitted using a mono-exponential 

function (n=1), while after polymerization, a bi-exponential 

function (n=2) was used to appropriately fit the measured time-

correlated single photon counting (TCSPC) curves. The weighted 

average fluorescence lifetime (as defined in ESI equations 3 and 

4) was used to represent the fluorescence lifetime in the 

microstructures. For both cases, the long lifetime is 

predominant. The short lifetime may be ascribed to the 

presence of residual monomers and short polymer chains 

trapped inside the polymerized microstructures even after 

development. This indicates that a certain heterogeneity exists 

in these microstructures at the molecular level. Furthermore, to 

illustrate the potential of our approach, a 100 µm x 60 µm 

rectangular microstructure formed by 20 µm x 20 µm squares 

made from PETA and PEGDA based resins was fabricated by TPS 

(Figure 2a). Whereas it would be complicated to discriminate 

between the parts made from PEGDA and those made from 

PETA by using only scanning electron microscopy (SEM), the 

distinct fluorescence lifetime of Bodipy-C12 observed for each 

polymer allows to clearly visualise the different parts using FLIM 

Scheme 1. Chemical structures of the molecular rotor (Bodipy-C12), the 

photoinitiator (DEABP) and the monomers (PETA, PEGDA 700) used in this work. 

Figure 1. Fluorescence decay curves of Bodipy-C12 in PETA (black) and PEGDA-700 

(blue) resin before polymerization and in two-photon fabricated microstructures 

based on PETA (red) and PEGDA-700 (pink) respectively.
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as depicted in Figure 2b. The simplicity of FLIM to detect 

different materials or to reveal micro-heterogeneity opens new 

perspectives for the characterization of multi-material printed 

objects. 

Next, the fluorescence lifetime of Bodipy-C12 in PETA and 

PEGDA 700 microstructures made at different intensities was 

studied. Here, in order to measure the fluorescence lifetime of 

Bodipy-C12 in microstructures at low laser intensities, the 

development by ethanol was omitted, thus limiting the risk of 

losing the most fragile structures. In case of PETA 

microstructures, according to the fluorescence decays and FLIM 

images (Figure S6), no significant change of the fluorescence 

lifetime is noticed with respect to the laser intensity ranging 

from 6.08 mW cm-2 to 16.72 mW cm-2 (Table S1). Conversely, 

the lifetime gradually increases with increasing intensity used 

for the fabrication of PEGDA 700 microstructures (Figure 3). In 

FLIM images, the color of the microstructure made at 7.72 

mW cm-2 is blue, while the microstructure made at 19.70 

mW cm-2 appears green, which indicates a longer lifetime. To 

better understand the evolution of the lifetime of Bodipy-C12 in 

microstructures made at different intensities, the lifetime 

components (n=2 as mentioned above) were analyzed. As 

shown in Figure 4, the change of the weighted average 

fluorescence lifetime is not only caused by the change of the 

two lifetimes (long lifetime and short lifetime, Figure 4a) but 

also by a significant change in their respective amplitudes 

(Figure 4b). In microstructures made from 7.72 mW cm-2 to 8.56 

mW cm-2, both fluorescence lifetimes and their amplitudes 

keep stable. The long lifetime is around 2 ns and the short 

lifetime is around 1 ns and their amplitude fractions are 10% 

and 90%, respectively. When the intensity increases from 8.56 

mW cm-2 to 13.80 mW cm-2, the long lifetime gradually 

increases from 2 ns to 3 ns and then to 3.6 ns with slightly 

increasing amplitude fractions, whereas the short lifetime 

remains constant. The slight increase of the amplitude fraction 

causes only a small increase of the weighted average 

fluorescence lifetime, even though the long lifetime changes 

significantly. From 13.80 mW cm-2 to 19.7 mW cm-2, the long 

lifetime remains constant and the short lifetime has a slight 

change from 1 ns to 1.3 ns. However, the amplitude fraction of 

long lifetime significantly increases from 15 % at 13.80 mW cm-

2 to 70 % at 16.0 mW cm-2, which explains the prominent 

increase of the weighted average fluorescence lifetime from 1.1 

ns to 2.3 ns. This is why we can see a large gap between 13.80 

mW cm-2 and 16.0 mW cm-2 in the fluorescence decay curve of 

Bodipy-C12 in PEGDA 700 microstructures in Figure 3. The 

appearance of two different lifetimes points to the presence of 

Bodipy-C12 in distinguishable local environments. The long 

lifetime shows the significant changes that occur when 

increasing intensity for the fabrication of microstructures. 

