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Refractive index analysis

A low concentration bead solution was placed in between two coverslips. To ensure the light passes
straight through the sample, the two coverslips were arranged parallel to each other by placing double-
side tape in between. To determine the Rl of the PAA beads, quantitative phase microscopy was
performed to measure the phase shift introduced by the beads(92). The quantitative phase images were
recorded with the quantitative phase-imaging camera (SID4Bio, Phasics S.A.) with the same setup as
described in Schidrmann et al.(92). In brief, the acquired phase comprises the product of height and
average Rl at each x-y-position in the image. Height can be estimated assuming a spherical shape of
the beads. The homogeneity of the beads was checked by determining the radial refractive index. The
radial refractive index profiles were computed from representative phase images by inverting the
imaging process. This inversion assumes that the hydrogel beads are rotationally symmetric, i.e. that
the phase images look the same for all possible observation angles. The inversion was performed with
optical diffraction tomography in the Rytov approximation(42, 43) using the backpropagation algorithm
as implemented in the ODTbrain library version 0.1.6(43).

Confocal Brillouin Microscopy

The Brillouin shift was measured by confocal Brillouin microscopy, using the set-up described in a
previous publication(45), which has an optical resolution of below 1 um in the lateral plane and
approximately 3 um in the axial direction. For the measurement, the beads were placed in a glass
bottom petri dish filled with PBS. The Brillouin shift was then measured at a height of eight um above
the coverslip in the center of the beads. For the measurement of the Brillouin shift on a single bead,
reported in Fig. TH, we measured 41 times 41 points with a spatial resolution of 0.75 um. For the same
analysis on 15 different beads (Figure 1), we measured 100 points within a square area with 7 ym edge
length.

Atomic Force Microscopy (AFM)

All AFM indentation measurements were performed using a Nanowizard | AFM (JPK Instruments)
mounted on an inverted optical microscope (Axiovert 200, Zeiss). For presented elasticity
measurements standard pyramidal tipped cantilevers (MLCT, nominal spring constant k = 0.03 N/m,
Bruker) and cantilevers modified with a spherical tip (Arrow-TL1x20-50, nominal spring constant
k = 0.035 - 0.045 N/m, NanoAndMore GmbH) were used. The cantilevers were calibrated by thermal
noise method before each experiment(93). Spherical tipped cantilevers were prepared by gluing
polystyrene microspheres (diameter: 5 um, Microparticles GmbH) to the end of the tip-less cantilever
using a two-component epoxy glue (Araldite). During the experiments, cantilever tips were aligned over
the center of the beads and individual force-distance curves were acquired with 5 um/s approach and
retract velocity and with contact forces ranging from 1-8nN. Forces were chosen to keep the
indentation depth constant at 1 uym and Poisson’s ratio was set to 0.5. The Young’s modulus was
extracted from approach force-distance curves using JPK data processing software (JPK Instruments).

To prevent motion during indentation measurements the PAAm beads were immobilized on the bottom
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of a plastic petri dish using a cell adhesive protein solution (CellTak, Cell and Tissue Adhesive, Corning).
All measurements were carried out in PBS and at room temperature.

Stress relaxation experiments were performed using a Nanowizard 4 AFM (JPK Instruments) mounted
on an inverted optical microscope (Observer D1, Zeiss). Cantilever and sample preparation were the
same as for indentation measurements. Individual force-distance curves were acquired with 15 um/s
approach and retract velocity, with a holding time of 10 s, and a contact force of 2.8 nN (4 — 5.4 nN) and
indentation depth of 1.5 um (0.9 — 1.9 um) for the pyramidal indenter (spherical indenter).

Real time deformability cytometry (RT-DC)

The RT-DC measurements were carried out by using the same setup and device described in a previous
publication(23). Briefly, PAAmM beads were suspended at a concentration of 3x10°® beads/ml in different
buffers, such as 1x PBS, and methylcellulose (MC) solutions of different concentration (MC-A, MC-B).
The MC concentration for MC-A and MC-B was respectively 0.5% (w/v) or 0.6% (w/v) methylcellulose
in 1x PBS, providing respectively a viscosity of 15 mPa-s and 25 mPa-s. The deformation d is defined

using circularity, c:d=1—-c¢ = @ where A is the projected area and [ the perimeter of the object.

