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Background and motivation Cellular-scale mechanical microscopy of 3D engineered ECM (cont.)
e Cell-extracellular matrix (ECM) biophysical interactions play an important role in biological processes, 3D mechanical microscopy of agarose hydrogels () / (®) En face projection
including initiation and progression of cancer, stem cell differentiation, morphogenesis, and wound healing. * 3D PF-OCE measurement was performed by raster-scanning 1150 75 um <z <0 um
* Attention has been given to the study of cell-ECM biophysical interactions at the micro- to mesoscale, bridging co-alighed OCT and PF beams to build a volume. 100 ’ v s
the gap between single molecule biophysics and macroscopic biomechanics. * The sample contained 0.2% agarose (right-side) next to 1% . |
* Importantly, cell-ECM interactions are bi-directional and has been shown to differ in 2D versus 3D, driving the agarose (left-side), forming a mechanical contrast step. = |
pursuit of studies in the more physiologically relevant 3D engineered cellular systems and biological tissues. * Microscale spatial variation in the relative stiffness of the = ° | 1/ 48 \
 Although a suit of techniques are available for investigating cellular behavior, the characterization of ECM sample can be observed from bead oscillation amplitudes; " 50 0.:s : s.‘
functional properties is typically limited to bulk mechanical testing or, on the other extreme, atomic force larger oscillation amplitude (red) corresponds to softer 100 Y .
microscopy (AFM), which can only probe the 2D surface of the sample. surrounding. 150 -
* This motivates the development of new imaging tools to enable volumetric Fig. 5. (a) 3D rendering of beads in agarose hydrogels, color-coded by their -
h terizati f tiall . hanical (i t the micro- t oscillation amplitudes (N = 220 beads). (b) En face projections of bead oscillation J/lOO 150 200
charac erlz? 10n Ot Spa Ia. y varying mechanical properties a € micro- to e Label-free amplitudes overlaid on OCT images. Scale bars: 20 um. The same color bar applies ((,/)) 50 50 100 ) 0 Osclillation 4.5
mesoscale in both 3D engmeerEd Mechanical . Cellular resolution with to both (a) and (b). Depth z = 0 um corresponds to the focal plane.3 2/ % (0 amplitude (nm)
ECM and biological tissues. excitation \ millimeter-scale
* We develop optical elastography Lo ocqe  Sample deformation | YOlumelric coverage Volumetric mechanical characterization of biological tissues
techniques based on mechanical - or displacement Sub-nanometer
ot ded by bhoton: * Photonic: cellular-scale eenOnSes displacement sensitivity
excitation .prow € y Pho o.nlc * Acoustic: tissue-scale P * Non-destructive, non-contact mechanical ‘palpation’ of biological tissues can be achieved with radiation
by optical coherence tomography Fig. 1. Workflow of optical elastography based on photonic =1 112ding * Focused acoustic radiation pressure provides localized mechanical excitation with hundreds of micrometers
(OCT). or acoustic radiation pressure and OCT detection. lateral excitation region and millimeters penetration depth, making it suitable for volumetric measurements at
the tissue level.
Ce”UIar Scale meChanlcaI mlCrOSCOpy Of 3D englneerEd ECM Acoustic radiation force optical coherence elastography (ARF-OCE) SO shear wavefront in 0.7% aga.
* Harmonic mechanical excitation is directly applied to tissue sample via
* An AFM-like ‘poking’ in 3D can be achieved with radiation pressure (force) from a weakly-focused laser beam. modulated acoustic radiation pressure.
