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S1. Details for velocity as proxy to measure hovering height

hlev

Figure S1. Schematic representation of particle levitation. The value of hac is a sum of the
particle radius and the minimum distance from the bottom interface of the particle and bottom
substrate.



S2. Experimental Section — additional data
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Figure S2. Time resolved velocity classified by different applied wavelengths of illumination.
The grey rectangle illustrates the time of illumination. Data obtained from measurements under
local light illumination. The power is set to 11.5 mW measured in front of the spatial light
modulator chip.
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Figure S3. (a) display between velocity and trans-cis rate constant correlation. (b,c) display
between velocity and the correlation of the absorbance spectrum of trans isomer.
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Figure S4. (a) zeta potential measurements as function of particle type, porous and non-porous
particle with 5 ym diameter disperse in water and photosensitive surfactant solution.
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Figure S5. (a) Calculated hovering height as a function of the time. Calculation is done for a
planar substrate in absence of any obstacle. (b) Observed hopping of porous particles as yes/no
status classified by theoretical hovering height from applied intensity vairiation of data
presented in panel (a). The Hopping was observed by precisely changing the illumination

intensity of the UV light.

S3. Kinetic data for values of kyc

The original experimental data and methodologies are documented in the reference.[1] A

summary of relevant kinetic parameters and rate-determining values is provided in Table S1.

Table S1. Wavelength 4, normalized equilibrium #rans isomer ratio c.q/c,, absolute concentration of trans
isomers in equilibrium c.q, decay time z, rate isomerization constants of frans-cis isomerization krc, and cis-trans
isomerization kcr and corresponding error values abbreviated with index err

A | ceg/o Ceq T krc kc,err
nm mM min | cm?/mW-s cm?/mW:-s
365 | 0.063 6.33E-02 0.50 3.14E-02 3.16E-03
375 | 0.068 6.77E-02  0.54 2.87E-02 2.66E-03
385 | 0.104 1.04E-01 0.84 2.17E-02 1.05E-03
395 | 0.203 2.03E-01 0.84 1.41E-02 5.50E-04
405 | 0.379 3.79E-01 0.79 1.30E-02 8.19E-04
415 | 0.414 4.14E-01 0.77 1.28E-02 8.32E-04
430 | 0.587 5.87E-01 0.81 8.56E-03 5.31E-04
455 | 0.630 6.50E-01 0.80 7.33E-03 4.61E-04
470 | 0.749  7.49E-01 1.48 2.83E-03 9.55E-05
490 | 0.844 8.44E-01 2.92 8.92E-04 1.53E-05
505 | 0.861 8.95E-01 4.80 3.64E-04 3.80E-06
530 | 0.900 9.00E-01 15.85 1.09E-04 1.61E-08

*Values were calculated from intensity, /=1 mW/cm? and ¢, = 0.1 mM.
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S4. COMSOL simulations

Figure S6. 3D geometry and mesh implemented in COMSOL.



cross-sectional side view along flow direction

0.4 mm

flow velocity / mm -s°!

