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ABSTRACT: Three-dimensional printing (3DP) is considered among the key-
technologies for the next industrial revolution, with considerable effects on
production processes, economy, and society. In this context, the most relevant
part of the market consists of polymeric 3D printing. The 3D printable liquids
are composed of various components, among them dyes are usually underrated
because they are introduced merely for aesthetical reasons or to enhance the
objects’ resolution. In recent years, the capability of speciûc dyes to go beyond
conventional use and to confer functional properties to 3D printed objects has
become an emerging research area. Modifying elastic moduli upon light
irradiation, inducing optical and emitting properties in the matrices or
conferring temperature responsivity are just few examples of innovative
stimuli-responsive materials that can be produced by combining well-designed dyes with the appropriate 3DP printed
matrices. In this Review, we discuss and critically analyze the most relevant recent results achieved in the use of smart dyes in
the synthesis of stimuli responsive 3D printed polymers.

H umans learned thousands of years ago how to modify
the color of the materials by adding dyes and
pigments for aesthetical purposes, as well as for

peculiar functions (e.g., camouflage, heat dissipation). Over the
centuries, this knowledge has been adapted to various classes
of materials, including paintings, ceramics, and textiles.
Polymeric materials underwent similar processes since the
19th century and diûerent approaches were developed for
dispersing organic dyes and pigments in polymeric matrices.

Recently, the use of small organic chromophores in
polymers has found new scope, mainly addressed to transfer
a plethora of features into the polymer libraries beyond the
chromic tone. The preparation of materials capable to
modulate color, mechanical, chemical, and optical properties
under external stimuli are only few examples of these appealing

functional polymers.1−5 Coumarins, azodyes, metal−organic
complexes, spiropyrans, and naphthalene diimides are some
examples of the functional dye employed in these applica-
tions.6−10 Conferring new functionalities to polymeric
materials using dyes is particularly advantageous since a little
amount of dyes could remarkably change the properties of the
material while retaining the mechanical features of the matrix.
Moreover, the possibility to variously decorate the chemical
structures of the dyes allows insertion in the polymeric
matrices either by dispersion or by covalently link them to the
polymeric backbones.
In recent years, functional dyes have found a key-role also in

the üeld of 3DP. Recent improvements and innovations have
encouraged the scientiüc and industrial research to enlarge the
palette of available printable materials, towards new
applications.11,12 The ürst and more important use of dyes in
3DP is for aesthetical purposes, and even today the main
request of the market is related to the color/transparency of a
component.13,14 Additionally, in some 3DP technologies, the
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meric materials using dyes is partic-
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amount of dye could remarkably
change the properties of the material,
while retaining the mechanical features
of the matrix.

R
e
v
ie
w

www.acsmaterialsletters.org

© 2020 American Chemical Society
1

https://dx.doi.org/10.1021/acsmaterialslett.0c00455
ACS Materials Lett. 2021, 3, 1−17

D
ow

nl
oa

de
d 

vi
a 

10
1.

56
.1

97
.2

06
 o

n 
D

ec
em

be
r 

20
, 2

02
4 

at
 1

1:
02

:4
0 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matteo+Gastaldi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Francesca+Cardano"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marco+Zanetti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guido+Viscardi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Claudia+Barolo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Silvia+Bordiga"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shlomo+Magdassi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shlomo+Magdassi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrea+Fin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ignazio+Roppolo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsmaterialslett.0c00455&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.0c00455?ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.0c00455?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.0c00455?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.0c00455?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/amlcef/3/1?ref=pdf
https://pubs.acs.org/toc/amlcef/3/1?ref=pdf
https://pubs.acs.org/toc/amlcef/3/1?ref=pdf
https://pubs.acs.org/toc/amlcef/3/1?ref=pdf
www.acsmaterialsletters.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsmaterialslett.0c00455?ref=pdf
https://www.acsmaterialsletters.org?ref=pdf
https://www.acsmaterialsletters.org?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/


dyes’ role is intrinsically fundamental, determining printability

and resolution.15 On the other hand, üne-tuned chromophores

are gaining an additional interest because of the possibility to

translate their properties in the ünal 3DP objects. This

approach has led to a relatively unexplored research area, in

which materials properties and 3D structuration are merged in

new synergistic eûects.

The scope of this Review is to critically analyze the recent
advancements in the use of dyes in polymeric 3DP to create
objects responsive to speciüc external stimuli such as light, pH,
temperature, and solvents.
In the ürst part, the 3DP techniques are described with a

speciüc focus on the role of the dyes in each technology. Later,
innovative uses of dyes in each 3DP technique are discussed,
highlighting the key role of those components.16−21 Finally, a

Figure 1. Graphical representation of printers in (a) FFF, (b) SLS, (c) DIW, (d) SLA, and (e) DLP.

Figure 2. Chemical structure of commercially available polymers and monomer for application in 3DP.
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critical analysis is reported, to highlight the achieved results
and future perspectives.

■ THREE-DIMENSIONAL PRINTING

The history of 3DP has began in the 1980s, with the ürst
patents of stereoligraphic apparatus (SLA), fused ülament
fabrication (FFF), and selective laser sintering (SLS).22−24 The
common ürst stage in all the 3DP techniques resides on the
design of a computer-aided design (CAD) üle, a virtual model
of the desired ünal product. The CAD üle is then sectioned
into 2D layers by dedicated software and sent to the printer,
which will produce the part. 3DP allows the objects’
construction by controlled adding of materials. Material saving,
personalized production, on-demand fabrication, production of
objects with architectures not achievable with other methods
are some advantages among many of 3DP. Over the years,
those technologies have increased their popularity due to the
progressive printers’ cost reduction, mainly by the cessation of
many patents. In parallel, the development of the printers has
led to increased printing speed and an improved resolution of
the ünal objects, making these techniques attractive for many
manufacturing üelds.
Metals, ceramics, and biological materials can be 3D printed,

but in this Review, we’ll focus on polymeric 3D printing.25−29

Polymers play a leading role in 3DP market thanks to the
possibility to modulate the ünal properties according to the
expected applications.30−36 3DP has been investigated to
overcome the limitation of conventional polymers production
processes, becoming nowadays a consolidated alternative
solution.
The most common AM techniques are briefly described in

the next paragraphs, with their related advantages and
drawbacks. The description includes FFF, SLS, direct ink
writing (DIW), SLA, digital light processing (DLP), and two-
photon 3D printing (TPP) (Figure 1). Some of the most
common materials employed in these techniques are also
reported to facilitate the reading (Figure 2).
Fused Filament Fabrication. FFF is the most common

and widely used 3DP technique (Figure 1a). It consists in a
controlled deposition of melted or semi-melted polymers
through a heated nozzle. An extruder is fed with a thin ülament
of thermoplastic polymer (usually of 1.75 or 3 mm), which
deposits a layer of material according to the digital model.37 At
the end of a layer, the printing head lifts up on Z-direction of
one step, which corresponds to the slicing of the CAD üle, and
starts to print a new layer on the previous one. The possibility
to print large dimension objects, the high user-friendly and the
plethora of printable polymers, make this technique the most
commonly used in industry. The overall efficiency and quality
of the printing process depends on many parameters that must
be well-speciüed.38,39

Among the many commercially available or synthetic
thermoplastic polymers, acrylonitrile−butadiene−styrene co-
polymers (ABS), polyamides (PA), polycarbonate (PC), and
polylactide (PLA) are the most used.37 Fillers, such as übers or
metallic particles, can be added to tune or confer speciüc
properties to polymeric matrices in various applications40,41

Moreover, a further implementation resides in the usage of
multiple printing nozzles, which enable the printing of
multimaterial objects with diûerent designs and structures.42

FFF is a mature technology with few drawbacks, among which,
the most important one is related to the limited resolution to
about 50 μm. This hampers the printing of complex geometries

(e.g., hanging parts) for which temporary supports, removed
by chemical or mechanical treatments at the end, are needed
during the printing process.
Dyes are not necessary components of FFF’s ülaments, they

are typically used for aesthetical purposes without any other
speciüc functionality. Those dyes need to possess sufficient
thermal stability to not degrade during the melting/extrusion
step of the ülament. This strongly limits the use of organic
dyes, especially in high performance polymers, which requires
high extrusion temperatures. Nevertheless, recently chromo-
phores were introduced in this 3DP technique to confer
innovative features to the polymeric matrix, as described in the
next paragraphs.

