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ABSTRACT 

Two-photon polymerization (TPP) uses nonlinear light interactions in photocrosslinkable 

precursors to create high-resolution (~ 100 nm) structures and high dimensional fidelity. Using 

a near-infrared light source in TPP results in less scattering and high penetration depth, making 

it attractive for creating biological models and tissue scaffolds.   Due to unmatched flexibility 

and spatial resolution, they range from microvascular constructs to microneedles and stents.  

This report reviews the working principles and current inks used for TPP-printed constructs. 

We discuss the advantages of TPP over conventional additive manufacturing methods for tissue 

engineering, vascularized models, and other biomedical applications. This review will provide 

a short recipe for selecting inks and photoinitiators for a desired structure. 

KEYWORDS: Microfabrication, two-photon polymerization, vascularized modeling, tissue 

engineering. 
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1. INTRODUCTION  

Microfabrication has created scaffolds with control over microscale features such as porosity, 

architecture, and cellular interactions 1. Microfabrication methods include conventional 

molding 2, lithography 3, and additive manufacturing 4. The additive manufacturing method can 

be divided into contact-based and light-assisted methods. In contrast to contact-based methods, 

light-assisted methods 5, such as selective laser sintering (SLS), stereolithography (SLA), and 

laser-induced forward transfer, benefit from good biocompatibility, high resolution, and 

excellent efficiency 6. More recently, digital light processing (DLP) 7, continuous liquid 

interface production 8, and two-photon polymerization (TPP) 9 have developed via selective 

curing of liquid polymers. This report focuses on TPP and the recent developments in the field.  

The TPP offers some advantages for the fabrication of small-scale structures. The high 

resolution in TPP depends on the laser system, the optical design (see Figure 1a), as well as 

the ink design parameters, such as the choice of photoinitiator (PI) and the characteristics of 

the polymer backbone, which are below the diffraction limit and affect the photo absorption 

reaction 10. The resolutions range within ~ 50-100 nm, far better than 50-100 μm in extrusion 

3D printing systems and 1-50 μm in stereolithography methods. The improved resolution in 

TPP allows the creation of microvascular and small-structure models. In addition, it does not 

require cleanroom facilities or specialized equipment such as electroplating, molding, and deep 

reactive ion etching 11.  

The translations of TPP to make tissue scaffolds and small devices have been slow and limited.  

There are some challenges in creating highly complex TPP-printed structures. The main 

challenge is the restriction over the upper size limit leading to small geometrical designs (< 2 

mm thickness) 12-14. This would impact the translation of TPP to make an organ-level model. 

Another drawback is the low speed compared to other 3D printing methods 12, 14, 15. In the case 



4 
 

of including cells, the extended fabrication times impose the cells to be outside their optimal 

culture environment, which in turn causes significant stresses to the cells in the ink formulation 

16. This work reviews the fundamentals of TPP and the range of materials for biological models 

and medical devices. We focus on how to apply TPP for tissue scaffolds, vascularized models, 

and screening models. We propose some examples for future advancements and efforts to 

translate TPP into a tool for vascularized models. This review will help bioengineers and 

biomaterials scientists to select optimum inks and light properties for implementing TPP. 

2.  BACKGROUND 

2.1. Light-Assisted Polymerization   

Photopolymerization converts unsaturated molecules to solid macromolecules using photon 

energy. A single photon is absorbed in SLA and SLS to trigger the chemical reaction in the 

photosensitive medium17. This medium comprises a monomer or oligomer, a PI, and sometimes 

an optical inhibitor. The monomer is transparent to the incident light to avoid premature 

crosslinking. The PI absorbs the photon and triggers the polymerization process by 

decomposition of the PI into its constituents plus free radicals 18, 19. The PI is excited from the 

ground state to the excited singlet or triplet state. There are two types of PIs in general: Type I 

produces reactive intermediates to initiate polymerization from the excited triplet state. Type 

II can abstract hydrogen from the donors and undergo a photo-induced electron transfer and 

fragmentation process to make reactive intermediates 20. The reactive intermediates may be 

radicals or cations that initiate radical or cationic photopolymerization. These free radicals react 

with the monomer and form radicalized monomers, which further react with other monomer 

units to form a polymer chain 3. 

In SLA, single photon absorption (SPA) attenuates the excitation light. The photon energy 

should be equal to or greater than the band gap of the PI, larger than Eu – Eg, where Eu and Eg 
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are energies of the excited and ground states, respectively (Figure 1b). Due to light attenuation, 

the photon energy will remain above this threshold only in a ''voxel'' around the laser focal 

point (Figure 1c). For an ink with a high concentration of PI with high optical density, the 

beam is highly attenuated at the surface and less effective in penetrating in a photoresist 

medium to photocrosslink the ink precisely at the focal length (see Figure 1d). For a diluted 

PI with low optical density, the beam intensity is maximum at the focal point and can form a 

gel structure at a time, as shown in Figure 1e. In single-photon absorption, the absorption is a 

linear function of light intensity which causes the resolution to be low.  Because the decay of 

the light energy (or the decline of the threshold energy for gelation of the ink) by moving away 

from the focal point would be exponential. In two-photon absorption (TPA), the molecular 

excitation in PI can occur by absorbing two photons when the total energy of photons is greater 

than the band gap of the PI. The photons interact with PI molecules for a short period, and the 

absorption is proportional to the intensity of irradiated light to the power of two (see Figure 

1f) 21. Therefore, the decay would be more pronounced, allowing control of the gelation point 

with higher precision, leading to improved resolutions.  