Z - position / mm

Figure S7. 3-dimensional simulation geometry (COMSOL Multiphysics) depicting the laminar
flow field within the separation channel. longitudinal plane (x—z). (a) 3d view of channel
geometry and illustrate longitudinal cross-sectional view in flow direction. (b,c,d) cross section
at different y-positions. (b) 0.1 mm, (c¢) mid-with of the channel, (d) 4.8 mm. Grey arrow
illustrates the flow streamline. Color mapping represents local flow velocities in mm/s.
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Figure S8. 3-dimensional simulation geometry (COMSOL Multiphysics) depicting the laminar
flow field within the separation channel. Transverse plane (y—z). (a) 3d view of channel
geometry and illustrate longitudinal cross-sectional view in flow direction. (b,c,d) cross section
at different x-positions. (b) y = 10 mm, (¢) y =12 mm, (d) y = 14 mm. Grey arrow illustrates
the flow streamline. Color mapping represents local flow velocities in mm/s.
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Figure S9. Simulated flow velocity distributions (top-view, x—y plane) at four different vertical
positions within the channel: (a) at 2.5 um (corresponding to particle radius); (b) at 102.5 pm
(channel height plus particle radius); (c) at 202.5 um (well above the channel height, (d) at
252.5 um (center channel height). These simulations highlight the spatial variation in flow
velocity experienced by particles depending on their vertical position, essential for guiding
separation behavior. Color mapping represents local flow velocities in mm/s.
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Figure S10. Simulated flow velocity distributions (top-view, x—y plane) at four different
vertical positions within the channel: (a) at 2.5 um (corresponding to particle radius); (b) at
102.5 um (channel height plus particle radius); (c) at 202.5 um (well above the channel
height)(d) at 252.5 um (center channel height). These simulations highlight the spatial variation
in flow velocity experienced by particles depending on their vertical position, essential for
guiding separation behavior. Color mapping represents local flow velocities in mm/s. Different
display style to data presented in Figure S7. Grey arrows illustrates the flow field.
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Figure S11. Details of simulation box. (a) 3d view with insets highlighting transition from
bottom to upper channel and representative mesh boxes for simulation. (b) top view of the

channel.
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S5. Details about separation efficiency calculation

This section describes the details of the measurement condition to display the effectiveness of

particle separation.

To this end, porous silica (PSiO2) and non-porous (plain) silica (SiO2) microparticles with a
diameter of 5 pum were mixed in a 1:2 ratio and subsequently dispersed in an aqueous
fluorescein—surfactant solution. Fluorescein forms a complex with cationic surfactants, which,
above the critical micelle concentration (CMC), leads to a pronounced enhancement of the dye's
fluorescence emission (Figure S10a). Due to their significantly higher surface area, porous
microparticles facilitate increased adsorption of both the surfactant and the dye at the particle
interface, resulting in a stronger fluorescence signal when imaged using the FITC channel
(Figure S10b). The dispersion was then introduced into a microfluidic channel, and the imaging
objective was positioned near the channel inlet to ensure that only a defined population of

particles was present in the field of view during flow-based imaging
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Figure S12. Overall illustration of measurement conditions to display separation effectiveness. (a)
Mixing fluoresceine (¢ = 15 uM) with surfactant solution (¢ = 1 mM) with (b) porous and plain silica
microparticles (D=5 um, Cpariciesotat = 0.5 mg/mL, ratio PSiO,/SiO, =1/2). (c¢) The dispersion is
injected into the microfluidic channel, where the data recording is performed at the wall position. (d)
Principal illustration of measurement performance from a series of snapshots in combination with video
recording. Before the video recording snapshots are taken to count the microparticles in bright field and
emission signal in top and bottom focus. Then video recording was performed. After that again
snapshots are recorded. The Snapshot series is displayed from Figure S13-Figure S20and
summarized in Figure 7 main article.
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To display the effectiveness of separation we measured a separation for 30 s in Video S5. The

video includes combination of snapshots in bright field and FITC emission recording.

Snapshot recording:

Every snapshot is recorded between the video recording. From the snapshots, the number of
total particles in the bright field image and that of the porous microparticles in the FITC
emission image are counted. This allows us to distinguish between the ratio of porous and plain
microparticles after running the video file Video S5. For details see Supporting Information
Section S5.1. The series of snapshots is presented as raw images and processed data treatment
in Figure S13-Figure S20 and following image treatment for subsequent particle counting, is

summarized in Figure 7 of the main article.