 

Figure 4. Fluorescence lifetimes (a) and amplitudes (b) of the Bodipy-C12 with respect to the laser intensity used for PEGDA 700 two-photon polymerization. From these 

data and the corresponding amplitudes, the weighted average fluorescence lifetime (pink triangles) was calculated (see the equation in the ESI).

Figure 2. SEM images (a) and lifetime images (b) of a pattern made by PETA (green) 

and PEGDA 700 (blue). Figure 3. Fluorescence decay curves and fluorescence lifetime images of Bodipy-C12 

in two-photon fabricated microstructures made from PEGDA 700 at different 

intensities.
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Table 1. Summary of Fluorescence lifetimes and amplitudes. 

 Long lifetime  

(ns) 

Amplitude of 

long lifetime 

Short lifetime  

(ns) 

Amplitude of 

short lifetime 

Weighted average 

fluorescence lifetime (ns) 
χ2 a 

Resins  

PETA resin   1.5 ± 0.27   0.916 

PEGDA 700 resin   1.03 ± 0.0055   0.961 

Developed microstructures  

PETA 9.40 mW cm-2 5 ± 0.12 0.87 1.9 ± 0.17 0.13 4.09 ± 0.023 0.986 

PEGDA 700 17.8 mW cm-2 4.11 ± 0.079 0.80 1.32 ± 0.074 0.20 2.9 ± 0.02 0.953 

Undeveloped microstructures  

PEGDA 700 7.72 mW cm-2 2 ± 0.22 0.09 0.97 ± 0.0098 0.91 1.02 ± 0.0061 1.121 

PEGDA 700 8.14 mW cm-2 2.1 ± 0.2 0.09 0.97 ± 0.016 0.91 1.02 ± 0.0056 0.935 

PEGDA 700 8.56 mW cm-2 2.1 ± 0.44 0.08 0.98 ± 0.031 0.92 1.02 ± 0.0091 1.065 

PEGDA 700 9.40 mW cm-2 3.1 ± 0.32 0.06 1 ± 0.0077 0.94 1.04 ± 0.0059 1.040 

PEGDA 700 10.83 mW cm-2 3 ± 0.25 0.12 1 ± 0.012 0.88 1.08 ± 0.0064 1.051 

PEGDA 700 13.80 mW cm-2 3.6 ± 0.15 0.15 1 ± 0.01 0.85 1.13 ± 0.0089 0.857 

PEGDA 700 16.0 mW cm-2 3.55 ± 0.083 0.69 1.21 ± 0.049 0.31 2.22 ± 0.024 1.203 

PEGDA 700 17.8 mW cm-2 3.65 ± 0.076 0.69 1.3 ± 0.045 0.31 2.33 ± 0.019 1.187 

PEGDA 700 19.7 mW cm-2 3.6 ± 0.05 0.71 1.27 ± 0.046 0.29 2.33 ± 0.012 1.128 

a. χ2 as a goodness of fit parameter. χ2 ≈ 1 indicates a good fit. 

 

We assume that the probe is in regions where the crosslinking 

of the polymer evolves gradually and thus hinders the rotation 

of the molecular rotor. The highly cross-linked regions grow 

larger in the microstructures made at higher intensities and 

therefore the fraction of the probe with a longer lifetime is 

enhanced. In contrast, the short lifetime is not as strongly 

influenced by the intensity used for the microstructure 

fabrications. The probe should be in the less cross-linked 

regions, where the rotation of molecular rotor is less confined. 

These results show that local viscosity determined by FLIM can 

be an effective method for studying the impact of fabrication 

processing on the final properties of microstructures. 

Conclusions 

We have demonstrated that fluorescence lifetime 

measurement is an effective method for characterizing 

microstructures fabricated by two-photon polymerization. The 

dependency of fluorescence lifetime of Bodipy-C12 with respect 

to its local environment was exploited to reveal heterogeneity 

in multi-material microstructures based on PETA and PEGDA-

700. Furthermore, a correlation between writing conditions and 

local viscosity changes within polymerized microstructures 

made from PEGDA-700 was established by investigating the 

fluorescence lifetime changes of the molecular rotor. Based on 

these results, we anticipate that fluorescence lifetime 

measurement can be successfully applied to explore kinetics of 

two-photon polymerization or probe the 4D character of active 

3D structures made by TPP. 
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