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Simultaneous spatial mapping of the activity of multiple enzymesina

living system can elucidate their functions in health and disease. However,
methods based on monitoring fluorescent substrates are limited. Here,
wereport the development of nitrile (C=N)-tagged enzyme activity
reporters, named nitrile chameleons, for the peak shift between substrate
and product. Toimage these reportersinreal time, we developed a
laser-scanning mid-infrared photothermal imaging system capable of

imaging the enzymatic substrates and products at a resolution of 300 nm.
We show that when combined, these tools can map the activity distribution
of different enzymes and measure their relative catalytic efficiency in living

systems such as cancer cells, Caenorhabditis elegans, and brain tissues,

and canbe used to directly visualize caspase-phosphatase interactions
during apoptosis. Our method is generally applicable to abroad category of
enzymes and will enable new analyses of enzymes in their native context.

Enzymes, efficient and specific catalysts of a variety of biochemical
reactions, playacritical rolein all biological processes. Precise spatial
and temporal regulation of enzyme activity is crucial to the successful
operation of cellular machinery’. Thus, the spatial mapping and quan-
tification of the activity of enzymes, preferentially inliving organisms,
is vital to understand the functions and roles of enzymes in health
and disease. Notably, many biological events and signaling pathways,
such as apoptosis?, are accomplished by the cooperation of multiple
enzyme species. However, anattempt tomap the activity of one kind of
enzymeinoneareaofinterestisinsufficient to elucidate the coopera-
tion between different enzymes in a complicated biological system.
Hence, approaches that are capable of spatially profiling the activity
of different enzymesin the same areaof interest at the single-cell level
andinvivoareneeded to elucidate the links of multiple enzymes to life
and pathophysiological processes.

Visualizing enzyme activity is largely performed using synthetic
fluorogenic substrates®. However, current fluorogenic probes fail
to provide spatial information because the water-soluble fluoro-
phores tend to diffuse away from the reaction sites®. Recently, self-
immobilizing fluorogenic reporters have been developed to locate
enzyme activities in dynamic environments’. However, the covalent
connection of bulky fluorophores to enzymes increases therisk of per-
turbing the function of the enzymes®’ and, consequently, of disrupting
the downstream signaling and cellular activity. Thus, the potential
enzyme-silencing effects of the self-immobilizing strategy reduce its
usefulness for mapping the activities of multiple enzymes in living
systems.

Further developments in the field of enzyme activity imaging in
living organisms derive from in situ enzymatic non-covalent synthesis
(ENS)" of small molecules into non-diffusive nanostructures to enable
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the retention of fluorescent modalities at reaction sites™ . Notably, the
characteristics of fluorophores are critical to the successful mapping
of enzyme activity via ENS-based fluorescent probes” ™, These filter
criterialargely reduce the choice of fluorophore candidates. Given the
broad-band emission spectrum, current research using this strategy
focuses mostly on the mapping of one kind of enzyme in one area of
interest'®, whichis not sufficient to elucidate the cooperation between
different enzymesin a biological process.

Beyond fluorescence, other technologies have been developed
tomap enzyme activity in cellsand tissues”, including magnetic reso-
nanceimaging and mass spectrometry imaging'®. However, poor spatial
resolution orinapplicability to living organisms significantly restricts
these approaches with regard to high-resolution mapping of the activ-
ity of multiple enzymes in living subjects.

Addressing this challenge requires innovations inimaging systems
and in chemistry. Here, we present a method for visualizing enzyme
activities via real-time mid-infrared photothermal (MIP) imaging of a
category of nitrile-tagged enzyme activity probes. The recently devel-
oped MIP microscope enables chemicalimaging with submicron spatial
resolution by using a visible-light probe to sense the photothermal
effectinduced by mid-infrared absorption'*. Importantly, suchindi-
rect measurement mitigates the huge water absorption issue and
enables mid-infrared imaging in an aqueous environment with high
contrast®. Thereported sample-scan MIP microscope requires a pixel
dwell time of 500 ps-10 ms'*°, making it difficult to resolve the move-
ments of living systems. To address these difficulties we have developed
a high-speed and high-sensitivity laser-scan MIP microscope. In this
new system, high-speed imaging is achieved using a synchronized
laser-scanning scheme, which produces a pixel dwell time as short as
afew microseconds”. These efforts collectively enable real-time MIP
imaging of living systems.