Selective Laser Sintering. In SLS, a high-power laser is
used to sinter metals, glasses, ceramics or polymer powders.
The laser scans the powder bed in XY directions to sinter the
desired points, following the CAD project (Figure 1b). Once a
layer is completed, the building stage lowers down by one
thickness step and a new layer of powder is deposited and
scanned by the laser. The process is repeated until the printed
object is fabricated.43 The most used polymers in SLS are
polyamide 12 (PA12), polystyrene (PS), and polycarbonate
(PC); nevertheless, the limited availability of materials is the
main limitation in this technique.44,45

The SLS processing temperature must be precisely
controlled to obtain an optimal adhesion between layers and
good resolution. In semicrystalline polymers, the processing
temperature must be üxed in between the melting and the
crystallization values44 Other key-factors to take into account
are the powder’s capability to absorb the laser wavelength, the
laser irradiation intensity, the melted material viscosity, and the
shape and size of the powder, which should be preferentially
spherical and in a range between 20 and 80 μm.44 Moreover,
the chamber must be kept in inert atmosphere to prevent any
oxidative process during printing. Diûerently from FFF,
supports are not needed for hanging parts since the non-
sintered powder acts as a support for top layers. Furthermore,
unsintered materials are also recovered and reused in the
following processes. This makes SLS a widely diûused
technique for industrial applications, especially for structural
components. Dyes in SLS suûers of the same limitations
described in FFF, since high temperatures are required in the
sintering step. To the best of our knowledge, there are yet no
examples of dyes used to confer speciüc properties or
functionalities to SLS printed objects.

Direct Ink Writing. The working principle of DIW is very
similar to FFF with the only diûerence that this technique
enables the printing of inks with high viscosity or eventually
shear-thinning.32 A syringe is fed under a pneumatical
compression or a screw, extruding the material at a üne-
controlled temperature, pressure, and viscosity (Figure 1c).
This process allows the polymer to be deposited according to a
CAD üle on a building stage.46

DIW is widely used in printing biological materials, using
various materials, such as polymers, ceramics, and composites
are suitable for DIW.47−49 Nevertheless, each material requires
peculiar extrusion speed to obtain a homogenous and well-
deüned ünal product.34,50−54 Being an extrusion-based
technique, the use of dyes is not strictly necessary in DIW,
since they do not aûect the printing process. However, recent
examples reports on the use of chromophores in photo-
luminescent, pH, or thermoresponsive DIW printed materials
containing various organic dyes.
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Photopolymerization Techniques. In 1986, Charles
Hull patented the ürst 3D printer based on photopolymeriza-
tion.22 Photopolymerization is a well-known polymerization
process induced by light irradiation, presenting several
intriguing advantages (e.g., high rate and stereospeciücity),
which made it appealing for applications in coating industries
and electronic and inks technology.
The photopolymerization process takes place upon irradi-

ation with light in the ultraviolet, visible, or near-infrared
region of the spectra.55−59 Photoinitiators absorb radiation and
generate reactive species (e.g., radicals or cations) that react
with the functional moieties present on the monomers, that
propagate leading to the polymerization. The photocurable
formulations, including 3D printable formulations, are usually
liquid and are composed of several ingredients that will be
introduced afterward according to 3D printing technologies.
SLA, DLP, and TPP are the three main techniques based on

photopolymerization each one presenting advantages and
drawbacks. The main diûerence in comparison to the above-
discussed techniques resided on the fact that the photo-
polymerization-based techniques produce thermosets polymers
(e.g., polymers with three dimensional crosslinked networks).
Here, we’ll use the term vat polymerization (VP) techniques
for all the photo-induced 3D printing technologies.
Stereolithographic Apparatus. In the SLA approach/

method, a reservoir (or vat) is ülled with a photocurable
formulation and a UV laser (e.g., 355 nm) scans the surface,
according to a CAD project, inducing the photopolymerization
process and curing the monomers (Figure 1d).55 The XY plane
resolution and the penetration depth along Z axis depend on
many factors, including the instrumental parameters, such as
the exposure time, the scan speed and the intensity of the light
source, as well as chemical variables as the presence of
additives and üllers.42 When a layer is built, the building
platform is lowered in the vat, new liquid resin covers the
cured layers and another slice can be polymerized in the same
way. Once the process is done, a post-curing stage in a UV
oven is often needed to complete the polymerization and
confer enhanced mechanical properties to the ünal object. SLA
allows printing materials with diûerent properties by varying
the photocurable formulation of the operating liquid resins. On
the other hand, because of the instrument conüguration,
multimaterial printing is not possible on XY plane, while it is
possible to change materials along Z adjusting the photoc-
urable formulation during the process. Furthermore, if
compared with FFF, the printing rate is slower.
Digital Light Processing. DLP is an evolution of SLA,

where a projector (e.g., emission wavelength at 405 nm)
equipped with a digital mirror device (DMD) is located under
the vat and projects the image of each cross-section into the
liquid resin. The projection occurs through the transparent
bottom of the vat and follows the CAD project (Figure 1e).
DLP presents some advantages compared to SLA in terms of
shorter production times because of the simultaneous
polymerization of an entire layer, usage of a lower volume of
resin per produced object, lack of restriction in height of the
printed parts, minimal cleaning steps of the ünal products and
high resolution (30−50 μm).42 Similarly to SLA, a post-curing
step with UV light is needed to complete the polymerization of
all the reactive groups. Moreover, an LCD screen can be used
instead of a DMD device to assemble 3D printers, saving costs
but sacriücing the overall printing resolution.

As SLA evolution, DLP also suûers from similar drawbacks
like the production of multimaterial objects, reduced printing
dimension on XY plane, which makes this technology less
appealing for some industrial applications, where huge printing
section is necessary.42

Two-Photon 3D Printing. TPP oûers the possibility to
print objects with a resolution at the micrometer and
nanometer scale. TPP is based on femtosecond pulsed laser,
highly focused on a liquid resin, generating an high photon
absorption probability on the focus area while keeping it very
low outside.60 As a result, a very tiny voxel is polymerized,
allowing the fabrication of objects with high resolution, below
100 nm.61 The low printing speed, the lack of efficient
photoinitiators, and the reduced dimensions of the printed
objects relegate TPP mainly to academic research, especially
on biological, micromechanics, and optics üelds.62

