
CommuniCation

1901573 (1 of 7) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advmat.de

Thread-Like Radical-Polymerization via Autonomously 
Propelled (TRAP) Bots

Sarvesh Kumar Srivastava,* Fatemeh Ajalloueian, and Anja Boisen

Dr. S. K. Srivastava, Dr. F. Ajalloueian, Prof. A. Boisen
Center for Intelligent Drug Delivery and Sensing Using Microcontainers 
and Nanomechanics (IDUN)
Department of Healthcare Technology
Technical University of Denmark
2800 Lyngby, Denmark
E-mail: sarvesh.kumar@dtu.dk

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adma.201901573.

DOI: 10.1002/adma.201901573

the area of artificial microswimmer toward 
remote transporting of matter at micro-
scale.[9–11] In general, trapping of objects 
via a self-propelled swimmer at microscale 
is a challenge due to the strongly reduced 
size of the traps and altered asymmetry 
for propulsion. To this end, Löwen and 
coworkers reported a theoretical model 
in which static chevron-shaped structures 
can be used to trap self-propelled rod-like 
particles.[12,13] Additionally, ratchets of 
different geometries have been reported to 
redirect the motion of motile entities such 
as bacteria and molecular motors.[14,15] 
Likewise, Wilson et al. demonstrated 
entrapment of Pt nanoparticles (NPs) with 
polymerosomes (coblock polymer), such 
that the incorporated NPs decompose 
H2O2 for autonomous propulsion (O2) 
evolution.[16]

However, all reported studies focus on a 
prefabricated polymeric or metallic micro-
motor assembly—there exist no study till 
date reporting an artificial microswimmer, 
with an on-board in situ polymerization 
system, capable of real time deployment 
of a “hydrogel mesh” for target capturing. 

To this end, nanoporous hydrogels are of significant interest 
owing to their practical relevance in the area of cell/tissue  
culturing,[17] molecular filtration/separation,[18] controlled drug 
release,[19] and as sensors and actuators.[20,21] A report by Orive 
et al.[22] highlighted the importance of cell trapping/enmeshing 
as: a) therapeutic cell encapsulation for dynamic release of 
active compounds in response to external stimuli, b) real-time 
cell trapping and differentiation via remote assembly for regen-
erative medicine applications, and c) 3D-culture system for 
mass production in bioreactors.

Here, we report in situ polymerization of acrylate mono-
mers into elongated thread-like polymeric structures, which 
can remotely entrap living cells as well as abiotic microob-
jects (polystyrene microparticles). We chose acrylate-based 
hydrogel system owing to its biocompatible nature, where 
rapid hydrogel formation proceeds via a radical polymerization 
mechanism as shown in Figure 1A.[23,24] Clearly, incorporating 
a heterogeneous catalyst like Pt will drastically increase the  
peroxide decomposition, thereby, generating more free radicals 
in the process (for rapid polymerizations) coupled with bubble 
propulsion. In the absence of hydrogen peroxide, polymeriza-
tion will still proceed, albeit without bubble propulsion (O2 
evolution). We utilized a Su-8 photopolymer based cylindrical 

Micromotor-mediated synthesis of thread-like hydrogel microstructures 
in an aqueous environment is presented. The study utilizes a catalytic 
micromotor assembly (owing to the presence of a Pt layer), with an on-board 
chemical reservoir (i.e., polymerization mixture), toward thread-like radical-
polymerization via autonomously propelled bots (i.e., TRAP bots). Synergistic 
coupling of catalytically active Pt layer, together with radical initiators (H2O2 
and FeCl3 (III)), and PEGDA monomers preloaded into the TRAP bot, results  
in the polymerization of monomeric units into elongated thread-like hydrogel 
polymers coupled with self-propulsion. Interestingly, polymer generation via 
TRAP bots can also be triggered in the absence of hydrogen peroxide for  
cellular/biomedical application. The resulting polymeric hydrogel microstructures 
are able to entrap living cells (NIH 3T3 fibroblast cells), and are easily 
separable via a centrifugation or magnetic separation (owing to the presence 
of a Ni layer). The cellular biocompatibility of TRAP bots is established via 
a LIVE/DEAD assay and MTS cell proliferation assay (7 days observation). 
This is the first study demonstrating real-time in situ hydrogel polymerization 
via an artificial microswimmer, capable of enmeshing biotic/abiotic 
microobjects in its reaction environment, and lays a strong foundation for 
advanced applications in cell/tissue engineering, drug delivery, and cleaner 
technologies.