The lower limit of the measurable deformation is given by the resolution of the camera and it is 0.005.
The upper limit is equal to 0.05 to meet the validity range for calculation of the Young's modulus(26).
By adjusting the flow-rate for each sample, we made sure to exert enough force to reach comparable
deformations in the range of 0.005 — 0.05. A method that uses numerical simulations, to describe the
forces and the shape evolution of elastic objects in microfluidic channels allows calculating the elastic
modulus E of individual beads(26). Corrections were applied considering the non-Newtonian behavior
of the MC solutions, and viscosity variation due to temperature. To disregard all objects with concave
parts, we computed the area ratio as shown in a previous publication(94). Shortly, the area of the convex
hull of the contour and the area of the original contour are divided by each other. All beads with an area
ratio above 1.05 were filtered out and were not considered in further analyses. Additionally, all events
below a deformation of 0.005 and above 0.05 were filtered out. All analyses were done using the open
source software ShapeOut(95).

Flow Cytometry

PAAmM beads in 1x PBS were analyzed and sorted by flow cytometry based on the forward-scattered
light signal. Doublet discrimination was carried out. Sorting boundaries were chosen with regard to
the plateau of the signal distribution. All measurements were performed on a BD FACS Aria Il SORP
(BD Bioscience) according to manufacturer’s instructions. Data analysis was done using BD FACSDiva
8 software.

Virus particle production and Lentiviral plasmid transduction

The lentiviral transfer vectors were generated as previously described(96). The vector
pRRL.PPT.SF.eGFP-T2A-luc2.pre* without any target was kindly provided by Axel Schambach
(Hannover, Germany). Lentivirus particles were produced by co-transfection of 293T cells with a VSV-
G envelope plasmid, a Gag/Pol plasmid and the lentiviral vector carrying eGFP and firefly luciferace
(pRRL.PPT.SF.eGFP-T2A- luc2.pre*). 293T cells were seeded at a density of 65,000 cells/cm? and
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grown in complete DMEM medium (Gibco, Invitrogen, Carlsbad, CA) with 10% fetal bovine serum (FBS,
Gibco, Invitrogen) up to 70% confluency. Cells were then infected with the lentivirus vector mix
prepared in DMEM without serum, containing 10 pg/mL Polyethylenimine (Sigma-Aldrich). Medium
was replaced after 8 h with complete DMDM and again after another 12 h with complete DMEM. Viral
supernatant was harvested 24, 48, and 72 h after transfection, centrifuged at 300 g for 5 min, filtered
using 0.45 um pore size filter (Corning Inc, Corning, NY), and frozen in aliquots at -80 °C. Lentiviral titer
was determined using a QuickTiterTM Lentivirus Quantitation Kit (Cell Biolabs, San Diego; CA).
Transduction of SCP-1

The human telomerase reverse transcriptase (hnTERT) immortalized human mesenchymal stromal cell
line SCP-1(97) was expanded in complete DMEM medium (Thermo Fisher Scientific, Waltham, MA)
with 10% FBS (Gibco, Invitrogen). SCP-1 cells were transduced at 70% confluence. Transductions were
performed over night at 37°C with 1:2 diluted virus vector supernatant (7.5 x 10° virus particles/mL)
supplemented with 1 mg/mL protamine. Media was replaced after 24 h with complete DMEM. After
recovering 24 h in complete DMEM medium, a second transduction was done for 24 h. Transduction
efficiency of GFP was confirmed by FACS analysis 72 h after the second transduction.

Multicellular aggregate preparation

MSCs were maintained in a humidified atmosphere of 5% carbon dioxide and cultured in low-glucose
Dulbecco's modified Eagle medium (DMEM, Gibco) supplemented with 10% FBS (FBS, Gibco).
Multicellular aggregate formation was induced according to hanging drop method. Cell suspension was
mixed with PAAm beads functionalized with PLL and seeded in form of 70 ul drops of an inverted lid of
a 35 mm petri dish for a culture period of 24 h.

