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Customizable and Reconfigurable Surface Properties
of Printed Micro-objects by 3D Direct Laser Writing via
Nitroxide Mediated Photopolymerization

Mehdi Belgat, Xingyu Wu, Jason Morris, Karine Mougin, Tatiana Petithory, Laurent Pieuchot,
Yohann Guillaneuf, Didier Gigmes, Jean-Louis Clément, and Arnaud Spangenberg*

Photoactivated Reversible Deactivation Radical Polymerization (RDRP)
technologies have emerged very recently in the field of 3D printing systems
especially at the macroscale in vat-photopolymerization-based processes such
as digital light processing (DLP). Contrary to conventional free radical photo-
polymerization, photoRDRP in 3D printing leads to 3D objects with living
character and thus confers them the unique ability to be post-modified after
fabrication. While 3D direct laser writing (3D DLW) by two photon polymeriza-
tion has become a standard for fabrication of complex 3D micro-objects, the
use of RDRP and its associated benefits has so far been under-investigated

at that scale. Herein, a photoresist suitable for 3D DLW based on nitroxide
mediated photopolymerization (NMP2) is developed. The photopolymeri-
zation efficiency for fabrication of micro-structures and their subsequent
post-modification are investigated regarding the laser power and the wave-
length of excitation. Moreover, highly tunable, precise, and successive surface
patterning of 2D and 3D multi-material microstructures are demonstrated
thanks to the spatial and temporal control offered by the photo-induced post-
modification. This work highlights new directions to be explored in order to

accelerate the adoption of RDRP in 3D printing based on photopolymerization.

ization-based 3D printing in particular
at the macroscale by using digital light
processing (DLP) techniques.!! Indeed,
in conventional free radical photopo-
lymerization, a heterogeneous polymer
network of “dead” chains is formed due
to irreversible termination reactions. In
contrast, in RDRP the “living” character
of the polymer network is ensured via the
presence of dormant reactivable polymer
chains, resulting in the formation of more
homogeneous polymer network. Besides,
the ability to reversibly deactivate chain
growth provides additional appealing fea-
tures to the synthesized polymer network
such as its reprocessability, both from
chemical or mechanical point of view.
As an extension of the exciting opportu-
nities opened in polymer network forma-
tion, various photoRDRP strategies have
been applied to 3D printing with the aim
to enable the elaboration of 3D objects

1. Introduction

Recently, Reversible Deactivation Radical Polymerization
(RDRP) has drawn tremendous attention in photopolymer-
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with customizable and reconfigurable
properties. 1)

In that regard, pioneering work was carried out by Bagheri
et al. with the employ of photoiniferter reversible activation
fragmentation chain transfer (RAFT) polymerization in DLP
3D printing under a nitrogen environment.® The direct photo-
lysis under visible light irradiation of trithiocarbonate RAFT
agent allows to fabricate 3D objects with living character. The
latter was demonstrated via the post-modification of surface
properties with fluorescent monomers. In order to improve the
printing speed and make compatible photoRDRP with open-
air DLP 3D printers, Boyer and co-workers have successfully
proposed an alternative strategy namely photoinduced elec-
tron/energy transfer-RAFT (PET-RAFT) polymerization.'Y The
employ of an organic dye (photocatalyst), a tertiary amine (co-
catalyst), a RAFT agent, and acrylate monomers allowed faster
printing and photo-induced post-modification of 3D printed
objects. In a subsequent study, Bagheri et al. also reported the
first examples of oxygen tolerant PET-RAFT formulation for
fully open to air 3D printing.l’) Since then, more sophisticated
systems were developed using either a combination of cationic
and radical based RAFT polymerization, the use of RAFT-
capable TTC crosslinkers®! or targeting the preparation of
highly resolved micro- and macroscale features.®! More recently
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photoRDRP has been also extended to photoATRP by Qiao
et al.fl and Boyer’s group has developed Norrish type I photo-
initiated RAFT polymerization (NTI-RAFT).Y In the latter
example, rapid high-resolution 3D printing capability is high-
lighted and impressive spatial control of the post-modification
is demonstrated. This work confirms the positive role played
by RAFT agent to improve the resolution as described early by
Guymon’s group.['e]

Interestingly, up to now, application of photoRDRP tech-
niques have been mainly limited to DLP 3D printing. Exploiting
these approaches in the field of 3D direct laser writing (3D
DLW) based on two—photon polymerization”! will undeniably
open new perspectives in the production of multi-functional
3D microstructures that are highly desired for various appli-
cations, including soft robotics,®l or tissue engineering’*? to
quote a few. The numerous efforts currently devoted to control
the surface properties of such 3D microstructures highlight
the importance to develop alternative strategies facilitating
the customization and reconfiguration of the printed
micro-objects.[t10

Surprisingly, the employ of photoRDRP in 3D DLW and its
associated benefits, including tunability of surface and bulk
properties, have been so far under-investigated.

