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Arbitrarily-shaped microgels composed of
chemically unmodified biopolymers†

Yadu N. Vakkipurath Kodakkadan,a Kristyna Idzakovicova,a Josef Sepitka, b

Daniël ten Napel,c Eric Safai,d Petr Cigler,e Frantisek Štěpáneka and Ivan Rehor *a,e

Biohydrogels, composed of naturally occurring biopolymers are typically preferred over their synthetic

analogues in bioapplications thanks to their biocompatibility, bioactivity, mechanical or degradation pro-

perties. Shaping biohydrogels on the single-cell length scales (micrometers) is a key ability needed to

create bioequivalent artificial cell/tissue constructs and cannot be achieved with current methods. This

work introduces a method for photolithographic synthesis of arbitrarily shaped microgels composed

purely of a biopolymer of choice. The biopolymer is mixed with a sacrificial photocrosslinkable polymer,

and the mixture is photocrosslinked in a lithographic process, yielding anisotropic microgels with the bio-

polymer entrapped in the network. Subsequent ionic or covalent biopolymer crosslinking followed by

template cleavage yields a microgel composed purely of a biopolymer with the 3D shape dictated by the

photocrosslinking process. Method feasibility is demonstrated with two model polysaccharide biopoly-

mers (alginate, chitosan) using suitable crosslinking methods. Next, alginate microgels were used as

microtaggants on a pharmaceutical oral solid dose formulation to prevent its counterfeiting. Since the

alginate is approved as an additive in the food and pharmaceutical industries, the presented tagging

system can be implemented in practical use much easier than systems comprising synthetic polymers.

Introduction

Hydrogel materials are widely used in bioapplications. The
ability to precisely define the hydrogel shape is often essential
for its desired function in a biological environment. Shaping
hydrogels with micrometre precision i.e. on the level of single
cells, has enabled their application as artificial cells,1,2 drug3

or cell4 delivery carriers, and elemental units assembled in
artificial tissue constructs.5,6 Shaping microgels at these
length scales is not accessible by bioprinting methods and
requires lithographic methods,7 as was recently demonstrated
with photolithography,8 imprint lithography (PRINT)9 and

stop-flow lithography (SFL).10–12 These lithographic methods
require synthetic photocrosslinkable polymers as hydrogel pre-
cursors.7 Photocrosslinkability has been achieved by attaching
a (meth)acrylate moiety to a polymer of choice, such as poly-
ethylene glycol (PEG),1,13,14 block copolymers of polyesters and
PEG,15 polysaccharides,16,17 and proteins.18

Although acrylated polymers are widely used in biomedical
research in vitro, they can exhibit undesired interactions with
living systems after in vivo application, resulting in harmful
effects.19 Immune response to acrylates, methacrylates and
their polymerization products has been widely reported20–23

(e.g. well described allergy to polyHEMA in contact lenses24).
The prevalence of such intolerances is on the rise due to the
omnipresence of acrylate-based materials.25 Avoiding such
materials is hence highly desired in biomedical applications,
where close contact between the material and a living system
is required. Biopolymers (i.e. polymers produced by living
organisms) are typically well-tolerated in living systems and
are therefore generally preferred over synthetic polymers for
bioapplications.19,26–29 Moreover, the potential bioactivity of a
biopolymer can lead to a truly biomimimetic interface. The
naturally occurring crosslinking mechanisms of biopolymers
vary, but none are directly triggered by light. Methacrylation,
which is required for photolithographic processing of biopoly-
mers, represents an extra synthetic step and, furthermore, it
can negatively affect their tolerability, bioactivity or metaboli-

†Electronic supplementary information (ESI) available. See DOI: 10.1039/
c9bm02056j

aUniversity of Chemistry and Technology, Department of Chemical Engineering,

Technicka 5, 16628 Prague, Czech Republic. E-mail: rehori@vscht.cz
bCzech Technical University in Prague, Faculty of Mechanical Engineering,

