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Abstract

Hypothesis

Polymeric anisotropic soft microparticles show interesting behavior in biological environments 

and hold promise for drug delivery and biomedical applications. However, self-assembly and 

substrate-based lithographic techniques are limited by low resolution, batch operation or 

specific particle geometry and deformability. Two-photon polymerization in microfluidic 

channels may offer the required resolution to continuously fabricate anisotropic micro-

hydrogels in sub-10 µm size-range.

Experiments

Here, a pulsed laser source is used to perform two-photon polymerization under microfluidic 

flow of a poly(ethylene glycol) diacrylate (PEGDA) solution with the objective of realizing 

mailto:paolo.decuzzi@iit.it


2

anisotropic micro-hydrogels carrying payloads of various nature, including small molecules 

and nanoparticles. The fabrication process is described via a reactive-convective-diffusion 

system of equations, whose solution under proper auxiliary conditions is used to corroborate 

the experimental observations and sample the configuration space.

Findings

By tuning the flow velocity, exposure time and pre-polymer composition, anisotropic PEGDA 

micro-hydrogels are obtained in the 1 – 10 μm size-range and exhibiting aspect ratio varying 

from 1 to 5. Furthermore, 200 nm curcumin-loaded poly(lactic-co-glycolic acid) (PLGA) 

nanoparticles and 100 nm ssRNA-encapsulating lipid nanoparticles were entrapped within 

square PEGDA micro-hydrogels. The proposed approach could support the fabrication of 

micro-hydrogels of well-defined morphology, stiffness, and surface properties for the sustained 

release of therapeutic agents.    

Introduction

In the context of drug delivery, various formulation strategies like liposomes, niosomes, 

polymeric micelles and nanoparticles have been developed and optimized for achieving 

biodegradability and site-specific action.[1-4] These particle formulations are typically 

spherical and rely on self-assembly through bulk emulsion[5, 6] or microfluidics[7, 8] for 

synthesis. As a result, the most studied formulation properties have been particle hydrodynamic 

size and surface electrostatic potential.[9, 10] More recently, the aspect ratio (AR) and 

mechanical stiffness of nano/micro particles are emerging as important formulation variables 

to fine tune biomedical performance.[11-13] Within this context, polymeric hydrogel 

microparticles (HMP) are garnering attention as they can be engineered into different 

morphologies. Moreover, hydrophilic polymers that cross-link to form the HMP allow for 

absorption of water leading to soft bio-mimicking constructs. The swelling ratio and therefore, 

deformability of the particle, can be controlled by altering the polymer molecules or the cross-
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linking density. For instance, Merkel et al. studied the effect of red blood cell-mimicking HMP 

deformability on blood circulation and correlated an 8-fold decrease in HMP elastic modulus 

to a 30-fold increase in the circulation half-life.[14] In addition, complex particle morphologies 

with high aspect ratios can evade phagocytosis by macrophages. This has been attributed to the 

inability of macrophages to form the necessary actin structures for phagocytosis of anisotropic 

particles.[12, 15] Moreover, red blood cell mimicking particles can localize preferentially in 

different equilibrium positions within the blood stream affecting how they interact with the 

endothelial cells and partition between the macro and micro-circulation.[16-20] 

Numerous methods such as imprint lithography,[19-21] particle replication in non-wetting 

templates,[22] PVA film stretching,[23] and nanoimprint lithography[24] have been explored 

for anisotropic particle synthesis. These methods are however, limited by low resolution, batch 

operation or specific particle geometries. In this regard, continuous flow photolithography 

(CFL)[25] in microfluidic  channels offers advantages like continuous synthesis, economic 

feasibility and wide range of particle geometries. Conventionally, CFL involves 

photopolymerization of a pre-polymer in a poly(dimethylsiloxane) (PDMS) microfluidic chip 

by subjecting it to ultraviolet (UV) light stimulus. Although HMP of size  20 μm and varied >

geometries have been developed using microfluidic systems, particles in the 1 – 10 μm size 

range remain largely unexplored. Complex geometries of smaller size have been achieved by 

using high-resolution illumination like a two-photon light source.[26, 27] In two-photon 

polymerization (2PP), an ultrashort infrared laser pulse focused through a lens initiates free 

radical polymerization in the focal volume. This approach has been demonstrated in 

photoresists flowing through microfluidic channels since they allow for flow rates conducive 

for continuous 2PP and obviate the need of a piezo stage. However, these endeavors have 

mainly focused on developing complex particle geometries in a microfluidic stream with 
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movable mirrors.[26, 28]  Furthermore, it remains to be demonstrated that the so-fabricated 

particles can be rendered functional by incorporating diverse payloads.

In this work, using simple 2PP in a microfluidic channel, poly(ethylene glycol) diacrylate 

(PEGDA) anisotropic multiscale micro-hydrogels (MMH) have been fabricated in the size 

range of 1 – 10 μm with varied aspect ratios and different payloads, including small molecules, 

liposomes and polymeric nanoparticles. While most of the 2PP studies focus on reducing the 

anisotropy of the beam spot to print 3D structures, here authors take advantage of the inherent 

asymmetry of the Gaussian femtosecond-laser beam to fabricate anisotropic MMH. It is shown 

that the MMH aspect ratio (AR) can be tuned by controlling the shutter frequency, flow rate 

and resist composition. Furthermore, a computation model is developed to corroborate the 

experimental results and define the parameter space in which the 2PP system can be operated 

to get MMH with a specific geometry.