Although label-free MIP microscopy succeeds in visualizing the
abundant cellular components®?°, direct observation of specific enzy-
matic reactions in cells and tissues remains difficult because the MIP
signals from products areimmersed inastrong background generated
by the other biomolecules. To address this challenge, we synthesized
anitrile-tagged bio-orthogonal enzyme activity probe. The vibration
frequency of the nitrile group (C=N) differs from those of endogenous
functional groups, thus exhibiting unique infrared absorbance in the
cell-silentregion®. The C=N group hasarelatively large infrared absorp-
tion cross-section and canserve as a sensitive photothermal reporter.
Spectrally, the C=N vibration is narrow-band and tunable through
chemical and physical approaches, enabling super-multiplexed
detection?’. Thus, the adoption of C=N as a photothermal reporter of
biochemical reactions is promising for bio-orthogonal detection of
multiple enzyme activities in living systems. Here, we synthesized a
series of nitrile-tagged enzyme activity probes, named nitrile chame-
leons. The probes exhibit reaction-activatable MIP spectral shifts of
C=N, whichsignifies enzymatic reactions. These probes also undergo
insitu ENS' for mapping enzyme activity.

Results

Performance of alaser-scanning MIP microscope
Figurelaillustrates the principle of mid-infrared photothermal imag-
ing. Amid-infrared light excites the chemical bond through vibrational
transition. The vibrational energy is transferred into the sample, which
subsequently experiences alocal temperature rise. The temperature
escalation produces several photothermal effects such as thermal
expansion and refractive index alteration. Those changes influence
the scattering of a visible-light probe, which is adopted as the photo-
thermal signal.

Previous MIP microscopes relied on sample scan with a pixel dwell
time of 500 ps or longer”, which isinsufficient to capture the dynamics
of aliving system. To increase the MIP imaging speed, we designed a
laser-scan MIP microscope (Fig. 1b) that provides a much faster pixel

resolution speed on the order of a few microseconds (Methods). This
faster resolution speed enables visualization of fast dynamics in real
time (20 Hz) at asmall range with pixel counts under 25,000 (158 x 158).
To provide high spatial resolution, counter-propagating geometry is
used. Specifically, the visible beam is focused via a water immersion
objectivelenswithanumerical aperture of 1.2, while theinfrared beam
is focused by areflective objective withanumerical aperture of 0.5. The
spatial resolution is characterized using poly(methyl methacrylate)
(PMMA) particles with aknown diameter of 200 nm (Fig. 1c). The reso-
lution reached 300 nm, approaching the theoretical resolution of
276 nm estimated from the point spread function (Supplementary
Information). The vertical resolutionis determined to be 640 nm (Sup-
plementaryFig.1), resultingin a cubed voxel with lateral dimensions of
300 nm and axial dimensions of 640 nm. By synchronously scanning
theinfrared and visible beams with two pairs of galvanometer mirrors,
auniform field of view of more than 400 x400 pm?is reached (Fig. 1d).

For live cell imaging, we optimized the infrared excitation pulse
width to maximize the signal-to-water background ratio. Regarding
the photothermal dynamics, the water background is known to have
alarge decay constant (1) due to the large heat capacity. The decay
constant () for the signal from the organelles is usually smaller. We
harness this difference to enhance the signal-to-background contrast
by reducing the heating pulse duration 7 (Supplementary Informa-
tion)?. Experimentally, we investigated the influence of heating pulse
duration on the MIP contrast of a live cell in the protein channel
(1,553 cm™, amide I1). A pulse duration of 50 ns provides the highest
signal-to-background ratio with negligible photodamage (Fig. 1e and
Supplementary Fig. 2). This enabled successful live cell MIP imaging
in the protein channel (1,553 cm™, Fig. 1fand Supplementary Video 1),
and hence weretained these conditions for the following experiments
unless otherwise specified.