Statistical Analysis

In the box plots the mean is shown as straight line and the boxes are determined by the 25" and 75"
percentiles. The crosses are determined by the 1°t and 99" percentiles and the whiskers are the
minimum and maximum value. Number of measurements (n) is given in the respective box in the
diagrams, except Figure 2B where always 31 beads were measured. Coefficient of variation (C.V.) is
defined as ratio of standard deviation to mean value. Data depicted in Figure 1A show mean + standard
deviation (S.D.) of three different batches produced on different days. Data points with error bars in
Figure 1B represent mean + standard deviation (S.D.) (number of measurements (n) is given at Table
S1). The data and the propagating error reported in the inset in Figure 1B were derived from data
reported in Table S1. All data points reported in Figure 3 were derived using data reported in Figure 1
and Figure 2. The value of the poroelastic characteristic relaxation time, 1, reported in Figure 4B is given
as meanz standard deviation (S.D.), calculated using the data of independent stress relaxation

measurements done on 27 beads with Cr=7.9%.
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FIGURE LEGENDS
Figure 1

Production, swelling and homogeneity of PAAm beads (A) Influence of oil pressure P, change on
PAAmM droplet size and production rate during fabrication (n = 3) for Cr= 9.9%. Inset: bright-field image
of flow focusing microfluidic device during PAAmM droplet production. Movie available in S.I. Oil with
surfactant and TEMED (red arrows) is injected perpendicular to the polyacrylamide pre-gel solution
(black arrow) and result in the formation of PAAm droplets at the junction. Data are shown for constant
polymer pressure of 700 mbar and Cr=9.9%. Scale bar: 50 um. (B) Final PAAm beads diameter in
1x PBS in dependence on Cy, after overnight swelling. The swelling behavior of the beads is shown for
an initial PAAm droplet diameter of (12.3 = 0.5) um, obtained with 850 mbar oil pressure. The inset
shows the swelling behavior of the beads displayed as the normalized volume of equilibrium of the
swollen gel Ve in dependence on Cr. Data is also shown in Table S1. (C) Bright-field image of
polymerized PAAm beads in 1x PBS. Scale bar: 50 pm. (D) Quantitative phase image of a PAAm bead
(Cr=7.9%) for refractive index (RI) determination. Color scale bar: Phase shift in radians. Scale bar:
5 um. (E) Rl variation with polymer composition and bead size. Data points indicate the Rl for Crranging
from 5.9% — 11.8%. Each point corresponds to a single measured bead. (F) Cross section of a
tomographic Rl reconstruction from a single quantitative phase image (by assuming spherical
symmetry) of a PAAm bead. Color bar: Rl values. (G) Homogeneity of Rl distribution for 11.8% (green
line), 7.9% (red line) and 5.9% (black line) Crobtained from radial Rl profiles. (H) Brillouin shift (Af) image
of a single bead (Cr= 7.9%). The variation of Brillouin shift within the bead corresponds to the random
error of the measurement system. Scale bar: 5 um. (I) Brillouin shift of 15 different beads measured
with the Brillouin microscope (Cr= 7.9%). The width of the patterned area shows the intensity of the
systematic error of the system (10 MHz).

Figure 2

Microgel bead elasticity analysis by AFM indentation (A) Schematic of the AFM setup. The spherical
probe of the cantilever (radius R) indents the PAAm bead (radius Rs) with a certain force Fc while a
laser beam is directed on its backside and reflected to a photodiode for the detection of the cantilever
deflection. During indentation, the PAAmM bead is additionally deformed by the petri dish surface (Rs) on
the bottom region, which requires the application of corrections using the double contact model(47) to
determine Young’s modulus. (B) The depiction of PAAm bead Young’'s modulus obtained measuring
the same ten beads (Cr= 7.9%) with different indenter geometries (spherical tip: diameter 5 um,
pyramidal tip). Data is shown for the application of the Hertz model with (red box) and without (black
boxes) corrections and compared to Young’s modulus obtained with a pyramidal indenter (n=31). (C)
Young’s modulus variation of PAA beads versus the total monomer concentration. (D) Effect of
collection time (tc) on bead gelation and elasticity during droplet production. No beads (N.B.) were

obtained after 25 min.
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Figure 3