Experimental Section 

Microfluidic device:

 Microfluidic devices were fabricated by pouring polydimethylsiloxane (PDMS, Sylgard 182, 

Dow Corning) in 9:1 w/w base to curing-agent ratio on a silicon wafer containing positive-relief 

channels patterned in SU-8 photoresist, and by thermal curing at 80 °C for 2 hours. The 

microfluidic channel was of length ( ) 15 mm, height (  40 μm and width ( ) 200 μm. Devices 𝑥 𝑧) 𝑦

were fabricated by cutting out the PDMS channel using a razor blade, punching holes at the 

inlet and outlet for the fluid. The PDMS devices were then plasma sealed to glass slides by 

subjecting them to oxygen plasma (30 s at 30 W). The inlet was connected to a syringe driven 

by a syringe pump using flexible silicone tubing and particle were collected using a pipette tip 

at the outlet. 

Materials: 
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The pre-polymer solution consists of poly(ethylene) glycol diacrylate (PEGDA, Mn = 700, 

Sigma Aldrich), Lucirin TPO-L (ethyl-2,4,6-Trimethylbenzoylphenylphosphinate, 

Fluorochem) as the two-photon free radical photoinitiator (PI) and DI water. The MMH were 

developed in 70 % vol ethanol. Since Lucirin TPO-L is insoluble in water, for nanoparticle 

cargo sensitive to ethanol treatment, 6 mM lithium phenyl-2,4,6-trimethylbenzoylphosphinate 

(LAP) from Sigma Aldrich was used as the PI so that the MMH could be developed in water. 

For LAP PI, the system was operated at 60 mW pre-objective. For fluorescence labeling the 

polymer, 0.005% wt of methacryloxyethyl thiocarbamoyl rhodamine B (Sigma Aldrich) was 

added to the pre-polymer solution. 

For nanoparticle loading, 200 nm Rhodamine labelled polystyrene beads (Fluoresbrite Carboxy 

NYO Polyscience Inc.) were added at a concentration of 14.4 108 particles/mL. ×

For the Curcumin SPNs, Poly(lactic-co-glycolic acid) (50:50, Carboxy-terminated, MW 

38,000–54,000 Da) was purchased from Sigma Aldrich (St. Louis, MO, USA). 1,2-dipalmitoyl-

sn-glycero-3-phosphocholine (DPPC) and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-

N-[Carboxy(Polyethylene Glycol)-2000] (DSPE-PEG) were obtained from Avanti Polar Lipids 

(Alabaster, Alabama). Curcumin (95% total curcuminoid content) was purchased from Alfa 

Aesar. Chloroform, Acetonitrile and other solvents were obtained from Sigma Aldrich.

For the FAM LNPs, 1,2-dioleoyl-3-dimethylammonium-propane (DODAP), 1,2-dipalmitoyl-

sn-glycero-3-phosphocholine (DPPC), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[methoxy(polyethylene glycol)-2000] (DSPE-PEG2k) were purchased from Avanti Polar 

Lipids Inc (Alabaster, AL). Cholesterol was purchased from Merck.  FAM-labeled single-

stranded RNA was synthesized by Integrated DNA Technologies (5'-6FAM-

UCGUUAAUCGGCUAUAAUACGC-3').

Bulk gel fabrication and porosity/swelling measurements:
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PEGDA bulk gels were synthesized with four formulation combinations from varying PEGDA 

between 65 and 95 vol % and PI between 2 and 5 vol %. The polymerization was carried out in 

microwells of 0.75 cm diameter, holding 50 µL of pre-polymer. The microwells were subjected 

to 15 seconds of polymerization under a UV lamp (365nm, 2  15W) at distance of 2 cm. The ×

resulting gels were ejected from the mold using a syringe needle and washed in ethanol and 

water. The hydrogel discs were dried under vacuum overnight and were weighed immediately 

(mdry). The discs were soaked in excess ethanol for 2 days. The wetted hydrogels were retrieved, 

the excess ethanol was wicked from surface using kimwipes and were weighed (mEtOH). The 

porosity was calculated according to the formula

 

where V is the volume of the swollen sample. The swelling ratio of the bulk gels were obtained 

by soaking the dry gels in water for 2 days. The wetted hydrogels were retrieved, the excess 

water was wicked from surface using kimwipes and were weighed (mwet). The swelling ratio 

was calculated according to the formula

Particle fabrication:

The fluid velocity of the pre-polymer solution was varied between 100 μm/s and 150 μm/s. The 

fs laser beam was directed into the 63  1.4 NA objective through a dichroic mirror housed in ×

an Olympus Fluoview FV 1000 microscope. The optical shutter (Thor Labs MC1F10 10-slot) 

was operated at set points of 30 and 60 Hz to vary particle width. As the polymerization 

occurred in the focal spot, a CCD camera was used to visualize the polymerization in real time. 

Once the particles were collected, they were developed in 70 % ethanol solution and centrifuged 

for 30 minutes at 3900 rpm to collect them. Rhodamine B acrylate, PS beads, SPNs, Cy5 

Liposomes and FAM LNPs were added to the pre-polymer for fluorescent labeling and drug 

𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 % =
(𝑚𝐸𝑡𝑂𝐻 ― 𝑚𝑑𝑟𝑦) × 100

𝜌𝐸𝑡𝑂𝐻𝑉

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 =  
𝑚𝑤𝑒𝑡 ― 𝑚𝑑𝑟𝑦

𝑚𝑑𝑟𝑦
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encapsulation during MMH fabrication. For MMH encapsulating LNPs and liposomes, they 

were developed in water and therefore were separated using centrifugation using Amicon Ultra-

4, Centrifugal Filter 10,000 Da. 