Nitrile-based enzymatic activity probes
We constructed two probes that selectively map the activity of phos-
phatase and caspaseinliving subjects because both phosphatase and
caspase are critical to cell survival and cell death. Our phosphatase
probe is generally applicable to different kinds of phosphatase such
as alkaline phosphatase (ALP)", protein tyrosine phosphatase?, acid
phosphatase” as well as other types of phosphatases. The enzyme
activity probes consist of an enzymatic substrate, a nitrile group (C=N)
as the reporter of the enzymatic reaction and a self-assembly moiety
(Fig. 2a,b). The nitrile-tagged probes for mapping the activity of cas-
pase and phosphatase are named Casp-CN(S) and Phos-CN(S), respec-
tively. The enzymatic products are named Casp-CN(P) and Phos-CN(P),
respectively. The enzyme-catalyzed cleavage of the substrate alters
the electronic donation from the para-position atoms (N or O), thus
significantly changing the electron density as well as the vibrational
frequency of C=N. Consequently, in the MIP spectra the C=N of the
enzymatic product is spectrally separated from that before the enzy-
matic reaction. The MIP signal intensity of the C=N of the enzymatic
products positively correlates with the level of enzyme activity. This
reaction-activatable peak shift of C=Nisnot only anindicator of enzy-
maticreactions, butalso enables detection of specific enzymatic prod-
ucts via bio-orthogonal chemical imaging in the cell-silent region®.
Furthermore, we conjugated a self-assembly moiety to the probes
(Fig.2a,b) toenableinsitu ENS for conserving the products at the reac-
tion sites. ENS of the probes also amplifies the imaging contrast via
aggregation-enhanced responsiveness®, a phenomenon likely to be
caused by concentrating the target molecules inside the volume of
imaging. The amphiphilicity of the probes enables a solubility exceed-
ing1 mM (Methods). We named this category of probes ‘nitrile chame-
leons’ because of the spectral shift of C=N.

AsshowninFig.2c, the MIP spectraof the C=Nbond of Casp-CN(S)
and Casp-CN(P) (50 mM, in dimethylsulfoxide (DMSO)) have a sharp
peak at 2,225 and at 2,205 cm™, respectively, while Phos-CN(S) and
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Fig.1|Laser-scan MIP microscope for real-time bond-selective imaging of live
cellsat300 nmspatial resolution. a, Principle of MIP detection. IR, infrared.

b, Schematicillustration of a MIP microscope. BS, beam splitter; CM, concave
mirror; CW, continuous-wave laser; DM, dichroic mirror; GV, galvanometer mirror;
lock-in, lock-in amplifier; OL, objective lens; PD, photodiode; QCL, quantum
cascade laser; RL, reflective objective lens; SL, scan lens; TL, tube lens. ¢, Spatial
resolution characterized using 200-nm-diameter PMMA particles. FWHM, full

Tz =300ns, SBR: 1.7 225

width at half-maximum. d, Characterization of uniformity by MIPimaging of the
signal-to-noise ratio (SNR) of 500-nm-diameter PMMA particles, showing that
uniformity is >400 pm. e, MIP imaging (1,553 cm™, amide II) of proteins in SJSA-1
cancer cells using different IR excitation pulse widths. SBR, signal-to-background
ratio. f, Live cell MIP imaging of protein dynamics (1,553 cm™, amide II) in OVCARS
cancer cells. All experiments in c-fwere repeated independently three times with
similar results. Scalebars: ¢, 2 pm; d, 50 pm; e, 20 pm; f,10 pm.

Phos-CN(P) (50 mM, in DMSO) have a narrow-band MIP spectrum of
C=Nwithapeakat2,239 andat 2,221 cm™, respectively (Fig. 2d). These
distinctive peaks of C=N guarantee multicolor MIP imaging of the nitrile
probes and the corresponding enzymatic products. Moreover, the MIP
signal intensity of the C=N bond in the enzymatic productsis linearly
proportional to the concentration with a limit of detection of around
5 UM (Fig. 2e,fand Supplementary Fig. 3).