Pioneered by our group,!!! implementation of photoRDRP
in 3D DLW has been recently demonstrated via photo-induced
reactivation of macro-photoiniferter RAFT polymerization. Spa-
tial control of the photo-induced post-modification has been
highlighted by writing the letters “URAFT” and by patterning
thermo-responsive functional material on the printed surface.
Very recently, Blasco et al. have proposed a new approach for
the preparation of covalent adaptable microstructures by 3D
DLW. This approach lies in the inclusion of an alkoxyamine
in the formulation allowing for chain extension via nitroxide
mediated polymerization (NMP).I” This approach has led to
impressive volume change and tunability of the mechanical
properties by two orders of magnitude of the printed micro-
object induced by thermal post-modification. However, photo-
induced post-modification has not been attempted limiting the
possibility to introduce multiple functionalities in a spatial con-
trol manner. These two recent examples underline the interest
to further investigate photoRDRP in 3D DLW that enable the
fabrication of 3D micro-objects with adaptable and reconfig-
urable properties. Following our previous work on photoinif-
erter, we moved towards another photo-RDRP technique
that is also based on an intramolecular photo-initiation mecha-
nism: the Nitroxide-Mediated PhotoPolymerization (NMP2).
We pionnered this field in 2010 by introducing a chromophore
on an alkoxyamine to convert thermal dissociation into photo-
chemical dissociation that allow us to developped the so called
Nitroxide-Mediated PhotoPolymerization (NMP2).1% This tech-
nique was then used to prepare reactivable micropatterns.''¥
We already demonstrated that reactivable micropatterns could
be obtained via the combination of NMP2 and direct laser
writing using laser diode emitting at 375 nm.™l In the current
work, due to the mechanism of multiphoton absorption that
required to occur in a very small volume, RDRP systems that
are based on an intramolecular activation are preferred. The
use of NMP2 in that application is very interesting since very
high rate of polymerization has been reported for such system
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and their efficient use in micropatterning led us confident to
obtain a high degree of reinitiation.

Herein, a solvent free photoresist suitable for 3D DLW based
on nitroxide mediated photopolymerization (NMP2) is devel-
oped. The photopolymerization efficiency for fabrication of
micro-structures and their subsequent post-modification are
investigated regarding the laser power and the wavelength of
excitation. Moreover, highly tunable, precise, and successive
surface patterning of 2D and 3D multi-material microstruc-
tures are demonstrated thanks to the spatial and temporal con-
trol offered by the photo-induced post-modification. This work
highlights new directions to be explored in order to accelerate
the adoption of RDRP in 3D DLW and more broadly in 3D
printing based on photopolymerization.

