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Shape-memory polymer micronetworks (MN) are micrometer-sized objects that can switch their outer 
shape upon external command. This study aims to scale MN sizes to the low micrometer range at very 
narrow size distributions. In a two-step microfluidic strategy, the specific design of coaxial class capillary 
devices allowed stabilizing the thread of the dispersed phase to efficiently produce precursor particles 
in the tip-streaming regime at rates up to ~ 170 kHz and final sizes down to 4 µm. In a subsequent 
melt-based microfluidic photocrosslinking of the methacrylate-functionalized oligo(ɛ-caprolactone) 
precursor material, MN could be produced without particle aggregation. A comprehensive analysis of 
MN properties illustrated successful crosslinking, semi-crystalline morphology, and a shape-switching 
functionality for all investigated MN sizes (4, 6, 9, 12, 22 µm). Such functional micronetworks tailored 
to and below the dimension of cells can enable future applications in technology and medicine like 
controlling cell interaction.

Introduction
Polymer particles with the capacity to switch their shape are 
both conceptually fascinating and technologically relevant, e.g., 
for potential biological applications, where shape-dependent 
cellular effects including phagocytosis might be triggered on 
demand [1–4]. To realize a shape-switching function by the 
shape-memory effect (SME), an elastic polymer network struc-
ture within each individual particle is needed, as can be obtained 
by crosslinking [5]. For instance, network materials can be pre-
pared by using methacrylate-functionalized telechels. Exposing 
droplets, which contain such telechels, to UV irradiation can 
induce free-radical crosslinking of the methacrylate moieties 
inside the droplets [6]. To introduce the shape-switching capa-
bility, the elastic network material needs to be deformed to a 
temporary shape by externally applied forces. This shape can 
be fixed, e.g., by crystallization of polymer chains, as it is often 
applied for semi-crystalline polymers like poly(ɛ-caprolactone), 
PCL. Alternatively, also vitrification of amorphous domains at a 
glass transition may be used for shape fixation [7, 8]. The shape-
switching of such programmed, free-standing materials can be 
induced by removing the introduced temporary netpoints, i.e., 

in case of PCL by heating above the melting temperature Tm of 
the crystalline domains.

To obtain micronetwork (MN) particles of defined sizes 
with shape-memory functionality, the matrix material first 
needs to be templated to microparticles (MP) before conduct-
ing the internal crosslinking to MN. Obviously, this templat-
ing step will define, e.g., the dimensions and size distribu-
tion of the MN. While particle replication in non-wetting 
templates was conducted in selected cases [9], batch emul-
sification techniques have been mostly employed [6, 10–13]. 
Besides the distinct advantages of both of these methods to 
prepare micronetworks, they inherit the trade-off between 
replication accuracy and efficiency as reflected by accessible 
size distributions and sufficient production quantities. As 
broad size distributions may diminish the suitability of MN 
for explorative use in technology and medicine, such as for 
the use as valves or carrier systems or for mechanistic cell 
interaction studies with size-dependent uptake pattern in the 
range of 10 µm and below [14, 15], a preparation methodology 
would be of interest that allows both tailoring of sizes and pro-
viding very homogeneous particle populations. Furthermore, 
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this technique should produce relevant quantities of MN in 
a reproducible manner without particle aggregation such as 
during the crosslinking step.

Droplet-based microfluidics in devices constructed, e.g., 
from polydimethylsiloxane (PDMS) or glass capillaries allow 
preparing monodisperse droplets at specific flow settings 
[16–18]. It should be noted that it is often difficult to directly 
obtain small droplets < 20 µm under controlled conditions 
with this technique. Furthermore, the frequency of droplet 
production in the well-controlled dripping regime in single-
channel devices is typically low, which has led to various 
attempts to increase the throughput such as by parallelization 
or increased per-channel productivity [19, 20]. Increasing the 
production rates by applying higher overall flow rates finds its 
boundaries in the dripping-to-jetting transition, which results 
in broad size distributions and occurs when either the Weber 
number Wei of the inner phase (i) or the capillary number Cao 
of the outer phase (o) or their sum exceed a critical value such 
as in the range of unity [21, 22]. This general limitation is even 
more pronounced for the formation of small droplets, where 
the volumetric flow rate ratio RV ̇ of the outer and inner phases 
(correlating to their velocities u at the orifice) has to be large 
[23]. Accordingly, fast and precise formation of small parti-
cle in the dripping regime is, beyond issues of high-precision 
vibration-free pumps, conceptually limited by uo and Cao.

 with density ρ, jet diameter djet, interfacial tension γ, viscosity 
η, flow rate V̇  , fluid velocity u, and subscript indices i and o cor-
responding to the inner and outer phases, respectively.