Structural characterization of the microgel beads (A) Dependence of the bead Young’s modulus on
the volume fraction of the cross-linked polymer in the equilibrium swollen gel (v2) in logarithmic scale.
The solid red line is the best fit curve by E ~v* with m = 2.4 + 0.2. The angle showed the slope of the
scaling law for E vs. vz according to polymer physics (power law 2.25(57)). The inset shows the linear
relation between v, and Cr. (B) Dependence of the effective cross-linker density, v, and the strand
molecular weight, M., on Cr. (C) Cross-linking efficiency &x,as a function of Cr. (D) Hydrogel mesh size
in dependence on v, in logarithmic scale. The solid red line is the best fit curve by & ~v§ with
a=-(1.0+0.2). The angle provides a comparison with the slope of the general scaling law for a

Gaussian polymer network in a good solvent (power - 0.75)(58).

Figure 4

Bead response to deformation applied at different timescales (A) Representative AFM indentation
stress relaxation data on a bead (Cr = 7.9%) using a spherical (black circles) and a pyramidal indenter
(blue triangles). Relaxation data with spherical indenter were fitted by using an exponential decay (red
solid line), providing the experimental evaluation of the poroelastic characteristic relaxation time
Tp = (0.34 = 0.18) s. Indentation data for the pyramidal indenter showed no relaxation. (B) Schematic of
the RT-DC setup. The un-deformed beads enter the narrow microfluidic channel assuming an elliptical
shape. The beads were measured at the end of the channel (bullet-like shape). (C) Comparison of
Young’s modulus (Cr = 7.9%) determined by AFM and RT-DC at different shear rates, by using different
buffers with a viscosity of 9.6 mPa s (red box), 6.6 mPa s (blue box), and 1.0 mPa s (black box). (D)
Young’s modulus obtained with AFM indentation (black boxes) and RT-DC (red boxes) for different gel
composition. For Cr = 5.9% only AFM measurement result is shown as beads cannot be detected by
RT-DC.

Figure 5

Reduction of bead elasticity polydispersity by FSC sorting (A) Young’s modulus as a function of the
refractive index of the beads, obtained combining the data reported in Figure 1E and Figure 2C. The
dashed area shows the region not detectable by RT-DC. Inset: the graph shows the forward scattering
(FSC) signal of the PAAmM beads (Cr = 7.9%) by flow cytometry and the FSC sorted regions: low (green),
mid (blue), and high FSC intensities. (B) Bead Young’s modulus, for Cr = 7.9%, after FSC sorting in the
3 subpopulations, measured by AFM indentation, compared with the values obtained on the unsorted

beads by RT-DC and AFM indentation.
Figure 6

Beads as cell-scale mechanical probes (functionalization, characterization and application)
(A) Fluorescence images of the beads captured in confocal laser scanning microscopy. PAAM beads
were functionalized with Poly-L-Lysine (PLL)-Cy3. Images show PAAmM beads with increasing protein

concentration (Cp.,) from 0.026 pg/bead (left) to 28 pg/bead (right). Scale bar: 30 um. (B) Young’'s moduli
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of the beads with the same monomer concentration (Cr= 7.9%) without NHS, with NHS, and after their
functionalization with PLL-Cy3 at different PLL concentrations (Cp). (C) Fluorescence laser scanning
microscopy image of PAAmM beads functionalized with Poly-L-Lysine (PLL)-Cy3 in multicellular
aggregates of MSCs after a cultivation time of 24 h. Deformations away from spherical shape are clearly

detectable. Scale bar: 50 um.
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SUPPLEMENTARY MATERIAL