2. Results and Discussion

2.1. Investigating Two-Photon Polymerization Properties of
Alkoxyamine PA1-Based Resin

2.1.1. Mechanism of NMP2 and Selection of Alkoxyamine PA1 for
NMP2 3D DLW

As depicted in Figure 1a, under light excitation, the alkoxy-
amines bearing benzophenone groups can undergo homol-
ysis of the C—O bond without catalyst or external additive to
generate a carbon radical (R.) and a stable nitroxide radical
(+ O-NR;R;). The R« species undergoes further propagation in
the presence of monomers. During chain growth, the polymer
radical R-P,« is reversibly terminated by the persistent radical
«O- NR;R; to produce the dormant species R-P,-ONR;R,, thus
providing a means of controlling the radical polymerization pro-
cess. Similar to R-O-NRyR,, the resulting macro-alkoxyamine,
i.e., the dormant species, can also undergo reversible initiation
under light conditions, which facilitates further propagation.
Several alkoxyamines bearing one or two benzophenone deriva-
tives have already been studied by our working group.-* The
C—O0 bond cleavage has been demonstrated and for some of
them the photolysis rate constants (kq) were determined over a
large range of light intensity via the monitoring of the nitroxide
concentration in aerated conditions.*" Besides, some of them
have been used successfully for micropatterning with a detailed
study of their photoinitiation efficiencies.*%1 The nitroxide
used was already described elsewherel) and was designed to
improve its stability by the introduction of an isopropyl group
that impede the disproportionation that could occur when a
methyl moiety is present.'”] Second, a second benzophenone
moiety was also inserted into the alkyl fragment of the alkoxy-
amine in PA1 since we showed that such alkyl group increased
the rate of photolysis and thus will impart a better photoini-
tiation.'®) The fast and selective cleavage of the alkoxyamine
was qualitatively observed by ESR (See Figure S1, Supporting
Information) and its photoinitiation ability was compared to
BAPO, a commercial photoinitiator, by performing in situ FTIR
experiments (see Figure S2, Supporting Information). One can
notice that the photopolymerization rate initiated by PA1 is
slower, but the novelty brought by PA1 lies in the living prop-
erties of polymer chains after photopolymerization, which has
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a) Nitroxide Mediated PhotoPolymerization (NMP2)
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b) Two-photon Induced NMP2 for Fabrication (A, P,) and Functionalization (A,, P,)
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Figure 1. a) Overview of the NMP2 polymerization mechanism involving a reversible photolysis, and molecular structure of the alkoxyamine PA1 used
in this work. b) Schematic representation of the fabrication (Step 1) and functionalization (Step 2) both made by 3D direct laser writing via nitroxide
mediated photopolymerization reaction. c) Optimizing of writing parameters (wavelength and laser power) for fabrication and functionalization steps.

been exploited in surface modification presented in this work.
Herein, a typical solvent-free formulation contains pentaeryth-
ritol triacrylate (PETA, see Figure S3, Supporting Informa-
tion) as a monomer and crosslinker, and the alkoxyamine PA1
(3 wt.%) as photoinitiator and precursor of macroalkoxyamine.
PAT’s synthesis is described in Section S4 (Supporting Informa-
tion). It has to be noted that the incorporation of benzophenone
derivative within alkoxyamine unit is expected to provide the
ability to perform two-- photon induced NMP2 both for fabrica-
tion and functionalization.

2.1.2. Two-Photon Polymerization Efficiency of PAT

The evaluation of the efficiency of a photoinitiator in 3D DLW
usually comes down to determining the two-photon cross sec-
tion ¢ and the radical generation quantum yield ®. However,
it has to be mentioned that the determination of both values
depends on the methods used and the experimental conditions
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(nature of solvent, presence of oxygen, concentration...). Thus,
it may not reflect the experimental conditions encountered
during a two-photon photopolymerization. Therefore, in the
current study, the performance of PA1 to induce two-photon
polymerization has been probed according to the formalism
proposed by Baldacchini et al."® where the threshold power is
related to the product 6.9 such as:

1
=00k 1)

th

With k a constant taking into account the fixed experimental
parameters (numerical aperture of the microscope). Experi-
mentally, the two-photon polymerization threshold power (Py,)
is determined at a given wavelength by polymerizing lines with
decreasing power (Figure 1b, fabrication step). Microstructures
were formed by focusing the femtosecond laser beam into a
drop of PETA/PAL1 resin using a 40x magnification objective
with writing speed fixed at 14.3 um s™'. When the power is not
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sufficient to induce the formation of polymerized lines, the
threshold value is obtained. According to Equation 1, the rela-
tive values of the two-photon polymerization action spectrum of
PA1 in PETA can be derived from the plot of 1/Py? versus the
excitation wavelength from 710 to 800 nm. The threshold power
being inversely proportional to the product ®.&: the higher this
value, the lower the laser power required to initiate the polym-
erization, which consequently reflects a better sensitivity of the
photoinitiating system. Thus, at 710 nm, it can be assumed that
the generation of radicals via PA1 is the most important. Stable
PETA-based microstructures could be obtained between 710
and 760 nm in the presence of oxygen. For wavelengths above
760 nm, the photopolymerization reaction is initiated, but not
sufficiently advanced to withstand the development stage.