 

2.2. Two-Photon Absorption Reaction  

When a PI molecule absorbs photons (either in the form of single-photon or two-photon), they 

lose energy, and the molecule energy moves to an upper state, where the vibrational relaxation 

is induced by the lowest vibrational energy level, 𝐸𝑙 , without releasing a photon (see Figure 

1b). Then, the state of energy returns from 𝐸𝑙  to the ground state by a radiative pathway, leading 

to releasing a photon of ℎ𝑣′ energy. A laser will provide a light intensity higher than the 

interatomic field strength (𝐸𝑖𝑛𝑡 ≈  1011 𝑉𝑚−1) 22 at the focal point. Considering Beer’s law 5, 

the irradiative light intensity in z direction, 𝐼(𝑧), can be expressed in terms of the incident light 

intensity, 𝐼0, as shown in Equation 1 3. 
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{
for SPA:       𝐼(𝑧) =  𝐼0𝑒

− ln(10)𝜀𝑐𝑧
 →  

𝑑𝐼(𝑧)

𝑑𝑧
= − 𝐼(𝑧)𝜀𝑐ln(10)  → 𝑃 ∝ 𝐼

for TPA:                     𝐼(𝑧) =
𝐼0

1+𝛽𝑧𝐼0

 →  
𝑑𝐼(𝑧)

𝑑𝑧
= −𝐼(𝑧)2

× 𝛽 → 𝑃 ∝ 𝐼
2

   (1) 

here, 𝜀 is absorptivity, c is the concentration of photoinitiator, z is the depth into the ink, 𝛽 

reflects the two-photon absorption coefficient, and 𝑃 is the probability of absorption of the 

incident light 19. In the case of two-photon absorption reaction, Maria Göppert-Mayer showed 

that if two photons of around equal low energy interact with a molecule nearly simultaneously, 

i.e., at ∼10–16 s, they can theoretically produce an excitation equal to that of interaction between 

the molecule and a single photon with twice the energy of those low energy photons 23, 24. Then, 

the probability of occurrence of these simultaneous two photo absorptions leading to the 

excitations, 𝑃, would be a ‘nonlinear’ phenomenon because the rate at which they occur at that 

time scale depends nonlinearly on the rate or intensity of the incident photons (Equation 1). 

Intensity is the number of photons that pass through area per second, while power is energy per 

second. Since intensity depends on the area, it is greater at the focal point than a distance away, 

while the power is almost the same everywhere along the laser beam. The TPA absorption 

energy, i.e., the energy of simultaneous absorption of two photons by a PI molecule, 

quadratically depends upon the local incident light intensity, leading to a higher resolution. By 

linear moving from the focal point, the exposed area to the incident laser beam expands, leading 

to linear decrease of the incident laser intensity (Ii). However, the TPP excitation intensity 

would be proportional to the square of the incident light intensity (Ii
2). In TPP only a limited 

volume, ‘voxel,’ of the ink around the focal point will be exposed to enough irradiation (i.e., 

threshold dose) to initiate the photocrosslinking. As a result, TPA reaction can provide far 

better resolution for 3D printing than SPA reaction. In the contrary, in the SPA with a gaussian 

nature (which is the case in DLP and other light-assisted methods based on the single photon), 

the decay of the excitation intensity by moving away from the center of the focal point would 

take place linearly with the decline of the intensity of the focused laser (Equation 1). The laser 
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intensity decreases proportionally to increase the cross-section area of the beam with a 

Gaussian profile. This returns a larger voxel and weaker resolution in SPA (Figure 1b).  

Focusing the laser beam alone is insufficient to sufficiently increase the probability that two 

photons simultaneously interact with a molecule. A pulsed laser can be used to increase these 

probabilities further. A pulsed laser such as the mode-locked titanium sapphire (Ti:S) laser can 

produce above 80 million pulses per second, each with a pulse duration of around 100 fs. 

Compared to continuous wave lasers, a typical pulsed laser can theoretically increase the 

probability of two-photon emissions from 20’000 to 2 billion photons per second 23.   