Still, under specific conditions, particles with size distri-
butions that are narrow compared to traditional high-shear 
emulsification methods can be obtained outside the dripping 
regime [16, 21, 23]. Of particular interest is the so-called tip-
streaming mode that is characterized by a high V̇o ̇ and a sharp 
cone (rather than a long thread) of the disperse phase formed 
at the orifice, from which a fine jet expands and breaks up into 
droplets smaller than the orifice diameter [24–26].

The goal of this study was to explore the size control of 
MN with shape-switching function down to a few microm-
eters at, importantly, narrow size distributions and sufficient 
throughput by the use of microfluidic preparation tech-
niques. While microfluidic templating combined with online 
crosslinking is occasionally conducted for microgels from 
water-soluble polymers [18], here the strategy was to apply a 
two-step procedure. This should involve (i) a fast and stable 
microfluidic templating process based on organic solutions of 

(1)We i = ρi djetu
2
i /γ ,

(2)Cao = ηouo/γ ,

(3)RV̇ = V̇o/V̇i,

linear oligo(ε-caprolactone), oCL precursors bearing 2-iso-
cyanatoethylmethacrylate (IEMA) end groups to create, after 
solvent extraction, defined MP of adjustable average diameter, 
and (ii) a melt-based crosslinking to convert MP to MN by 
network formation in the molten state, which is known to 
result in faster crosslinking and higher crosslinking densities 
compared to network formation in polymer solutions [27]. 
This second process should also prevent the aggregation of 
molten polymer droplets during crosslinking compared to 
bulk irradiation, as droplets will be continuously separated 
during transportation in a laminar flow in a microchannel. 
The physicochemical properties of the MN relevant for the 
SME should be comprehensively analyzed for the different 
particle sizes and their shape-switching function should even-
tually be demonstrated.

Results
Templating precursor particles by fast tip‑streaming 
microfluidics

The realization of a tip-streaming condition typically requires 
a delicate balance of device geometry and flow conditions. This 
state has particularly been achieved when the liquid thread of 
the dispersed phase is enveloped and compressed from all sites, 
i.e., in rotational symmetry, by the continuous phase [28]. Con-
sidering this frame condition as well as the solvent incompat-
ibility of PDMS devices [29], focused-flow setups built from two 
coaxially aligned glass capillaries were here explored first.

This setup with one outer feeding capillary and one inner 
collection capillary can be operated with opposing flow direc-
tions of the inner and outer fluids, which in principle enables a 
squeezing of the inner dispersed phase i by the outer phase o at 
a relatively large contact area of the fluids in front of the orifice. 
When such devices were run with an organic oCL-IEMA solu-
tion (8 kDa, 4.5 wt%) as i-phase and aqueous polyvinyl alcohol 
(PVA) solution (2.5 wt%) as o-phase, a long rather than a sharp 
cone was observed under tip-streaming conditions with this 
device geometry. Both the cone and the emitted small jet of the 
i-phase were instable and did not allow a continuous prepara-
tion of small particles (not shown). Furthermore, the organic 
phase was in contact with an adhesive-based joint of the assem-
bly and caused its slow, but certain breakage by leaching and 
plastification.

By alteration of the microfluidic device, i.e., introducing a 
second inner needle (Fig. 1), the i-phase could be fed in close 
proximity and well centered in front of the collection capillary. 
The aqueous o-phase was provided from two inlet ports, there-
fore adding up the volumetric flow rates ( ̇Vo = V̇o1 + V̇o2 with 
V̇o1 = V̇o2 ). In this way, a steeper cone was formed and the inter-
facial area between the i- and o-phases could be reduced, which 
substantially improved emulsification performance by avoiding 
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fluctuations of the cone. Specific details of the orifice distances 
and diameters of the feeding (Of) and collection (Oc) capillary 
used in the different modes are provided in Table 1. It should 
be noted that depending on the desired particle sizes, this type 
of devices could either be operated in the dripping or the tip-
streaming mode (Fig. 1). 