MMH characterization:

MMH concentration and size distribution profiles were performed through Multisizer 

(Beckman Coulter, USA). Fluorescence microscopy (Leica 6000) was used to acquire 

fluorescent images of the particles. Scanning Electron Microscopy (SEM) (JEOL, Japan) was 

used for morphological analysis of MMH. The sample were prepared by the drop casting 

method over glass cover slips. The samples were sputtered with 10 nm of Gold and analyzed 

operating at an acceleration voltage of 10 kV. Confocal images of particle were obtained using 

an A1-Nikon confocal microscope (Nikon Corporation, Japan). Transmission Electron 

Microscopy (TEM) (JEOL, Japan) images were also used to characterize the MMH.

SPN and LNP synthesis and characterization:

SPN were synthesized by employing an emulsion/solvent evaporation technique. DSPE-PEG 

was dissolved in a 4% ethanol solution to a final volume of 3 ml to obtain the aqueous phase, 

whereas 1 mg of PLGA and an appropriate quantity of DPPC were dissolved in chloroform to 

create the oil phase. A v/v ratio of 6:1 between the aqueous and organic phase, a lipids/polymer 

w/w ratio of 20% and a DPPC/DSPE-PEG molar ratio of 7.5:2.5 were used. Then, the oil phase 

was added in a dropwise manner to the aqueous solution under ultrasonication at 60% amplitude 

(Q125 sonicator, Q-Sonica). The resulting emulsion was then gently stirred at room temperature 

and in a reduced pressure environment for 4 h to allow solvent evaporation. Finally, 

nanoparticles were washed with water by centrifugation at 1,500 rpm for 5 min to remove any 

possible debris obtained in the synthesis process. The nanoparticles solution was then 

centrifuged at 12,700 rpm for 20 min and the pellet was resuspended in 100 μL of Milli-Q water. 
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SPN size and polydispersity index (PdI) were estimated by dynamic light scattering (DLS) 

using Malvern Nano-ZS Zetasizer diluting 5 µl SPNs in 1000 µl deionized water.

Cy-5 containing liposomes  were synthetized by thin layer evaporation (TLE). Briefly DPPC, 

cholesterol, DSPE-PEG and DSPE-Cy5 were dissolved in chloroform in a round bottomed flask 

(ratio 6:3:1:1). The thin layer lipid film was obtained with the evaporation of the organic solvent 

at 60 °C under reduced pressure using a Rotovapor. Then, it was left under the hood overnight 

to remove any trace of residual solvent. For the production of the multilamellar liposomes, the 

lipid film was hydrated with 2 mL of HEPES and then subjected to three alternate cycles (3 min 

each) of warming at 60 °C (thermostated water bath) and vortexing at 700 rpm. The purification 

step to remove excess of Cy-5 was conducted by ultracentrifugation (1h, 45,000 rpm) instead 

of dialysis.

LNP were prepared by microfluidic mixing using a Nanoassemblr Benchtop (Precision 

NanoSystems, Vancouver, BC). Briefly, one volume of a DODAP, DPPC, cholesterol, DSPE-

PEG2k (50/10/38.5/1.5 mol ratio) solution in ethanol was rapidly mixed four volumes of FAM-

labeled RNA dissolved in citrate buffer (pH 3.9) at a total flow rate of 2 ml/min (0.019 w/w 

RNA/lipid). The obtained LNP were dialyzed for 16 h against PBS pH 7.4 and concentrated by 

centrifugal ultrafiltration units (Amicon Ultra 4, 30kDa MWCO, Millipore) to a final RNA 

concentration of 0.266 mg/ml. The mean diameter and PdI of LNPs were measured by DLS 

using a Malvern Nano-ZS Zetasizer (Malvern, Worcestershire, UK), diluting 5 µl LNPs in 500 

µl deionized water. 

 Predicting the MMH geometry:

We devised a two-dimensional model to describe the linear non-steady state process of MMH 

formation in continuous flow. We limited our problem to the  space where   is the optical 𝑥𝑧 𝑧

axis and  is the flow direction. The photo-polymerization occurred in the center of a 𝑥
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rectangular PDMS channel, far away from the channel walls. The reaction scheme is shown in 

Table 1.

We assume that the photoinitiator molecule  absorbs only two photons of light to cleave into 𝑃

free radicals , neglecting possible multiphoton pathways. The free radicals react with the 𝑅 ∙

monomer molecules  to generate a chain-initiating radicals . These radicals further 𝑀𝑛 𝑅𝑀 ∙

propagate the polymerization. For simplicity, we consider the  radicals analogous to . 𝑅𝑀 ∙ 𝑅 ∙

The first mode of termination occurs when two active radicals combine, and the second mode 

of termination occurs when the dissolved oxygen inhibits the radical propagation. In this model, 

only bimolecular termination was considered, while other modes of termination such as the 

trapping of radical species were neglected. The intensity distribution of laser beam was 

approximated as a Gaussian beam of intensity  that can be expressed as:𝐼 (𝑥,𝑧)

(1)𝐼 (𝑥,𝑧) = 𝐼𝑜( 𝜔2
𝑜

𝜔2(𝑧))𝑒
―2𝑥2

𝜔2(𝑧)