Department of Mechanics, Biomechanics and Mechatronics, Technicka 4,

160 00 Prague, Czech Republic
cUtrecht University, Van ‘t Hoff Laboratory for Physical and Colloid Chemistry,

Debye Institute for Nanomaterials, Padualaan 8, 3584 Utrecht, The Netherlands
dDelft University of Technology, Process & Energy Department,

Faculty of Mechanical Engineering, Maritime and Material Science,

Leeghwaterstraat 39, 2628CB Delft, The Netherlands
eInstitute of Organic Chemistry and Biochemistry of the CAS, Flemingovo namesti 2,

16000 Prague 6, Czech Republic

3044 | Biomater. Sci., 2020, 8, 3044–3051 This journal is © The Royal Society of Chemistry 2020

Pu
bl

is
he

d 
on

 1
4 

A
pr

il 
20

20
. D

ow
nl

oa
de

d 
by

 T
ec

hn
is

ch
e 

U
ni

ve
rs

ite
it 

D
el

ft
 o

n 
10

/2
1/

20
20

 1
1:

17
:2

8 
A

M
. 

View Article Online
View Journal  | View Issue

www.rsc.li/biomaterials-science
http://orcid.org/0000-0001-8523-9659
http://orcid.org/0000-0002-1773-6124
http://crossmark.crossref.org/dialog/?doi=10.1039/c9bm02056j&domain=pdf&date_stamp=2020-05-27
https://doi.org/10.1039/c9bm02056j
https://pubs.rsc.org/en/journals/journal/BM
https://pubs.rsc.org/en/journals/journal/BM?issueid=BM008011


zation in vivo. To overcome this hurdle, significant effort has
been devoted to shape the chemically non-modified (i.e., pure)
biopolymers. Current methods use either moulds30–34 or indir-
ect gelation methods in which a light-triggered reaction
initiates the release of a gelation agent.35–38 None of these
methods, however, provides micron-scale resolution, that is a
key step in the design of biocompatible materials with con-
trolled interactions with real tissue organized on a cellular
(i.e., micron) level.1–4

In this work, we introduce a method for photolithographic
synthesis of anisotropic microgels composed purely of a bio-
polymer of choice. The method uses a photocrosslinkable and
degradable polymer as a sacrificial template. This polymer is
lithographically processed in a mixture with the biopolymer to
provide anisotropic hydrogels with the biopolymer physically
entrapped, but not chemically bound, within their network.
Subsequent crosslinking of the biopolymer followed by hydro-
lysis of the template yields anisotropic hydrogels composed
solely of the biopolymer. We demonstrate the feasibility of this
method with two model polysaccharide biopolymers using
suitable crosslinking methods. Alginate is ionically crosslinked
by divalent cations and chitosan is covalently crosslinked
using genipin, a biocompatible crosslinker widely used for
gelation of aminated polysaccharides or proteins in various
bioapplications.39–41 As a model lithographic method, we use
stop-flow lithography, a microfluidic continuous lithographic
method, capable of high throughput production of arbitrarily
shaped hydrogel microparticles (microgels) from methacry-
lated polymers.10,15 Furthermore, we demonstrate the practical
application of prepared microgels as authenticity microtag-
gants for pharmaceutical products.

Experimental section
Materials

Dex-HEMA was synthesized and characterized as previously
described,42 dextran of Mr 15–25 kDa (from Leuc. spp., Sigma
Aldrich) was used as a substrate and was modified to degrees
of substitution (DS) of 20 and 25 molar percent methacrylate
units per one sugar unit. The photoinitiator lithium phenyl-
2,4,6-trimethylbenzoylphosphinate (LAP) was synthesized
according to previously published procedures.43

Dex-HEMA + alginate: pregel composition

A 15 mg portion of Dex-HEMA (15 kDa, 20% DS) was dissolved
in 80 µL of 2.5% (w/w) alginate. LAP solution (5 µL, 0.25% w/v
in water, 43 nmol) was added, and then fluorescein o-meth-
acrylate (2 µL of a 0.4% w/v solution in DMSO, 16 nmol)
was added. The mixture was vortexed, sonicated,
centrifuged (5 min at 13 000g) and used within several hours
of preparation.