Figure S1

Ammonium Krytox® surfactant, emulsion stability and surfactant analysis (A) Long-term emulsion
stability test. A water-in-fluorinated oil emulsion — stabilized by the ammonium Krytox® surfactant in
HFE 7500 - is stored for several days, and its stability confirmed by droplet size distribution analysis
(scale bar, 50 pm). (B) FTIR spectrum of the ammonium-Krytox® surfactant and Krytox® 157 FSH as key
starting material showing the conversion of Krytox® 157 FSH-carboxylic acid groups (1175 cm™) to
ammonium-Krytox® carboxylate (1670 cm™).(C) Determination of the critical micellar concentration for
ammonium-Krytox® by pendant droplets analysis. HFE 7500/surfactant solution is extruded from a

syringe into a cuvette of double-distilled water.
Figure S2

Repeatability of bead swelling behaviour (A) Distribution of droplet diameter for different monomer
concentrations (Cr) measured with bright-field microscopy. Inset: distribution of droplet diameter
analyzed after production and after polymerization for a fixed total monomer concentration (Cr = 7.9%).
(B) Distribution of droplet diameter for three different batches with three different monomer

concentration, Cr=7.9% (red box), Cr = 9.9% (blue box), Cr=11.8% (green box).

Table S1

Diameter mean value for droplets (D,,) and beads (Dj.qq), Standard deviation S.D., coefficient of
variation C.V., for droplets and beads with different monomer concentration (Cy), and the quantification
of the bead swelling behavior through the calculation of the normalized volume of equilibrium of the

swollen gel Veg and its standard error (4 (Veg)). nis the number of measured beads.

Figure S3

Repeatability of production process and AFM elasticity measurement (A) Young's moduli
measured by AFM on three groups of five batches. Each group has a different monomer concentration,

Cr=7.9% (red box), Cr=9.9% (blue box), Cr=11.8% (green box).

Table S2

Young's Modulus mean value Eean, Standard deviation S.D., and coefficient of variation C.V., measured
by AFM on three groups of five batches. Each group has a different monomer concentration: Cr = 7.9%,

Cr=9.9%, Cr=11.8%. nis the number of measured beads.

Figure S4

Bead shape evolution in RT-DC microchannel Bead deformation (Cr=7.9%) inside the channel
depicted over time and the best exponential decay fitting curve (solid line) with 7,=(0.12 + 0.02) ms.
The inset shows the shape evolution of a bead in the narrow channel (blue mask was applied for better
visualization). It was obtained by the superposition of 7 different consecutive frames extrapolated from

a video acquired at a frame rate of 2000 fps. Channel length: 300 pm, scale bar: 20 um.
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Figure S5

Flow rate optimization for RT-DC measurement, based on bead composition and effective buffer
viscosity. The deformation range (0.005 - 0.05) valid for the data analysis is showed with dashed lines.
(A) Histogram of PAAm beads (Cr=7.9%) for three different flow rates and relative deformations:
0.008 pl/s (black bars) with low deformations, 0.024 ul/s (red bars) as suitable settings and 0.12 ul/s
(green bars) with high deformations. (B) Histogram of PAAM beads (Cr = 7.9%) using three different
measurement buffers: MC-B at 0.018 pl/s (red bars) and 68% accordance with the recommended
range, MC-A at 0.024 pl/s (blue bars) and 70% accordance with the recommended range and PBS at
0.18 pl/s (black bars) and 72% accordance with the recommended range. (C) Histogram of PAAmM beads
for three different polymer concentrations: Cr = 7.4%, flow rate 0.012 pl/s (black bars); Cr = 7.9%, flow
rate 0.024 pl/s (red bars); Cr=8.9%, flow rate 0.04 ul/s (green bars), respectively with 83%, 96% and

96% accordance with the recommended range.

Figure S6

Comparison between AFM and RT-DC measurements. Young’s modulus obtained with AFM
indentation (black boxes) and RT-DC (red boxes) for five different batches produced by using the same

monomer concentration (Cr= 7.9%).

Table S3

Young’'s Modulus mean value Enean, standard deviation S.D., and coefficient of variation C.V., measured
by AFM and RT-DC on five batches produced with the same monomer concentration (Cr=7.9%). nis

the number of measured beads.

Figure S7

Consistency of RT-DC measurements Young's modulus measured by RT-DC six times, during two

different days, on the same batch, having a total monomer concentration Cr=7.9%.

