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and fd-virus particles,[8–10] poly(methyl 
methacrylate) (PMMA) ellipsoids,[11,12] boe-
hmite rods,[13] and silica rods.[14,15]

Detailed insight into the 3D structure 
and dynamics of dense colloidal phases 
at the particle level can be obtained using 
3D confocal microscopy.[16–18] This tech-
nique has also been applied to study dense 
suspensions of rods including fd-virus 
particles,[19,20] PMMA ellipsoids,[21,22] and 
silica rods.[14,23] Using fd-virus particles, 
for example, the director fields of col-
loidal liquid crystals in wedge-shaped 
confinement was measured by adding 
fluorescent fd-virus particles in a host 
suspension of nonfluorescent fd-virus 
particles.[19] Confocal microscopy was also 
used to study the structure of sediments of 
PMMA ellipsoids,[21,22] the phase behavior 
of silica rods external fields,[14,23,24] and the 

structure of sedimentation–diffusion equilibria in mixtures of 
silica spheres and rods[25] at the single particle level.

Confocal microscopy, however, does put severe constraints on 
the colloidal model system to be used. First, the refractive index 
of the particles needs to be matched to that of the dispersing 
solvent (Δn  ≈ 0) in order to minimize scattering effects when 
imaging deep into the bulk of concentrated samples. Second, it 
is beneficial to be able to tune the effect of gravity by adjusting 
the mass density difference between the particles and the sol-
vent, Δρ. In this way, for instance, fluctuating interfaces,[26] sedi-
mentation–diffusion equilibria (Δρ > 0),[27] or the 3D structure 
of crystalline phases (Δρ  ≈ 0)[28,29] can be monitored over time 
using the same colloidal particles. For rods specifically, the small 
dimensions of the fd-viruses and the high mass density of silica 
rods make tuning the effect of gravity in these systems cum-
bersome. While this is possible for PMMA ellipsoids, they are 
typically produced in low yields and deviate from the ideal rod-
like shape, as a result of which smectic, columnar, or crystalline 
phases have not been observed in concentrated suspensions of 
these ellipsoids.[21]

Here, we describe the bulk synthesis of fluorescent colloidal 
SU-8 polymer rods with tunable length and diameter that are 
stable in both aqueous and apolar solvent mixtures. By varying 
the composition of the solvent mixture, both the difference in 
refractive index and mass density between the particles and 
the solvent can be independently controlled. This enables the 
use of colloidal SU-8 rods in both 3D confocal microscopy 
(Δn ≈ 0) and optical trapping (Δn ≠ 0) experiments, and even in 
experiments combining both techniques. Crucially, the effect of 
gravity can be carefully tuned in all of these experiments via Δρ. 
We demonstrate this by imaging the liquid crystalline phases 

The bulk synthesis of fluorescent colloidal SU-8 polymer rods with tunable 
dimensions is described. The colloidal SU-8 rods are prepared by shearing 
an emulsion of SU-8 polymer droplets and then exposing the resulting 
non-Brownian rods to ultrasonic waves, which breaks them into colloidal rods 
with typical lengths of 3.5–10 µm and diameters of 0.4–1 µm. The rods are 
stable in both aqueous and apolar solvents, and by varying the composition 
of apolar solvent mixtures both the difference in refractive index and mass 
density between particles and solvent can be independently controlled. 
Consequently, these colloidal SU-8 rods can be used in both 3D confocal 
microscopy and optical trapping experiments while carefully tuning the effect 
of gravity. This is demonstrated by using confocal microscopy to image the 
liquid crystalline phases and the isotropic–nematic interface formed by the 
colloidal SU-8 rods and by optically trapping single rods in water. Finally, 
the simultaneous confocal imaging and optical manipulation of multiple SU-8 
rods in the isotropic phase is shown.

Colloidal Rods

Colloidal dispersions of rod-like particles are widely accepted as 
convenient model systems to study the phase behavior of liquid-
crystal (LC) forming systems.[1] This is due to the fact that colloidal 
rods exhibit analogous phase behavior to that of elongated mole-
cules, while they can be directly observed by optical microscopy.[1,2] 
Almost 70 years ago, Onsager already predicted that a system of 
hard rods undergoes an entropy-driven isotropic–nematic phase 
transition upon increasing the rod concentration.[3] Since then, a 
great deal of theoretical and experimental work has been done on 
identifying and studying the key parameters influencing the LC 
phase behavior of rods, see, e.g., refs. [2,4–8]. Computer simula-
tions have shown that systems of hard (sphero)cylinders can also 
exhibit smectic, columnar, and crystalline phases depending on 
their volume fraction, aspect ratio, and size polydispersity.[4–7] 
Experimentally, much insight has been gained by studying col-
loidal rod-like model systems such as tobacco mosaic virus (TMV) 
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and the isotropic–nematic interface formed by the colloidal 
SU-8 rods using confocal microscopy in various solvent mix-
tures. In addition, we show the optical trapping of single SU-8 
rods in water and the simultaneous optical manipulation and 
confocal imaging of multiple rods in the isotropic phase.