Dex-HEMA + chitosan: pregel composition

A 15 mg portion of Dex-HEMA (15 kDa, 25% DS) was dissolved
in 80 µL of 3% (w/v) chitosan. LAP solution (5 µL, 0.25% w/v in

water, 43 nmol) was added, and then methacryloxyethyl thio-
carbamoyl rhodamine B (2 µL of a 0.4% w/v solution in DMSO,
16 nmol) was added. The mixture was vortexed, sonicated, cen-
trifuged (5 min at 13 000g) and used within several hours of
preparation.

SFL production

Manufacture of the microfluidic chips and the SFL process
were performed as previously described,16 with some adap-
tations. A 10× objective was used for mask projection (instead
of the previously used 40×) to reduce microgel sticking. The
SFL process was controlled by an Arduino board, namely the
synchronization of the consecutive steps (purge, irradiation)
and changes in the irradiation positions between consecutive
irradiations (typically, six positions were cycled in a loop fol-
lowed by one purge). The production rate was around 10 000
particles per hour. Details can be found in the ESI.†

Post-lithographic treatment of alginate Dex-HEMA microgels

After synthesis, the particles were collected and washed 5
times with water (diluted to 340 µL and concentrated to
40 µL). Then, CaCl2 solution (2% w/v, 200 µL per well) was
added. This step was performed no later than 15 min after
microgel collection; otherwise, a substantial fraction of the
biopolymer leaked from the network, which resulted in com-
promised feature resolution or even complete collapse of the
microgels after template removal. The neutral CaCl2 solution
was replaced after 2 min with basic CaCl2 solution (10, 20 and
30 mM), freshly prepared under an inert atmosphere by
rapidly adding 1 M NaOH (100 µL, 200 µL and 300 µL, respect-
ively) into CaCl2 (2% w/v, 10 mL) and filtering the precipitate
through a 0.2 µm syringe filter. During this step, the well plate
was held under an inert atmosphere to avoid the formation of
calcium carbonate precipitate. After 10 min, the particles were
washed 3 times with 2% CaCl2 (diluted to 340 µL and concen-
trated to 40 µL).

Post-lithographic treatment of chitosan-Dex-HEMA microgels

After synthesis, the particles were collected and washed 3
times with water (diluted to 340 µL and concentrated to
40 µL). The genipin solution was added (300 µL, 10 mM in
water, pH adjusted to 6.5). The sample was incubated for 2 h
at 37 °C in the dark. The genipin solution was then replaced
with a fresh one, followed by another 2 h of incubation. The
crosslinked particles were washed 3 times with water (diluted
to 340 µL and concentrated to 40 µL). Particles were incubated
with 1 M NaOH (300 µL) for 3 min, followed by incubation in
water (10 min) and again in 1 M NaOH (300 µL, 3 min).
Finally, the sample was washed 5 times with water (diluted to
340 µL and concentrated to 40 µL).

Results and discussion

We exploit hydrolytic lability44 of Dex-HEMA and used it as a
template that can be rapidly decomposed on-demand. First,
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we prepared a single-phase mixture comprising the template
polymer Dex-HEMA, a biopolymer of choice (alginate or chito-
san), and a water-soluble photoinitiator.43 We synthesized
microgels from this blend using SFL according to the scheme
outlined in Fig. 1. A microfluidic channel was filled with the
mixture, and microgels were created by local photocrosslinking
of Dex-HEMA, their shape being defined by the photomask16

(details of the mixture composition and process optimization
can be found in the ESI†).

The synthesized microgels (Fig. 2A–C – alginate loaded
microgels, microgel length = 210 ± 4 µm, Fig. 3A–C – chitosan
loaded microgels, microgel length 240 ± 8 µm) form semi-
interpenetrated network (semi-IPN) – the crosslinked Dex-
HEMA network preserves the shape defined in the lithographic
processwhile the biopolymer is physically entrapped in this
network. Both Dex-HEMA and the biopolymer are labelled
with fluorescent dyes to keep track of the microgel compo-
sition during post-synthetic processing. In the next step, the
entrapped biopolymer (alginate or chitosan) is crosslinked via
a suitable method dictated by the nature of the biopolymer.