2.1.3. Living Character of NMP2 Printed Microstructures

Having established the ability of PA1 to initiate microstructura-
tion via two—photon polymerization, we aim to highlight the
living character of the resulting microstructure. For this proof
of concept, the fabrication (4;) and functionalization (4,) excita-
tion wavelengths are set both at 720 nm, where PA1 exhibits
higher initiating efficiency and where our tunable excitation
laser source presents better mode locking (stability) and higher
energy necessary for investigating the impact of laser power
(see next section). First, a drop of the resin is deposited in a
glass coverslip. Then, the laser beam is focused into the drop to
induce the two—photon polymerization of a squared microstruc-
ture at a laser power P; = 3.84 mW close to the threshold energy
in presence of oxygen. Finally, the microstructure is obtained
after a development step in ethanol (Figure 1b — Fabrication
step). For functionalization experiment, a drop of trimethylol-
propane triacrylate (TMPTA, see Figure S3, Supporting Infor-
mation) resin without photoinitiator is deposited on the top
of the fabricated squared structure. The laser beam is focused
on the upper surface of the already formed microstructure
(Figure 1b, Functionalization step). In the presence of oxygen,
no functionalization could be evidenced. The experiment was
therefore carried out under a controlled atmosphere (nitrogen).
In this case, lines of TMPTA were produced with a laser power

0.04

0.02+

720 740 760 780
Wavelength (nm)

=2

Ah

height (nm)

[

a

o
1

P, ranging from 3.84 to 8.4 mW. The heights Ah of repolymer-
ized lines were measured by Atomic Force Microscopy (AFM)
and plotted in function of laser power P, (Figure 2b). The AFM
image of these lines and associated profile are given in Figure S4
(Supporting Information). The results obtained evidenced an
increase in the line’s height Ah as a function of the laser power
P,. These results therefore highlight the living and controlled
nature of the reaction. It has to be noted that in the context
of microstructuring, the living character is defined by the pos-
sibility of re-initiating a polymerization without additional
contribution of a photoinitiator. The controlled character is
attributed to the possibility of precisely varying the geometry
(Ah) of the repolymerized lines according to a given parameter,
here the power. Indeed, by increasing the power of the laser,
the heights of the repolymerized lines increase linearly from
267 to 554 nm.

2.2. Optimizing Writing Parameters for Fabrication and
Functionalization via NMP2

Having established the living character of microstructures
made by NMP2 3D DLW, we implemented similar method-
ology described in Section 2.1.3 to investigate the impact of
laser power and excitation’s wavelength both for fabrication
and functionalization steps (Figure 1c). Our motivation to
investigate the influence of laser power is driven by previous
works of our consortium focused on NMP2. For instance, Ver-
sace et al. reported that the photolysis rate constants k4 of the
alkoxyamines can be modulated by varying light intensity. More
recently, in the context of UV patterning, the power of the exci-
tation source was found to be a key parameter to tune the extent
of the repolymerization.*1®) One can reasonably assume that
the extent of the repolymerization should be related to the
production of reactive species at a given time and in a given
volume. Therefore, according to the wavelength dependency
shown by PAL1 for two-photon polymerization and according to
recent results focused on wavelength-resolved ATRP obtained
by Nardi et al. in solution, we decided to investigate for the
first time the influence of the excitation’s wavelength on NMP2
3D DLW.

)

560-
500-
460- }
400-

t

;1

300+
260+ {

4 6 6 7 8
Laser power P, (mW)

Figure 2. a) Two-photon absorption (TPA) action polymerization spectrum of PETA based formulation containing PAT (3 wt.%). b) Validation of the
living character of the printed 30 X 30 um? square by 3D DLW at 4; =720 nm (P, = 3.84 mW), and functionalization by NMP2 at A, = 720 nm of several

lines with increasing power P, from 3.84 to 8.4 mW.
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Figure 3. a) Influence of laser power P; and P, on the extent of the repolymerization by NMP2. The excitation wavelengths for fabrication and function-
alization are fixed and set at 720 nm. Laser power P, for fabrication is set to 3.83, 5.14, or 6.08 mW. For each P;, laser power P, is modulated between
3.83 and 8.4 mW. b) Influence of functionalization excitation wavelength 4, on the extent of the repolymerization by NMP2 for different laser power
P,. Laser power P, for fabrication is set to 6.25 mW, and laser power P, is modulated to a certain range specific to each 4,. The excitation wavelength

for fabrication is fixed at 4; =760 nm.