3D Printable VP Formulations. To explain better the
importance of dyes in VP 3DP, here, we briefly describe the
components of photocurable formulations. Those can be
adapted to all the above-mentioned 3DP technologies based
on photopolymerization, slightly modifying the ingredients.
Each formulation is mainly composed of a monomer, a
photoinitiator, and a dye.
Many monomers are commercially available, and in recent

years, many other resins have been developed, reported, and
reviewed.37,63 The most common monomers in VP conüg-
uration are acrylates or methacrylates, with two or more
polymerizable groups. Monomers with only one polymerizable
group, such as acrylic or methacrylic acid, can also be used by
adding a cross-linker. Unfortunately, these kinds of resins suûer
from volume shrinkage during the polymerization process.
Most of the acrylate systems can show strong internal stresses
and deformations responsible for the reduced resolution or
breakage of the ünal objects.55 On the other hand,
methacrylate monomers are less subject to shrinkage, but
their curing rate is slower than acrylates.15 A rapid curing
process along with low ünal distortion of objects can be
obtained by mixing acrylate and methacrylate monomers.37 As
an alternative, aromatic or high molecular weight (meth)-
acrylates, which present less volume shrinkage but higher
viscosity, can be used.64,65 Nevertheless, in these cases the
printing parameters must be well-controlled and heating of the
formulation during the printing process should also be
considered.25 Epoxy resins and thiol−ene systems (i.e., thiol
monomers that react with alkene or alkynes) can also be used
in VP as long as the monomers present at least two reactive
groups to produce thermosets. These formulations show a
reduced shrinkage, fewer stresses, and higher conversion in
comparison to acrylate monomers.66,67 For thiol−ene systems,
the weakening of the mechanical properties due to the
presence of −C−S−C− bonds can be reduced by the addition
of allyl ethers to the thiol/methacrylate mixtures.68 Finally,
polymers with higher Tg can be obtained replacing alkene with
alkyne in mixture with thiols monomers.69 At last, it is worth
mentioning that while the reactive groups of the monomers
control the kinetics of the reaction, the backbone of the
monomers has more influence on the physicochemical
characteristics (e.g., strength, hydrophilicity, brittleness), so
both the aspect should be taken into account while formulating
a 3D printable material.
The ürst step in a photopolymerization process is the

generation of reactive species. This step requires a photo-
initiator, able to absorb the irradiation wavelength and
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generate radicals or cationic species that can further react with
monomers. The photoinitiator determines the polymerization
rate, the conversion of the functional groups, the ünal
resolution, and the threshold of polymerization.62,70 The
penetration of light into the resin and the curing depth are two
important parameters that control the ünal resolution in VP
and are both depending on the photoinitiator. The curing
depth (Cp) is deüned as71ikjjjjj y{zzzzzC D

E

E
lnp p

c

=

where E and Ec are the laser exposure on the resin surface and
the critical exposure of the resin under a speciüc laser
irradiation wavelength, respectively, and Dp is the penetration
depth71

D
I

1

2.3
p

ε

=
[ ]

where [I] is the concentration of the photoinitiator and ε is its
molar extinction coefficient. It is possible to regulate the
resolution of the product to obtain the desired properties of
the ünal object by adjusting the quantity and type of the
photoinitiator, the exposure time for each layer, as well as the
energy of the light source. Other important parameters that
can aûect the Cp are the light density, the monomer reactivity,
the temperature, and the exposure time.72

The photoinitiator can be radical or cationic species,
according to the mechanism used to start the polymerization.
Cationic photopolymerization, or eventually hybrid cationic
and radical, is more suitable for SLA because a 355 nm UV
laser is optimal to interact with those photoinitiators.55 At 405
nm, the typical wavelength of DLP printers, there is a higher
availability of radical photoinitiators, so that systems are
preferred.55 Among others, chalcones can be used as efficient
free radical photoinitiators with a strong absorption at 405 nm.
These molecules can start the photopolymerization of acrylate
in a very efficient manner, showing diûerent and suitable
properties according to the substituted groups.73

At last, dyes are typically organic or organometallic
molecules that can be inserted in a polymer either by
dispersion or by covalent linkage to the chains through
appropriate functional groups. The introduction of dyes in
polymers allows obtaining light-emitting devices, electro-
luminescent polymers, temperature sensors, mechanochromic
materials, or liquid crystals dispersed in polymers.74−79

In VP, dyes are added into the formulation to improve the
features of the objects, such as resolution or strength, while
dyes absorb in the UV or visible range, not aûecting the
polymerization process itself.37

Similarly, the cure depth is dependent on the light absorber
concentration and its molar extinction coefficient. Dyes are
able to spatially conüne the polymerization process into the
irradiated areas, according to the CAD üle, while avoiding
over-curing phenomena both in width and depth.72,80 The
amount of dyes loaded in 3DP matrices must be evaluated
considering the broadness of the absorption spectrum and the
dye molar extinction coefficient to minimize competitive
photon absorption processes with other components like
photo-initiators or photo-crosslinkers. An overall good
resolution and fast polymerization are thus related to a well-
evaluated balance between the dyes and the photoinitiator
percentage in the matrix. In summary, in most of the
applications, dyes do not seem to lend other important
functionalities to the formulation other than conferring color
to the ünal product.80 This eûect could be obtained using dyes
in very low concentration as reported for solving the yellowing
of the resin during the printing process by the addition of
ultramarine dye (0.01% wt).81

As an example, Sudan I 1 (Figure 3) is a dye that has been
widely used to limit the curing depth and obtain better z-

resolution.82,83 For the same purpose, 1 was also mixed with
diacrylate and thiol monomers showing a slower conversion
reaction due to the competitive absorption among 1 and the
photoinitiator.15 This evidences that an optimal compromise
should be carefully evaluated between curing rate and z
resolution.
Similarly, Reactive Orange 16 2 (Figure 3) has been used to

generate silver nanoparticle in situ using a formulation of
PEGDA and AgNO3.

14 The role of 2 was to avoid the curing
out of the irradiated area and to control the thickness of each
layer. Finally, 2 could also be degraded by UV light irradiation
to obtain a decolorized ünal product.
The evolution in the use of dyes in 3DP is the goal of this

Review, and it will be discussed in the following section, with
particular focus on the synthesis of stimuli-responsive and
functional polymers.84

As last ingredient of photocurable formulations, üllers can be
added to synthesize (nano)composites and to impart some
speciüc properties, such as electrical and thermal conductivity,
luminescence, and tunable stiûness to the polymers. This is the
most common strategy to overcome polymeric materials
limitations. In this regard, 3D printing of composites is largely
investigated and recently reviewed.41,85−88

■ FUNCTIONAL DYES IN 3D PRINTING

Recent advances in using functional dyes in 3DP are discussed,
while extensive reviews of chromophore molecules are
reported elsewhere.89−97 A brief description of the dyes used
in 3DP is reported based on their molecular structure along
with a summary table (Table 1) of all the dyes discussed in this
review.
Azodyes are widely used in 3DP because of a modular

straightforward synthesis and functionalization. The peculiarity

While the reactive groups of the
monomers control the kinetics of the
reaction, the backbone of the mono-
mers has more influence on the
physicochemical characteristics (e.g.,
strength, hydrophilicity, and brittle-
ness), so both aspects should be taken
into account while formulating a 3D
printable material.

Figure 3. Structure of the UV-absorbing azodyes.
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of these dyes resides on capability to undergo reversible cis/
trans isomerization upon UV or visible light absorption. The
presence of various functional groups on the azo scaûold can
confer unique photophysical features such a remarkable
absorption shift between the cis and trans forms. Moreover
they can be inserted in polymeric matrices as dispersed or
covalently linked chromophores ünding applications as photo-
actuators, solar energy converters, and mechanical devi-
ces.90,98,99

Another family of stimuli-responsive dyes in 3DP, covering a
broad range of absorption spectra, is based on spiropyranes.
These compounds are usually classiüed as photoswitches, since
they are able to isomerize to merocynine form upon external
stimuli, such as temperature, redox potential, solvents, metals,
acids, or bases.96 Applied mechanical forces can also induce the
dye isomerization when they are inserted in polymeric
matrices. Spiropyranes are characterized by absorption in the
UV window, while the merocyanines show bathochromic
shifted maxima in the 550−600 nm range of the spectra. These
compounds are usually used in optical data recorders, as well as
light ülters and photochromic lenses.93

Coumarin derivatives are small aromatic dyes, composed of
fused benzene and α-pyrone rings, and characterized by high
values of brightness and fluorescence quantum yield.100,101