TRAP Technology

Self-propelled artificial microswimmers (or micromotors) have 
made a significant contribution in the field of drug delivery,[1] 
stimuli-responsive systems,[2] and bioinspired microrobotics.[3] 
This has been possible not only because of their autonomous 
propulsion, but more so because of their ability to ferry a specific 
payload (like drug),[4] or capture a specific target (like value 
added product).[5,6] These artificial microswimmers utilizes a 
catalytically active layer and/or solid fuel, which reacts with the 
aqueous microenvironment, thereby initiating a gas evolution 
reaction for autonomous propulsion (among others).[7,8] Recent 
research exploring surface-based effects on self-propulsion and 
associated transport characteristics has pushed the research in 
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design with one end enclosed, thereby, providing a distinct 
internal cavity coated with a thin layer of Ni/Pt metal (10 nm). 
Resulting TRAP bots were of dimension: height 220 µm and 
inner diameter 190 µm with a sealed bottom, as depicted 
in Figure 1B. Refer to Supporting Information for TRAP bot 
chassis fabrication. Upon TRAP bot chassis fabrication, the 
grid incorporating the bots was coated with a thin layer of 
poly(dimethylsiloxane) (PDMS) overlay (without covering them 
on top) acting as a negative shadow mask. This ensured uni-
form loading of reaction mixture into the TRAP bot’s reac-
tion chamber only. Finally, a reaction mixture comprising 
of ascorbic acid (i.e., Vitamin C) and FeCl3 (III) was loaded, 
and resulting microassembly was sealed-off with a layer of 
poly(ethylene glycol) diacrylate (PEGDA) monomer. TRAP bots 
when deployed in its aqueous reaction mixture (see Figure 1C), 
led to rapid formation of PEGDA poly mer (i.e., in situ poly-
merization or gelation), leading to remote capturing of cells 
and microparticles via a thread-like polymeric structures.

Polymerization of PEGDA monomers initiated inside the 
TRAP bot’s reaction chamber. We incorporated a colored dye—
Rhodamine (R6G, pink),[25,24] which upon polymerization, gets 
entrapped inside the hydrogel network and promoted easy visu-
alization as depicted in Figure 2A. Highlighted region (marked 
via an arrow), shows lateral and transverse section of TRAP bots 
stained with R6G (pink), owing to the accumulation of R6G-
polymerized hydrogel matrix inside the reaction microchamber. 
(See Figure S1 in the Supporting Information depicting SEM 
image of a TRAP bot with polymerized PEGDA at the reaction 
microchamber.)

Figure 2B shows TRAP bot with an elongated thread-
like PEGDA polymer (over 500 µm, ≈two-body lengths) 

emerging from the reaction microchamber. The “polymeric 
tail” originated from the TRAP bot’s reaction chamber and 
adhered onto the chassis (refer to Figure S2 in the Sup-
porting Information depicting optical and SEM images of the 
corresponding TRAP bot). Interestingly, extruded PEGDA 
polymeric structures (Figure 2C), exhibited torsion along 
its axial plane (highlighted by a “white arrow”), resulting in 
a distinct coil-like polymeric assembly which is indicative of 
rapid polymerization during the step-growth phase (propaga-
tion).[26,27] This was further confirmed by an SEM imaging 
(Figure 2E) of the resulting polymeric thread-like structure, 
with ≈70 µm in length. Owing to the presence of coiling effect, 
tapered ends were ≈7 µm, with wide region ≈12 µm. Resulting 
polymeric thread-like microstructure had a porous network, as 
expected in case of a hydrogel, with mesh size of 400–600 nm 
as shown in Figure 2D. Such a porous network facilitates 
exchange of ions and nutrients for several chemical and  
biological applications.