Alginate crosslinking and formation of interpenetrated
network (IPN) was induced by exposing alginate-loaded Dex-
HEMA microgels to calcium ions, which resulted in isotropic
shrinkage of the microgels to a length of 181 ± 3 µm (14%
reduction) (Fig. 2D–F). This shrinkage can be explained by the
formation of new crosslinks, which reduces the hydrogel mesh
size.45 The IPN microgels showed no signs of composition
non-uniformity on micron level, that would indicate phase separ-
ation of the two polymers, that may occur during the semi-IPN–

IPN transition (Fig. S1†). A similar IPN comprising Dex-HEMA
and alginate has been previously prepared (in reversed cross-
linking order) in bulk and studied as an injectable scaffold.46,47

Fig. 1 Scheme of anisotropic bio-microgel synthesis. A mixture of the
photocrosslinkable degradable polymer Dex-HEMA and a biopolymer
(alginate is shown as an example) is processed via stop-flow lithography.
The resulting microgels are treated with calcium ions to crosslink algi-
nate entrapped in the Dex-HEMA hydrogel matrix. In the last step, the
template matrix of Dex-HEMA is basically hydrolyzed and washed away,
yielding pure alginate particles.

Fig. 2 Micrographs of alginate anisotropic hydrogels. (A) Hydrogels
obtained from lithographic synthesis consist of alginate physically
entrapped in the structure of photocrosslinked Dex-HEMA. (B and C)
Fluorescent images of labelled alginate and labeled Dex-HEMA network,
respectively. (D–F) The same sample after the addition of CaCl2. Panels
show brightfield, alginate fluorescence, and Dex-HEMA fluorescence,
respectively. (G–L) Samples after the addition of a base (brightfield – G and
J; alginate fluorescence – H and K; Dex-HEMA fluorescence – I and L).
Scale bars correspond to 50 µm. All fluorescence images are in false color.

Fig. 3 Elastic modulus of alginate microgels during postprocessing.
From left: fresh microgels as produced by lithographic process, cross-
linked by Dex-HEMA; double network Dex-HEMA, alginate microgels;
alginate microgels after the Dex-HEMA cleavage; bulk hydrogel pre-
pared from 1.25% sodium alginate solution; bulk hydrogel prepared from
2.5% sodium alginate solution.
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In the next step, we exposed the IPN anisotropic microgels
to a basic solution to accelerate the hydrolysis of the Dex-
HEMA network.42,44 The basic solution contained Ca2+ ions
to stabilize the alginate hydrogel during Dex-HEMA hydro-
lysis; in the absence of Ca2+, the microgels fully dissolved.
Hydrolysis took several minutes, with a loss in fluorescence
signal from the Dex-HEMA network marking its completion
(Fig. 2I and L). The hydrolysis rate (controlled by the
hydroxide concentration) determined the size and shape
fidelity of the resulting microgels. Faster hydrolysis pro-
duced smaller particles with a higher fidelity of the features
and the best results were achieved when hydrolysis took no
more than 3 minutes (30 mM NaOH). In this case, the par-
ticles shrunk to a length of 52 ± 2 µm, which corresponds to
71% shrinkage in linear dimensions compared to the IPN
microgels (Fig. 2G–L). This corresponds to a 97.5% volume
loss in this step, while, remarkably, the microgel shape and
size uniformity is preserved. Highly fluorescent agglomer-
ates are visible within the alginate microgels (Fig. 2J and K).
We also observed such agglomerates in our alginate stock
solutions. Their frequency can be reduced by filtration of
the diluted alginate stock solution through a 0.2 µm filter,
but they reappear over the course of long-term storage
(within days).