Because of their unique photophysical features and bio-
compatibility, coumarins have been widely used in 3DP,
biomedical applications and organic light-emitting diodes
devices.95,102

Other oligoaromatic dyes, spreading from condensed
scaûolds like modiüed naphatalenes, functionalized rhodamine
or rosin backbones, as well as extended π-systems like
polymethine dyes or thiophene coupled with benzoxazoles,
have been explored in 3DP application. Each speciüc scaûold is
characterized by particular features. As a general statement, all
the oligoaromatic dyes show good photo and thermal stability
along with a high versatility.103−105 In particular, polymethine
dye present high values of molar extinction coefficient which
makes them suitable for applications related to photodynamic
therapy and dye-sensitized solar cells.106

Finally, metallo-organic complexes complete the library of
dyes used in 3DP thanks to their high thermal and
photostability while able to emit in the visible range. The
high cost due to the presence of transition metals represents a
limitation, but the low amount needed, usually less than 1% w/

w, and the remarkable features have prompted their use in
3DP, displays, and sensors devices.107

The dyes employed in each technology are introduced with
a particular focus on the compromises needed to merge
speciüc dyes and process peculiarities.

Organic Molecules and Dyes in FFF. Few functional
dyes were employed in FFF 3DP because of the unfortunate
possibility of thermal degradation during the extrusion.
Mechanochromic dyes are a class of chromophores known

to change color when subjected to mechanical stress.78

Aggregachromic dyes can be dispersed into the polymeric
matrix and they are able to modify their optical properties
when disaggregating after the exposure to a mechanical force
or due to the mechanically induced chemical rearrangement of
the chromophores covalently connected to the polymeric
chains.78,108 Mechanochromic spiropyrans in FFF have been
recently introduced showing a color change from colorless to
purple upon mechanical elongation due to the reversible switch
between the spiropyran and merocyanine isomers (Figure
4a).109 Three diûerent spiropyranes 3−5 (Figure 4b) were

copolymerized via ring opening polymerization with PCL to
obtain two matrices bearing the dyes inside the polymeric
chain, in which the elongation stress was focused mainly on C-
spiro-O bond, and one sample with a spiropyran as chain-end,
in which the force cannot trigger the isomerization reaction.
The polymers were printed by extrusion at 110 °C and without
evidence of thermal degradation during the process, indicating
the compatibility of these dye with FFF technology. Moreover,
the purple color of the merocyanine form was not observed,
suggesting that the stress during the printing process did not
promote the chemical rearrangement of the dyes.
The reversible color changes were ünally evaluated as a

response to external mechanical stress or to UV irradiation,

Table 1. Dyes Used in 3DP

dyes (entry)
3DP

technique refs

azodyes

1, 2, 26, 27, 34, 35, 56, 57, 58 SLA, DLP,
DIW,
TPP

15, 80, 83, 121, 128,
139, 140

spiropyrans

3, 4, 5, 24, 25 FFF, DIW 109, 120

coumarines

19, 28, 29, 30, 31, 44, 59, 60, 61,
62, 63, 64, 65, 66, 67, 68, 69, 70,
71

DIW, TPP 62, 115, 122, 125, 139,
141−143

oligoaromatics

6, 7, 8, 9, 10, 11, 12, 23, 33, 36, 37,
38, 39, 40, 41, 42, 43, 45, 49, 52

FFF, DIW,
SLA,
DLP

72, 85, 110−112, 117,
127, 130−133, 135,
138, 142

metallorganic complexes

13, 14, 15, 16,18, 20, 21, 22, 32 DIW 114−116, 126

Figure 4. (a) Schematic representation of the reversible isomer-
ization between spiropyran and merocynine. (b) Spiropyran-
containing polymers structures 3 and 4. (c) CAD representation,
photos of the pre-elongated specimen, the post-elongated speci-
men before and upon irradiation at 365 nm of polymers containing
3 and 4. (d) Test specimen composed of 5 with stripes of 4 before
and upon irradiation at 365 nm as well as under and after load.
Adapted with permission from ref 109. Copyright 2015 American
Chemical Society.
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suggesting potential applications in various devices. In
particular, it could be possible to use these materials as sensor
as well as to obtain immediate information about the tensile
state of the structures (Figure 4c and 4d).
An inexpensive, biodegradable, and biocompatible colorful

polymer printed in FFF was obtained by mixing a PLA matrix
with crystals of a thermochromic triclinic polymorph of
alkoxyphenyl N-substituted naphthalene diimides 6−11
(Figure 5a).110,111 The ürst sample composed of PLA and 4

(in 1:19 and 1:9 ratios) was melted at 200 °C without
indication of thermal degradation and showing a reversible
negative thermochromism, which was enhanced at higher
concentration of 4. Similar but less evident positive
thermochromism was obtained with 6 combined with PLA
in a 1:9 ratio. The activation of the thermochromism at
diûerent temperature can be controlled by modulating the
alkoxyphenyl chain length, making these materials suitable for
thermal sensors. A clear change in color from deep orange to
bright yellow can be obtained by exposing the 3DP object to
very low (−173 °C) or high (140 °C) temperatures (Figure 5b
and 5c). This can be useful to produce structural parts that, at
the same time, can act as temperature probes.
Photonic crystals are dielectrics materials in which an inner

propagation of some light frequencies is forbidden providing a
color proper of the crystal nanostructure. These materials can
also be introduced in formulations as an alternative to dyes and
pigments as in the case of the colorless dendritic block
copolymer with a molecular weight of 484 kDa 12 (Figure
6a).112

During the FFF printing process at 200 °C, 12 rapidly self-
assembles and produces a nanostructured material that can
reflect violet and transmit yellow light (Figure 6b−d). The
reflected light wavelength can be modulated within deüned
limits related to the processability, by increasing the molecular
weight of 12. Not only violet, orange, and green light-reflected
materials have been produced, but also a sample able to
transmit light was obtained with further use as an optical ülter.
FFF can be used to process colorful functional materials

without occurring in degradation despite the temperature and
mechanical stresses generated during the printing process. This

led to easy and low-cost production of functional materials
with excellent resolution and complex geometries, making easy
even-home production of components with high added value.

Organic Molecules and Dyes in DIW. DIW is a very
good choice for the development of functional materials since
it operates at room temperature while using liquids and pastes.
One of the most important and exploited uses of DIW is to
print hydrogels with cells that can mimic the extracellular
matrix. Thanks to the low viscosity, hydrogels can be easily
printed through an extrusion and the shape can be retained
after the printing process by a rapid sol−gel transition or by a
secondary cross-linking procedure that can be used to stabilize
the ünal construct.113 This technique is also known as
bioprinting and was largely combined with the use of
functional dyes.
A multifunctional 3DP hydrogel composed of sodium

alginate, sodium polyacrylate and layered rare-earth hydroxide,
consisting mainly of lanthanide ions of Eu3+ and Tb3+ 13−16
(Figure 7a) was recently reported.114 These ions, other than as
co-cross-linkers, ionic carriers, and rheology modiüers could
emit light and their photoluminescence could be tuned, by
modulating the concentration of the cation in the hydrogel
matrix composed of 17, sodium alginate, and sodium
polyacrylate matrix (Figure 7b). The emission, under 254
nm UV light, shifted from yellow to red and green according to
the diûerent ratios between the Eu3+ and Tb3+. These ünal
properties, along with the high-resolution printability and the
tunable stiûness has permitted the creation of skin like sensors
capable to detect human motion.
Photoluminescent 3DP hydrogels were also used to evaluate

the O2 concentration available for cells.115 A O2-sensitive
luminescent platinum(II) meso(2,3,4,5,6-pentafluoro)phenyl
porphyrin 18 and a coumarin derivative 19 as a fluorescence
standard (Figure 7c) were dispersed in an alginate-based bio-
ink with cytocompatible nanoparticles, made of styrene-maleic
anhydride copolymer. The platinum complex has conferred a
red emission upon excitation with blue wavelength, and it
could change its emission as a function of O2 concentration.
This probe was successfully used to map the oxygen
concentration in printed objects containing green microalgae
(Chlorella sorokiniana) and human mesenchymal stem
(hTERT-MSC) cells (Figure 7d).
Similarly, transition metals ions were employed to print

hydrogels by coassembling with the peptide hydrogelators.116

The covalent bonds between the ligands, and the peptides

Figure 5. (a) Structure of NDI with various alkyl chains. (b)
Thermochromic behavior of 7, 9, 10, and 11 at 100 and −173 °C.
(c) Reversible thermochromic behavior of composite between PLA
and crystals of 6. Adapted from ref 110 with permission from The
Royal Society of Chemistry.