It should be noted that the solvent selected to prepare 
the oCL-IEMA precursor solutions substantially affected the 

production success. Preliminary experiments (not shown) 
revealed that oCL-IEMA solutions in dichloromethane (DCM; 
γDCM–water = 28.3 mN m−1 [30]) prevented the formation of fine 
jets and resulted in uncontrolled spitting, possibly due to insuf-
ficient shear-stress (small Cao due to large γ). In contrast, using 
ethyl acetate (EA) as solvent for oCL-IEMA resulted in a late 
formation of larger droplets further downstream. This may 
be justified by the influence of γ (γEA–water = 6.8 mN m−1 [30]) 

Figure 1:   Microfluidic templating of oCL-IEMA MP with narrow size distribution and tailored particle sizes by emulsification of precursor solution in 
coaxial glass capillary microfluidics with a double-needle setup. (A and B) Schemes of setup, light microscopy images of emulsification, and SEM 
images of isolated MP after solvent evaporation and freeze drying for (A) dripping and (B) tip-streaming regimes. (C) Particle size distribution of 
precursor MP suspended in water as obtained by static light scattering (Gaussian fit of main peak, scattering artifacts removed as confirmed by SEM).

TABLE 1:   Experimental parameters and results of microfluidic emulsification to template precursor MP.

a Mode of microfluidic operation: drip = dripping, tip-stream = tip-streaming.

 bOf = orifice diameter of inner feeding capillary (for phase i). Dist = distance between opposing inner capillaries. Oc = orifice diameter of collection cap-
illary.
c Volumetric flow rate of inner phase V̇i and the outer phase V̇o ( ̇Vo = V̇o1 + V̇o2 with V̇o1 = V̇o2 ). RV̇ = flow ratio [ ̇Vo/V̇i].
d ddrop = (6Vdrop

.π−1)1/3; droplet diameter estimated from dMP,aq. fdrop = Droplet formation frequency calculated from ddrop and V̇i . ṁoCL = mass throughput 
of oCL-IEMA as calculated from V̇i , the polymer volume fraction of the oCL-IEMA solution and ρoCL (for details see Supplementary Information).
e dMP,aq = Volume-moment mean diameter D[4, 3] and U = uniformity index (measure of absolute deviation from median) as determined by laser diffrac-
tion in water for precursor MP after solvent extraction/evaporation and freeze-drying.

Microfluidic device geometryb Flow ratesc Droplet production characteristicsd Precursor MP sizese

Sample code Modea
Of  

(µm)
Dist  
(µm)

Oc  
(µm)

V̇I  
(µL ⋅h−1)

V̇o  
(µL ⋅h−1)

R
V̇

ddrop  
(µm)

fdrop  
(kHz)

ṁoCL  
(mg h−1)

dMP,aq  
(µm)

U

MP22 Drip 60 120 110 1040 8400 8.1 62 2.3 55 22.2 0.09

MP12 Drip 60 120 110 475 12,600 27 35 5.9 25 12.5 0.02

MP9 Tip-stream 75 130 55 840 24,000 29 25 28 44 9.0 0.12

MP6 Tip-stream 75 130 55 475 19,800 42 17 55 25 5.9 0.07

MP4 Tip-stream 75 130 55 360 24,000 67 10 170 19 3.7 0.00
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on the critical thread length (Lc ∝ ηi/γ [31]), at which droplet 
formation occurs, or on the time needed for droplet pinch-off 
tpinch ∝ djetηo/γ [32]. Importantly, for a solvent mixture of EA/
DCM (1:1 v/v), a stable dispersion regime was enabled. With 
increasing RV,̇ the droplet sizes were reduced and droplet forma-
tion frequencies fdrop increased up to very high values of 170 kHz 
(Table 1).

It should be highlighted that the devices could be oper-
ated under these condition in a very stable process without 
supervision or interference, e.g., for ~ 1 day, obtaining a mass 
throughput ṁPCL of very small particles close to the gram scale 
in a single channel (Table 1). After solvent evaporation in a 
collection beaker, precursor microparticles (MP) of 4, 6, 9 µm 
(all tip-streaming), 12 µm, and 22 µm (both dripping regime) 
could be isolated. The sample codes (MP4, MP6, etc.) refer to 
the volume–moment mean diameter in water (dMP,aq) as ana-
lyzed by laser diffraction in aqueous dispersion. The antici-
pated narrow size distributions were confirmed by both low 
values for uniformity U from laser diffraction analysis as well 
as the images collected by scanning electron microscopy (SEM) 
(Table 1; Fig. 1). More specifically, the size distributions of MN4 
and MN6 prepared here by microfluidics (U ≤ 0.07) were much 
smaller than for PCL-based 4.5 µm MN particles templated in 
previous work by bulk emulsification (U = 0.5) [6].