Figure 3A shows PEGDA hydrogel formation via a tur-
bidity measurement assay. Upon gelation (i.e., polymeriza-
tion), PEGDA hydrogel shows increase in turbidity, which can 
intrinsically integrate the signal (absorbance@600 nm) from 
the full volume of hydrogel.[28] We utilized 1/10th of the ini-
tial concentration to enable time-dependent study of PEGDA 
polymerization—with (w/) and without (w/o) micromotors. As 
highlighted in Figure 3A, polymerization (gelation) in the pres-
ence of micromotors, i.e., Pt-catalyst (blue line) was completed 
in ≈8 min (i.e., 480 s), and the absorbance remained constant 
until the end of the reaction (10 min). On the contrary, PEGDA 
polymerization without micromotors, i.e., absence of Pt cata-
lyst (red line), failed to achieve the chain-growth propagation 
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Figure 1. A–C) Schematic representation of PEGDA polymerization (A), TRAP bot fabrication (B), and TRAP bot activation (C). Scale bar: 250 µm.
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toward complete hydrogel formation. This also confirms the  
synergistic effect of the H2O2–Pt system toward free radical 
(HO•) generation for PEGDA polymerization.[29]

Polymerized acrylate hydrogel was confirmed by an FT-IR 
study (Figure 3B), which showed absence of CH2CH 
bonds at 1407 and 809 cm−1, highlighting consumption of free 
acrylate group in the polymerized thread-like structures.[30] 
Also, decrease in relative peak intensity of carbonyl group 
(CO) at 1720 cm−1 (monomer), and associated peak shifting 
from 1720 to 1728 cm−1, confirmed acrylate polymerization.[31] 
Figure 3C shows TRAP bot reaction mechanism involving 
PEGDA polymerization and associated self-propulsion. Here, 
two independent free-radical reactions are synergistically 
acting together: 1) FeCl3 (III) & ascorbic acid and 2) catalytic 

decomposition of H2O2 via Pt catalyst (acid). Rapid influx of 
free radicals in immediate acidic microenvironment, attacks 
the acrylate-end group of the monomers, resulting in polymer 
initiation and chain-propagation. Simultaneously, catalytic dis-
sociation of H2O2 via a Pt catalyst also resulted in autonomous 
propulsion via an oxygen evolution reaction.[32] This should not 
be confused by a vanguard study by Pavlick et al. demonstrating 
an immobilized Grubb’s catalyst onto a Janus NP (400 nm), 
such that upon enzymatic reaction with its substrate (nor-
borene mixed in trichloroethane), a diffusophoretic displace-
ment was observed.[33]

Figure 4A shows PEGDA polymerization and associated burst 
release of the resulting hydrogel from a TRAP bot. The entire 
reaction takes about 2 s, with ≈0.60 s for the polymeric-thread  
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Figure 2. Optical imaging of TRAP bots depicting: A) polymer initiation inside the micromotor, B) activated TRAP bot with a distinct hydrogel “tail” 
(scale bar: 200 µm), and C) polymerized PEGDA thread-like microstructure (scale bar: 10 µm). D,E) SEM images highlighting: D) hydrogel porosity 
(scale bar: 500 nm) and E) microcoiling along the polymer structure (scale bar: 10 µm).