Figure 6. (a) Structure of the block copolymer 12. (b, c) Violet
reüecting extruded ûlament. (d) Yellow transmitting extruder
ûlament. Reprinted with permission from ref 112. Copyright 2017
American Chemical Society.
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were designed to prevent aggregation with consequent self-
quenching of the chromophores. 2,2′-Dipyridine (bpy) as a
ligand was used to realize the emitting complexes 20−22 with
Eu3+, Ru2+, and Ir3+ cations (Figure 7e). Diûerent emission
patterns, as well as a white fluorescent hydrogel, could be
generated by playing with the relative ratios of the metals’
complexes (Figure 7f). The ünal hydrogels were proven to be
mechanically stable in water and suitable for application in soft
electronics.
An interesting application of organic fluorescent dyes in the

polymeric matrix demonstrated that not only the photo-
physical properties but also the mechanical behavior of well-
known and discussed hydrogels could be modulated by the
presence of a chromophore (Figure 8a).46,117 In a PAS matrix
loaded with tetra-(4-pyridylphenyl)ethylene 23 (Figure 8b),
pH variations were shown to induce (dis)aggregation
phenomena of the dye which were depicted by a change in
the monolayer emission (Figure 8c). At the same time, in an
acidic environment, due to the increasing protonation of the
dye and its consequent solubilization, the brightness decreased
and a material deformation occurred, due to the electrostatic
interaction between the protonated 23 and PAS. Both the
dyes’ concentration and the time needed to reach the
equilibrium were investigated in detail.

Another type of material able to change the shape through
pH variation in a totally reversible and rapid way was designed
by mixing PEG-(NH-MA)2 with α-cyclodextrin (α-CD),
creating a polypseudorotaxane 3DP hydrogel.118 The material
was not only responsive to pH variations because of the
deprotonation of a hydroxyl groups of α-CD, but, when mixed
with polyacrylate, it was also sensitive to the variations in the
aqueous ionic strength.
α-CD has also been reported in combination with Pluronic

F-127 to created reversible shape 3DP hydrogel in response to
solvent exchange between water and DMSO. It is worth noting
how this eûect could be used to convert solvent chemical
energy into a mechanical one.119

The mentioned spiropyran can be also used in DIW in
combination with commercial silicone inks composed of
PDMS microbeads in which 24 was incorporated via
platinum-catalyzed hydrosilylation in 0.25 wt % (Figure
9a).120 The switch between spiropyran 24 and the
merocyanine 25 was shown to be activated either by
compression or elongation and to be completely reversible.
The decoration of the 24 scaûold with a nitro group was
translated in longer time needed to reverse the equilibrium
from 25 in comparison to the unsubstituted dye (Figure 9b).
The presence of the spiropyran moieties, conferring
mechanochromic response, seems to have no eûect on the
pristine properties of PDMS microbeads.
Reversible deformation of printed polymers could also be

achieved by using the trans/cis isomerization of azobenzene
dyes 26 and 27 (Figure 9c).121 PHMS with molecular weight
of 2100−2400 g/mol were initially functionalized with 26 and
27 using platinum-catalyzed hydrosilylation reactions. The
obtained material was subsequently printed via a syringe on a
ülm of a commercial polyimide, which confers flexibility and
excellent resistance against organic solvents. Under 442 nm
irradiation, both materials have shown a deformation that
could be totally recovered, in the second’s time scale, once the
light was switched oû. After ten cycles the materials did not
show fatigue (Figure 9d). Furthermore, relative contributions
of Young’s moduli and thicknesses of both layers could be used
to modulate the motion of the materials.

Figure 7. (a) Components and schematic representation of
üuorescent hydrogels. (b) Emissive hydrogels containing 13−16
under 254 nm excitation. Reprinted with permission from ref 114.
Copyright 2020 American Chemical Society. (c) Structures of the
O2 sensitive üuorescent Pt complex 18 and the coumarin
derivative 19. (d) Spatiotemporal dynamics of O2 concentration
depicted by hydrogel containing 18, 19, and a layer of microalgae.
Reprinted with permission from ref 115. Copyright John Wiley
and Sons. (e) Structure of the bypirydine metal complexes 20−22
in hydrogel. (f) Natural and UV light illumination of hydrogel
showing white emission. Reprinted from ref 116. Copyright
Springer Nature.

Figure 8. (a) Schematic representation of change in üuorescence
and shape of PAS containing 23. (b) Molecular structure of 23. (c)
PAS monolayer loaded with different concentration of 23 at
different pH. Reprinted with permission from ref 117. Copyright
John Wiley and Sons.
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Coumarin can be used to reversibly modulate the
mechanical properties of polymers by UV light irradiation to
generate a polyester, derived from biorenewable resources.122

More in detail, soybean oil and adipic acid, ready available
by extraction from biorenewable source, can be functionalized
with coumarin derivatives, well-known fluorophores used in
biomedical applications and characterized by low to none
cytotoxicity.123,124 Coumarin appendage 28 reacts via a [2 + 2]
cycloaddition to form 29 under UV light (Figure 10a). Thanks
to the reactivity of the coumarin, a 3DP and biodegradable
polyester were prepared without the need of solvents and
photoinitiators. The so obtained viscoelastic liquids change
their properties to generate an elastomeric product by photo-
cross-linking reaction upon irradiation at 350 nm (Figure 10b).
This result highlighted the possibility to produce tunable bio-
based polymers for biomedical purposes, with minimal toxicity
of the initial components, while the usage of less intense light
source should be considered to cure the hydrogel and to
preserve the cell viability. The same approach was used to
fabricate free-standing photo-cross-linked hydrogels exploiting
the reversible [2 + 2] cycloaddition of coumarin 30.125

Irradiation at 254 nm of the prepared hydrogel was depicted by
complete reversible degradation into water-soluble copolymer
31, which have shown low acute cytotoxicity suggesting
application as a cell-culture scaûold (Figure 10c).
A similar concept has been applied to ruthenium(II) tris-

bipyridyl dication 32 and sodium ammonium persulfate to
mediate the cross-linking of a 3D printed hyaluronic acid and
gelatin hydrogels with phenolic hydroxyl moieties through
visible light (Figure 10d).126 The mechanical properties of the
ünal polymer can be tuned varying the ruthenium concen-
tration demonstrating the potential use in regenerative
medicine.

Not only hydrogels can be printed in DIW but also liquid
crystal elastomers (LCE), as reported for 33 (Figure 10e)
when mixed with n-butylamine as a chain extender and a
photoinitiator.127 In the printing process, LCE were aligned
along the printing pathway, and the material showed 40% of
reversible contraction from room temperature up to 200 °C,
only along the printing direction. The DIW printed structure
was then photo cross-linked under UV light. These smart
devices have been reported suitable for medical functions.
The reported examples show also that DIW can be a

promising 3DP technique in which organic dyes can be
successfully introduced in polymeric matrices. Light-emitting
materials, reversible chemical reactions, or controlled shape
deformations are the most promising properties conferred to
objects obtained by merging dyes with DIW technique.