Micronetwork synthesis by microfluidic melt‑based 
crosslinking

Since a polymer network structure is an essential requirement to 
enable shape-switching by the shape-memory effect, a covalently 
crosslinked structure should be synthesized by photo-induced 
reaction of oCL-IEMA endgroups within each individual par-
ticle. For an efficient MN formation, a suitable precursor chain 
mobility as given in the molten state is required to avoid net-
work inhomogeneity. Therefore, a second microfluidic setup 
consisting of three different zones was constructed to enable 
melt-based crosslinking (Fig. 2). In a non-turbulent stream of 
aqueous suspension medium that apparently well separated the 
individual particles, the semi-crystalline precursor MP were first 
transported into a heating zone 1 for melting the MP at 80 °C. 
Subsequently, the molten precursor particles, i.e., droplets, 
were exposed in zone 2 to UV light (308 nm) for MN synthesis 
(80 °C, quartz glass capillaries with square-shaped cross section 
to reduce light scattering). Then, the formed MN entered a cool-
ing zone 3 (T < Tc, Supplementary Table 1) to be transformed 
from a rubbery state to a solidified semi-crystalline morphology.

As it was a particular goal to produce MN particles of 
controllable and very homogeneous sizes, the prevention of 
aggregation and fusion during the melt-based crosslinking step 
should be evaluated. The size analysis of MN by laser diffraction 

Figure 2:   Microfluidic synthesis of MN from precursor MP and evaluation of micronetwork structures. (A) Schematic representation of microfluidic 
setup and particle transition from semi-crystalline precursor MP to molten droplets, to crosslinked MN, and eventually to semi-crystalline MN. (B) IR 
spectroscopy analysis of methacrylate (815 cm−1; =CH2 out of plane vibration) conversion by crosslinking. (C) Exemplary light microscopy (top) and 
SEM images (bottom) of MN before, during, and after evaluation, which illustrate successful network formation by swelling studies in dichloromethane 
(DCM). (D) Exemplary plots of narrow size distributions of MN particles dispersed in water as well as corresponding size distribution in DCM swollen 
state.
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(Table 2, dMN,aq) showed excellent agreement with the sizes of 
the corresponding precursor MP (Table 1). Furthermore, high 
reproducibility was observed when several aliquots of a MP 
master batch were independently subjected to photocrosslink-
ing (e.g., dMN,aq of master batch MP22: 22.2 µm; mean of three 
independent synthesis of MN22: 22.3 ± 0.1 µm). This confirms 
that the microfluidic setup for crosslinking provided MN with-
out particle aggregation, i.e., the initially tailored particle sizes 
were preserved.

Another key goal was the formation of a covalent network 
structure, which should be examined by several independent 
techniques. FTIR spectroscopy conducted with MN powder, 
i.e., a large quantity of particles, allowed evaluating the conver-
sion of methacrylate endgroups. A complete loss of the signal 
at 815 cm−1 corresponding to =CH2 out-of-plane vibrations of 
free methacrylates clearly indicated a successful chemical reac-
tion (Fig. 2B). Conceptually, the methacrylate’s conversion into 
covalent netpoints of a network architecture should also result 
in MN swellability in a good solvent instead of dissolution, as 
detectable in swelling experiments. When exposing MN to 
DCM in a qualitative microscopic assessment on the level of 
individual particles, their volume substantial increased without 
dissolution. Importantly, the MN also readapted their initial 
shape after DCM evaporation (Fig. 2C; Supplementary Fig. 1). 
Compared to previous studies with massive gluing, bridging, 
or spreading of particles in case of insufficient crosslinking [6], 
this finding indicates that MN exhibit internal structures with 
entropy-elastic forces as well as a high gel content, i.e., a low 
portion of extractable, non-reacted oCL chains. SEM analy-
sis confirmed no relevant volume alteration due to extracted 
materials (e.g., dMN,SEM of MN12: 12.0 ± 0.3 µm before swelling; 
12.1 ± 0.3 µm after swelling) and did fit well to the results of light 
microscopic and laser diffraction analysis (Table 3), even though 

some surface texturing was visible for all DCM-treated MN (see 
Fig. 2C). In order to allow a quantitative determination of the 
degree of swelling QMN, laser diffraction studies in DCM with 
larger sample aliquots were conducted (Fig. 2D). The QMN of the 
different MN sizes were between 265 and 575 vol% (Table 2), 
corresponding to an average of 380 ± 120 vol% that is in the same 
range as for macroscopic samples reported before (410 ± 10 vol% 
[33]). When adapting the Flory–Rehner theory for ideal net-
works (assumed netpoint functionality is 4) as a rough estimate, 
an average segment chain length between netpoints Mc,MN in 
the range of 290 Da to 1390 Da can be calculated. Compared 
to the molecular weight of the oCL-IEMA precursors (8 kDa), 
the low Mc may be explained by physical netpoints due to chain 
entanglements and higher netpoint functionality. Overall, this 
set of analysis indicated a successful formation of a covalent 
network structure.