Where  ,  and (2)𝐼𝑜 = 2.3 𝐼𝑓𝑜𝑐𝑢𝑠 𝐼𝑓𝑜𝑐𝑢𝑠 =
𝑃

𝜋𝜔2
𝑜𝜏𝐹 𝜔𝑜 =

𝜆
𝜋 𝑁𝐴

where  is the laser intensity at the beam center,  is the average power,  is the laser repetition 𝐼𝑜 𝑃 𝐹

rate,  is the laser pulse width,  is the beam waist and  is the beam radius in the channel 𝜏 𝜔𝑜 𝜔(𝑧)

at a distance .  can be expressed as follows:𝑧 𝜔(𝑧)

(3)𝜔(𝑧) =  𝜔𝑜 1 + (𝑧
𝑧𝑅

)
2

 is the Rayleigh length given by,𝑧𝑅

No. Reaction Mechanism

1 𝑃  →  2 𝑅 ∙ Photolysis

2 𝑅 ∙  +  𝑀𝑛 →𝑅 ∙ Initiation and propagation

3 𝑅 ∙  +  𝑅 ∙  →𝑅𝑑𝑒𝑎𝑑 Termination

4 𝑅 ∙  +  𝑂2→ 𝑅𝑑𝑒𝑎𝑑 Inhibition

Table 1: 2PP reactions
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(4)𝑧𝑅 =  
𝜋 𝑛𝜔2

𝑜

𝜆

where  is the refractive index of the polymer precursor.𝑛

Mass balance equations for this system must account for the convection, diffusion and reaction 

of the species. Since the length of the channel is much greater than the width and height, axial 

diffusion (in -direction) can be neglected for all species. The pre-polymer solution travels 𝑥

through the channel at a velocity . Although the velocity in a rectangular microfluidic channel  𝑢𝑥

for a Newtonian fluid has a plug flow profile, since the laser spot was confined to the center of 

the channel, we assumed a uniform velocity profile in the polymerization area (PA). 

For the mass balance equation of the PI molecules, we neglected the diffusion component of 

the PI molecules. This assumption was considered valid because the polymerization occurred 

far away from the channel walls in the bulk flow and the PI molecules have a relatively large 

size. The mass balance for the PI molecules (P) can be written as:

(5)
∂𝑃 [𝑥,𝑧,𝑡]

∂𝑡 = ― 𝑢𝑥[∂𝑃
∂𝑥] ― 𝛿𝛾𝐹𝜏𝑃𝜑2

where  is the PI two-photon cross-section,  is the PI quantum yield and , where  is 𝛿 𝛾 𝜑 = 𝐼 ℎ𝜐 ℎ

the Planck’s constant and  is the light frequency. The rate of generation of radicals (R) 𝜐

depended on the convection and reaction terms accounting for generation and termination. 

Similar to PI, we neglected the diffusive component of the radical mass balance equation. 

(6)
∂𝑅 [𝑥,𝑧,𝑡]

∂𝑡 = ― 𝑢𝑥[∂𝑅
∂𝑥] +𝛿𝛾𝐹𝜏𝑃𝜑2 ― 𝑘𝑡𝑅2 ― 𝑘𝑡,𝑂2𝑅𝑂2

The rate of consumption of monomer (M) depended on the convection and the reaction term 

for the propagation of polymerization. 

(7)
∂𝑀 [𝑥,𝑧,𝑡]

∂𝑡 = ―𝑢𝑥[∂𝑀
∂𝑥 ] ― 𝑘𝑝𝑅𝑀

Lastly, the rate of oxygen consumption depended on the diffusion, convection and the reaction 

term for the radical inhibition. The oxygen molecule has a small size and its diffusion could 

play a role in the 2PP. The Peclet number (Pe) is a dimensionless number that compares the 
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relative contribution of diffusion and convection of species in a process. It is defined as the ratio 

of the convective flux to the diffusive flux given by  where  is the channel height and 𝑢𝑥𝐻/𝐷 𝐻

 is the diffusion coefficient. For a stationary droplet, the oxygen diffusion plays a role in 𝐷

determining the polymerization volume. However, the Pe for the oxygen transport in the 

microfluidic channel was calculated to be in the order of 100. We further compared the PA 

height in case of polymerization inhibited by both convection and diffusion to polymerization 

inhibition by convection alone at . As seen in Table S1, the polymerization height ux 50 μm/s

varies at a maximum of 1.3 % under the two scenarios. Therefore, under flow conditions, we 

neglected the diffusive flux of oxygen species in the PA all together. 

Under pure diffusion conditions, ( = 0)𝑢𝑥

(8)
∂𝑂2[𝑥,𝑧,𝑡]

∂𝑡 = 𝐷𝑂2[∂2𝑂2

∂𝑧2 ] ― 𝑘𝑡,𝑂2𝑅𝑂2

under pure advection conditions,

(9)
∂𝑂2[𝑥,𝑧,𝑡]

∂𝑡 = ― 𝑢𝑥[∂𝑂2

∂𝑥 ] ― 𝑘𝑡,𝑂2𝑅𝑂2

The values of the rate constants were taken from the literature (Table S2) and the beam peak 

intensity was approximated for average beam powers of 5, 10 and 20 mW. We also assumed 

that the temperature was constant and there were no radical losses between the pulses. The 

equations were solved numerically with Wolfram Mathematica®12 using method of lines on 

the NDSolve PDE solver. The simulations were run on a two-dimensional domain of 

 with the focal spot in the center of the domain. The initial and boundary 120 μm ×  120 μm

conditions of the problem were defined as:

𝑃[𝑥, 𝑧, 0] = 𝑃[ ― 𝑥𝑖, 𝑧, 𝑡] =  𝑃𝑖

𝑅[𝑥, 𝑧, 0] = 𝑅[ ― 𝑥𝑖, 𝑧, 𝑡] =  0

𝑀[𝑥, 𝑧, 0] = 𝑀[ ― 𝑥𝑖, 𝑧, 𝑡] =  𝑀𝑖

𝑂[𝑥, 𝑧, 0] = 𝑂[ ― 𝑥𝑖, 𝑧, 𝑡] =  𝑂𝑖
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where ,  and  signified the concentrations of the species at  and at the inlet face of 𝑃𝑖 𝑀𝑖 𝑂𝑖 𝑡 =  0

the domain at . The polymerization dynamics were studied for a maximum time 𝑥𝑖 =  - 60 μm

of 64 ms as the shutter frequency used in the experimental settings led to an exposure time of a 

similar order.

Results and Discussion

Fabricating MMH via Continuous Flow Lithography

Micron-sized polymeric hydrogels were realized using a continuous flow lithography approach. 

Figure 1a shows a schematic representation of the fabrication set-up including an 800 nm 

femtosecond-laser (100 fs, 80 MHz); an optical chopper (20 – 1,000 Hz); a 63 objective (NA 

1.4); a CCD camera; and a microfluidic device connected via proper tubing to a syringe pump. 

The microfluidic (F) device consists of a 15 mm long, straight channel with a 200  40 m 

rectangular cross-section realized in polydimethylsiloxane (PDMS) and sealed with a glass 

slide. A working solution comprising the water soluble monomer of poly(ethylene glycol) 

diacrylate (PEGDA), at the concentration CPEG, mixed with a photoinitiator (PI), at the 

concentration CPI, and the payload was infused in the microfluidic channel at a specific flow 

velocity Q using a syringe pump. 

MMH were continuously fabricated by exposing the working solution to the laser beam (20 

mW pre-objective) directly focused in the center of the microfluidic device (20 m from the 

channel bottom). This induced the generation of PI radicals within the laser focal point that 

would react with the PEGDA monomers favoring the progressive and localized 

photopolymerization of the flowing working solution. Notice that the absorption of two photons 

by a PI molecule takes place in a very short time interval for radical formation, typically in sub-

femtosecond range and has a quadratic dependence on the laser intensity. Subsequently, 

polymerization initiates when the radical concentration crosses a certain threshold. This enables 
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sub-diffraction limited resolution of fabricated features in both the lateral and axial directions. 

The optical chopper, operated at the frequency f, served to interrupt the solution exposure and 

thus realize particles with a finite size rather than a continuous line. Due to the altered refractive 

index, the resulting MMH could be readily observed using a CCD camera. Representative 

pictures of the micro-hydrogels generated within the working flow are shown in Figure 1b, 

under different conditions (continuous line – f = 0 Hz; distinct microparticles: f > 0 Hz). The 

full movie is available as Supplementary Video 1.

Figure 1: Fabricating MMH via Continuous Flow Lithography. a. Experimental set-up for 

2PP in a microfluidic channel and schematic depicting MMH formation and dimensions 

(length  width  and thickness – ). b. Snapshots of MMH fabrication at different ― 𝑙, ― 𝑏 𝑡

operating conditions.



14

More specifically, referring to a cubic volume surrounding the laser spot (Figure 1a), MMH 

were continuously produced in the fluid flow direction x returning thin cylinders with a width 

b, along the -direction aligned with the flow; a length l, in the -direction normal to the flow 𝑥 𝑧

and aligned with the laser beam; and a thickness t, in the y-direction normal to the flow. The 

MMH width b is mostly governed by the distance travelled by the fluid volume in the x flow 

direction while being exposed to the laser beam. Consequently, b can be tailored by controlling 

the flow rate Q and the chopper frequency f (exposure time). Due to the asymmetry of the laser 

beam spot (Figure S1), the length l of the MMH is determined by the intensity distribution 

along the optical axis z. The Gaussian laser beam focused into the monomer is asymmetric in 

the xz plane and symmetric in the xy plane. The  laser intensity in the xy plane is tightly focused 

by virtue of a high NA objective, therefore the resulting MMH thickness t was in the sub-

micrometer scale. 

Modulating the MMH geometry

The geometry of the MMH can be tailored by controlling multiple operating parameters 

including the flow velocity Q of the working solution; the working frequency f of the optical 

chopper; the concentrations of PEGDA CPEG and of the photo initiator CPI; the laser intensity 

I; and the geometry of the channel. In this work, the MMH geometry was systematically 

modulated by working at two different flow velocities, namely Q equal to 100 μm/sec and 150 

μm/sec; two chopper frequencies, namely f equal to 30 and 60 Hz; and considering two PEGDA 

and PI concentrations, being CPEG equal to 65 and 95 vol% and CPI 2 and 5 vol% respectively. 

Scanning Electron Microscopy images of MMH with different geometries are presented in 

Figure 2.