To synthesize the fluorescent colloidal SU-8 polymer rods, 
we adapt the procedure for the fabrication of non-Brownian 
SU-8 rods described in refs. [30,31]. In that work, ten to a hun-
dred micrometers long SU-8 rods were obtained by vigorously 
shearing an emulsion of SU-8 polymer droplets in a viscous 
medium. Here, we use sonication to break the non-Brownian 
SU-8 rods into smaller colloidal SU-8 rods, as shown schemati-
cally in Figure 1a. This simple yet crucial step opens up the use 
of SU-8 rods within the colloidal domain. To enable the imaging 
of the colloidal SU-8 polymer rods with 3D confocal microscopy, 
we incorporate a fluorescent dye (e.g., rhodamine) in the initial 
SU-8 photoresin (see the Supporting Information), which results 
in uniformly labeled and highly fluorescent colloidal SU-8 rods. 
Finally, UV-light exposure is used to crosslink the colloidal SU-8 
rods, which yields chemically highly stable particles that can be 
dispersed in both aqueous and nonaqueous solvents.

Figure  1b,c shows typical scanning electron microscopy 
images of the colloidal SU-8 polymer rods obtained after soni-
cation. First of all, the dimensions of the rods are clearly within 
the colloidal domain with an average length of L ≈ 4.5 µm, dia
meter of D ≈ 0.5 µm, and hence an aspect ratio of L/D ≈ 9. While 
the rods are rather polydisperse, cycles of sedimentation and 
centrifugation in water can be used to reduce their size polydis-
persity down to ≈20% in length, 15% in diameter, and 20% in 
aspect ratio (see the Supporting Information). Shapewise, the 

obtained rods have an almost ideal cylindrical shape with flat 
ends, which is due to the sonication-induced breakage of the 
brittle SU-8 rods that are obtained after the shearing process. 
Figure  1d shows an optical microscopy image of an aqueous 
dispersion of colloidal SU-8 rods, where the random posi-
tions and orientations are reminiscent of the translational and 
rotational Brownian motion exhibited by the colloidal rods as 
directly shown in Movie S1 in the Supporting Information.

The dependence of the average length, diameter, and aspect 
ratio of the SU-8 rods on the sonication time is shown in 
Figure 2. Importantly, there is a clear decrease in the average rod 
length, especially during the first hour of sonication, while the 
rod diameter remains roughly constant. However, the rod diam-
eter can be independently tuned from 0.4 up to 1 µm during 
the first step of the synthesis where increasing the applied 
shear stress leads to thinner rods[30,31] (see the Supporting 
Information). The aspect ratio of the colloidal SU-8 rods can 
thus be fully tuned by the duration of the sonication. Inter-
estingly, the change in the distributions in Figure 2d–f shows 
that the length reduction during sonication is mainly driven by 
the breakage of the initially long rods into shorter rods due to 
the violent implosion of the cavitation bubbles created during 
sonication.[32,33] Indeed, the peaks of the length and aspect ratio 
distributions shift toward smaller values and the tails of both 
distributions are greatly reduced. This is also reflected by the 
decrease of the standard deviation in the mean values, repre-
sented by the error bars in Figure 2g–i. We note that the soni-
cation time required for the rods to reach their final average 
length depends on the sonication parameters: increasing the 
power or decreasing the sonication frequency leads to faster 
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Figure 1.  a) Schematic representation of the synthesis of the colloidal SU-8 polymer rods. Under high-shear flow, a macroscopic droplet of SU-8 
polymer solution in glycerol is emulsified into smaller droplets that are subsequently elongated into cylinders of tens of micrometers long. Subsequent 
exposure to sonication breaks the long SU-8 rods into shorter colloidal SU-8 rods. Finally, exposing the rods to UV-light photo-crosslinks the SU-8 and 
yields chemically highly stable colloidal SU-8 rods. b–d) Scanning electron microscopy (SEM) images (b,c) and an optical microscopy image (d) of 
the colloidal SU-8 rods obtained at a shear stress of 518 Pa (see the Supporting Information) after a sonication period of 3 h. Scale bars are: b) 2 µm, 
c) 10 µm, and d) 20 µm.
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rod-breakage (see the Supporting Information).[32,33] While the 
dimensions of the colloidal SU-8 rods synthesized in this paper 
are optimized for their study with 3D confocal microscopy, we 
anticipate that the minimum rod-dimensions could be further 
reduced by increasing the shear stress applied during the first 
step of the synthesis or decreasing the SU-8 polymer concentra-
tion of the initial SU-8 solution as discussed in ref. [31].