Organic Molecules and Dyes in SLA/DLP. SLA and
DLP are the most suitable techniques for taking advantage of
the use of the functional dyes since they work at room
temperature and employing liquid formulations. Organic
molecules and dyes can be introduced as additives in liquid
formulations, conferring speciüc and useful functionalities or
simply improving the control over the polymerization process
and objects’ ünal resolution. In the context of SLA and DLP
techniques, the collection of the available dyes and polymeric
matrices is wide and varied.
A variation on the Young’s modulus have been reported by

using well-known azodyes 34 and 35 (Figure 11a). Those were

Figure 9. (a) Schematic representation of the reversible isomer-
ization between spiropyran 24 and merocyanine 25. (b) Images
taken before and after application of force or compression showing
a color change. Reprinted from ref 120 with permission from The
Royal Society of Chemistry. (c) Structure of the azo dyes 26 and
27. (d) Images of polymer matrix containing 26 with UV LED off
and on. Reprinted with permission from ref 121. Copyright 2018
American Chemical Society.

Figure 10. (a) Polyester photo-cross-linkage using 28. (b) 3DP bio
renewable polyester containing 29. Reprinted with permission
from ref 122. Copyright 2016 American Chemical Society. (c)
Formation and recycling of the coumarin 30 cross-linked hydrogel
by light. Reprinted with permission from ref 125. Copyright 2018
American Chemical Society. (d) Schematic representation of 32
and light mediated cross-linking between gelatin and hyaluronic
acid. Adapted with permission from ref 126. Copyright John Wiley
and Sons. (e) Molecular structure of liquid crystal elastomer 33.
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used in two diûerent polymeric matrices with similar chemical
structures but diûerent glass transition temperatures, namely
BEDA with molecular weight of 572 g/mol and BEMA with
molecular weight of 1700 g/mol.80 Under laser irradiation at
532 nm, the Young’s moduli of the two polymers showed
remarkable changes depending on the polymers’ Tg (BEMA
has a Tg of −38 °C, while BEDA 46 °C). BEMA with 35
increased its elastic modulus by 18% and BEMA with 34 by
58% at 25 °C. On the other hand, at the same temperature,
BEDA reduced the elastic modulus by 27% containing 35, and
with 34 by 75%. Furthermore, when the temperature was 48
°C, BEDA containing 34 increased Young’s modulus by 620%,
showing an opposite behavior. These experimental data were
applied to microcantilevers to locally control changes in
mechanical properties by laser irradiation.
The same azo dyes were employed in a following work to

exploit the trans/cis switching of azobenzene dyes under
visible light for 3D printed devices with photo-activated gas
permeability.128 The formulations were printed with DLP then
CO2 and O2 permeability analyses were carried out on the
resulting membranes under Nd:YAG laser beam irradiation at
532 nm and at diûerent humidity conditions. Under laser
irradiation, the CO2 permeability was increased by 14% for
PEGDA containing 35 and 70% for PEGDA doped with 34 at
25 °C and 0% of humidity. The processes were reported as
completely reversible showing a carbon dioxide permeability
increase when the laser was switched oû. On the other hand,
the CO2 permeability was 30 times higher than O2

permeability, and the laser irradiation seemed not to have an
eûect. Finally, a 3D prototype gas separator was printed from a
single CAD üle changing the printable formulation along z-axis
and tested in CO2 permeability. The device was built using the
same polymeric in which alternatively a 532 nm transparent
dye (brilliant green) and the azo-dye were used (Figure 11b).
CO2 was flowed through the azobenzene-based membrane and
during laser irradiation, diûerent CO2 permeability was
detected by monitoring the pH of the aqueous solution
where the CO2 gurgles, forming carbonic acid. The
methacrylated azodye 35 was also used to obtain a deüned
3DP microfluidic devices with microscale channels used to
carry out precise biological analysis. The azodye improved the
resolution both in z-direction, as well as in XY plane, avoiding
the released of the chromophore during the use of the
device.129

Environmentally sensitive materials, able to respond to
variations in physical parameters, such as light and temper-
ature, has been also reported using anthracene 36 in diûerent
polymeric matrices.130 Anthracene can undergo [4 + 4]
cycloaddition generating 37 under UV light with λ > 300 nm

and the almost complete reversible reaction occurs under
irradiation with λ < 300 nm (Figure 12a). The printed

material, a linear 37-containing poly(D,L-lactide)-poly-
(tetramethylene oxide) glycol copolymers (AN-PDLLAPT-
MEG) with diûerent content of PDLLA, showed recovery of
the initial shape after deformation in the dynamic mechanical
analysis (Figure 12b). Furthermore, the possibility to 3D print
this material using SLA or DLP conügurations without the
need of a photoinitiator may ensure the biosafety and the
possible use in biomedical applications. A 37-containing
copolymers PLA and PEG exhibited dual stimuli responsivity
to light and heat to deform and recover the initial shape.
Moreover, the anthracene change in fluorescence before and
after the irradiation at 365 nm could be exploited and used for
information storage and simple anticounterfeiting.
Using DLP, it has been reported the preparation and 3DP of

fluorescent resins able to emit in the three primary colors
regions of the spectra, as well as to provide a white-emitting
matrix when mixed.72 Three diûerent DEDGA-based for-
mulations were prepared, containing diûerent low molecular
weight acrylates to enhance the solubility and dispersion of the
photoinitiator as well as of the three dyes: BBOT 38 for blue,
Solvent Yellow 98 39 for the green, and Rhodamine B 40 for
red resin (Figure 13a). The resulting clear resins were 3D
printed and then studied in the cure depth, showing an
excellent ünal resolution and the emission of white light with
the possibility to üne-tune the emission mixing the three
primary colors (Figure 13b).
Photoluminescent polymers can also be tuned for the

preparation of high-tech materials like waveguides as recently
reported for a BEDA matrix, along with a methacrylate
benzoxadiazole 41, as smart dye in 0.01, 0.005, and 0.001 per
hundred resin (phr) covalently linked to the polymer after the
DLP process (Figure 13c).131 The resins’ printability, the
intrinsic emission and the dependence on the dye concen-
tration were investigated to show an inverse relationship
between the material transmissivity and the dye concentration,
probably because of the reabsorption processes (Figure 13d).
Additionally, the printed device has shown potential
application as a polarity sensor providing diûerent emission
upon interaction with various organic solvents.
Coordination polymers represent an alternative to conven-

tional matrices to create interesting materials for chemosensing
applications because of their high flexibility, dynamic

Figure 11. (a) Molecular structure of the azodyes 34 and 35. (b)
3DP prototype gas separator printed from a single CAD design.
Reprinted with permission from ref 128. Copyright Elsevier.

Figure 12. (a) Schematic representation of the photo cross-linking
of 36. (b) Reprinted with permission from ref 130. Copyright
Elsevier.

ACS Materials Letters www.acsmaterialsletters.org Review

https://dx.doi.org/10.1021/acsmaterialslett.0c00455
ACS Materials Lett. 2021, 3, 1−17

10

https://pubs.acs.org/doi/10.1021/acsmaterialslett.0c00455?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.0c00455?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.0c00455?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.0c00455?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.0c00455?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.0c00455?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.0c00455?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.0c00455?fig=fig12&ref=pdf
www.acsmaterialsletters.org?ref=pdf
https://dx.doi.org/10.1021/acsmaterialslett.0c00455?ref=pdf


structures, and possibility to create stimuli-responsive devices.
An example of such materials was introduced by employing the
commercially available 4-4′-bipyridine 42 as metal coordinator
in combination with copper(II) 1D coordination polymer
inserted with thymine as a terminal ligand (Figure 14a and

b).85 The polymer was characterized by both coordinated and
solvation water molecules that were partially released by
heating, causing a color shift from blue to violet. It is worth
noting that the dehydration process was proven to be
completely reversible, making this material suitable as a
moisture sensor, also in organic solvents.