Video recording

The experimental video shows a forward flow under light illumination with blue light

(A=365nm, P=11.5mW) for 45 s.
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S5.1 Raw images of snapshots before experimental videos

Before: Top focus - brightfield

14

Figure S13. Bright field (top) and
black and white (bottom) of local
particle mixture of porous (PSiO,)
and plain (SiO,) microparticle
(D=5 pm) immersed in azobenzene
containing solution in complex with
fluoresceine dye. Counted number of
particles: 556



Before: Top focus - emission
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Figure S14. Emission (top) and
black and white (bottom) of local
particle mixture of porous (PSiO,)
and plain (SiO,) microparticle
(D =5 pm) immersed in azobenzene
containing solution in complex with
fluoresceine dye. Counted number
of particles: 209



After: Top focus - brightfield
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Figure S15. Bright field (top) and
black and white (bottom) of local
particle mixture of porous (PSiO,)
and plain (SiO,) microparticle
(D =5 pm) immersed in azobenzene
containing solution in complex with
fluoresceine dye. Counted number of
particles: 151



After: Top focus - emission
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Figure S16. Emission (top) and
black and white (bottom) of local
particle mixture of porous (PSiO;)
and plain (SiO,) microparticle
(D=5 pm) immersed in
azobenzene containing solution in
complex with fluoresceine dye.
Counted number of particles: 129



Before: bottom focus - brightfield
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Figure S17. Bright field (top) and
black and white (bottom) of local
particle mixture of porous (PSiO;)
and plain (SiO,) microparticle
(D =5 pm) immersed in azobenzene
containing solution in complex with
fluoresceine dye. Counted number of
particles: 3191



Before: bottom focus - brightfield
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Figure S18. Emission (top) and
black and white (bottom) of local
particle mixture of porous (PSiO;)
and plain (SiO,) microparticle
(D =5 pm) immersed in azobenzene
containing solution in complex with
fluoresceine dye. Counted number of
particles: 1095



After: bottom focus - brightfield
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Figure S19. Bright field (top) and

I black and white (bottom) of local

particle mixture of porous (PSiO,)
and plain (SiO;) microparticle
(D =5 pm) immersed in azobenzene

W containing solution in complex with

fluoresceine dye. Counted number of

fl particles: 3903



After: bottom focus - brightfield
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Figure S20. Emission (top) and
black and white (bottom) of local
particle mixture of porous (PSiO,)
and plain (SiO;) microparticle
(D =5 pm) immersed in azobenzene
containing solution in complex with
fluoresceine dye. Counted number of
particles: 902



S5.2 Experimental data treatment

To quantify the number of microparticles in both bright-field and fluorescence emission images,
all image data were first converted into binary format using a thresholding procedure. Due to
more favorable illumination conditions under red light (A = 625 nm), bright-field images
consistently exhibited higher contrast and were therefore more readily thresholded.
Consequently, we present the image processing workflow using fluorescence emission images,

which generally required more careful adjustment due to lower contrast and background noise.

Image analysis was performed using the Fiji distribution of ImagelJ, without the need for

additional plugin packages. All images were processed consistently following this protocol.

S1. Spatial background contrast manipulation with “Normalized Local Contrast” algorithm
a. Set Parameters: Block radius x and y: 400 pixels
b. Standard deviation: 3.00
c. Center on
d. Stretch off
S2. Image thresholding with “Yen algorithm”, default set
S3. The binary pixel information is treated with Binary Options standard plugin:
a. Do: Watershed
S4. Crop parts, which do not belong to focus. Example: If top focus parts from bottom focus

are removed and vice versa

This yields finally a clear threshold image displayed in Figure S13-Figure S20. Then the number

of particles is calculated via:

SS. The black points (particles) are calculated with Analyse Particles standard plugin:

a. Size in pixel?: 3—infinite = (to neglect noise)

Since the size was not necessary, we only count the number of particles.
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S5.3 Particle counting

From snapshots displayed in Figure S13-Figure S20. the binary mixture of porous (P-SiO,)
and plain (Si0,) particles (adjusted ratio of 1:2) are counted before and after Video SS. The
porous particles are labelled fluoresceine, while plain particles are unlabeled. From the bright
field image, the total number of particles N, are known. The emission image only reveals the
number of porous particles Npsjop. With this knowledge we calculated the number of plain

particles Ns;o, via:

N5i02 =Nyorar = NPSiOZ S1

b

where with the relation N1 = Noright field image aNd Npsio2 = Nemission €quation S1 can be rewritten

into:

NSi02 = Nbright field image ~— Nemission S2

Data in Figure 7 shows the values of Ny, and Nps;o, before and after Video S5. To calculate

NPSL'O2
1 1 : : NSiO + NPSiO
the ratio of porous particle normalized to total number of particles 2 2, we use
following equation:
NPSiOz NPSiOz Nemission S3

Niotal NSiOZ + NPSiOZ Nbrightfield image
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S5.4 Separation efficiency

Further we calculated from values in Figure S13-Figure S20 the separation efficiency as a function

of the separation cycle. To calculate the separation efficiency we used the equation from reported

literature:[

Ny Nemissi s4
separation ef ficiency for Si0, =1 - —1- emission
Nfe€d Nbrightfield image |
and for
N Nemission S5

separation ef ficiency for PSi0, = =
feed Nbrightfield image
with Ni = Nemission a1d Nieed = Norightfield image @S the particle number remained and initially in the

microfluidic chamber.

S6. Porosity Determination of Porous and Plain Microparticles.
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Figure S21. (a) Nitrogen adsorption and desorption isotherm of pure (a) porous (PSiO,)
particles and (b) non-porous (Si0O,) silica microparticles. (c) calculate pore diameter from data

in panel a and b.
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Data in Figure S21 display the adsorbed saturation volume V, s, for the pure porous particle
sample (Figure S21a) and reveals a multiporous structure due to a dual-stage saturation with a
maximum adsorption of 565 cm3-g™! at the normalized pressure range Ap/py = 0.8—1.0. This
indicates the presence of macropores with a calculated average pore diameter of 12 nm (Figure
S21c). In contrast, the non-porous particle sample exhibits a monophasic saturation curve,
indicating a smoother surface without larger pore structures with a pore diameter of 2.5 nm
(Figure S21c), however with a measurable V, g, value of approximately 114 cm3-g~!. This is
attributed to the intrinsic mesoporosity of silica where even non-porous silica particles can

permit limited nitrogen adsorption.

The ratio of V, satpsio2 and Vi sacsio, 565 cm?-g71/114 cm?3-g™! = 4.95 indicates approximately a

fifth-fold bigger pore volume.
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S7. Calculation of the Sedimentation Time

The sedimentation time for the system was calculated using the Stokes Equation.

2
d°g(p, - py) 56
V=—————
18n ,
n=1.0014-10"3Pa-s from reference [3]
d=3-10"°m Main article

B -3
pr=1040kgm from reference [4]

_ -3
Pp= 1800 kg m Main article

g=981lms" ! from reference [5]

The maximum sedimentation time is calculated as the channel height divided by the

sedimentation velocity.

h
o ="_1075s. ST
US

max
h=04-10"°m Main article
Accordingly, all particles are sedimented after 107.5 seconds. We calculated the value using

the smallest particles in the publication and the lowest density, since this yields the lowest

sedimentation velocity. All other particles will sediment faster.

In a continuous process in which particles are injected into an external laminar flow, the
particles are carried with the flow during sedimentation. This means we can calculate the
distance x a particle travels with the flow until it is fully sedimented. We propose that the

velocity of the particle is given as a superposition of the velocity in flow direction

u

T2h R

Uyz z S8
-3

and the sedimentation velocity perpendicular to the flow direction
2
_4g(p,-ry) $9
s 18n

Since the sedimentation velocity is constant in time and independent of ¥, the motion is
uniform. Accordingly, the z coordinate is given by

v=v

’

z(t) = v -t S10

7
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From Equation S11 we can calculate the sedimentation time of a particle from the top to the
bottom:

h S11

sed =
Vg

t

7

To calculate the distance x, we insert Equation S11 into Equation S9 and integrate over the
sedimentation time