 

2.3. Two-photon Polymerization (TPP) Process 

When laser light is exposed to the ink material, due to the nonlinear property of the optical 

process it tightly focuses onto a spot forming a small building block of 3D structure, called 

volume pixel or ‘voxel’ 25. The excitation in TPA is confined to the voxel around the focal 

point as analytically defined in Figure 1c. The shape of a voxel is like an ellipsoid. The shape 

and size of the voxel and laser intensity distribution depend upon the parameters such as 

objective numerical aperture (NA), laser mode, and refractive index difference between the 

immersion system and photosensitive molecules 25, 26. The PI generates radicals in a highly 

localized region around the center of the beam 27, 28. The TPP requires femtosecond lasers, and 

a high laser intensity can produce features below the diffraction limit by regulating the quantity 

and energy of the laser impulses 29, 30. The polymerization process is initiated by exposure to 

high-intensity laser energy, and it occurs inside a reaction threshold area of a Gaussian-like 

form. The transition from one-photon to two-, and then three-photon absorption can decrease 

the threshold for the polymerization area or voxel size 31.  
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Figure 1- a) Schematic of the TPP process (Reproduced with permission from ref.  32 

Copyright [2017] [John Wiley and Sons]), b) comparing the excitation volume of single-

photon absorption, and TPA due to possible mechanisms such as thermal heating or 

avalanche ionization (adopted from Wu et. al 33), c) diagram of a voxel in TPP, d, e, f) 

Illustration of laser intensity profile taken from Ref. 34 with permission. 

 

The highest absorption is at high-magnification focus, in which a Gaussian laser beam profile 

with an intensity distribution 𝐼(𝑟, 𝑧) at distances from the center (𝑧 in the direction of 

propagation and 𝑟 along the cross-section) can be defined as 35:   
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   𝐼(𝑟, 𝑧) = 𝐼0 (
𝜔0

2

𝜔(𝑧)2) 𝑒
−

2𝑟2

𝜔(𝑧)2
              (2) 

where 𝐼0,  𝜔0, and 𝜔(𝑧) are the intensity at the center of the Gaussian beam (𝑟 =  0, 𝑧 =  0), 

the waist of the beam, and the radius of the beam in the plane with a distance of 𝑧, respectively 

(Figure 1c). The photon-polymerization starts when the density of radicals 𝑃(𝑟,𝑧) exceed the 

threshold 𝑃𝑡ℎ (𝑃(𝑟,𝑧) ≥  𝑃𝑡ℎ). At the focal plane (𝑧 = 0), the intensity reaches the threshold: 

   𝐼(𝑟, 𝑧) = 𝐼(𝑟, 0) = 𝐼0𝑒
−

2𝑟2

𝜔0
2

           (3) 

A high NA objective lens can be used for closely focusing the laser onto the ink, which enables 

achieving a high photon density near the focal point to fabricate sub-micron structures. The 

voxel size is proportional to  
1

(𝑁𝐴)4; thus, a high NA value leads to superior resolution in TPP. 

The resolution also depends on wavelength. Its axial (𝑟𝑧) and lateral resolution (𝑟𝑋𝑌) are 

fundamentally governed by Abbe’s Law 21.  Figure 1 (c) shows the dependence of voxel 

parameters on NA and wavelength 23. 

The directionality of light and scattering level can control the resolution of the TPP structure, 

which is primarily influenced by the size of the light-cured voxel. The voxel size can be 

adjusted by modifying the laser's parameters (i.e., pulse width, light wavelength, power, 

repetition rate, and beam size) and the ink's properties (i.e., viscosity and yield stress). If 𝐸𝑖 is 

the irradiation of light (
𝑚𝐽

𝑐𝑚2
), and 𝐸𝑐  is the threshold value of the energy of the gelation point 

for the liquid ink (
𝑚𝐽

𝑐𝑚2), the ink gets solidified when 𝐸𝑖 approaches 𝐸𝑐 , and the layer is cured. 

The height of the light-cured voxel is defined by 36: 

    𝐶𝑑 = 𝐷𝑝 ln
𝐸𝑖

𝐸𝑐
 ,        (4) 
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Here, 𝐶𝑑 is the depth of curing (𝜇𝑚) and 𝐷𝑝 is the depth of light penetration (𝜇𝑚). The ink 

optical properties decide the selection of the laser intensity.  

 

3. TPP Inks 

The physical and biomechanical properties of the TPP-printed constructs can be controlled by 

proper selection of the ink composition including both the ink monomer/oligomer and PI 

component. A list of the used photopolymer inks and their relevant PIs, biodegradability, and 

biocompatibility are shown in Table 1 to assist proper selection of the ink composition for 

tailored applications.  

In TPP, when the ink composition is exposed to the focused laser light, the light-absorbing 

molecules absorb the photons from the incident laser beam. Due to this absorption, the 

molecules undergo a photochemical reaction, leading to the generation of additional photons. 

These generated photons contribute to the polymerization process, facilitating the formation of 

the printed constructs. The emitted photons play a role in influencing the physical properties 

of the TPP printed constructs, as well as their biocompatibility. The interaction between the 

absorbed and emitted photons and the ink composition can impact factors such as 

polymerization efficiency, resolution, mechanical strength, and biocompatibility of the final 

printed structures. The irradiation energy for photopolymerization should be kept below a 

threshold for biological samples to satisfy the cell compatibility.  

 Table 1. Some photosensitive materials used in TPP. 