PCL has the ability to form crystallites if the polymer 
chains possess a suitable length and mobility for parallel ori-
entation. The presence of PCL crystallites is indispensable 
for realizing a thermally induced shape-switching function 
of MN at conditions above ambient temperature. In case of 
a missing formation of PCL crystallites, only its amorphous 
domains may hypothetically be used for shape switching 
at about—60 °C, which practically may not be relevant for 
most applications. The thermal analysis and wide-angle X-ray 
scattering (WAXS) confirmed a semi-crystalline morphology 
of MN with melting temperatures Tm,MN of 45–48 °C and 
degrees of crystallinity DOC of ~ 28% (Table 2), which are 
suggesting the ability of the MN to create temporary net-
points (crystallites) for temporary shape fixation as should 
be subsequently evaluated. A decrease in DOC, which was 
observed before for semi-crystalline shape-memory particles 
from a multiblock copolymer upon particle size reduction to 

TABLE 2:   Properties of MN obtained by photocrosslinking of precursor MP.

a Volume–moment mean diameter (D[4, 3]) from particle size analysis by laser diffraction (LD) in aqueous suspension (non-swollen) and DCM (swollen) 
at ambient temperature; QMN = volumetric degree of swelling.
b Crosslink density (vc) and average segment chain length (Mc) estimated from the swelling data by the Flory–Rehner theory (for details see Supple-
mentary Information).
c Tm = melting temperature and ∆Hm = melting enthalpy from differential scanning calorimetry (DSC).
d DOC = degree of crystallinity and lc = crystallite size determined by wide-angle X-ray scattering (WAXS) at ambient temperature. All results are pre-
sented as mean ± standard deviations of three independent samples.

Sample code

Swelling experiments monitored by LDa Analysis by Flory–Rehner modelb Thermal analysis by DSCc Morphology by WAXSd

dMN,aq (µm) dMN,DCM (µm) QMN (vol%) vc (mmol mL−1) Mc (Da) Tm (°C) ΔHm (J g−1) DOC (%) lc (nm)

MN22 22.3 ± 0.1 39.8 ± 0.1 575 ± 5 0.8 ± 0.0 1390 ± 20 45 ± 1 53.5 ± 6.0 27.5 ± 1.9 16.6 ± 0.5

MN12 12.5 ± 0.1 18.9 ± 0.0 350 ± 5 2.2 ± 0.1 520 ± 20 45 ± 1 55.9 ± 0.8 27.2 ± 3.1 16.4 ± 0.1

MN9 9.1 ± 0.0 14.1 ± 0.2 380 ± 10 1.9 ± 0.1 630 ± 40 46 ± 1 55.4 ± 1.7 28.8 ± 2.4 16.7 ± 0.7

MN6 6.1 ± 0.1 8.4 ± 0.1 265 ± 20 4.0 ± 0.8 290 ± 50 48 ± 1 56.4 ± 0.2 29.7 ± 1.0 16.9 ± 0.5

MN4 3.8 ± 0.1 5.8 ± 0.1 350 ± 5 2.2 ± 0.1 530 ± 20 48 ± 1 58.3 ± 0.8 29.4 ± 1.1 17.1 ± 0.1
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the submicron size range [34], motivated the determination 
of DOC and lc for the MN here. These properties did not vary 
for the particle dimensions investigated in this study.

Evaluation of shape‑switching function of MN

In order to prove the shape-switching functionality of size-con-
trolled MN prepared by the microfluidic two-step process, the 
spherical MN should be programmed to an ellipsoidal shape 
by the phantom method. This process includes embedding MN 
particles in a phantom (polymer film) made of polyvinyl alco-
hol, which allows simultaneous deformation of numerous MN 
particles in a tensile tester. The applied phantom elongation 
ɛph = 175% at 70 °C (T > Tm,MN) translates to an elastic deforma-
tion of incorporated MN (Fig. 3). After cooling in the elongated 
state to 0 °C, i.e., below the crystallization temperature of PCL 
domains (Supplementary Table 1), the temporary ellipsoidal 

particle shape could by fixed and the programmed MN could 
subsequently be successfully isolated as ellipsoids by phantom 
dissolution.