A lower sodium hydroxide concentration (20 mM) led to
slower Dex-HEMA hydrolysis (∼10 min) resulting in lower
shrinkage ratios (by ∼50%). This process provided microgels
with well-resolved outside shape, but small details (such as the
text ‘CHOBOTIX’) were not clear (Fig. S2†). Such conditions
can be used for the preparation of anisotropic hydrogels with
simple shapes, such as pentagonal prisms (Fig. S3,† the kine-
tics of the hydrolysis process are shown in Fig. S4†). Even
slower hydrolysis rates (10 mM NaOH) produced microgels
with blurred or completely unresolved features. Interestingly,
we obtained well-resolved alginate hydrogels when alginate
crosslinking and template hydrolysis were merged into a
single step by adding the basic CaCl2 solution directly to the
freshly SFL-produced microgels (Fig. S5†). This demonstrates
that the rate of calcium crosslinking is faster than the rate of
Dex-HEMA hydrolysis. The underlying phenomena, currently
investigated by both theory and simulation approach, are
beyond the scope of this work and the results will be reported
elsewhere. Generally speaking, hydrogel volume shrinkage
during cross-linking is a complex interplay of various phenom-
ena like cross-link formation, water diffusion, hydrogen
bonding between water molecules and hydrophilic polymer
chains, and others.48 Dynamics of the cross-linking process
can be predicted using molecular dynamics (MD) and coarse-
grained (mesoscale) dissipative particle dynamics (DPD),49,50

or continuum mechanics models based on reaction–diffusion
equations.51 The thermodynamics of polymer–solvent and
polymer–polymer interactions is typically treated via Flory–
Huggins theory52 with the inter-species interaction parameters
estimated using Hansen solubility theory,53 which assumes
contribution of three inter-atomic forces (dispersion force,
polar force and hydrogen bonding).

Alternatively, we employed dextranase for enzymatic clea-
vage54 of Dex-HEMA to avoid exposure to harsh basic con-
ditions during microgel synthesis and to open the door for
future opportunities to load sensitive cargo into microgels.
The enzymatic cleavage took 2 h and resulted in shrinkage of
the microgel by 41% in linear dimensions compared to the
IPN microgels, while simultaneously providing good shape
fidelity (Fig. S6†).

Due to the fact that the crosslinking in the produced micro-
gel is not realized by photocrosslinkable methacrylates but via
the calcium crosslinks, their physico-chemical properties
(hydrolytic stability, degradation, mechanical properties, etc.,
see below) correspond to calcium alginate. For example, the
addition of ethylenediaminetetraacetic acid solution to the
microgel dispersions resulted in their immediate dissolution
due to Ca2+ decomplexation from the alginate. Also, the degra-
dation properties of the microgels are governed by the calcium
decomplexation. We tested the long-term stability of the micro-
gels in aqueous solutions. In neutral CaCl2 solution, microgels
obtained by basic hydrolysis were stable over the course of at
least 3 months without observable changes in their size or
morphology (Fig. S7A†). In pure water, some of the microgels
preserved their size and shape even after 6 months of storage,
while other microgels gradually deformed over the course of
several days or weeks (Fig. S7B†). In PBS, the particles swelled
and decomposed within several hours as the phosphate
anions decomplexed the calcium ions from the crosslinks
(Fig. S7C†). Their lability originates from the dynamic nature
of the calcium ionic crosslinks and it is characteristic for Ca-
alginate microgels. Stabilization methods such as the use of
cationic polyelectrolytes55 can be applied to extend the long-
term stability of these materials.