2.2.1. Laser Power Mediated Surface Modification

For sake of clarity, only the data obtained with excitation wave-
lengths fixed at 4; = 4, = 720 nm are discussed. The set of data
related to excitation wavelengths fixed at 4, = 4, = 740 nm or at
A =2A,=760 nm are added in Sections S6 (Figure S5 and Table S1,
Supporting Information) and S7 (Figure S6 and Table S2, Sup-
porting Information) respectively.

As already discussed in Section 2.1.3, the extent of polymeri-
zation during a post-modification of square microstructures is
favored with increasing laser power P,. As depicted in Figure 3a,
similar trends are observed whatever the laser power used (Py)
for the fabrication of squares. However the height of the repo-
lymerized lines are slightly different for laser power P; ranging
from 3.83 to 6.08 mW. Indeed, while for P; set to 3.83 mW the
height is varying from 267 to 554 nm, when P is set to 5.14 mW
or 6.08 mW, the height is varying from 184 to 427 nm or from
73 to 306 nm, respectively. Interestingly, the living character of
the structures is confirmed for any printing conditions, and
these results demonstrate our ability to finely tune the extent
of the repolymerization from 73 nm up to 554 nm by adjusting
the fabrication laser power P; (Table 1). One can also notice that
for a given functionalization laser power P,, the repolymerized
height is decreasing when the laser power P; is increasing. One
can assume that at higher laser power P;, the degree of reticula-
tion of the polymer network is more pronounced thus limiting
the interpenetration between the macro-alkoxyamine formed
during the fabrication step, and the new monomer added
during the functionalization step.

2.2.2. Wavelength Dependence of the Functionalization

In order to study the influence of wavelength on the func-
tionalization, several groups of lines made from TMPTA
alone using different wavelengths were fabricated on a square
(20 um x 20 pm) made from PETA/PA1 with a fixed wave-
length and laser power. As shown in Figure 3b, the bottom
square was made at 4; = 760 nm, P; = 6.25 mW, and on the
square, three different wavelengths (4, = 720, 740, and 760 nm)
were applied for functionalization. From the plot of the lines’
heights (Ah), measured from AFM, against laser power (P,),
we can clearly see the increase of heights Ah with the laser
power (P,) increasing at each wavelength (4,;), as discussed
above. Focusing on the wavelength, it is evidenced that at the
same laser power (P,), with longer wavelength (4,), the heights
of lines Ah are smaller. For example, at P, = 8.25 mW, the Ah
of a line made at 4, = 720 nm is 1203 nm. This value of Ah
decreases to 1161 nm at A, = 740 nm, and further to 423 nm
at 4, = 760 nm. This is not only valid for functionalization on
a square made at A; = 760 nm, functionalization on squares
made at 4; = 740 nm and 4; = 720 nm shows the same trend
(Figures S7 and S8, Supporting Information). This trend can
be explained by the reactivity of formed macro-alkoxyamine
after the fabrication of the bottom square. Similar to the reac-
tivity of PA1 indicated by 1/Py? (shown in Figure 2a), macro-
alkoxyamine has higher reactivity at 720 nm than at 740 nm
and 760 nm. Surprisingly, one notices that for the same wave-
length (4,) and power (P,) for functionalization, the height of
lines Ah on the top of a square made at A; = 760 nm is larger

Table 1. Influence of laser powers P; and P, on the extent of polymerization Ah via NMP2.?)

P, 3.83 mwW 6.08 mW 6.93 MW 7.95 mW 8.4 mW

Py

3.83 mW Ah =267 £25 nm Ah=380+18 nm Ah =469 £ 21 nm Ah=528+17 nm Ah =554 %23 nm
5.14 mW Ah=184£18 nm Ah =308 £19 nm Ah =396 +38 nm Ah =399 +43 nm Ah=427+3 nm
6.08 mW Ah=73432 nm Ah =182 118 nm Ah=221+£6 nm Ah =278 £17 nm Ah =306 + 27 nm

A=A, =720 nm.
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Table 2. Summary of heights Ah obtained as a function of fabrication
(41) and functionalization (4,) wavelengths.