This temporary shape can be described by the particles’ 
aspect ratio AR (see Fig. 3B). When investigating effects of 
MN size on programming, an apparently slightly diminished 
AR was determined for smaller MN (ARMN22 = 3.7 ± 0.6, 
ARMN4 = 3.1 ± 0.3), which was mainly assigned to the resolution 
limits of microscopic analysis (Fig. 3B).

Upon heating in aqueous dispersion, the MN showed 
a shape recovery to spherical shapes (AR = 1) by fast shape 
switching, which is driven by entropy elasticity of the poly-
mer network. For instance, MN12 exhibited a switching tem-
perature Tsw of 43 °C, which was determined by the inflection 
point of the AR profile plotted over the temperature (Fig. 3D). 
Only a few particles (5% at T > 43 °C) appeared to switch at 
higher temperatures, which is probably due to a lower vc as 

TABLE 3:   MN diameters as determined by different acquisition methods including comparison of particle sizes before (dMN,aq/dMN), during (dMN,DCM), and 
after swelling (dMN,after).

Data display mean and standard deviation for an ≥ 17, bn ≥ 16, cn ≥ 12, dn ≥ 41, and en ≥ 42 particles. c,eAfter swelling in DCM and subsequent solvent 
evaporation. fMean and standard deviation from three independently crosslinking batches determined by laser diffraction. gD[4, 3] is the volume-
weighted mean diameter. hD[1,0] is the number-weighted mean diameter calculated from D[4, 3].

Sample code

Light microscopy Electron microscopy Laser diffraction

dMN,aq  
(µm)a

dMN,DCM 
(µm)b

dMN,after  
(µm)c

dMN  
(µm)d

dMN,after 
(µm)e

dMN,aq  
(µm)f,g D[4, 3]

dMN,DCM 
(µm)f,g D[4, 3]

dMN,aq  
(µm)f,h D[1,0]

dMN,DCM  
(µm)f,h D[1,0]

MP22 22.4 ± 0.5 39.1 ± 1.1 22.5 ± 1.2 21.9 ± 0.5 21.9 ± 0.3 22.3 ± 0.1 39.8 ± 0.1 20.7 ± 0.1 39.1 ± 0.1

MP12 12.2 ± 0.4 21.0 ± 1.6 13.2 ± 0.4 12.0 ± 0.3 12.1 ± 0.3 12.5 ± 0.1 18.9 ± 0.0 12.1 ± 0.1 18.0 ± 0.0

Figure 3:   Evaluation of shape-switching functionality of MN. (A) Scheme of programming by phantom elongation. (B) Impact of MN size on AR 
(ɛph = 175 ± 1%) as analyzed by automated microscopy. (C) Exemplary SEM images of programmed MN particles. (D and E) Temperature-induced shape 
recovery of MN as monitored by the aspect ratio AR of the MN during heating experiments for MN12 (D) and MN4 (E). The black lines in the left plots 
represent data of individual particles and the right images show the particle shape slightly before and after reaching the switching temperature.
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also indicated by their initially high AR > 4.5. For MN4, the Tsw 
was slightly increased to 44 °C and the switching temperature 
interval was broadened as may be explained by the increased 
Tm of those MN, different populations of crystalline domains 
in the MN, and/or other experimental parameters influenced 
by particle size such as sedimentation or mobility in convec-
tional flow.

When comparing the shape-memory performance of MN 
particles to some miniaturized SMP matrices of 4–30 µm from 
multiblock copolymers that comprise only physical netpoints 
[34], a difference in the recovery behavior of PCL-based MN 
becomes obvious. Those PCL-PPDL multiblock copolymer 
particles showed only a partial shape recovery (e.g., 28–57% 
depending on particle size), when exceeding the Tm range asso-
ciated to the PCL switching domains, whereas the full recov-
ery (up to 92%) requires also the melting of PPDL crystallites, 
which as well contribute to the fixation of the temporary shape 
in these materials [34]. In contrast, in the covalently crosslinked 
PCL-MN, a quantitative recovery is reached when exceeding the 
Tm, PCL range for all studied MN sizes.

Conclusions
Overall, this study illustrated that tip-streaming emulsification 
in the reported double-needle glass capillary microfluidic setup 
can be applied as a robust templating approach for polymeric 
precursor solutions into droplets < 20 µm, i.e., a size control to 
the low micrometer range and a fast production can be achieved. 
The transformation of the obtained MP from photocrosslink-
able oligomers into MN was realized in a subsequent melt-based 
microfluidic process, which allowed preserving the particles’ 
sizes and narrow size distributions without fusion events. This 
step resulted in defined MN with entropy elasticity and the 
capability to form crystalline domains. By successful program-
ming and shape recovery experiments, the functionality of MN 
tailored to the sizes of cells could be demonstrated. It will be of 
high interest to explore such switchable particles, now avail-
able in suitable quantities, for applications in technology and 
medicine, e.g., to control cellular uptake or to act as valves in 
microcapillaries.