As the frequency f of the optical chopper increases from 30 to 60 Hz, the working fluid is 

exposed to the laser beam for a shorter period (from 33.3 to 16.6 ms). As a result, the width b 

of the MMH reduces. For instance, the width of MMH reduced by about  a factor of two, from 
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b = 2.21 ± 0.09 to 1.15 ± 0.13 m, as f increased from 30 to 60 Hz (Q = 100 m/s, CPI = 5 vol% 

and CPEG = 95 vol%). Note that such a significant change in width was accompanied by only a 

4% decrease in length l of the MMH, from l = 6.50 ± 0.22 to 6.21 ± 0.13 m. Alternatively, 

changing the flow rate Q from 100 to 150 m/s while keeping f constant causes more working 

fluid to be exposed to the laser beam. Thus, an increase in the width b of the MMH was observed. 

Specifically, as Q increased from 100 to 150 m/s (f = 30 Hz; CPI = 5 vol% and CPEG = 95 

vol%), the width of MMH increased by about 28%, from b = 2.21 ± 0.09 to 2.84 ± 0.15 m, 

and the length decreased by 22%, from l = 6.50 ± 0.22 to 5.02 ± 0.09 m. 

Differently from Q and f, the concentrations of the monomer PEGDA and photoinitiator PI have 

a predominant effect on the length l of the MMH. For instance, increasing CPEG from 65 to 95 

vol% resulted in a longer MMH with l increasing by 20% at lower flow rates, and 14% at higher 

flow rates.  A similar trend is observed for CPI. For instance, increasing CPI from 2 to 5 vol% 

resulted in a longer MMH with l increasing by about 22%, at both low and high flow rates. 

Following a decrease in CPEG and CPI, the width b of the MMH is also reduced by   and 

10%, respectively – a change significantly smaller than for l. Such an effect can be explained 

by considering that, for a fixed flow rate Q and optical chopper frequency f, the volume of 

working fluid exposed to the laser beam along the flow direction ( -direction coincides with 𝑥

the particle width b) does not change. However, increasing the concentration of PEGDA and 

PI facilitates the photopolymerization especially in the laser direction (normal to the flow) thus 

resulting in longer particles. This becomes less evident as the time available for polymerizing 

a single MMH reduces or, in other words, as the flow rate increases as convection tends to 

dominate over diffusion. Apart from this, change in pre-polymer composition could affect the 

cross-linking density of the MMH leading to different porosity. The porosity and swelling ratio 

of bulk PEGDA hydrogels with identical pre-polymer concentrations was investigated. For a 

given excitation energy, both CPEG and CPI were found to affect the porosity and swelling ratio 
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(Figure S2) of the resulting bulk gels. A decrease in both CPEG and CPI led to an increase in 

porosity and swelling ratio. This phenomenon could further contribute to the size difference of 

the MMH in dry conditions.

Predicting the MMH geometry

Figure 2: Morphological characterization of MMH. Scanning Electron Microscopy images 

of MMH fabricated by varying fluid velocity (100 – 150 µm/s), shutter speed (30 – 60 Hz), 

PEGDA volume percentages (95 – 65%) and PI volume percentages (2 – 5%).



17

The polymerization process of MMH under flow can be described as an advection-diffusion-
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reaction problem defined by a set of differential equations documenting the variation in 
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concentrations of the different reactive chemical species (PEGDA monomer, PI, and payload) 

in space and time. Table 1 schematically presents the multiple reaction steps and chemical 

species involved in the polymerization process, while the full set of governing equations with 

Figure 3: Predicted extension of the polymerization area (PA) under different operating 

conditions. Contour plots for the concentration of polymerized PEGDA (polymerization area 

– PA) for varying fluid velocity, shutter speed, PEGDA and PI volume percentages, at 20 mW 

laser power. The boxes are (  10 μm  10 μm. The legends depict the percentage of 𝑥 × 𝑧) ×

PEGDA conversion into polymer. External to the blue area, the polymerization is lower than 

2% indicating no gel formation. The width b and length l of the MMH correlate with the base 

and height of the PA in the contour plots above.
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proper boundary and initial conditions are provided in the Experimental section. It should be 

here recalled that although various groups have developed computational models for 2PP, these 

describe the polymerization in a static droplet exposed to the laser beam therefore, accounting 

only for diffusive and reactive processes.[29, 30] In this article, convective terms for the 

flowing monomer in the microfluidic channel have been included to provide a more 

comprehensive description. 

The integration of the boundary value problem allowed the authors to predict the extension of 

the polymerization area (PA), which could be correlated with the MMH geometry, under 

different operating conditions. Assuming that PEGDA molecules cross-link to form a solid 

MMH upon 2% conversion,[31] Figure 3 gives the actual contour within the xz plane of the 

PA: all the points within the blue area are associated with a polymerized gel (polymerization > 

2%), whereas all the points outside the blue area received an insufficient amount of energy to 

form a gel structure (polymerization < 2%). From these contour plots, the width b, in the flow  

direction x, and length l, in the laser direction z, of the PA can be extrapolated. These two 

geometrical parameters can be calculated as a function of the laser intensity I, flow velocity Q, 

chopper frequency f, PEGDA and PI concentrations CPEG and CPI.  By comparing Figure 2 and 

3, it can be readily appreciated that an increase in flow velocity Q (or decrease in chopper 

frequency f) is associated with an increase in the width b of the PA (particle size in the flow 

direction x); while an increase in PEGDA and PI concentrations is responsible for an 

enlargement of the overall polymerization area, and especially in the length l (particle size in 

the laser beam direction z). 