A 720 nm 740 nm 760 nm

A

720nm  73<Ah<554nm 34<Ah <522 nm 93 <Ah <442 nm
740 nm  85<Ah <959 nm 25<Ah<914nm 68 < Ah <951 nm
760 nm 717 < Ah <1203 nm 441 < Ah <1161 nm 106 < Ah <700 nm

than the Ah on the top of a square made at 4; = 740 nm, and
even further larger than for 4; = 720 nm. Here, all the bottom
squares were made using a power close to the threshold, i.e.,
P; = 3.83 mW for A; = 720 nm, P; = 412 mW for 4, = 740 nm
and P; = 6.25 mW for A; = 760 nm. Taking functionalization at
A, =720 nm, P, =8.25 mW as an example (Figure 3b; Figure S7,
Supporting Information), the line’s height Ah is 554 nm on
the top of square made at 4; = 720 nm, while this value Ah is
959 nm on the top of square made at 4; = 740 nm and reaches
1203 nm at A; = 760 nm. We assume that for a bottom square
made at 4; = 760 nm, more macro-alkoxyamine is accessible.
Finally, it has to be pointed out that the highest functionaliza-
tion Ah is achieved at 4; = 760 nm and A, = 720 nm. In Table 2,
we list the ranges of heights that we can achieve at different
fabrication (4;) and functionalization wavelengths (4,), which
can serve as a guide to select the wavelength for surface
functionalization.

Indeed, in our approach, by varying laser power and wave-
length for fabrication and functionalization, the heights of
functionalization can be tuned accurately from nano- to micro-
scale, which is very important for surface functionalization
applications.

2.3. Multi-Materials Fabrication via NMP2 3D DLW

Multi-material fabrication holds the innovation promise to
integrate multiple materials, further combining different func-

/. Step 1: Step 2:
Fabrication Functionalization

TMPTA

jgw:'r,v 3%wt PAL \\‘/\
: "

\\/-/\ ~—, PEGDA

Step 3: Mechanical
analysis

www.afm-journal.de

tionalities into one object. As discussed above, NMP2 allows to
introduce new monomers and new functionalities for surface
modification, which establishes a solid foundation for the fab-
rication of multi-material microstructures. In order to explore
the possibility of NMP2 in multi-material fabrication, several
experiments were conducted.

2.3.1. Tunability of the Mechanical Properties

As shown in the top of Figure 4a, we used TMPTA or PEGDA
(poly(ethyleneglycol)diacrylate) alone, without any photoini-
tiator, to write a micro-square onto a bottom square made from
PETA + PA1 (4, = 760 nm, P; = 6.25 mW), thanks to the pres-
ence of macro-alkoxyamine after the fabrication of the bottom
square. Then, AFM-QNM was applied to measure the mechan-
ical properties (Young’'s modulus) of the surface. Here, the
TMPTA and PEGDA micro-squares were made at 4, =720 nm,
P, = 6.8 mW and the resulted heights are 0.61 (£ 0.03) um and
1.55 (£ 0.07) um, respectively. From AFM images (bottom of
Figure 4a) and calculated Young’s moduli, it is clear that these
two micro-squares have different topography and mechanical
properties (Young's modulus of 1.83 + 0.022 GPa for TMPTA
and 4.7 + 0.4 MPa for PEGDA). This large difference of Young’s
modulus could be explained by the denser networks in TMPTA
microstructures compared to that in PEGDA. Here, it is worth
to point out that our approach can facilely tune the mechanical
properties of the surface over a wide range (from MPa to GPa,
over 2 orders of magnitude). Furthermore, thanks to the living
properties of NMP2, it gives the opportunity to modify the sur-
face properties across multiple layers, which we will discuss in
following.

2.3.2. Precise Successive Photoinduced Postmodification

To explore the living character of the microstructures, an
IS2M logo was fabricated onto an assembly of two stacked

b)