Figure 3. A) Effect of TRAP bots on PEGDA polymerization (turbidity measurement @600 nm), B) FT-IR spectra of the resulting PEGDA polymer 
(compared with the PEGDA monomer). C) Reaction mechanism of TRAP bot activation toward in situ gelation (thread-like microfibers) and autonomous 
propulsion.
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initiation and release. A three-step polymerization process was 
observed: i) polymerization initiation via mixing of radical and 
monomer inside the TRAP bot, ii) simultaneous expulsion 
of the polymer chain out of the microchamber via a bubble 
thrust mechanism, and iii) chain extension/termination, which  
controls the length of the polymeric tail, and is dependent on 
the reaction microenvironment. Please refer to Video S1 in 
the Supporting Information demonstrating real-time TRAP 
bot polymer synthesis. Figure 4B shows one such polymerized 
PEGDA hydrogel tail of size ≈400 µm, almost twice the size 
of the TRAP bot, protruding from the reaction microchamber. 
Owing to the presence of hydrogen peroxide, the observed 
TRAP bot depicted bubble propulsion (Figure 4C) with a swim-
ming speed ≈90 ± 65 µm s−1 (n = 5). It is important to note 
that speed of such a micromotor, assuming constant substrate 
concentration (H2O2), will depends on active surface area of 
the catalyst, i.e., Pt layer in contact with the substrate. Here, 
each TRAP bot exhibits hydrogel formation inside the reaction 
chamber, which then covers the underlying Pt layer (depending 
upon site and degree of hydrogel formation), thereby “con-
trolling” the total surface area in contact with the substrate. 
Clearly, there will be variable speeds with such a system, as also 
observed in our case. Also, refer to Video S2 in the Supporting 
Information. We anticipate that upon hydrogel initiation (i.e., 
PEGDA polymerization), there is an immediate increase in vis-
cous forces,[34] which may impede the TRAP bot motion.[35,36] 
Protruding PEDGA polymeric-tail was able to entrap polysty-
rene (PS) microparticles (10 µm) as shown in Figure 4D,E. 
Upon poly mer chain expulsion, a vertical liftoff motion is 
observed, which is further supported via a bubble propulsion. 
Note that in the absence of this vertical liftoff, no motion via  

a bubble propulsion is observed. Refer to Video S3 in the Sup-
porting Information demonstrating real-time poly merization 
and assisted bubble propulsion via TRAP bots.

However, from biomedical perspective, “cellular engineering 
and biosensing applications would benefit from surfaces that 
allow robust anchoring of hydrogels and immobilization of 
proteins”—bubble propulsion is not a critical factor in this 
regard.[37,38] To this end, we also investigated cellular enmeshing 
and biocompatibility of TRAP bots in the absence of hydrogen 
peroxide, as shown in Figure 5. Note that the resulting TRAP 
bot assembly can still be magnetically guided/separated owing 
the presence of a Ni layer.

Real-time hydrogel formation and associated cell trapping 
was demonstrated in cell culture media as shown in Figure 5A 
(see Video S4 in the Supporting Information). Optical image 
shows a membrane intact fibroblast cell (indicated by a red 
arrow) attached on to the hydrogel-tail. Fibroblast cells were also 
enmeshed in the hydrogel network as shown in Figure 5B. To 
confirm that the polymerization process and associated poly-
merized hydrogel structure is nontoxic for living cells, a LIVE/
DEAD assay was carried out upon cells entrapment, as shown 
in Figure 5C. The cell-permeant calcein AM dye was employed 
to label all viable cells with green fluorescence, while the red 
fluorescence of the membrane-impermeant dye ethidium 
homodimer (Eth-D1) can only be observed in dead cells with 
a ruptured cell membrane. Figure 5C shows viable fibroblast 
cells adhered onto the thread-like polymer structure upon 
radical polymerization, displaying green fluorescence only,  
confirming that there are no cytotoxic effects of polymeriza-
tion on the trapped cells. Figure 5D shows a SEM image of 
NIH 3T3 fibroblast cells adhered onto the hydrogel interface 
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Figure 4. Optical images of TRAP bot activity: A) Real-time polymer formation and extrusion, B) TRAP bot with a distinct hydrogel tail (scale bar: 
150 µm), C) Motion tracking profile of TRAP bot with attached PEGDA gel interface (H2O2: 5%), and D,E) trapping of polystyrene microparticles 
(10 µm) with the polymeric tail of TRAP bots (scale bar: 50 µm).
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present over the TRAP bot surface. Figure 5D (inset, top) shows 
TRAP bot’s reaction microchamber, with a clearly visible pro-
truded hydrogel structure, and membrane intact fibroblast cells 
inside the reaction microchamber. Also, anchored cells demon-
strated highly favorable response to the TRAP bots assembly 
post-polymerization (Figure 5D inset, bottom), with distinct 
cell anchorage on to the TRAP bot surface via focal adhesions 
(depicted with “white arrow”). Such focal adhesions are a 
common feature for spread cells on planar substrates depicting 
healthy mesenchymal migration.[39] Contrary to the common 
notion of cellular toxicity associated with metals like Ni/Pt, or 
traces of reaction mixture in the core, TRAP bots were found to 
be highly biocompatible as shown in Figure 5E. We performed 
an exhaustive 7 day study examining the metabolic activity 
of the NIH 3T3 fibroblast cells in the presence of TRAP bots 
via an MTS cell proliferation assay. The NAD(P)H-dependent 
dehydrogenase enzyme in metabolically active cells causes the 
reduction of MTS tetrazolium compound, generating a colored 
formazan product that is soluble in cell culture media, and can 
be quantified by measuring the absorbance at 490–500 nm. 
Initially, TRAP bots and their associated chemical reactions 
led to a lower metabolic activity of cells at both time points at 
4 h (13.3% lower than control), and 24 h (23.9% lower than  
control). However, the cells adjusted well to the substrate and its 
microenvironment with no significant difference after 7 days. 
Clearly, there is an overall increase in growth trend with respect 
to culture time confirming the long-term biocompatibility of 
TRAP bots. Finally, owing to the presence of a Ni layer (10 nm), 
biocompatible TRAP bots are capable of magnetic guidance 
and separation (see Video S5 in the Supporting Information).  