A more detailed analysis of the effect of these four major governing parameters on the particle 

geometry is provided in Figure 4. First, the effect of the fluid velocity Q is shown in Figure 

4a. The PA width b is associated with the dashed lines, whereas the PA length l is given by the 

solid lines. The line colors are related to the laser power, varying from 5 mW (black) to 10 mW 

(blue) and to the experimental value of 20 mW (red). It is confirmed that the PA width b grows 
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with Q returning a quasi-linear relationship with a coefficient of proportionality close to unity. 

This is indeed consistent with the data of Figure 2, particularly for low shutter frequencies and 

low CPI. In the same Figure 4a, it is also shown that the PA length l decreases with Q. 

Interestingly, the laser power has a major effect on the PA length l only: the higher the laser 

power,  the higher the PA length. This is consistent with the general observation that the particle 

width b is mostly governed by flow and shutter frequency f, whereas the particle length l is 

mostly affected by the polymerization process per se. Figure 4b shows the variation of the PA 

size under static conditions (pure diffusion with no advection – Q = 0 m/sec) for different 

values of the laser power I (= 5, 10 and 20 mW) and frequency f of the optical chopper, ranging 

from 16 to 400 Hz. The plot shows that the PA length l increases as the frequency f decreases 

(larger exposure time), as polymerization proceeds along the laser direction. However, upon 

longer exposure times ( 100 ms or f < 10 Hz), the PA length growth slows down due to oxygen ~

depletion in the area of polymerization and therefore, oxygen diffuses from the surrounding 

fluid (Figure S3). This might point to the possibility that at 30 Hz, the oxygen diffusion does 

not affect the PA length significantly. Furthermore, the PA generated at 30 Hz in a stationary 

droplet was compared to that generated under advection/diffusion conditions with Q = 100 μm/s 

(Figure S4). An increase in PA width and decrease in PA length was recorded between the two 

conditions, confirming that advection does affect the MMH length. As seen in Figure 3, at a 

laser power of 20 mW the fluid velocity and chopper frequency directly influenced the PA 

width. Meanwhile the flow velocity also affected the PA length. This could be attributed to the 

competition of advection and reaction in the PA. This is even more relevant at lower laser power 

for which the stagnation point moves toward larger chopping frequency values. 
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As the PI concentration increases, the PA length l increases too as documented in Figure 4c. 

The effect of the PEGDA concentration, however, was found to be tied to the PI concentration. 

Furthermore, at low PI concentration of 2 vol%, change in PEGDA concentration did not seem 

to affect the PA. At higher PI concentration, the increase in PEGDA concentration led to an 

increase in the PA height. This could be attributed to the high cross-linking ability of the 

PEGDA molecules and therefore, the limiting factor in MMH formation would be the number 

of radicals generated by the PI. The effect of the fluid velocity on the PA length as the exposure 

time increases is shown in Figure 4d-f. It is interesting to note that at higher laser intensities, 

the PA length l continues to grow with time sharply compared to the lower beam intensities  

Figure 4: Predicting the PA geometry. a. Variation of simulated PA length (solid line) and 

width (dotted line) in flowing pre-polymer with flow velocity and laser power at 30 Hz. b. 

Variation of simulated PA length and width in a static droplet with frequency for different peak 

laser power. c. Variation of simulated PA length with changing PEGDA and PI concentrations 

at 20 mW, 100 μm/s. d-f. Profiles of PA length development with varying flow rates and laser 

power.
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where the PA length growth follows a relatively flat profile. Overall, from these results, the 

effect of the operating parameters in the fabrication process on the PA, and therefore MMH 

geometry, could be confirmed. 

MMH with different aspect ratios

Starting from the observations above, MMH with three distinct geometries were realized, 

namely needle-shaped MMH with an aspect ratio AR  5; rectangular MMH with AR  3 and 

square MMH with AR  1. These were further characterized using a Coulter Counter multisizer 

apparatus returning the size distribution profiles presented in Figure 5a. Given the non-

spherical and highly non-isotropic geometry of the needle shaped MMH, the distribution curve 

returns an average size of 1.98 ± 0.13 m which is an intermediate value between the particle 

length l = 5.74± 0.11 m and width b = 1.13 ± 0.05 m. For the less elongated rectangular 

MMH, the Coulter Counter multisizer returned an average size of 2.53 ± 0.24 m which is 

again comprised between the particle length l = 4.30 ± 0.16 m and the width b = 1.47 ± 0.07 

m. Finally, for the more isotropic square MMH, the instrument provided an average size of 

3.37 ± 0.27 m which is quite close to the edge size l = b  3.43 ± 0.10 m, as form the SEM 

images presented in Figure 5b-d (left column). The three MMH geometries were also 

characterized using TEM (Figure S5). To visualize the particle geometry and demonstrate the 

ability of MMH to carry a payload, the hydrophilic fluorescent molecule RhB-acrylate was 

dispersed in the working solution together with the PEGDA monomer. Upon polymerization, 

the RhB-acrylate was crosslinked directly with the monomers becoming part of the resulting 

MMH structure. Fluorescence confocal microscopy images of the three different MMH types 

are provided in Figure 5b-d (right column). Notice that the MMH exhibited an uneven 

fluorescent signal distribution along their structure, with a minimum in intensity at the particle 

center (Figure S6). This has to be attributed to the high photon flux at the laser beam waist (see 

Figure S1) causing RhB quenching, as previously documented by other authors [28]. 
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Incorporating a payload into MMH

In the previous paragraph, it has been shown that the cross-linkable fluorophore RhB-acrylate 

can be mixed with PEGDA and the PI in the same working solution and generate red fluorescent 

MMH. Following the same approach other payloads can be readily distributed and incorporated 

in the polymeric MMH. Depending on the application, these payloads could be imaging tracers 

(fluorescent molecule for optical imaging as per the RhB example, Gd3+- or 64Cu2+-ions for MR 

or Nuclear Imaging), therapeutic molecules and pro-drugs, and even nanoparticles and 

combination thereof. It should be here highlighted that 2PP is not limited by the solvent for 

particle fabrication like other template-based strategies, thus providing a flexible strategy to 

incorporate different cargos simultaneously into the MMH. 