TMPTA

0.7 GPa

I pm

Figure 4. a) Post-modification and characterization of mechanical properties over 2 order of magnitude regarding the chosen monomer for function-
alization (TMPTA or PEGDA). b) Customization and successive reconfigurations of surface properties of printed microstructures made by 3D DLW
NMP2 and visualized by fluorescence and reflection confocal microscopies.
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microstructures (Figure 4b top). Among these microstruc-
tures, the bottom square was made from PETA+PA1 using
an excitation’s wavelength 4; = 760 nm and a laser power
P; = 6.25 mW. The subsequent square (65 um X 65 um) and
IS2M logo were fabricated from TMPTA with Rhodamine B
(RB) at 760 nm (6.25 mW) and 720 nm (8.4 mW), respectively.
Here, RB was added to visualize the functionalized part via
confocal microscopy. One can notice that this IS2M logo has
a well-defined shape and high resolution with smallest feature
size (width) =520 nm. In order to further demonstrate the
potential of our approach, one attractive pattern — a smiling
face — was fabricated on the top of two squares. The experi-
mental conditions are identical to the conditions for the IS2M
logo on squares, except that here, the bottom square was made
with RB in the formulation (i.e., PETA+PA1+RB), while no
RB was used for the second square, in order to increase the
contrast in confocal microscopy. Here, the smiling face has
homogeneous height and well-defined shape, highlighted
by the outline of eyes and mouth. These two exceptionally
high-resolution microstructures clearly demonstrate the suc-
cess of our approach in light-controlled surface modification.
Remarkably, the surface modification and functionalization
can be achieved successively. Moreover, living polymerization
guarantees covalent linking between microstructures and their
supporting surface.

Our approach, applying NMP2 for light-controlled sur-
face modification, shows excellent results in modulating the

» L
= M T T e T SV

mechanical and chemical surface properties. Next, we will
explore the potential of NMP2 in 3D and 4D printing.

2.3.3. Toward 4D Micro-Printed Objects

3D direct laser writing is a powerful tool to generate arbitrary
microstructures. To demonstrate NMP2 in 3D printing, one
Voronoi structure (20 um x 20 um X 20 um) was achieved
with a laser power P; = 13.8 mW at A; = 760 nm. SEM images
(Figure 5a,b) show that the structure is well-organized and has
sub-um resolution (=450 nm). In addition, the hollow interior
of the structures presents the good printability of PETA/PA1
resin and also proves that PA1is an excellent photoinitiator.

The good printability of PETA/PA1 and the living property of
NMP2 pave the way toward 4D printing. As defined by Skylar
Tibbits,?% 4D printing requires printed objects to be program-
mably active and to have the capability to transform inde-
pendently over time off the print bed. Here, the introduction
of living polymerization in 3D printing opens a door for 4D
printing. As shown in Figure 5c, a cube was made by 3D DLW
under irradiation at 4; = 760 nm, P; = 6.25 mW. Despite a little
deformation of the cube due to the light penetration through
a large object volume, the well-defined “4D NMP2” made at
A, =720 nm and with P; = 8.4 mW (confocal microscopy image
in Figure 5d) clearly demonstrate the exquisite spatial control
in the surface modification of 3D microstructures.

Figure 5. a) Top and b) tilted SEM images of Voronoi 3D microstructures (4; =760 nm, P, =13.8 mW) c) CAD and SEM image combining fabrication
of a cubic structure and its post-modification by “4D”, “NM” and “P2" letters on its faces. d) 3D fluorescence reconstruction imaging of the function-
alized cubic structures with fluorescent TMPTA based formulation. Fabrication is performed at 4; = 760 nm, P, = 6.25 mW and functionalization is

performed at 4, =720 nm, P, = 8.4 mW.
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3. Summary and Conclusion

In summary, we developed a new alkoxyamine based photore-
sist compatible with 3D DLW to generate 4D microstructures.
This 4D feature is provided by the living character of the printed
3D micro-objects, conferring them the ability to be custom-
ized on demand. To obtain this living materials, we exploited
two-photon induced nitroxide mediated polymerization in 3D
DLW to form reactivable polymers during the 3D process. The
two-photon polymerization efficiency of the alkoxyamine based
resist has been demonstrated over a large range of wavelengths.
Then, the influence of laser power and excitation wavelength
for fabrication and post-modification experiments has been
carefully investigated. It turns out that by playing on both
parameters, a fine control of the photo-induced modification
can be modulated from nano- to micrometer regimes. Taking
advantage of these new insights, multi-material microstructures
have been realized by performing successive reconfigurations
of their surface properties. In particular, mechanical proper-
ties have been modulated over two order of magnitude and
well-defined multi-chemistry patterns have been successfully
produced thanks to the spatial and temporal control offered by
the two-photon induced NMP2 post-modification. This work
highlights new directions to be explored in order to accelerate
the adoption of RDRP in 3D DLW and broadly speaking in 3D
printing based on photopolymerization.