* Acceleration of neutral particles by photonic radiation pressure was first demonstrated in 1970 by Arthur » Resulting axial oscillatory displacement of each tissue voxel is detected by
Ashkin!, who was recently awarded the 2018 Nobel Prize in Physics for his pioneering work in optical tweezers. OCT. () — g0 -
* We revisited Ashkin’s original work? and investigated photonic radiation pressure as a mechanism to provide » Dynamic ARF-OCE offers two types of measurements: E—ii G
localized mechanical excitation over an extended depth range for 3D mechanical microscopy?. » High-resolution mechanical contrast imaging produces uniaxial strain 240 - G
An OCT version of Ashkin’s landmark experiment? elastogram with 100-um lateral mechanical resolution. §
 Trajectories of polystyrene micro-beads in * Quantitative shear wave imaging enables model-independent £ 20 -
viscous fluid accelerated by photonic radiation reconstruction of viscoelastic properties with lateral resolution limited § I S I
i ti by the shear wavelength’. D0 :
!oress.ure were captured in real-time by OCT y g @ @ D
imaging. . S e e
: : 30% glycerol oo < @\\% \N\fo
* Analysis of bead dynamics enabled depth- | . e NP e, o
resolved measurement of photonic radiation- e \i\ , , e G O o T 5 :Lgeaz (\3;5;?5;?OtmoefaS:::jga;;”gﬁ\ﬁsg'c“;
pressure force. o 0 FoSrce (p1[8) Lt eliage siiclicla o) o  ———— Scale bar: 500 um. (b) Shear storage and loss
* Peak force on the order of 0.15 pN/mW can be o A Fig. 6. Structural OCT image and strain elastogram in murine intestinal and connective tissues  moduli in ex vivo murine tissues measured
. . Fig. 2. (a, b) M-mode OCT images of beads accelerated by a laser beam; slower obtained with ARF-OCE high-resolution mechanical contrast imaging. Scale bar: 500 pum. by quantitative shear wave imaging.’
af:hIEVEd ?n pOIVStyrene r.mcro-beads (1.7-p.m motion is observed in 30% glycerol (higher viscosity). Scale bar: 200 um, 3 s.#
dlameter) IN aqueous media. (c) Radiation-pressure force on 1.7-um polystyrene beads as a function of
_ _ depth w.r.t. the forcing beam focal plane at beam power of 78 mW. FUtu re OUtIOOk
Forcing Harmonically amplitude-modulated
OCTHEEE radiation-pressure force
beam Eem " Oscillatory motion of Photonic force optical coherence elastography (PF-OCE)3
bead  Individual micro-beads embedded in viscoelastic medium

+ : : : T Cellular traction force?
D ROt AN IS exched by modu!ated photonic ragllatlon pressure. Mechanical properties _— and spatiotemporal — Cell-induced changes
response of medium * Resulting bead oscillatory response is detected by OCT. of ECM and invasive variation in ECM in pericellular matrix
. * Local mechanical properties of the sample at each bead behavior of cancer mechanical properties. ~ Mechanical properties
| . iz %+ Pico- to nanometer ) df ] hanical cells in cancer In single-cell and
meaium ' ! i :
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Fig. 3. Principle of PF-OCE = N ey 1 b < 0.0001 = niche and behavior of Induced fiber alignment,
. . o . . o ; x = = ~ X musculoskeletal stem Optical elast h matrix anisotropy, and
Microrheological quantification of viscoelastic 2 10 T, 10 ) m cells. ptical elastograpny stiffening.
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properties of polyacrylamide gels 3 =1 5 e 3T2C
* Shear storage (G’) and loss (G”) moduli were = 102 4l [T 1 3 i \M . R T | hanical excitat
s U iEHE N : 4T2C echanical properties 'ISSU€-Scale mechanical exciiation . . s/
calculated from bead mechanical response RN e = 2. 107 ’—f‘ sl of mammary tissues in With acoustic radiation pressure Mechanical propertie
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* PF-OCE results were compared with shear L LV QL QAP 10 10 - del of Immune response to
: S | Rheometry G' (Pa) e L infection
rheometry (oscillatory test at 20 Hz). ©) . ample (d) breast cancer. —~ '
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time scale o g;g £ oy 1. Ashkin, A. Phys. Rev. Lett. 24 (1970); 2. Ashkin, A. et al. Opt. Lett. 11 (1986); 3. Leartprapun, N. et al. Nat. Commun. 9 (2018). 4.
Fig. 4. PF-OCE measurement of polyacrylamide hydrogels. (a) Box plot 107 1 ® 6TIC o3 Leartprapun, N. et al. Opt. Express 26 (2018). 5. Leartprapun, N. et al. Opt. Express 27 (2019). 6. Lin, Y. C. et al. Opt. Lett. (in press).
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of shear storage and loss moduli. (b)(c) Comparison against shear 1'(')1 o 102 o i qul° gpt  agd  ggl 7. Leartprapun, N. et al. Proc. SPIE 10053, 10053 (2017). 8. Mulligan, J. A. et al. Sci. Rep. 9 (2019). [Green text indicates the
rheometry measurements in G’ and G”; (d) Spectroscopic PF-OCE Rheometry G (Pa) Modulation frequency (Hz) publication in our lab]