Next, we evaluated the enzymatic conversion efficiency of
Casp-CN(S) by caspase-3 (active) and that of Phos-CN(S) by ALP
(Fig. 2g,h). According to time-course analysis of product formation,
theinitial speed (v,) is 0.23 nmol™ min™ for Casp-CN(S) by caspase-3,
and 0.29 nmol™ min™ for Phos-CN(S) by ALP. The v, is slightly lower
than that for standard substrates (Ac-DEVD-pNA, 0.33 nmol min~,
and P-nitrophenyl phosphate, 0.53 nmol min™) in identical condi-
tions (Supplementary Fig. 4). No reaction occurred in the mixture
of Phos-CN(S) or Casp-CN(S) with phosphate-buffered saline (PBS),
carboxylesterase-1 (CES-1), matrix metalloproteinase-2 (MMP-2) and
proteinase K (Fig. 2i,j), confirming the enzyme specificity for the
reporters. Transmission electron microscopy images of Casp-CN(S)
and Phos-CN(S) (50 uM, in PBS) show sparsely distributed small nano-
particles formed by the self-assembly of the probes (Fig. 2k,). Bulky
nanofilaments formed by the self-assembly of products are observed
afterincubating the probes with the corresponding enzymes for 1 hour
(Fig. 2k,1). Thioflavin T (ThT) was used to examine the kinetics

of nanofibril formation by the enzymatic products®. As shown in
Fig.2m,n, ThT fluorescence surges within10 seconds upon mixing with
the enzymatic products (10 pM, PBS), suggesting aminimal nucleation
phase and rapid nanoaggregate formation®’. Thus, the enzymatic prod-
uctssettle near enzymes due to fast aggregation. Thermodynamically,
the chemical potential of nanoaggregate formationis positively linked
to monomer concentration®. Therefore, nanofibers predominantly
develop near the enzymes because of the maximized product mono-
mer concentration through local generation. However, according to
Fick’s law of diffusion, the distant product molecules are much less
likely to assemble into nanofibers due toreduced concentration. These
kinetic and thermodynamic factors ensure that the nanoaggregates
spatially associate with enzymes, thereby enabling the spatial mapping
of enzyme activities.

Real-time MIP imaging of enzyme activities in living cells

AsshowninFig.3a, the probes enter the cells and react with the corre-
sponding enzymes, generating products that produce MIP signal at new
wavenumbers. The MIP signalintensity from productsis correlated with
enzyme activity. The ENS of probes produces non-diffusive nanofila-
ments thatuncover the reactionsites and enhance theimaging contrast
by aggregation-enhanced responsiveness®. We first used this approach
to map the activity of phosphatase in SJSA-1cells, an osteosarcoma cell
line with high phosphatase expression. A working concentration of
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Fig. 2| Development of nitrile chameleons for mapping specific enzyme
activity. a, Molecular structures of Casp-CN(S) and the enzymatic product
Casp-CN(P). b, Molecular structures of Phos-CN(S) and the enzymatic product
Phos-CN(P). ¢, MIP spectra of Casp-CN(S) and the enzymatic product Casp-CN(P),
50 mMin DMSO. d, MIP spectra of Phos-CN(S) and the enzymatic product Phos-
CN(P), 50 mMin DMSO. e f, MIP signal intensity of Casp-CN(P) (e) and Phos-CN(P)
(f) at different concentrations in DMSO. g, Time-dependent formation of
Casp-CN(P) catalyzed by active caspase-3 (25 U ml™). RT, room temperature.

h, Time-dependent formation of Phos-CN(P) catalyzed by ALP (0.5 U ml™).ij, UV

absorbance change in the mixtures of Casp-CN(S) (i) or Phos-CN(S) (j) with PBS,
ALP, caspase-3 (active), carboxylesterase-1(CES-1), matrix metalloproteinase-2
(MMP-2) and proteinase K. k, Transmission electron microscopy (TEM) images of
the nano-assemblies formed by Casp-CN(S) before and after the addition of active
caspase-3 (25 Uml™, 1 h). TEM imaging was repeated independently three times
with similar results. 1, TEM images of the nano-assemblies formed by Phos-CN(S)
before and after the addition of ALP (1U ml™ 1 h). TEM imaging was repeated
independently three times with similar results. m,n, Self-assembly kinetics of the
enzymatic products Casp-CN(P) (m) and Phos-CN(P) (n). Scale bars: k,1,100 nm.

50 pMwas chosen based on cytotoxicity assay (Supplementary Fig. 5).
AlIMIPimagesin the cell-silent window undergo a subtraction of water
background as described in Methods unless otherwise indicated. After
the treatment of Phos-CN(S) (1 h), a pinpointed MIP spectrum in the
silent window inside a cell (see Methods for details on choosing the
pinpointed area) exhibits a sharp peak at 2,174 cm™ arising from the
C=N of the dephosphorylated products (Phos-CN(P)), and a smaller
peak at 2,215 cm™ originating from the C=N of Phos-CN(S) (Fig. 3b).