PI WS Photopolymer BD BC Ref 

Irgacure 127 N OrmoComp hybrid polymer N Y 37 

Ormocer organically modified ceramic N Y 38, 39 
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Irgacure 369 N Ormosil organically modified silica N Y 40 

Methacrylated urethane N Y 41 

PEGDA (Mn:700) N Y       41 

Methacrylated branched polylactide Y Y 42, 43 

PEGDA (Mn:742) N Y 43 

Irgacure 819 N PETA, BisGMA (80:20) Y Y 44 

Irgacure 2959 Y HAMA Y Y 45 

Allyl-chitosan (6 wt%),  

HAMA (2 wt%) 

Y Y 46 

Irgacure 2959 Y GelMAAm  Y Y 47 

Rose Bengal Y Fibronectin Y Y 48 

 Bovine serum albumin Y Y 48, 49 

 Collagen Y Y 49, 50 

 Fibrinogen Y Y 48, 51 

Riboflavin, TEA Y PEGDA (Mn:742) N Y 27 

DEABP N PCLcoTMC -b-PEG-b- PCLcoTMC Y Y 52 

- - Zr-Si polymer ceramic N Y 46, 53-56 

FAD - BSA Y Y 57, 58 

Methylene blue Y Lyophilized BSA Y Y 59 

Eosin Y Lyophilized BSA Y Y 59 

VA-086 Y GelMA Y Y 60 

LAP N SZ2080 TM N Y 61 
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WS: water soluble, BD: biodegradable, BC: biocompatible/non-toxic, PEGDA: polyethylene 

glycol diacrylate, PETA: pentaerythritol-triacrylate, BisGMA: bisphenol A glycidyl 

methacrylate, HAMA: hyaluronic acid methacrylate, GelMAAm: gelatin methacrylamide, 

PCLcoTMC: poly(ε-caprolactone-co-trimethylenecarbonate), PEG: polyethylene glycol, BSA: 

bovine serum albumin, GelMA: gelatin methacryloyl, TEA: triethanolamine, DEABP: 4,4’-

bis(diethylamino)-benzophenone, FAD: flavin adenine dinucleotide.  

The laser source is typically a Ti:S femtosecond laser with nearly 800 nm wavelength. Other 

laser types, e.g., Yb-based femtosecond lasers or picosecond lasers, are also available for TPP. 

Because of lack of TPP-specific PIs, PIs for single photon polymerization, such as Irgacure 

369 and Irgacure 2959 (515 nm) were initially used in TPP process 62. Such initiator molecules 

usually have a low TPA cross-section (< 40 Goeppert-Mayer, GM) which makes them of 

limited initiation efficiency. Therefore, relatively long exposure time and high laser energy 

were required to achieve polymerization, especially for the typical wavelength of 800 nm 63. A 

list of different types of PIs and the wavelength for their implementation in a variety of light-

assisted 3D printing techniques are summarized in Tables 2. Only few PIs are exclusively 

developed to be utilized efficiently in TPP. A deep understanding of the relationship between 

the PI molecular structure and the TPA reaction is required to make strategies for developing 

proper PIs toward TPP. Eventually, some recent studies show non-photosensitized inks also 

can be structured with TPP even without the addition of PIs, as shown in Table 2, resulting in 

enhanced biocompatibility and decreased autofluorescence (see Butkus et al. 64). 

Table 2. PIs used in light-assisted polymerization 63. 

PI Type of initiator Maximum Absorbance  Wavelength  

Irgacure 

2959 

Type I 276 nm 365 nm 

TPO  Type I 267, 298, and 380 nm - 



13 
 

LAP  Type I 375 nm 320-390 nm, 405 nm 

BAPO-OLi  Type I 375 nm 320-420 nm 

VA-086 Type I 365 nm 365-385 nm 

Eosin-Y Type II 528 nm 400-800 nm 

Riboflavin Type II 223, 267, 373, and 444 nm  300-500 nm 

P2CK Type II/ TPP 800 nm - 

WSPI Type II/ TPP 800 nm - 

TPO: diphenyl (2,4,6-trimethylbenzoyl) phosphine oxide, BAPO: bisacylphosphine oxide, 

LAP: Lithium phenyl-2,4,6-trimethylbenzoylphosphinate.  

 

The molecular structures of some selected PIs used in TPP are shown in Figure 2. The key 

aspects of proper PIs are: I) the chromophoric groups with large TPA regions, II) the chemical 

functionality with proper initiation efficiency (i.e., high radical yielding), and III) the 

mechanism of chemical function activation by chromophores excitation 65-67. The PI with a 

large TPA and high initiation efficiency maybe insufficient for biological hydrogel-based 

models. As implied in Table 1, biocompatibility and acceptable water solubility provide a 

minimized cytotoxicity which are among other factors needed to be taken care of during ink 

selection.  
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Figure 2. Molecular structures of selected PIs widely used in TPP. 

 

Most of available PIs cannot be used in TPP 3D printing of cell-laden and biomedical samples. 