Uovs-t(1 vt $12
I A
t
SHEUw. -ty v -t
y = f 0%s (1_ s dt, S13
2 h ' h
0
NN sl Lt
:_OfS dt_fs 2 qel, S14
2 h h
0 0
i 2 2. .3
= of¥s tsea _ [V Jtsea S15
= 0 0 )
2\| 2h 3h2
Uy([v, - h* v K3
- 5 2 1oz =79 516
2 Zh.vs 3h .US
Us( h h 317
— 2\2v, 3w,
Yo h S18
12 v,
Uy h-18p
_ 0. neem S19
2
12 d’g(p, - py)
~ 44 mm $20
n=10014-10"3Pa-s from reference [3]
d=3-10"°m Main article
_ -3
py=1040kgm from reference [4]
_ -3
Pp= 1800 kg m Main article
h= 0.54 mm Main article
_ -1
Uy= loemms from reference [6]
g=981ms™? from reference [5]
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S8. Stokes Number

The Stokes number is the ratio of the characteristic time of a particle *v to a characteristic time of the
flow. Thus, it is a dimensionless constant giving us a measure for the response of the particle to the

external flow expressing, the ‘particle inertia’:

T S21

The characteristic time of the particle Ty depends on the particle diameter D and density Pp

ppD2 S22
T =—

v 18u,

where #f is the fluid viscosity. Since all experiments were performed with the same particles

. . . T
and in the same solution, we can give one constant value for v:

1.8g-cm > (5 + 1.5 um)? S23
T = ~ (45 % 27) us
v 18-1.0016 mPa - s

2

with #f as the viscosity of water at room temperature. We assume that the small concentration

of azobenzene surfactant does not change the viscosity significantly. The large error of the

constant is a result of the heterogeneity of the particle diameter (5% 1.5 um) of the sample
used. However, the characteristic time of the particle is far below our time resolution of 0.03 s,
meaning that the characteristic response to changes in the external flow is below our time
resolution. Especially for the process of lifting, a particle immediately follows the flow at the
corresponding height, and thus the particle velocity is determined by the flow velocity during

lifting and not by its own inertia.

To calculate the Stokes number, we must determine the characteristic time of the flow as well.
We do this for a single sedimented particle. The particle is only affected by the flow at its
position, and thus the timescale for the flow is the ratio of the particle size to flow velocity:

T.-= —

d S24
f u

f

Inserting S21 and S23 into S20 gives us:

Py d-u; S25
18p,

St=

>
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with the flow velocity 37 um-s” " at the center of a sedimented particle of diameter 5 pm
reported by Bekir et al.[’l we get:

_18g-em™ 5um-37pum-s”! 826

St ~ 0.000332 £+ 0.000100
18-1.0016 Pa-s

The Stokes number is much smaller than 1, meaning that the particle follows the flow. Thus,
the particle velocity is determined by the fluid velocity when particle-particle interactions are

negligible.
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S9. Calculation of Crossing Time

Sample continuous operation

For continuous operation, the feed suspension was prepared with an adjusted number ratio of
porous to plain microparticles (d = 5 um) of 1:2. The total particle mass concentration of the
sample was set to ¢y = 0.3 mg/mL. Considering the mixing ratio, the mass fraction of porous
particles corresponds to approximately 0.33 of the total particle concentration. Consequently,

the absolute concentration of porous particles in the feed suspension is given by

myg myg
Cporous = 0.33-¢ ., =033" 0.3ﬂ = 0.1E S27
Thus, the suspension contains 0.10 mg mL™ porous colloidal microparticles, while the
remaining 0.20 mg mL™" corresponds to plain particles, maintaining the prescribed 1:2 porous-

to-plain particle ratio in the continuous separation feed.

g
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Figure S22. (a) number of porous particles crossing obstacle measured as function of the time.
Detection area is 360410 um?. (b) crossing particle density as a function of the time.