Materials and methods
Precursor synthesis and characterization

The polymer network precursor (oCL-IEMA) was synthesized 
by nucleophilic addition of hydroxyl endgroups of oligo(ε-
caprolactone) diol [2oCL, 8 kDa, Perstorp, UK] to 2-isocy-
anatoethylmethacrylate (IEMA) [34] (see Supplementary 
Information). The degree of functionalization as determined 
by 1H-NMR (Da,NMR) was 99% (Supplementary Fig. 2, Sup-
plementary Eq. 1) and the number average molecular weight 

Mn was 8100 g∙mol−1 as determined by GPC (polydispersity 
PD 1.5; Supplementary Fig. 3). Differential scanning calo-
rimetry (DSC; method see below) showed a Tm of 54 °C for 
oCL-IEMA.

Design and operation of microfluidic devices 
for emulsification of oCL‑IEMA solutions to precursor 
MP

The microfluidic emulsification devices were constructed from 
two coaxially aligned inner micropipettes of spherical shape as 
prepared from capillaries [inner dimension (ID) = 0.58 mm Ø; 
outer dimension (OD) = 1.0 mm Ø] with a micropipette puller 
(P-1000, Sutter Instruments), which were fixed at a certain ori-
fice distance in a squared outer capillary (ID = 1.1 × 1.1 mm, 
OD = 1.35 × 1.35 mm) by epoxy glue (all connected to a glass 
slide for better fixation and handling; setup see Supplemen-
tary Fig. 4). A pressure-driven pump (Elveflow OB1 Base Dual, 
0–2000 mbar, ESI v2.6.1 software, Elvesys, Paris, France) and 
thermal flow sensors (1 × 0.12–4.8 mL  h−1, pmax = 100 bar; 
2 × 1.8–60 mL h−1, pmax = 5 bar, Elvesys) calibrated with the 
aid of syringe pumps (AL 1010, WPI, Supplementary Fig. 5) 
for the respective fluids were used to control the flow rates. 
Microfluidic emulsification was monitored with a high-speed 
light microscope (see below).

The inner phase i was composed of oCL-IEMA (625 mg, 
ρoCL ~ 1.16 g  mL−1) dissolved in a mixture of ethyl acetate 
(EA, ρEA = 0.894  g· mL−1) and dichloromethane (DCM, 
ρDCM = 1.33 g mL−1) [1:1 vol, 11.875 mL, ρEA,DCM = 1.11 g mL−1; 
ρ determined at 20 °C with DMA 4500, Anton Paar], i.e., hav-
ing a calculated mass fraction of oCL-IEMA of woCL = 4.5 wt%. 
The aqueous outer phases o1 and o2 were both supplemented 
with 2.5 wt% (2.5 g in 97.5 mL) of polyvinyl alcohol (PVA, 
Mowiol® 4-88; 88% hydrolyzed, Mn = 12.6 kDa, polydispersity 
PD = 2.5). The emulsions were formed at volumetric flow rates 
V ̇ as indicated in Table 1. The droplets volumes as well as the 
droplet formation frequencies (fdrop) were calculated accord-
ing to Supplementary Eqs. 2 and 3. Nascent particles were col-
lected in an open bath for solvent extraction/evaporation and 
gently stirred (overhead stirrer, ≥ 5 h) until solidified MP were 
obtained. Finally, the suspensions of MP were centrifuged 
(3500 rpm MP9–22, 4500 rpm MP4, 50 mL screw cap vial) to 
increase the MP mass fractions to ~ 1 wt% (10 mg mL−1) by 
removing aqueous phase.