Type-I PIs are mostly not biocompatible 68, and researchers have given efforts towards the 

development of type-II PIs. Among type-II photoinitiators, WSPI (1,4-bis(4-(N,N-bis(6-

(N,N,N-trimethyl-ammonium)-hexyl)-amino)-styryl)-2,5-dimethoxybenzene tetraiodide), π-

Expanded Ketocoumarins 69, P2CK (sodium 3,30-(((1E,1E0)-(2-oxocyclopentane-1,3-

diylidene)bis(methanylylidene))bis(4,1-phenylene))bis(methylazanediyl) dipropanoate) and 

T1-T3 (a series of water-soluble benzylidene cyclone dyes) 70 are considerable. Taking into 

account its less complicated synthesis method and its high initiation efficiency (TPA cross-

section around 140 GM at 800 nm), P2CK has been the most commonly applied PI in TPP in 

recent years 20. However, it is not suitable to be processed together with cells in cell-

(bio)printing. It can penetrate the cell membrane and, in the presence of laser irradiation it 

produces singlet oxygen that is toxic to cells 71, 72.  

Most of the commercial PIs require UV light sources, and their absorption cross-section in the 

near-infrared region, which is usable for TPP, is very small. In other words, monomers often 

do not absorb the laser light in the TPP range to a significant extent. Adding photosensitizers 

can be a strategy to increase the absorption efficiency in the near-infrared region. A 

photosensitizer can absorb light and transfer that energy to another molecule, i.e. monomer, to 

start a photoreaction. Separate from photosensitizers, the monomers used in TPP are mostly 

comprised of acrylic-based materials. There are some low-cost and readily available inks, e.g., 

inorganic-organic hybrid materials (Ormocers) 28, acrylic-based prepolymers 73, urethane 

acrylate monomers 74, gelatin hydrogels 75, and zirconium sol-gels 76. One possible mechanism 

of light interaction is also through dielectric breakdown or avalanche ionization within the 

monomer without PI 68. Even though this method is enticing from a biocompatibility point of 
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view, TPP would have a very narrow working range. Another is through the radical formation 

and initiation efficiency, which affect the laser requirements 68. The PI should efficiently work 

in a wide range of TPP printing speeds and laser powers to make fabrication more flexible and 

effective. A high degree of conversion leads to decreased residual monomer and fast 

polymerization kinetics, thus causing quicker polymerization.  

 

4. TPP-Printed Models 

4.1. Scaffold Design 

TPP holds significant potential in the tissue engineering field, where scaffolds have been 

manufactured with desired pore sizes, interconnectivity, and gradients using biocompatible 

materials 77 (Table 3 and Figure 3). The ink monomers can be extracted from naturally derived 

components or can be fully synthetic. The common examples are poly-ethylene-glycol 

diacrylate (PEGDA) and GelMA 78, 79. Inks should show some features for scaffolding. 

Biodegradation, the natural process of water solubilizing a material in the body that causes the 

material to break down, is a key feature for the design of many scaffolds. Biodegradation rates 

from several hours to days would make them suitable for tissue regeneration in various organs 

80, 81. The other property is the ink's mechanical strength, which might be correlated with 

biodegradation rates 80. These properties should be assessed using different combinations to 

mimic the target tissue. They also need to possess biocompatibility properties, meaning that 

the biomaterials should have low to negligible toxicity to the cells and other tissues 81. Varying 

all the properties enables scaffold design with the desired features in the tissue engineering 

field. There have been several bold studies in using TPP for fabrication of scaffolds, as 

summarized in Table 3. 
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Table 3. Selected TPP made scaffolds using natural and synthetic biopolymers.  

Material PI Application Cell Type Laser Properties Advantages Ref 

 GelMOD Irgacure 2959 Scaffold 

 

Porcine 

Mesenchymal 

Cell 

Ti:S (200 fs, 3.5 mW, 

1 MHz, 515 nm). 

Support porcine MSC adhesion and 

differentiation into osteogenic lineage 

1.5 μm resolution 

62 

PEGDA  Irgacure 819 Scaffold Neuro2A cell Femtosecond (100 fs, 

50 mW, 940 nm)  

Neuronal architecture Growth of multiple 

neurotic extensions, 20 μm resolution  

82 

PETA 4MetBAC Scaffold Human dermal 

fibroblasts 

Femtosecond (0.9 mW, 

780 nm) 

Optoelectronic and biological applications, 

polymerization threshold is 0.9 mW  

72 nm resolution 

83 

Silk Fibroin Ruthenium Scaffold Human dermal 

Fibroblast 

IR Ti:S (140 fs, 800-

2400 mW, 80 MHz, 

800 nm) 

Gradient mechanical and chemical properties, 

high viability, resolution, and resistance to 

enzymatic degradation  

84 
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AKRE and 

ORMOSIL  

N/A Scaffold Adult stem cell Ti:S (80 fs, 500 mW, 

80 MHz, 800 nm) 

Biocompatibility  85 

 GelMA P2CK Scaffold Human BJ 

foreskin 

fibroblasts 

Erbium-doped (100-

200 fs, 150 mW, 780 

nm) 