4. Experimental Section

Chemicals: Pentaerythritol triacrylate (PETA), Trimethylolpropane
triacrylate  (TMPTA), Poly(ethylene glycol) diacrylate (PEGDA,
Mn = 700DA), Rhodamine B were purchased from Sigma-Aldrich and
used as received. PA1 was synthesized according to the procedure
described in Figure S2 (Supporting Information).

DLW Setup: The 3D microfabrication was carried out using a
modified Microlight 3D printer based on a Zeiss Axio Observer D1
inverted microscope already described elsewhere.”!l The two photon
excitation was performed at 720, 740, or 760 nm using a mode-locked
Ti:Sapphire oscillator (Chameleon Ultra Il, Coherent: pulse duration:
=140 fs; repetition rate: 80 MHz). The incident beam was focused with
an objective lens (x40, NA: 0.65) into a drop of resist. The latter was
deposited on a cover slip which was mounted on a XYZ piezoelectric
stage allowing its translation relative to the laser focal point. This
substrate was previously functionalized with 3-(triethoxysilyl)propyl
methacrylate to enhance the adhesion of the structures onto the
substrate. The generation of microstructures had been done via the
computer-aided design (CAD) module of Simpoly.

Photostructuration: For fabrication experiments (Step 1), the resin was
made from PETA and PAT (3% wt.). It was stirred for 24 h to assure a
good dissolution of the photoinitiator. For functionalization experiments
(Step 2), the formulation was just TMPTA, PEGDA or TMPTA with a
fluorophore (Rhodamine B). Typical procedure is as follow. A drop
of the resin was deposited on a glass substrate and a square with an
overlap of 0.3 um was fabricated by 3D DLW. Once fabrication was
done, the structure was washed with ethanol and dried. Then, a drop
of monomer without initiator was deposited onto the square. Laser
was then focused on the surface of the square for functionalization
under controlled atmosphere (nitrogen). Sample was then washed with
ethanol again to reveal the repolymerized structure. In all cases, the
printing speed was set to 14.3 um s for all squares, lines and other 2D
and 3D microstructures (corresponding to an exposure time of 10 ms
per voxel). Different laser intensities and wavelength had been used and
are specified in the manuscript.

Adv. Funct. Mater. 2023, 2211971 2211971 (8 of'9)

Scanning Electron Microscope (SEM): SEM images were obtained
with a Quanta 400 FEI (Thermo Fischer Scientific). A thin gold layer of
=15 nm was sputtered on samples before analysis.

Atomic Force Microscopy: Atomic Force Microscope (AFM) was
used to investigate the morphology and mechanical properties of the
microstructures. Young's modulus (according to either Derjaguin-Muler-
Toporov (DMT) or Sneddon model) were measured using a Bruker
Multimode 8 AFM in Peakforce Quantitative Nanomechanics (PeakForce
QNM) mode. All images and profiles were treated and extracted using
the Gwyddion software. QNM etched silicon probes were provided by
Bruker and calibrated according to a procedure previously described.??

Confocal Microscopy: Fluorescent and reflection images had been
performed using a Zeiss Axio Imager M2 LSM 700 confocal right
microscope controlled by ZEN 2012 software. A 405 nm laser diode was
used as an excitation source to obtain the reflection of the materials,
the detection was done with a photomultiplier (PMT). For fluorescence,
excitation source was set at 488 nm and detection was performed on
a PMT by suppressing the excitation light with a long pass filter (LP
491 nm). Acquisition was made with a 63x Qil “Apochromat Plan”
objective lens (1.4 N.A. and working distance of 0.19 mm).

Statistical Analysis: 1. Pre-processing of data: AFM images were
processed and analyzed with a software called Gwyddion. For the line
heights measurements, it was necessary to set the O level on top of
the square to only measure the proper line height. For that, the “three-
point level” tool was used, which levels data by plane obtained by
clicking on three points within data window. Outliers, which are clearly
seen on the AFM images as their color was very bright, come from the
degradation of the resin as the damage energy had been reached in
those localized points. They can also be seen in the profils drawn on
top of the lines, which make it easier to remove them from the data. 2.
Data presentation: The line heights are obtained using the “profile” tool,
allowing the extraction of profiles along arbitrary lines from the image.
Results presented are the means and standard deviation of each profile.
3. Sample size: A mean value of 125 points are measured across the line
(depending on the outliers).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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