Stable aqueous dispersions of colloidal SU-8 rods in water 
are obtained by adding small amounts of ionic (SDS) or non-
ionic (Pluronic F-108) surfactants (see the Supporting Informa-
tion). The resulting colloidal stability is further confirmed by 
the observed self-assembly of the colloidal SU-8 rods in water 
into various liquid crystalline phases, as shown in Figure 3. In 
order to form these phases, we slightly tilt the sample, thereby 
inducing a packing fraction gradient. At low packing fractions, 
the rods exhibit no translational or orientational ordering, remi-
niscent of the isotropic phase, while at higher packing fractions, 
the rods orient in the same direction corresponding to nematic 
ordering (Figure 3b). At even higher packing fractions, the rods 
self-assemble into a smectic-like structure (Figure 3c). This may 
seem surprising as the typical rod-length polydispersity of the 

SU-8 rods ≈30% is above the terminal polydispersity of 18%, 
where the smectic phase is predicted to no longer be stable 
for a system of hard spherocylinders.[6] However, a rod-length 
count performed in the smectic-like phase shows that the local 
length-polydispersity has significantly decreased to about 20% 
due to fractionation,[34,35] which facilitates the formation of a 
smectic-like phase like the one shown in Figure 3c.

To observe the structure and dynamics of the colloidal 
SU-8 rods using 3D confocal microscopy, the refractive index 
of the particles and the solvent mixture should be closely 
matched (Δn  ≈ 0), while ideally the degree of mass density 
matching, Δρ, is carefully controllable. With the literature 
values for the refractive index and mass density of bulk SU-8 
photoresin being n  ≈ 1.59 and ρ  ≈ 1.2 g mL−1,[36] this can be 
readily achieved by dispersing the rods into common organic 
solvent mixtures akin to those used for matching PMMA and 
3-(trimethoxysilyl)propyl methacrylate (TPM) particles.[29,37] To 
determine the refractive index and mass density of our col-
loidal SU-8 rods—that is, after shearing and UV curing (see 
Figure  1a)—we disperse the rods in carefully prepared mix-
tures of organic solvents with different compositions and 
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Figure 2.  a–c) Representative SEM images of the SU-8 rods before (a) and after 30 min (b) and 180 min (c) of sonication. Scale bars are 20 µm. 
d–f) Length, diameter, and aspect ratio distributions of the SU-8 rods at 0, 30, and 180 min of sonication. g,h) Evolution of the average length, diameter, 
and aspect ratio of SU-8 rods as a function of the sonication time. Inset: log–log plot of length as a function of the sonication time. The error bars 
represent the standard deviation of the average value.
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hence different refractive indices and mass densities (see the 
Supporting Information).[14,29,38,39] The dispersants OLOA-1200 
or OLOA-11000 are used to stabilize the rods in these organic 
solvents.[29,40] By identifying the maximum optical transpar-
ency and the transition point between sedimentation and 
creaming, the refractive index and mass density of the col-
loidal SU-8 rods are found to be n = 1.614 and ρ ≈ 1.28 g mL−1. 
Conveniently, with these values, various mixtures of common 
organic solvents (see Table  1) can be used to independently, 
and hence simultaneously or not, match the refractive index 

and the mass density of the colloidal SU-8 rods. This allows 
the effect of gravity, as quantified by the gravitational length of 
the rods, Lg =  kBT/VpΔρg, to be systematically varied from ≈1 
up to ≈200 µm in nearly refractive index matched dispersions. 
Here, kBT is the thermal energy, Vp is the volume of the rods, 
and g is the acceleration due to gravity.

