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Supplementary Figures

Figure S1: Geometric characterization of atomic force microscopy probes

Figure S2: Indentation models for elastic modulus determination

Figure S3: Indentation model fitting to force curves acquired from matrix vesicles

Figure S4: Elastic moduli of matrix vesicles from loading, unloading, and averaged curves

Figure S5: Three-dimensional renderings of matrix vesicles with overlaid deformation maps

Supplementary Methods

Probe characterization by scanning electron microscopy. After peak force quantitative
nanomechanical mapping, the used Peakforce-HiRs-F-A atomic force microscope probes were
cleaned by dipping 5x in water, acetone, methanol, and isopropanol and documented using a Helios
Nanolab 660 DualBeam microscope (FEI Materials & Structural Analysis Division, Hillsboro,
OR). Micrographs were acquired in immersion mode with a through the lens detector (TLD) at 10
kV accelerating voltage, 25 pA beam current, and 4.6 mm working distance. Images of the tip
were acquired from the front and side of the cantilever with 45° stage tilt. Probe vertical half angle
and end radius of curvature were measured in ImageJ [1] by averaging measurements taken from

the front and side and measured from the terminal 100 nm of the tip.

Indentation model fitting of matrix vesicle force curves. Force curves corresponding to regions
of high, moderate, and low indentation depth (relative to the entire data set) of matrix vesicles
were extracted from the peak force capture data files in Nanoscope Analysis 1.9. Each force curve
was baseline corrected over the initial 10-50% of the loading (approach) curve tip-sample
separation and indentation analyses were performed using the Briscoe-Sebastian-Adams (conical-

spherical) [2], the Hertzian (spherical) [3], and the Sneddon (conical) [4] indenter models.
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Figure S1. Geometric characterization of atomic force microscope probes by scanning electron
microscopy. Electron micrographs show that the terminal 300 nm of the MV Neat probe shank
and the terminal 150 nm of the MV+Ca?" probe shank can be closely approximated as conical.
From the highest magnification micrograph (and from a side view, not shown), the probe end
radius of curvature, R, and the vertical half-angle, 8, were measured. These values were used for
all indentation analyses. In vertical order, magnifications are: 5000x, 35000x, 250000x, 1Mx.
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For all models, applied force is calculated by Hooke’s Law

F=kZ=kSD5VpD

Parameter a is determined implicitly and parameter b is determined explicitly by

=0, b=Rcos0

For a > b and & $ R the Briscoe-Sebastian-Adams (BSA) conical-spherical model applies

P 2E P a® [m (b a3+ T2 b +a2—b2
“1—vz |*° " 2ane|2 " \G)| 3RV 2tan® ' 3R

T 3(1-12)

Where, F: force applied by probe (pN) : elastic modulus (MPa)

E
k: cantilever spring constant (pN/nm) v : Poisson’s ratio (0.5)

Sps ¢ cantilever deflection sensitivity (nm/V) 6 : sample indentation (nm)

Vpp: photodetector output from cantilever deflection (V) 6 : probe vertical half angle (°)

z: cantilever deflection (nm) R: probe end radius of curvature (nm)
a: maximal cone contact radius (nm) b: end radius of conical geometry (nm)

Figure S2. Indentation models for elastic modulus determination as applicable to a conical
indenter with a semispherical end geometry. In theory, the model is selected by comparing the
indentation depth to the radius of curvature of the end geometry. For large indentations, the contact
area of the conical portion of the indenter is significantly greater than the contact area of the
semispherical end such that the semispherical portion does not significantly affect the overall
indentation behavior and can be ignored (Sneddon conical model) [4]. For moderate indentations,
both the conical region and semispherical end significantly contribute to the indentation behavior
(Briscoe-Sebastian-Adams conico-spherical model) [2]. For small indentations, only the
semispherical portion is involved in the indentation process (Hertzian spherical model) [3].
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Figure S3. Indentation model fitting of force curves acquired from matrix vesicles shows that the
BSA conical-spherical indenter model best fits the data. Representative force curve corresponding
to large, moderate, and small indentations of MVs are shown with curve fitting from each of the
three models. The quality of fit was determined qualitatively by how well the model tracks the
trajectory of the force curve over the entire sample contact region and by the coefficient of
determination, R2, calculated over the fit region (15-80% of maximum force). The low indentation
fits for the Hertzian and Sneddon models show high R? values, but the trajectories diverge at both
ends of the contact region. The full force curves and their regions of analysis are shown to the left.
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Figure S4. Elastic moduli of matrix vesicles calculated from loading, unloading, and averaged
loading and unloading curves. Elastic modulus data was calculated from AFM micrographs of
individual vesicles acquired in PFQNM mode (n = 11 vesicles per group). Each marker
corresponds to the average elastic modulus of a single MV and the horizontal bar is the mean of
the group (mean + standard deviation shown). Hollow markers correspond to individual MVs
shown in Figures 2 and 3 of the main text. Due to minimal hysteresis between the loading and
unloading curves and the presence of strong adhesion in the unloading curves of >85% of the MV's
measured, the loading curves provided a more accurate fit. The following articles are published
examples of these three methods of calculation as applied to biological samples: loading curves
[5-9], unloading curves [10, 11], and averaged loading and unloading curves [12-15].
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Figure SS. Three-dimensional renderings of individual matrix vesicles with overlaid colorimetric
deformation map as measured by AFM-PFQNM. Greater deformation is observed for vesicles
from the MV Neat sample (i-ii) compared to the MV+Ca?" sample (iii-iv). The tall, deformable
topographic peak observed in (i) is characteristic of vesicles in the MV Neat sample. This peak is
obfuscated in (i1) as this highly deformable vesicle was not compressed to the same extent as (i)
and thus its internal contents were not revealed during imaging. The relatively less deformable
peak observed in (iii) and the absence of a peak in (iv) is characteristic of vesicles in the MV+Ca**
sample. The hollow symbols correspond to the elastic modulus data points shown in Figure 2C of
the main text.
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