From Video S6, we quantified the number of porous colloidal particles traversing the top region
of the channel by performing frame-resolved particles counting over a 30 s observation window
immediately after illumination was switched on. The analyzed field of view was 360 - 410 um?,

and the resulting time-dependent particle counts are presented in Figure S22a.

To enable comparison with the overall crossed particles, the measured counts were normalized
by the average areal number density of crossing particles, also shown in Figure S22b. After
illumination, porous particles exhibits a transient enhancement of crossing particles, which

rapidly decays into a quasi-steady transport regime characterized by a constant number of
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particles crossing the channel per unit time. The steady-state transport corresponds to a particle

number flux of
=317+79.3 s mm32,
which represents the areal throughput of separated particles across the channel cross-section.

To estimate the macroscopic separation throughput, we upscale this flux by multiplying it with
the channel cross-sectional area (5 mm?) and the operation time (1 h), assuming a spatially
homogeneous particle flux across the entire channel cross-section. Under this assumption, the

total number of separated particles N can be expressed as

N — ®-t-A=(79.25+ 20)

sep

-3600 s - 5 mm? 928
mm- S

Nsep = 571-10° particles
where 4 = 5 mm? and ¢ = 3600 s.

Sample batchwise operation

From the reference system employing a microfluidic channel of comparable dimensions,
approximately 7,500 particles were detected within an observation area of 3.3 x 3.3 mm? (10.89
mm?). In that study, the suspension contained a porous-to-plain particle ratio of 2:1,
corresponding to a porous particle mass fraction of 0.66. For a total particle concentration of

ctotal = 0.5 mg/mL the absolute concentration of porous particles is therefore
Cporous = 0.66-Ciora1 = 0.66°0.5 mg/mL = 0.33 mg/mL.

To extrapolate the particle inventory to the full microfluidic separation channel, we scale the
counted particles to the effective channel footprint defined by the channel width W = 5 mmgp(

length L=17 mm corresponding to an active area of 85 mm? Assuming a homogeneous

particle distribution across the channel area, a simple proportional scaling yields.

N 85 .
channel = 7500 - 10.89 ~ 58 540 partlcles S29

for a single channel. According to the referencel!l operation parameters, approximately 20 min
are required for the phototactic separation step. Including additional time for sample
preparation, injection, and gravitational sedimentation (~10 min), the total process time per

cycle amounts to 30 min. Consequently, two separation cycles can be performed per hour,
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resulting in Nyour = 58 540 - 2. To enable comparison with the continuous-flow separation

experiment, the particle throughput is normalized to the porous particle concentration used in

_ -1
the present work, “porous ~ 0.1 mg mL . Relative to the reference concentration
0.1
-1 f =——=0.3.
0.33mgmL" " this corresponds to a scaling factor of 0.33 Applying this

concentration normalization yields an effective number of separated porous particles per hour

of

Nep = 58540-2-0.3 ~ 35478 particles. 830

Thus, under equivalent geometric and operational assumptions, the estimated hourly throughput

. 4 . .
corresponds to approximately 3-5 X 10 separated porous microparticles per channel.

Mass of one particle

4 3 4 3 3
Vv = g-n-a =§-n-(2.5um) =654 um S31
V = 654-10 Yem?
With density of 1.8 g/cm?
Mp = p-V=18-654-10 "em®*=1.1810"1% 832

and multiplying with N, this yields the total sample mass.

Sample mass for one hour

Nsample per hour = Nsep "Mp S33
Ncontinous = 571-10°-1.1810" 10g
Ncontinous = 6.72- 10_4g =0.672mg
Npaeen = 35478-1.1810 g

Npaten = 418-10°g = 0.004 mg

32



S10. Optical Setup
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Figure S23. Schematic representation of optical microscope setup.
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