Table S4

Young's Modulus mean value Enean, standard deviation S.D., and coefficient of variation C.V., measured
by RT-DC on the same batch, Cr = 7.9%, six times during two different days. n is the number of

measured beads.

Table S5

Young's Modulus mean value Eean, Standard deviation S.D., and coefficient of variation C.V., measured
by AFM on unsorted and sorted microgel beads and by RT-DC on unsorted beads. n is the number of

measured beads.

Video S1

Pre-gel droplet production (Pe; =850 mbar, Prasm=700 mbar). The video was recorded at 3000 fps and
showed at 30 fps.
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Size analysis
Droplets Beads Swelling
Cr D,;, | §D. | C.V. Dpeqa | S-D. | C.V.
(%) n wm) | wm) | () Batch n wm) | (um) | (%) Veg | A (Veq)
5.9 | 2789 12 1 8.3 696 18 1 55 | 3.4 0.6
7.4 | 3618 | 11.6 | 0.9 7.7 2596 | 15.7 | 0.8 51 | 2.5 0.5
1 1917 | 153 | 0.8 52 | 2.2 0.5
7.9 | 2266 | 11.8 | 0.8 6.8 2 1930 | 15.1 | 0.8 53 | 21 0.4
3 521 | 152 | 0.5 33 | 1.8 0.4
8.9 | 2822 | 124 | 0.7 5.6 1790 | 15.0 | 0.6 4 1.7 0.4
9.3 13228 | 12.2 | 0.9 7.4 3469 | 146 | 0.4 2.7 | 1.7 0.4
1 1914 | 143 | 0.6 42 | 15 0.4
9.9 | 2716 | 125 | 0.9 7.2 2 865 | 14.1 | 0.6 42 | 14 0.4
3 992 | 139 | 0.5 36 | 1.4 0.4
11 1 2759 | 129 | 0.5 39 | 1.1 0.4
3 2194 | 126 | 0.9 7.1 2 992 | 12.8 | 0.5 39 | 1.0 0.3
3 811 | 12,6 | 0.5 4 1 0.3
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Repeatability of AFM elasticity measurement
Cr(%) | Batch n Enmean (kPa) S.D. (kPa) <(:‘yv)
()
1 73 1.4 0.5 39
2 48 1.2 0.6 51
7.9 3 50 1.4 0.6 45
4 31 1.8 0.5 25
5 40 1.7 0.4 23
1 50 4.6 0.9 20
2 48 4.4 1.3 30
9.9 3 42 4.1 1.4 34
4 45 3.8 1.3 34
5 48 4.3 1.5 35
1 32 10.6 2.6 25
2 49 12.2 2.0 16
11.8 3 38 10.9 1.9 18
4 38 11.0 2.0 18
5 48 9.6 3.3 34
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related to measurements reported in Figure 4A
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Different batches 7.9% Cr
AFM RT-DC
Batch n | Emean (kPa) | S.D. (kPa) | C.V. (%) n | Emean(kPa) | S.D. (kPa) | C.V. (%)
1 73 1.4 0.5 39 1607 1.2 0.2 15
2 48 1.2 0.6 51 1600 1.4 0.3 21
3 50 1.4 0.6 45 1970 1.5 0.2 15
4 31 1.8 0.5 25 6534 1.6 0.2 11
5 40 1.7 0.4 23 2020 1.4 0.3 18
Table S3
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Same batch 7.9% Cr (RT-DC)
Measurement n Emean (kPa) S.D. (kPa) C.V. (%)
1 3273 1.5 0.3 19
2 3221 13 0.2 20
3 2234 1.5 0.3 21
4 2020 1.4 0.3 18
5 1903 13 0.2 18
6 2994 1.4 0.3 22
Table S4
Sorted beads
Technique Sample n Ermean S.D. C.V. (%)
(kPa) (kPa)
AFM Unsorted 50 1.2 0.5 41
FSC low 22 0.5 0.2 37
FSC mid 26 0.9 0.2 23
FSC high 26 1.3 0.3 26
RT-DC Unsorted 1402 1.1 0.2 19

Table S5
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