The controllability of gravity in our colloidal SU-8 rod system 
is demonstrated in Figure 3d–f, where 3D confocal microscopy 
images of rods with different gravitational lengths are shown. 
Figure  3d shows a 3D image of the fluorescent rods in the 
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Figure 3.  a–c) Confocal microscopy images of a tilted sample containing an aqueous dispersion of fluorescent SU-8 rods with L = 5.3 µm (σL = 29.1%), 
D = 0.62 µm (σD = 16.1%), L/D = 8.8 (σD/L = 29.5%): a) isotropic, b) nematic, and c) smectic-like ordering upon increasing volume fraction. d) 3D 
confocal image (20 × 20 × 17 µm3) of the nematic phase of fluorescent colloidal SU-8 rods in tetralin (Lg ≈ 2 µm). e) 3D confocal image (50 µm3) of 
the nematic phase of a 1:50 mixture of fluorescent and nonfluorescent colloidal SU-8 rods in a 1:11 mixture of TCE:CS2 (Lg ≈ 200 µm). The side and 
bottom panels show the xy and xz cross-sections, respectively. f) Confocal image of an isotropic–nematic interface of a 1:30 mixture of fluorescent and 
nonfluorescent colloidal SU-8 rods in a 1:4 DEC:CS2 (Lg ≈ 6 µm). Scale bars are 10 µm.

Table 1.  Characteristics of typical solvent mixtures that can be used to tune the refractive index and mass density mismatch (Δn, Δρ) between the 
particles and the solvent. The fraction of tetralin (TET), carbon disulfide (CS2), tricholoroethylene (TCE), and tethrachloroethylene (PERC) is given in 
v/v% ratios. The dimensions of the rod used to calculate Lg are L = 5 µm and D = 0.5 µm.

Solvent TET CS2 TCE PERC Δn Δρ [g mL−1] Lg [µm]

1 1 0 0 0 0.073 0.314 1.4

2 1 5 0 0 0.001 0.067 6.3

3 1 0 1.6 0 0.112 0.012 34.3

4 1 0 0 0.9 0.089 0.005 82.8

5 0 11 1 0 −0.001 0.002 233.0
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nematic phase in tetralin (solvent 1, Table  1), which demon
strates the imaging of all the particles at the single-particle 
level, where particle coordinates and orientations may poten-
tially be extracted using existing images processing algorithms, 
as described in ref. [23]. In the Supporting Information, we 
provide Movie S2 showing the dynamics of the colloidal SU-8 
rods in 3D in the nematic phase. Next, in Figure 3e, the compo-
sition of the solvent is such that both Δn and Δρ are very close 
to zero. Here, a 3D snapshot of the nematic phase formed in a 
1:50 mixture of fluorescent and nonfluorescent colloidal SU-8 
rods in solvent 5 is shown (note that Lg ≫ field of view). Since 
refractive index matching was almost perfect (Δn ≈ 0), imaging 
of the rods was easily achieved 50 µm deep into the sample 
without significant loss of fluorescence intensity. Next, the 
mass density mismatch is increased to induce a sedimentation–
diffusion equilibrium in which the Lg of the rods is tuned such 
that the isotropic–nematic interface can be directly observed as 
shown in Figure 3f. From a corresponding 3D confocal z-stack, 
we estimated the isotropic–nematic transition to occur at an 
approximate volume fraction of 0.25 (see the Supporting Infor-
mation). While this value only represents a rough estimate, it 

is comparable to earlier reports,[15] and is also consistent with 
the value reported for hard spherocylinders at the appropriate 
aspect ratio.[7] By systematically varying the effect of gravity on 
the rods, one could potentially study various interfacial proper-
ties of colloidal liquid crystals.[41–43]

The versatility of our colloidal SU-8 rods warrants fur-
ther applications in a wider range of experiments. The inde-
pendent tunability of the refractive index and mass density 
mismatch facilitates, for example, the optical manipulation of 
the rods with, again, controllable effects of gravity. Figure  4a 
shows the dynamic manipulation of a colloidal SU-8 rod in 
water using two different optical traps acting on either end of 
the rod, which can, for example, be used to measure the fric-
tion coefficient of a rod as a function of its distance to the  
surface.[44] In Figure  4b, we show preliminary results on the 
simultaneous confocal imaging and optical manipulation 
of a collection of SU-8 rods in the isotropic phase. This is 
achieved by choosing an organic solvent (solvent 1, Table  1) 
with a refractive index mismatch small enough to image tens 
of micrometers deep into the sample, but still large enough to 
use holographic optical tweezers to manipulate the particles.[45] 