TRAP bots technology has several advantages as compared to 
prefabricated polymers including: i) prefabricated polymers 
are usually limited to seeding cells on the surface, leading to 
a 2D-like cell culture, but not cell enmeshing;[40–42] ii) com-
prehensive studies on physical behavior of single cells and 
also cell–matrix interactions,[43,44] and iii) an effective alterna-
tive to otherwise complex microsystems, which are designed 
and developed for single cell trapping and relevant studies.[44] 
For example, Fu et al.[45] developed a microfluidic system with 
an array of U-shaped PEGDA hydrogel microstructures. Cell 
entrapment was demonstrated by combining fluid flow, force of 
gravity, and the geometry of the microstructures.

In conclusion, independent developments in the area of 
hydrogel research and micromotors technology have opened 
a wide range of applications in several key-enabling tech-
nologies. This includes embedded microfluidics[46] versus 
micromotors-on-chip[47,48] and drug delivery via hydro-
gels[49] versus drug delivery via micromotors.[50] To the best 
of our knowledge, this is the first study reporting real-time, 
in situ hydrogel synthesis via a micromotor system. We 
envision that TRAP bots will set a new paradigm toward 
remote enmeshing of a “target” toward on-demand soft-
theranostics, including site-directed cell/tissue grafting for 
bionic microsystems,[51] and novel nano/microencapsula-
tion technologies. A recent study by Nitta et al. demonstrated 
a nanofiber diacrylate based hydrogel for metal adsorption  
from aqueous solution.[52] To this end, TRAP bots with their 
nanoporous interface will unravel novel applications in waste-
water remediation via an on board, in situ gelation technology. 
One immediate area of exploration will be development of 
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Figure 5. Cell study of TRAP bots depicting: A,B) Optical images showing cellular enmeshing of fibroblast cells. C) LIVE/DEAD assay of cells entrapped 
with the hydrogel thread-like structure. D) SEM image depicting cellular adhesion on a TRAP bot (Inset: (top) reaction microchamber; and (bottom) 
hydrogel laden TRAP bot’s surface). E) MTS assay of TRAP bots (gray) compared to control (black) confirming their innate biocompatibility.
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suspension culture, of otherwise anchorage-dependent cell 
lines. Resulting suspension culture can be magnetically-
controlled to induce desired flow gradients with easy har-
vesting, enabling production of commercially-important  
proteins/bioproducts,[53] including disease biomarkers,[54] 
as well as flow-dependent cell proliferation.[55] In future, 
development of biocompatible propulsion schemes, by incorpo-
rating immobilized enzymes and photopolymerization methods 
will be of significant interest for next-generation TRAP bots for 
biomedical applications,[56,57] i.e., remote assembly and guided 
differentiation of living cells via an artificial microbot.

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