More complex dyes bearing reactive azide groups on a
squaraine backbone as 43 was also used to react via click
chemistry reaction with alkyne moieties showing high
selectivity in a dedicated post-printing functionalization
process (Figure 14c).132 Two diûerent formulations were
prepared with the former containing and excess of reactive
thiol, and the latter was characterized by an excess of alkyne
moieties able to react with the 43 to provide selective staining
on the printed object (Figure 14d).
The same copper-mediated azide−alkyne cycloaddition

approach was used to functionalize complex polyesters with
a modiüed coumarine 44 to confer emission properties to the
polymer (Figure 14c).133 The prepared copolymer, 3D printed
with continuous DLP (cDLP), was further treated with 44 to
quickly create a bright printed object (Figure 14e).
Due to that, these copolymers were employed for

regenerative medicine, thanks to the biocompatibility and
degradation into safe by-products. A clear example of such
applications was recently reported 3DP with cDLP discs of
PPF functionalized with propargyl alcohol moieties, which
could further react with 44 by azide−alkyne click mechanism
(Figure 14f).134 The reactivity of the printed discs toward
azides was visually conürmed by the color of the ünal objects.
The same reaction was then applied to functionalize the PPF
disc with N3-GRGDS peptide to prepare biocompatible
scaûolds for application in biomedical treatments.
Mechanophores polymeric matrices represent an interesting

alternative for the preparation of material responsive to
external stimuli, as reported for HEA containing oxanorborna-
diene 45 (0.99 wt %) and Irgacure 819 46 as photoinitiator
(0.49 wt %).135 The samples were prepared by DLP under
visible light irradiation to avoid degradation of 45, while
providing high efficiency of the crosslinking. Subsequent
compression of the sample for one minute was shown to
prompt the formation of the 47 and 48, which are the
molecular constituents of 45 (Figure 15b). Furthermore,
complex shape objects containing 0.01% wt Nile Red 49 were
additionally printed to demonstrate the excellent ünal
resolution and the possibility to reversibly compress these
products (Figure 15c).
Natural or biocompatible materials were as well employed

for VP polymerization. For instance, chitosan, a biocompatible
and biodegradable polymer, is very attractive for biomedical
applications. A bioink was obtained straightforwardly by
functionalizing chitosan with methacrylic anhydride and ünally
mixed with LAP 50 (Figure 15c) to start the polymerization
using 405 nm light source which is less harmful to cell lines
compared to UV radiation.136 The resulting polymer has
shown high üdelity and resolution, along with biocompatibility.
PGS is another example of a biocompatible polymer that

could undergo photo cross-linkage when mixed with an
acrylate moiety 51.137 The samples were characterized
measuringthe elastic modulus values as a function of the
cross-linker concentration and the exposure time during the
printing process. The ünal DLP printed samples have shown
suitable mechanical properties and biocompatibility,
Those biomaterials were as well used with functional dyes as

it has also been reported using a rosin derived monomer 52
and HEA in a mixture of methacrylated ethyl cellulose
macromonomer 53 and hexamethylene diisocyanate 54 as
cross-linkers.138 The formulation was printed in SLA with 55
as photoinitiator and, subsequently, the thermoset was heated
to promote a secondary cross-linking between 54 and free

Figure 13. (a) Structures of three üuorophores 38, 39, and 40. (b)
Emissive resins and white emission sample generated using 38−40
dyes. Reprinted with permission from ref 72. Copyright John
Wiley and Sons. (c) Structure of benzoxadiazole 41. (d)
Illuminated waveguides containing 41. Reprinted with permission
from ref 131. Copyright 2018 American Chemical Society.

Figure 14. (a) Structure of the bipyridine ligand 42. (b) Polymer
containing 42 color change over dehydration. Reprinted with
permission from ref 85. Copyright John Wiley and Sons. (c)
Structure of the azide dyes 43 and 44. (d) Hybrid structures
printed object before and upon treatment with 43. Reprinted with
permission from ref 132. Copyright The Royal Society of
Chemistry (e) Printed üuorescent polyester stamp containing 44.
Reprinted with permission from ref 133. Copyright 2018 American
Chemical Society. (f) Microscopy image of PPF disc functionalized
with 44. Reprinted with permission from ref 134. Copyright 2018
American Chemical Society.
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hydroxy moieties to improve the mechanical and thermal
properties of the polymer (Figure 15d). The obtained sample
was also characterized by self-healing by exposing the “broken
moieties” to UV curing and heating, shape-memory behavior,
and aggregation-induced emission. Moreover, the fluorescence,
mainly due to the rosin, was shifted from 467 to 498 nm upon
curing/heating treatment making this sample suitable to
applications as sensor, organic light-emitting diodes and in
biology.
All the reported examples show some interesting preliminary

results obtained by merging functional materials to SLA/DLP
techniques covering a large library of matrices, dyes.
The possibility to create new materials responsive to external

stimuli could allow the improvement in the device perform-
ances covering biomedical, functional materials, basic science
and industrial applications üelds. Biomedical devices, artiücial
membranes, low-cost waveguides, emitting polymers, thermal,
humidity, and light sensors are only a few examples of the great
potentiality of this emerging technology.
Organic Molecules and Dyes in TPP. In TPP üeld, very

few works report the use of dyes, due to the lower impact of
such molecules to improve the printing performances. In fact,
in TPP, the ultra-focalized irradiation and the multiple photons
polymerization mechanisms are sufficient to ensure the
micrometer o nanometer resolution of the structures.
Nevertheless, azodyes as 56−58 have been employed to

evaluate the trans/cis photoisomerization and their applic-

ability in TPP (Figure 16a).139 Alkyl and bulky groups were
introduced on the dyes’ scaûolds to improve the solubility and

the dispersion while avoiding the formation of hydrogel with
consequent dyes aggregation while printing photonic crystals
(Figure 16b).
A similar azobenzene dye 35 was embedded in a polymeric

matrix using BEDA 2EO as a crosslinking monomer, 46 as a
photoinitiator in a 1:97:2 ratio to obtain a rapid yet reversible
deformation of printed nanometer membranes (Figure
16c).140 The formulation was printed to form a square
membrane of 120 μm dimension which, under 532 nm laser
irradiation, has shown a volume expansion of 28% and a
decrease in the refractive index of about 0.16. The reversibility

Figure 15. (a) Schematic representation of mechanical response of
45. (b) Structure of Nile red 49 and printed object containing 45
and 49. Reprinted with permission from ref 135. Copyright
Elsevier. (c) Structure of LAP photoinitiators and a photo-cross-
linkable 51. (d) Schematic representation of 3DP thermoset
initiated by 52. Reprinted with permission from ref 138. Copyright
John Wiley and Sons.