We used a micro-compression test to examine the mechani-
cal properties of the microgels in every stage of lithographic
synthesis and postprocessing. Standardly applied methods of
the micro-mechanical properties of hydrogels are usually
focused on local mechanical properties of the sample, i.e. a
surface analysis of hydrogel.56,57 We developed a method to
obtain an elastic modulus of the whole sample Es (Young’s
modulus) from the micro-compression test of the whole par-
ticle compared to the local mechanical analysis56,58 (Fig. 3,
details can be found in ESI†). The measured elastic modulus
of the microgels produced by the SFL without any postproces-
sing (Es = 16.3 ± 2.0 kPa) is attributed solely to the Dex-HEMA
network as all the alginate has diffused out from the particle
before the measurement started (checked by fluorescence
microscopy and also by remeasuring the properties after 1
week storage, obtaining identical result). The Dex-HEMA algi-
nate double network microgels exhibited greater modulus by
factor 3.4 (Es = 55.1 ± 2.9 kPa), clearly showing the contri-
bution of the alginate network. The alginate microgels
(obtained by the basic hydrolysis) exhibited the highest
modulus (Es = 74.3 ± 24.8 kPa), despite the loss of the Dex-
HEMA network. We ascribe this increase to the increase
network density in the microgel, caused by its shrinkage and
concomitant formation of new ionic crosslinks during the tem-
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plate removal process. The modulus of prepared microgels
falls between the moduli of control macroscopic samples of
1.25% calcium alginate (Es = 23.0 ± 5.7 kPa) and 2.5% calcium
alginate (Es = 94.2 ± 12.7 kPa). Here, we have confined to a
basic description of the purely elastic properties of the micro-
gels while the study on the viscoelastic response of microgels
is planned, as thermodynamically consistent mathematical
models of elastic and viscoelastic behaviour of hydrogels have
already been developed59,60 and in silico tools for modelling
viscoelasticity in general branch-on-branch polymer networks
are widely available.61,62

To demonstrate, that the developed method is not limited
to algi nate as a substrate, we used it to synthesize chitosan
microgels. We treated freshly produced Dex-HEMA microgels
with entrapped chitosan with genipin – a biocompatible cross-
linker widely used for gelation of aminated polysaccharides
and proteins in various bioapplications.39–41 During a 4 hour
incubation with genipin, the microgels shrunk isotropically
from an initial length of 240 ± 8 µm to 141 ± 1 µm (41%), indi-
cating the formation of new crosslinks in the network.45

Simultaneously, the microgels darkened in brightfield
microscopy images as a result of the intensive blue colour of
the genipin crosslinks.39–41 The kinetics of the covalent chito-
san crosslinking is much slower compared to the ionic alginate
crosslinking. The minimal genipin incubation time needed to
form a chitosan network that was sufficiently crosslinked to
sustain subsequent template removal was 2 hours. Chitosan
leakage from the Dex-HEMA crosslinked hydrogel appears to
be slow enough for our method to be successful, suggesting
that the approach can also be applied to other biopolymers
with slow crosslinking kinetics.

After genipin crosslinking, the Dex-HEMA network was
basically hydrolyzed in the same manner as in the alginate
microgels (Fig. 4). As an alternative to basic hydrolysis, we also
successfully exploited dextranase cleavage of the template
(Fig. S8†); the microgels obtained by this method were indis-
tinguishable from those obtained via basic hydrolysis. After
the removal of the Dex-HEMA template, the microgels shrunk
to 135 ± 2 µm (by 4% compared to the IPN). The covalently
crosslinked chitosan particles were stable long-term in
aqueous buffers without any signs of deterioration after
several months.

Notably, microgels in both systems studied – chitosan and
alginate – shrunk significantly during processing with respect
to their sizes immediately following lithographic synthesis,
while maintaining the features from the lithographic process.
While the chitosan microgels shrunk dominantly during the
first step (IPN formation), the alginate hydrogels shrunk domi-
nantly during the second step (template removal). We attribute
this difference to the different natures of the biopolymer cross-
links. During IPN formation, the covalent chitosan crosslinks
apparently have sufficient binding energies to overcome the
elastic energy of the Dex-HEMA network, which results in sig-
nificant shrinkage of the microgel. This does not occur in the
alginate system, as the dynamic ionic crosslinks have much
lower binding energies. In the template removal step, the algi-

nate network shrinks likely via freshly formed calcium ion
bridges as the template is washed away. In contrast, at this
stage the chitosan network has already been established and
no new crosslinks can be formed (no genipin is present in the
solution), so the microgel volume remains constant upon Dex-
HEMA hydrolysis.