Lateral and axial resolution of 6 µm Low 

cytotoxicity 

75 

Chitosan  Irgacure 2959 Scaffold HPMEC Ytterbium (250 fs, 300 

mW, 21 MHz, 520 nm) 

No cytotoxicity Tunability 

 

86 

Methacrylated 

branched 

polylactide 

Irgacure 369 Scaffold human neuronal 

and rat Schwann  

Ti:S (120 fs, 80 MHz, 

780 nm) 

Neural tissue engineering, 20 µm resolution  42 

PETA, 

BisGMA 

(80:20) 

Irgacure 819 Scaffold NBDS cell Ti:S (150 fs, 15-20 

mW, 80 MHz, 800 nm) 

35 µm square pore size scaffold  87 

HAGM, 

PEGDA (HA-

PEG)  

Irgacure 2959 

 

Scaffold Human 

fibroblasts & 

osteoblast 

Ytterbium (250 fs, 300 

mW, 21 MHz, 520 nm) 

Mechanically stable scaffold, biocompatible 

with osteoblasts 

 

45 
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Allyl-chitosan 

(6 wt%), 

HAMA 

(2 wt%) 

Irgacure 2959 Scaffold Hippocampal 

cell 

TEMA100  

(525 nm) 

Facilitated the formation of nerve cells, low 

cytotoxicity 

46 

Gel-MAAm Irgacure 2959 Polymer–

protein hybrid 

microstructures  

Chondrocyte 

 

Ti:S (100 fs, 3000 

mW, 80 MHz, 690-

1040 nm), 

Frequency-doubled μ-

chip Nd:YAG (25 

mW, 7 kHz, 532 nm) 

Strong cell growth characteristics, 1.2 µm 

resolution 

47 

Fibronectin Rose Bengal Polymer–

protein hybrid 

microstructures  

Chondrocyte 

  

Ti:S (100 fs, 3000 

mW, 80 MHz, 690-

1040 nm)  

Nd:YAG μ-chip (25 

mW, 7 kHz, 532 nm) 

No disruptions or significant deformation 

during shrinkage, 30 µm resolution 

47 

BSA Rose Bengal Protein N/A NIR Ti:S (100 fs, 120 Entrapment of bioactive compounds that 48, 49 
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Microstructure  mW, 76 MHz, 700-

1000 nm) 

diffuse from a polymer matrix 

Collagen Rose Bengal 

derivative 

Protein 

Microstructures 

N/A Ti:S (100 fs, 50 mW, 

76 MHz, 780-850 nm) 

Kinetics reduced, stable structures  49, 50 

Fibrinogen Rose Bengal Protein 

Microstructure 

N/A NIR Ti:S (200 fs, 5.2-

15.7 Mw, 700-980 nm) 

1-3.8 µm resolution 

 

48, 51 

PCLcoTMC-

b-PEG-b- 

PCLcoTMC 

DEABP Scaffold Balb/c 3T3 NIH 

cell 

Ti:S (20 fs, 450 mW, 

75 MHz, 800 nm) 

4 μm resolution, No cytotoxicity: no 

detrimental effect on cell proliferation 

52 

BSA FAD Protein 

Microstructures  

Neuroblastoma-

glioma & brain 

cortical cell 

Ti:S (30-60 mW, 740-

790 nm) 

Cortical neurons, Low cytotoxicity, < 5 µm 

resolution 

57, 58 

Lyophilized 

BSA 

Methylene blue Protein 

Microstructures  

PA cell Ti:S (5–25 mW, 740 

nm) 

Translational and rotational degrees of 

freedom, flexibility in shape < 1 µm resolution 

59 

Lyophilized 

BSA 

Eosin Protein 

Microstructures 

 PA cell Ti:S (5–25 mW, 740 

nm) 

Translational and rotatio2Pl degrees of 

freedom, flexibility in shape, < 1 µm 

59 
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resolution 

N/A: not available, Ti:S: titanium sapphire, NIR: near infrared, HAGM: glycidyl methacrylated hyaluronic acid, HPMEC: human pulmonary 

microvascular endothelial cells, MSC- Mesenchymal stem cell, 4METBAC- α,α-bis(arylidene)cyclopentanone, NBDS – Nonbulbar dermal sheath, 

HGMA-Hyaluronic acid-glycidyl methacrylate, PA- Pseudomonas aeruginosa cell line. 
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Ovsianikov et al. developed a scaffold with a 10 by 10 pore array (250 μm × 250 μm, spaced 

at 300 μm) using methacrylamide-modified gelatin (GelMOD) with PI Irgacure 2959 as shown 

in Table 3 62. The osteogenic simulation was then tested on the scaffold with porcine 

mesenchymal stem cells 62. Accardo et al. developed a 3D scaffold made of PEGDA, PI Irga 

819, and neuroblastoma cell line (neuro2A cells) using two-photon lithography direct laser 

writing to form neuritic extensions or interconnections 62. The scaffold had a 280 (x) × 280 