This MIP spectrumidentifies the optimal wavenumbers forimaging and
validates theintracellular chemical components. The peaks of the C=N
inside cells shift compared with that in DMSO (Fig. 2d), probably due
to the Stark effect®. Live cell MIP imaging at 1,745 cm™ visualizes the
profiles of lipid droplets in SJSA-1cells (Fig. 3¢). Subsequent MIP images
ofthe same cells at 2,174 cm™ show strong signal from Phos-CN(P), while
the intracellular MIP signal from Phos-CN(S) at 2,215 cm™ is weaker
(Fig. 3c,d). These results suggest an efficient cellular uptake of the
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Fig. 3| Real-time MIP imaging of nitrile chameleons generates the activity
maps of caspase-3/7 and phosphatase in living cells. a, Schematic diagram
ofthe principle of enzyme activity mapping by real-time MIP imaging of nitrile
chameleons. b, Pinpointed MIP spectrum, indicated by the arrow in c. ¢, MIP
images of phosphatase activity profile in living SJSA-1 cellsincubated with Phos-
CN(S). The zoom-in of the dashed box is given on the far right. d, Quantification
of MIP signal intensity of Phos-CN(S) and Phos-CN(P) in cells (n =10 cells).

Data are given as mean * s.d. e, MIP images of phosphatase activity profilein
phosphatase inhibitor-pretreated SJSA-1cells incubated with Phos-CN(S). The
zoom-in of the dashed box is given on the far right. f, Quantification of MIP signal
intensity of Phos-CN(S) and Phos-CN(P) in phosphatase inhibitor-pretreated
SJSA-1cells (n=10 cells). Data given as mean + s.d. g, Quantification of [P]/[S]
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inthe cells from PIC-pretreated and PIC-free groups (n =11 cells). Data given
asmean +s.d. h, Confocal fluorescence image of SJSA-1 cells incubated with
NBD-labeled phosphatase activity reporter (NBD-Phos-CN(S), 50 pM, 1 h). i,
Comparison of SNR between MIP imaging of C=N (at 2,174 cm™) and fluorescence
imaging of NBD in cancer cells at 488 nm. Each dot represents a cell (n =10 cells).
Datagiven as mean + s.d.j, Time-course MIP images of the phosphatase activity
(at2,174 cm™) as Phos-CN(S) (50 uM in PBS, room temperature) was added to
SJSA-1cells. AOI, area of interest. k, Pinpoint MIP spectrum, indicated by the
arrowinl.1, MIP images of caspase-3/7 activity profile in Dox-pretreated SJSA-1
cellsincubated with Casp-CN(S). The zoom-in of the dashed box is given on the
far right. m, Quantification of MIP intensity of Casp-CN(S) and Casp-CN(P) in
Dox-pretreated cells (n =10 cells). Data given as mean + s.d. Scale bars, 30 pm.
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phosphatase activity probe, and that the phosphatases in SJSA-1 cells
substantially convert Phos-CN(S) to Phos-CN(P), demonstrating robust
intracellular phosphatase activity.

Instead of a diffuse distribution, Phos-CN(P) highlights intricate
subcellular structures as shown by the variations in MIP intensity in the
mapping (Fig.3c), indicating a heterogeneous biodistribution of phos-
phatase activity. To verify the non-diffuse property of nanofilaments
in cells, we incubated cancer cells with Phos-CN(S) (1 hour) followed
by fixation. We then sequentially captured two MIP imagesin the same
field of viewatal hourinterval. Little movement occurred during the
1hour interval (Supplementary Fig. 6), suggesting that the nanofila-
ments are highly immobile inside cells. Although the Stokes-Einstein
equation suggests high mobility for 100 nm particles in water, the
nanofilaments formed by enzymatic products exhibited non-diffusive
behaviors in the cells, probably due to the intertwining of nanofila-
ments, which creates rigid nano-networks that interact with cellular
structures®, thus restricting the mobility in the cellular environment.
Suchimmobility ensures the spatial accuracy of enzyme activity map-
ping. However, the dissolved portion of Phos-CN(S) is not visible due to
thelack of aggregation-enhanced responsiveness. Integrated MIP and
widefield fluorescence imaging indicate good colocalization (Pearson’s
r=0.7,Supplementary Fig. 7) between the MIP signal from Phos-CN(P)
and theimmunofluorescence from phosphatase antibodies (for exam-
ple, anti-ALP), confirming the high spatial accuracy of mapping. As a
control, MIP contrast was not seenat 2,174 cmin the cells that did not
have Phos-CN(S) treatment (Supplementary Fig. 8a). These results
collectively confirm the successful mapping of phosphatase activity
inliving SJSA-1cells by real-time MIP imaging of the nitrile chameleon.