Figure 5: MMH with different aspect ratios. a. Multisizer analysis of three characteristic 

MMH geometries. b-d. SEM and fluorescence characterization of the needle, rectangle, and 

square geometries. Fluorescence image scale is 20 μm. The inset images show confocal images 

of the MMH, scale for the inset is 5 μm.
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As RhB is representative of a small molecule, the next step was that of incorporating 200 nm 

red-fluorescent polystyrene beads (PS). These were uniformly dispersed in the working solution 

and entrapped within the MMH following photopolymerization, as schematically shown in 

Figure 6a. As documented by the red fluorescent coloration of Figure 6b, the MMH were 

loaded with the 200 nm polystyrene beads. A patchy fluorescent signal was observed via 

confocal microscopy throughout the MMH hydrogel structure resulting from the relatively large 

nature of the PS as compared to the molecular RhB (Figure 5b-d). As a second example, the 

hydrophobic green fluorescent molecule curcumin (CURC) was first encapsulated into PLGA-

based spherical polymeric nanoparticles (CURC-SPN) (Figure S7)[32] and then added to the 

working solution. These 200 nm nanoparticles also were effectively entrapped in the MMH, as 

documented by the green, fluorescent coloration of the microparticles (Figure 6c). Finally, lipid 

nanoparticles were also loaded into MMH. The incorporation of the water dispersible lipid 

nanoparticles into MMH required some adjustment as compared to the original protocol. 

Specifically, the photoinitiator Lucirin TPO-L, insoluble in water, was substituted with the 

water-soluble lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) and the system was 

operated at 60 mW of laser power. Initially, lipid Cy5 containing liposomes were realized and 

loaded into MMH (Figure S8). Progressing to a more complex nano-formulation, a fluorescein 

amidite (FAM)-labelled oligonucleotide was loaded into lipid nanoparticles (oligo-LNP) by 

microfluidic mixing using a Nanoassemblr Benchtop.[33]  These oligo-LNP were then loaded 

into the MMH as seen in Figure 6d. Orthogonal views of the z-stack images show the 

fluorecence distribution of the nanoparticles embedded within the MMH (Figure S9). Indeed, 

following the same method, multiple and different nano-formulations could be dispersed within 

the working solution and physically entrapped within the PEGDA matrix of the MMH upon 

polymerization. Thus, it has been demonstrated that the hierarchically structured MMH could 

be loaded with hydrophobic and hydrophilic therapeutic cargos, simultaneously. Note that for 
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simplicity the sole case of square MMH was considered, but the same strategy can be readily 

extended to any MMH geometry.

Conclusion

Studies reporting 2PP for microparticle fabrication typically focus on 3D printing complex 

geometries using galvanometer mirrors[26] or digital micromirror devices[34] and some 

fabricate hydrogels in static droplets[35, 36] or on sacrificial templates.[37] In this study, the 

authors fabricated sub-10 µm free-floating PEGDA hydrogel microparticles (MMH) 

Figure 6: Incorporating a payload into MMH. a. Schematic depicting in situ loading of 

nanoparticles in MMH. b-d. SEM images and fluorescence microscopy images of 200 nm-PS 

beads, curcumin SPNs and ssRNA LNPs loaded square MMH, scale is 20 μm. The inset image 

is a confocal image of the MMH; scale for the inset is 5 μm.
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continuously in a microfluidic device at maximum throughput of 60 particles per second, higher 

than other reports in this field.[26, 27] MMH of varying aspect ratios were fabricated simply 

by tuning four different process parameters: flow velocity Q, chopper frequency f, and the 

monomer CPEG and photoinitiator CPI concentrations. The effect of these parameters on the 

MMH size and shape was assessed experimentally. A computational model describing the 

reactive-convective-diffusion problem ruling the particle formation was developed and used to 

corroborate and interpret the experimental observation. It resulted that the particle length could 

be readily increased by reducing the fluid velocity, increasing the laser power and 

monomer/photoinitiator concentrations, while the particle width would grow quasi linearly with 

the fluid velocity and chopper frequency. Finally, it was demonstrated that a variety of 

therapeutic and imaging cargos, including small imaging and drug molecules, fragments of 

nucleic acids, polymeric and lipid nanoparticles can be readily entrapped within the MMH 

matrix originating hierarchical theranostic system. In this regard, most fabrication strategies for 

polymeric bio-mimicking microparticles have been limited by the substrate or the 

resolution.[13, 23, 25] This work is expected to trigger additional studies aiming at realizing 

MMH with more complex and defined geometries; utilizing different monomers, including 

hyaluronic acid, chitosan and other photopolymerizable monomers; and incorporating a 

multitude of cargos while using a simple two-photon microfluidic based fabrication set-up. 
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