We also investigated possibilities for ionic crosslinking of
chitosan by phytic acid63 in the process in an analogy to the
ionic crosslinking of alginate, followed by enzymatic cleavage
of the template (the basic hydrolysis would lead to chitosan
deprotonation and hence ionic crosslink destabilization). We
were not able to achieve reproducible results, often the micro-
gels lose their shapes during the template removal step
(images of successful and unsuccessful results can be found
in the Fig. S9†) and further investigation and adjustment of
process conditions are needed (chitosan concentration and
Mw, Dex-HEMA methacrylation degree, etc.). Despite the low
reproducibility of the procedure, we clearly observed shrinking
of the ionically crosslinked chitosan microgels during the IPN
removal step, similarly to the alginate microgels and contrast-
ing with the covalently crosslinked chitosan. This result sup-
ports our above-stated ideas on the origin of shrinking.

The presented method allows production of arbitrarily
shaped microgels composed from chemically unmodified
biopolymers.

Fig. 4 Micrographs of chitosan anisotropic hydrogels. (A) Hydrogels
obtained from lithographic synthesis contain non-crosslinked chitosan
physically entrapped in the photocrosslinked network of Dex-HEMA. (B
and C) Fluorescent images of labelled chitosan and labelled Dex-HEMA,
respectively. (D–F) The same sample after treatment with genipin.
Samples are shown in brightfield, chitosan fluorescence, and Dex-HEMA
fluorescence, respectively. (G–L) Samples after the addition of a base
(brightfield – G; chitosan fluorescence – H and K; Dex-HEMA fluor-
escence – I and L). Scalebar = 50 µm in panels A–I and 25 µm in J–L. All
fluorescence images are in false colours.
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Prepared particles may be used as elemental units for the
construction of artificial tissues via self-assembly as was pre-
viously described with ∼0.5 mm synthetic polymer blocks pre-
pared by photolithography.5,64,65 High resolution and high
throughput of the SFL combined with the biocompatiblility
and potential bioactivity of chemically unmodified biopoly-
mers can bring this approach closer towards applications. The
variability of crosslinking mechanisms in chemically unmodi-
fied polymers enables the manufacture of microgels of variable
mechanical properties, that can govern their interaction with
living surrounding66 and, simultaneously, allows for temporal
programming of the gels.34,37

The presented method also represents a crucial advance
with respect to the regulation policy in biomedical appli-
cations, the food, and pharmaceutical industries. Regulation
mechanisms in these fields are strict and any new synthetic
material must undergo a demanding approval process. Our
method provides a tool for the microscale shaping of biopoly-
mers, which are already approved in these applications.
Alginate is a generally recognized as safe material and thus is
approved as an additive in the food and pharmaceutical indus-
tries.67 We recently reported a new anticounterfeiting method
for food and pharmaceutical products, relying on microscopic
hydrogel microtaggants bearing an authenticity code in their
topography.16 New anti-counterfeiting technologies are
urgently needed in the pharmaceutical industry due to the
alarming rise in counterfeiting rates, reaching 10% of all phar-

maceuticals sold worldwide.68,69 Producing microtaggants
from approved alginate brings the tagging method much
closer to a real-life application. Alginate taggants can be used
to directly label the surfaces of oral solid formulations (Fig. 5)
and can be safely administered together with the formulation.

Conclusions

We presented a new method to shape biopolymers on a
micron-scale. We exploited lithographic processing of a bio-
polymer mixture with a degradable photocrosslinkable tem-
plate. Compared to previous lithographic processes with pure
biopolymers, our method offers unprecedented resolution and
provides a scalable synthesis of anisotropic microgels in sizes
ranging from tens to hundreds of micrometres. We plan to
further expand the number of biopolymers that can be pro-
cessed with our method; the only requirement is miscibility
with a suitable photocrosslinkable template. This process is
also compatible with other photolithographic methods, such
as photolithography or stereolithography. Since the resulting
(micro)objects are composed solely from a biopolymer, the
approval process for their use in biomedical, pharmaceutical
or food industry application will be much easier, than of
those, composed from synthetic hydrogels.
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