(y) × 280 (z) μm3 overall size with a woodpile configuration made of cylindrical sub-units 

(20 μm diameter, 20 μm vertical spacing, 60 μm horizontal spacing) [60]. The resulting 

scaffold provided a favorable environment to the cells in neuroscientific applications involving 

neural tissue engineering. Zhigansha et al. developed a new component methacrylate 

containing PI 4MetBAC, which was deemed safe and biocompatible when tested with 

monomer Pentaerythritol tetraacrylate (PETA), human dermal fibroblasts, and HEK29 cells 

through TPP at a 780 nm wavelength to develop a 30 μm period (wall width is approx. 2 µm) 

scaffold as shown in Table 3 83. In another study, Valente et al. used TPP to control the 

crosslinking degree of silk fibroin with ruthenium by regulating the laser intensity between 800 

and 2400 mW, resulting in a scaffold of 100 μm × 100 μm x 10 μm with different degradation 

rates from 0.5 to 2 hours  and stiffness from 9.6 to 47.2 kPa 84. The authors also showed a 

decreasing average pore area from 1.13 to 0.25 μm2 while increasing the laser power fom 800 

to 2400 mW. In addition, the hydrogel showed high cell viability (over 95% during 21 days) 

and proliferation rate when combined with human dermal fibroblasts. TPP is an effective 

bioprinting method to construct scaffolds of different sizes at the microscale with varying 

stiffness, pore size, and degradation rates, holding potential for biological and clinical 

applications.  
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4.2. Vascularized Models  

Capillary modeling in tissue engineering involves blood vessels with sizes ranging from 5 to 

50 µm. Microfluidic devices emerged to gain insight into the cellular dynamics in 

microvascular remodeling in vitro while using less volume of samples and reagents. Alsharhan 

et al. utilized TPP to fabricate 3D static interwoven micro-vessel-inspired structures with inner 

diameters as small as 8 μm using cyclic olefin polymer (COP) 88. Moreover, Van der Valden 

et al. focused on achieving an organ-on-chip through TPP with defined pores of 250 nm, a 

width of 100 μm, a height of 10 μm, and a length of 350 μm 89. They concluded that the 

maximum voxel diameter must be considered for fabricating high-resolution pores. 

Microfluidic devices are popular methods to mimic microvessels in the neurological field and 

the blood-brain barrier model. Marino et al. fabricated a 1:1 scale, biomimetic, and biohybrid 

blood-brain barrier model with microcapillaries of an average diameter of 10 μm, pore size of 

1 μm, and length of 63.6 μm 90. TPP allowed the model to fine-tune different microfluidic 

parameters such as pore and micro-capillary diameter, pore density, and porous segment length. 

This model opens doors to drug treatments and therapeutic studies of the brain pathologies such 

as brain cancer. Trincini et al. constructed a microfluidic device consisting of an array of ten 

microtubes of a length of 1.1 mm, having capillaries of 50 µm in diameter. The capillaries at 

the ends (150 µm in length) are non-porous, while the central one (800 µm in length) is porous 

(5 µm in diameter). The authors proved that their 1:1 scale 3D-printed realistic biohybrid model 

of the brain tumor microenvironment can hinder dextran diffusion and enable chemotherapy-

loaded nanocarriers to cross the barrier, meaning that the model can be used for high throughput 

drug screening 91. Hence, TPP enables the manufacturing of in vitro microcapillaries to scale, 

providing a realistic model for therapeutic and diagnostic applications in nanomaterials and 

biomedicine. 
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4.3. Drug Testing Applications 

Previous studies created 400 μm microcarriers for high-throughput cell analysis much larger 

than the average cell size (10 µm) 92. Using a scanning two-photon continuous flow lithography 

technique, Chizari et al. 93 fabricated a 50 μm cell carrier microparticle using a femtosecond 

pulsed laser with 20 mW with a throughput of 10 microparticles per second (Figure 3a).   

 

Figure 3. Some applications of TPP in form of: a) multi-functional microparticles as self-

aligning cell-carriers taken from Ref. 93, b) microneedle arrays for transdermal delivery with 

molding (i)  (Reproduced with permission from ref. 94 Copyright [2017] [John Wiley and 

Sons]) and without molding (ii) 95, c) pentamode mechanical metamaterials as biomedical 

devices (Reproduced with permission from ref. 96 Copyright [2012][AIP Publishing]), d) a 

biodegradable array of buckyball-shaped scaffold for tissue engineering taken from Ref. 14.  

 

The integration and precise placement of materials at small scales continue as a challenge in 

manufacturing micro- and nanoparticles. Kesteren et al. combined TPP with capillarity-assisted 

particle assembly to overcome this challenge and obtain multi-material microstructures. In this 



24 
 

case, the TPP plays an essential role in the realization of traps with 3D profiles needed for the 

co-assembly of microparticles and the printing of links that attach the particles from single 

units to millimeter-scale lattices97.  