Design and operation of microfluidic setup for MN 
synthesis by melt‑based photocrosslinking

UV-induced crosslinking was performed in a microfluidic setup 
(Figs. 2, 4) comprising three modules (details see below) with 
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a total channel length of ~ 2 m (passage time: tpass = 7.5 min). 
Syringe pumps (AL 1010, WPI) provided the suspension of pre-
cursor MP (10 mg mL−1, V̇susp ) in 2.5 wt% aqueous PVA solution 
(Mowiol® 4-88) and a pure PVA solution ( ̇VPVA ) at defined ratios 
summing up a total continuous flow rate of V̇cont = 12.5 mL h−1 
through a feeding channel (ID = 1.0 mm Ø, OD = 1.6 mm Ø, 
FEP tubing [fluorinated ethylene propylene, ProLiquid)] to the 
microfluidic device. To exclude oxygen-based side reaction dur-
ing the crosslinking, both solutions were pre-treated by three 
freeze–pump–thaw cycles (argon) to remove dissolved oxygen 
before loading into syringes, which were sealed until use. After 
flooding the system with the PVA solution, the process started 
in interval I1 of 52 min with flow rates of V̇susp,1 = 11.5 mL h−1 
and V̇PVA,1 = 1.0 mL h−1, while flow rates of V̇susp,2 = 0 mL h−1 
and V̇PVA,2 = 12.5 mL h−1 were applied in interval I2 for 25 min 
in order to achieve a quantitative harvest of the MN. Module 1: 
Preheating zone (30 cm, 80 °C, stirred water bath, tpass = 1.1 min) 
composed of FEP tubing shielded from UV light by aluminum 
foil. Module 2: Heated UV-cell (1 m, tpass = 4.9 min) built from 6 
parallel assembled and serially connected squared quartz–glass 
capillaries (each 15 cm, ID = 1.0 × 1.0 mm, OD = 2.0 × 2.0 mm) 
connected by FEP tubing connectors (each 3 cm). Heating 
(80 °C) was performed on a metal plate, where a good heat 
transfer was ensured by an intermediate layer of oil. UV irra-
diation at 308 nm was provided by a XeCl-Excimer (Bluelight® 
Curing module BLC 308/600 50 Hz, Heraeus, distance of 4 cm, 
95% output, intensity of 92 mW cm−2). Module 3: FEP tubing 
immersed in a cooling bath (40 cm, 0 °C, tpass = 1.5 min).

For purification, the collected semi-crystalline MN was 
washed on a 0.45 µm filter (Whatman®, NL 17) with pure water 
until a lack of bubble formation indicated removal of all excess 
PVA. Finally, MN were transferred into a tube, frozen in liquid 
nitrogen, and lyophilized (Alpha 1-2LD plus, Christ).

Particle characterization

Images of particles were collected by scanning electron micros-
copy (Gemini Supra™ 40 VP, Carl Zeiss NTS, with Ir-coating), 
light microscopy (DMI 6000B, Leica, swelling studies in DCM), 
high-speed light microscopy (VW 6000E, Keyence, droplet tem-
plating), and automated light microscopy (Morphology G3, 
Malvern Instruments, shape analysis). Volume-weighted size 
distributions were determined by laser diffraction [in water or 
DCM (Supplementary Eqs. 4, 5 and 6); Mastersizer 2000, Mal-
vern] and shown as D[4, 3] (volume–moment mean diameter), 
excluding scattering artifacts as confirmed by SEM. Dried MN 
powders were studied by ATR FTIR spectroscopy (Nicolet 6700, 
Thermo Scientific), DSC (DSC 204 F1, Netzsch; in nitrogen 
atmosphere, − 100 to 150 °C, 10 K min−1), and WAXS (D8 Dis-
cover X-ray diffractometer, Bruker). A more detailed description 
is available in the Supporting Information.

Evaluation of shape‑switching function of MN

Programming of MN was performed after embedding in PVA 
phantoms [10]. Briefly, 7.5 mg MP suspended in 1.5 mL of 23 
wt% PVA (Mowiol® 3-85) was surrounded by pure PVA solu-
tion and dried, followed by deformation in a tensile tester (ZP 
20, Zwick) to phantom elongations εph = 175% (30 mm min−1) 
at 70 °C and cooling to 0 °C at 10 K min−1. By phantom disso-
lution in water, programmed ellipsoidal MN were obtained as 
aqueous suspension.

The shape-switching function was studied microscopi-
cally upon heating aqueous suspensions of programmed MN 
(10 K min−1; LTS 350 stage chamber, Lincam) on a microscope 
slide, which was covered with a thin glass cover slide, with video 
recording (Axio Imager.A1m, Carl Zeiss Microimaging).

Figure 4:   Microfluidic setup for UV-induced MN synthesis in melt. The setup is connected to two syringe pumps: (1) supplies pure PVA solution and (2) 
supplies precursor MP suspended in PVA solution. Both supply channels are combined in a T-junction. The injected material passes a preheating zone, 
the UV zone, and a cooling zone. Finally, MN suspensions are collected.
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