Adv. Mater. 2019, 31, 1807514

Figure 4.  a) In-plane optical manipulation of a single SU-8 rod in water using two optical traps. b) Simultaneous optical manipulation and confocal 
imaging of a collection of colloidal SU-8 rods in tetralin using three independent optical traps. The optical axis of the traps is perpendicular to the image 
plane, which is 10 µm above the sample wall. c) Fluorescence microscopy images showing the effect of a 1 kHz AC electric field (E ≈ 0.01 V µm−1) in 
a dilute dispersion of colloidal SU-8 rods. Scale bars are: a) 2 µm and b,c) 20 µm.
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Interestingly, the three optical traps clearly induce local orien-
tational (nematic) ordering, with the rods aligning along the 
optical axis,[46] at higher packing fractions than that of the back-
ground isotropic phase. This effect may be exploited to study 
the nucleation of nematic droplets (tactoids) in the isotropic 
phase.[47] In addition, we note that manipulating the isotropic–
nematic interface using optical tweezers, in principle, also 
allows for the study of various interfacial phenomena, as was 
shown for the colloidal liquid–gas interface.[48] Furthermore, 
we show that the colloidal SU-8 rods can also be aligned using 
external electric fields, see Figure 4c, as was also done for silica 
rods.[14] Finally, we note that the composition, and hence the 
optical and chemical properties, of the colloidal SU-8 rods 
can be readily varied by incorporating other polymers and/
or nanoparticles as reported in refs. [31,49]. In particular, the 
incorporation of silver or magnetic nanoparticles would make 
the rods conductive and/or magnetic which could be then 
used, for example, in sensoring applications[50,51] or studies of 
self-assembly in the presence of external magnetic fields.[24]

In summary, we have shown the successful bulk synthesis of 
colloidal SU-8 polymer rods and its optimization for confocal 
microscopy and optical trapping experiments. The dimensions, 
composition, stability, and tunability of this system, as well as 
the ease of synthesis, combined with the wealth of knowhow 
available for tuning interparticle interactions in colloidal sys-
tems, promise a wide range of applications of colloidal SU-8 
rods in condensed matter experiments.

Experimental Section
The synthesis of the colloidal SU-8 polymer rods was adapted from the 
method described by Alargova et al.[30,31] In a typical synthesis, a 250 mL 
beaker with an inner diameter of 5 cm was filled with 110 mL of glycerol. 
A mixer (Heidolph RZR 2021) equipped with a high-shear impeller with 
a diameter of 3.5 cm was then introduced into the glycerol such that 
the impeller was located ≈2 cm above the bottom wall of the beaker. 
Once the homogenization process at 1500 rpm—corresponding to a 
shear stress of 518 Pa (see the Supporting Information)—was started, 
≈0.1 g of SU-8 50 viscous photoresin (Michrochem) was dropped from 
a spatula into the gap between the inner wall of the beaker and the 
impeller, resulting in a turbid dispersion. For the synthesis of fluorescent 
SU-8 rods, the dye was simply mixed with the SU-8 50 at a mass ratio 
of 10 mg dye g−1 SU-8 50 (see the Supporting Information). The high-
shear mixing of the glycerol and the SU-8 50 was continued for 10 min. 
The resulting non-Brownian SU-8 rod-like particles in glycerol were 
directly exposed to sonication (VWR ultrasonic cleaner, 45 kHz, 80 W) 
for 1–3 h to break them into smaller colloidal rods. These colloidal 
SU-8 rods were subsequently photo-crosslinked by exposing them to 
UV-light with a wavelength of 365 nm (Spectroline 14A/FB) for 30 min. 
To remove the glycerol, the colloidal SU-8 rods were washed by repeated 
centrifugation and redispersion cycles at 3000 × g for 40 min using water 
containing 0.2 wt% SDS. Any large or irregularly shaped rods were easily 
removed by sedimentation in water under gravity for an hour. Very small 
rods were removed by centrifuging three times at 3000 × g for 15 min. 
Long and thick rods were typically removed by spinning at 600 × g for 
15 min. Finally, the resulting colloidal SU-8 rods were kept in water 
containing 0.2 wt% SDS.

Further details on the fluorescent labeling, effect of shear stress 
and sonication parameters, sorting, refractive index, and mass density 
determination of the colloidal SU-8 rods, as well as on the confocal 
microscopy and optical manipulation experiments are given in the 
Supporting Information.

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