Figure 16. (a) Structures of dyes used in TPP. (b) SEM image of
photonic crystal with 58. Reprinted with permission from ref 139.
Copyright John Wiley and Sons. (c) SEM image of 35 containing
printed a micromembrane. Reprinted from ref 140 with
permission from The Royal Society of Chemistry. (d) Fabricated
giraffe obtained with 60 and 61. Reprinted with permission from
ref 141. Copyright 2010 American Chemical Society.
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of the process was demonstrated by observing the deformation
and recovery by switching on and oû the laser several times.
Nevertheless, the weakness of the system was related to the
possible photobleaching of the azodye because of the energetic
laser irradiation.
Also coumarins 59 and 60 have found applications in TPP,

to reduce the amount of photoinitiator needed to start the
polymerization, as well as of the sub-products residue left at
the end of the polymerization.141 Novel coumarin derivatives
were prepared with substituent groups to expand the
conjugation, covering the visible spectra, to enhance the
photosensitizer eûect with a concurrent reduction of the
photoinitiator concentration from 1-2% to 0.4%. At the same
time, a good printing resolution was achieved, as demonstrated
by the 3DP giraûe (Figure 16d). Coumarins and other
commercial dyes 61−64, as fluorescein, were also used to
create 3DP objects able to emit light without reducing the
printing resolution and enabling the internal structure
veriücation by optical microscopy.142 Coumarin-based ketones
65−68 were instead used as initiators in TPP, evaluating their
photochemical and photophysical properties by varying the
side chains as well as the central ketone ring.143 Similarly
coumarins 69−71 bearing oxime-esters groups were able to
start the polymerization process upon irradiation in the 400−
460 nm spectral window with low-intensity laser.62

■ CONCLUSION AND PERSPECTIVES

In 3DP üeld, dyes have conventional uses mainly for
aesthetical purposes (i.e. desired colors) or, in the best case,
as elements to enhance the resolution of the printed structures.
In this Review, we have reported recent advances on the use of
dyes for imparting functional properties to materials: dyes can
confer speciüc properties such as modiücation of mechanical
behavior, light emission, tunable permeability, controlled
wettability or mechanochromic features. Furthermore, these
investigations can spread all over the most common 3DP
technologies by adapting the chromophores’ functionalization
to the particular technique.
Functional devices, such as waveguides, sensors for humidity

and solvents, biosubstrates, and artiücial membranes can be
produced. Future applications can be based on inclusion of
other responsive dyes, such as derivatives of pyrene or
benzoxadiazole to evaluate changes in pH, temperature or
the hydrophilic/hydrophobic behavior of the polymeric
matrices.8 BODIPY, porphyrin, rhodamine, and carbazole
can ünd applications in temperature sensing by the changes of
the emission properties and quantum yield.5 The resulting
devices can be used as reversible sensors and potential
biomedical drug delivery systems and actuators.144,145 In
particular, for biomedical applications, the biocompatibility of
dyes, as well as of the degradation by-products must be
considered. This should be translated in ünding an appropriate
compromise between the desired photophysical features of the
materials and the short- and long-term cytotoxicity of the
chromophores, photoinitiators, and the related degradation
products.146,147 A well-deüned dyes functionalization with
biocompatible moieties, that can promote and facilitate the
biodegradation, or tuning the dyes features in the near infrared
range could enhance the use in biomedical üeld.148

Despite the remarkable results achieved in the latest years in
3DP with various functional or staining dyes, few challenges
still require to be addressed to improve the overall process and
the properties of the printed objects. First of all, to expand the

use of dyes in FFF and SLS technologies, it is necessary to
develop dyes with improved thermal stability. Moreover, one
of the key limitations in the use of dyes in 3DP is related to the
their solubility into the formulations or polymeric matrices.
The precipitation or aggregation of chromophores during the
printing process can lead to dishomogeneities that may aûect
the mechanical and functional properties in the ünal objects.
To overcome this limitation, solvents, able to evaporate during
the printing process, can be added in the formulation.
Nevertheless, the amount of solvents must be limited to
avoid uneven evaporation during the printing process,
excessive drop of the formulation viscosity and homogeneity,
side eûect on the polymerization. Another option consists in
modifying the structure of the dyes adding side chains that can
improve the compatibility with the formulation or polymeric
matrix. It is worth mentioning that synthetic approaches to
tune the photophysical properties and to improve the solubility
of dyes and photoinitiators, by decorating the molecular
scaûold with various functionalities, are nowadays of interest
both in academia and industry.
The innovations presented here demonstrates that this area

is still growing, and this will enlarge the applications of 3D
printing. The wide variety of possible functionalities provided
by dyes to common polymeric matrices will prompt both
academic and industrial researchers to expand even more the
progress in this üeld.
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(131) Frascella, F.; Gonzaĺez, G.; Bosch, P.; Angelini, A.; Chiappone,
A.; Sangermano, M.; Pirri, C. F.; Roppolo, I. Three-Dimensional
Printed Photoluminescent Polymeric Waveguides. ACS Appl. Mater.
Interfaces 2018, 10, 39319−39326.
(132) Roppolo, I.; Frascella, F.; Gastaldi, M.; Castellino, M.;
Ciubini, B.; Barolo, C.; Scaltrito, L.; Nicosia, C.; Zanetti, M.;
Chiappone, A. Thiol-Yne Chemistry for 3D Printing: Exploiting off
Stoichiometric Route for Selective Functionalization of 3D Objects.
Polym. Chem. 2019, 10, 5950−5958.
(133) Petersen, S. R.; Wilson, J. A.; Becker, M. L. Versatile Ring-
Opening Copolymerization and Postprinting Functionalization of
Lactone and Poly(Propylene Fumarate) Block Copolymers: Resorb-
able Building Blocks for Additive Manufacturing. Macromolecules
2018, 51, 6202−6208.
(134) Wilson, J. A.; Luong, D.; Kleinfehn, A. P.; Sallam, S.;
Wesdemiotis, C.; Becker, M. L. Magnesium Catalyzed Polymerization
of End Functionalized Poly(Propylene Maleate) and Poly(Propylene
Fumarate) for 3D Printing of Bioactive Scaffolds. J. Am. Chem. Soc.
2018, 140, 277−284.
(135) Cao, B.; Boechler, N.; Boydston, A. J. Additive Manufacturing
with a Flex Activated Mechanophore for Nondestructive Assessment
of Mechanochemical Reactivity in Complex Object Geometries.
Polymer 2018, 152, 4−8.

(136) Shen, Y.; Tang, H.; Huang, X.; Hang, R.; Zhang, X.; Wang, Y.;
Yao, X. DLP Printing Photocurable Chitosan to Build Bio-Constructs
for Tissue Engineering. Carbohydr. Polym. 2020, 235, 115970.
(137) Wang, P.; Berry, D. B.; Song, Z.; Kiratitanaporn, W.;
Schimelman, J.; Moran, A.; He, F.; Xi, B.; Cai, S.; Chen, S. 3D
Printing of a Biocompatible Double Network Elastomer with Digital
Control of Mechanical Properties. Adv. Funct. Mater. 2020, 30,
1910391.
(138) Lu, C.; Wang, C.; Yu, J.; Wang, J.; Chu, F. Two-Step 3 D-
Printing Approach toward Sustainable, Repairable, Fluorescent Shape-
Memory Thermosets Derived from Cellulose and Rosin. ChemSu-
sChem 2020, 13, 893−902.
(139) Wang, H.; Jin, F.; Chen, S.; Dong, X.-Z.; Zhang, Y.-L.; Chen,
W.-Q.; Zhao, Z.-S.; Duan, X.-M. Preparation, Photoisomerization, and
Microfabrication with Two-Photon Polymerization of Crosslinked
Azo-Polymers. J. Appl. Polym. Sci. 2013, 130, 2947−2956.
(140) Descrovi, E.; Pirani, F.; Rajamanickam, V. P.; Licheri, S.;
Liberale, C. Photo-Responsive Suspended Micro-Membranes. J.
Mater. Chem. C 2018, 6, 10428−10434.
(141) Xue, J.; Zhao, Y.; Wu, F.; Fang, D.-C. Effect of Bridging
Position on the Two-Photon Polymerization Initiating Efficiencies of
Novel Coumarin/Benzylidene Cyclopentanone Dyes. J. Phys. Chem. A
2010, 114, 5171−5179.
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