Another potential use of TPP in biomedical application is micro stents. The ineffective 

available fabrication techniques impede making small scale 3D microstates with a high shape-

morphing freedom. Jin et al constructed microstents with line widths of ∼250 nm made of 

acrylic acid (AAc) and N-isopropylacrylamide (NIPAAm) with uniaxial contraction through 

DLW, which employs TPP. They show that the exposure dosage of femtosecond laser pulses 

modulates the material crosslinking densities, stiffnesses, and swelling/shrinking degrees 98. 

The printed sample had a stiffness of 25 N/m with a laser power of 12mW (24% of the 

maximum laser power). Its stiffness continuously elevated till 400 N/m at 35mW, 70% of the 

maximum laser power. Another study created 3D cylindrical structures with line widths of 

∼250 nm to analyze cancer cells' behavior and migration in the presence of porous scaffolds 

with tunable stiffness. The cylindrical microstructure designs had three main features: size 

enabling cancer cell invasion, the porosity of the lateral surface allowing the transfer of cell 

culture medium, and ease of fabrication. Structural stability and porosity on the lateral surface 

of the cylinder were attained through the repetitive basic zigzag unit design. It is known that 

cell behavior is strongly influenced by the biophysical cues of the environmental, mechanical 

properties. Furthermore, cell adhesion requires substrate stiffness to drive the cell's motility 

and invasive behavior. The fabricated microstructures resulted in a stiffness of 2.7 GPa, 3.7 

GPa, and 4.7 GPa with a constant laser power of 45%, 65%, and 85% of the maximum power 

(20mW). They tested human colorectal adenocarcinoma (LS-174T) tumor cell invasion on the 

printed cylindrical stent-like structures and found that the stiffer microstates are less invaded 

than, the softer ones 99. There is a direct relation of laser power and stiffness in TPP, which 

proves to be a useful application in micro stents. 
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TPP has also been used to produce microneedles or microneedle arrays with a resolution down 

to a 100 nm 100 (Figure 3b). Microneedles are used in the drug delivery and vaccination field 

to deliver nanoparticles to the epidermis or the dermis layer of the body using a minimally 

invasive technique. Factors such as shape or conformation of needle structure and mechanical 

strength can affect the efficacy of the microneedle 101. Unlike reactive ion etching, lithography-

electroforming-replication, and other conventional microelectronics-based technologies, TPP 

fabricates microneedles with a wider range of geometries such as in-plane, out-of-plane, 

mosquito fascicle-shaped, and rocket-shaped microneedles 102. Cordeiro et al. demonstrated 

that sharp conical and pyramidal needles exhibited the highest insertion depth value (64-90% 

of needle height) using TPP, which resulted in higher drug delivery rates 94. One issue with the 

current conventional materials and methods is the poor fracture behavior of the fabricated 

microneedle. Gittard et al. used TPP and subsequent polydimethylsiloxane (PDMS) 

micromolding to create acrylate-based polymer hollow microneedles for transdermal delivery 

103. The microneedle array could withstand an axial load of 10 N (0.4 N per needle), which is 

seven times greater than the required force for microneedle insertion into the skin (1.29 N). 

This demonstrates that TPP provides suitable compressive strength for microneedles for 

transdermal drug delivery applications.  

Figure 4 summarizes several developments made in the past decade to improve the fabrication 

speed and size of the features built by TPP. In the past decade, industrial applications of TPP 

have been limited mostly due to suffering from either small fabrication speeds or size of the 

features could be produced by the technique. In recent years, the fabrication speed is 

significantly increased which is promising for possible commercial application of the TPP in 

future. Weisgrab et al. 14 have reached up to 1000 mm/s fabrication speed (see Figure 4) which 

is close to the high fabrication speeds of techniques such as SLA and DLP 3D printing 104-107. 

They have shown production of relatively large features (~300 mm3) with a highly complex 
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metamaterial architecture at the high fabrication rate (see Figure 3d). At this speed levels, 

fabrication of cellular structures for building micro-tissue models is expected which can 

become a mainstream in the next decade with plenty of potentially clinical or drug-screening 

applications 105. 

  

  

Figure 4. Developments in the speed and volume of the fabricated features by TPP 13-15, 52, 

108-114. 

 

5. Summary  

 This review summarizes the concept of TPP, a fabrication method for 3D 

micro/nanostructures with high feature resolutions beyond the diffraction limit. In recent years, 

TPP has shown great flexibility compared to conventional microfabrication techniques in 

optics, microelectronics, metamaterials, tissue engineering, 3D scaffold design, biomimetics, 
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drug delivery, etc. Even though TPP has shown promising results, more work must be done to 

overcome the current challenges of slow fabrication speed, material toxicity, and expensive 

equipment. For example, commonly used polymers may be non-toxic; however, unreacted 

monomers, oligomers, and PIs may be toxic. This biocompatibility issue can be averted using 

biological polymers with photochemical and water solubility properties. The fabricated 

structure can also be improved in size by extending it beyond micro to centimeters with high 

submicron resolution. We expect that there will be significant improvements in the near future 

with the help of computational modeling, technological progress, and continuous research on 

the response of cells and their microenvironment to new TPP materials. 
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