Phosphatase inhibitor cocktail (PIC)-pretreated SJSA-1 cells incu-
bated with Phos-CN(S) have a punctate distribution of Phos-CN(P)
and Phos-CN(S) with much weaker MIP signals (Fig. 3e,f) than the cells
from the inhibitor-free group (Fig. 3¢,d), which agrees with the phos-
phatase activity inhibition. This confirms that Phos-CN(S) can delineate
spatiotemporal phosphatase activity change in cells. Given that the
phosphatase level (for example, ALP) in cells remains unchanged after
PIC treatment (Supplementary Fig. 9), the relative enzyme catalytic effi-
ciency (k.,/Ky) of phosphatase between the cells from PIC-pretreated
andinhibitor-free groups can be approximately determined using the
product-to-substrate ratio in cells ([P]/[S], that is, the ratio of intracel-
lular MIP intensity at 2,174 cm™ to that at 2,215 cm™) (Supplementary
Information). The effect of PIC-induced inhibition on the k /Ky, of phos-
phatasein cells can be evaluated using this relative value. On statistical
analysis, the average [P]/[S]in PIC-pretreated cellsis 2.5-fold lower than
thatin the PIC-free group (Fig.3g), indicating that the average k,./Ky, of
the phosphatase in SJSA-1cells decreases by 60% through PIC treatment.

Although the limit of detection of enzymatic products in DMSO
isapproximately 5 uM, the minimum detectable concentration of the
same moleculesin cells, upon nanofilament formation, is estimated to
be around 600 nM (Supplementary Information). Due to the uneven
distribution of nanoaggregates in water, we used hyperspectral MIP
images of Phos-CN(P) suspensions ataconcentration as low as 800 nM
inPBStosubstantiate this calculation. The peak of the nitrile groupis dis-
cernibleinthe spectrum obtained from the hyperspectralimages (Sup-
plementary Fig.10), confirming the sub-micromolar sensitivity of MIP
indetecting the nano-assemblies of enzymatic products. To further val-
idate the high sensitivity of MIP imaging, we compared the MIP images
to the fluorescence images of cells incubated with NBD-Phos-CN(S),
a nitrobenzofurazan (NBD)-tagged Phos-CN(S) (Supplementary
Scheme1). On statistical analysis, the MIP images of C=N at 2,174 cm™
(Supplementary Fig. 11) and fluorescence images of NBD (Fig. 3h)
of the cancer cells incubated with NBD-Phos-CN(S) (50 uM, 1 h) had a
similar signal-to-noise ratio (Fig. 3i). Here, signal-to-noise ratio is the
meansignalintensity in cells divided by that of ablank area. Given that
C=Nand NBD existinthemoleculeinal:1ratio, thisindicates that the
detection ability of C=N by MIP is similar to that of NBD by fluorescence

in cells. Furthermore, MIP imaging outperforms fluorescence imaging
because it is photobleaching free (Supplementary Fig. 12), making it
more suitable for observing continuous events in living systems.

Consideringthe high sensitivity and resistance to photobleaching,
we conducted real-time monitoring of dephosphorylation reaction
in cells using MIP imaging as Phos-CN(S) is introduced to the cells. As
shown in Fig. 3j, within 10 minutes of Phos-CN(S) addition, distinct
puncta of dephosphorylated products were observed, indicating
an efficient endocytosis-dependent cell entry and early endosomal
dephosphorylation. Between15and 50 minutes, the MIP signal of enzy-
matic products appeared in other cellular regions as acrooked-stripe
pattern, indicating that Phos-CN(S) escaped from the endosomes and
underwent dephosphorylation by the phosphatasesin various cellular
locations. The nanoparticles formed by the amphiphilic nitrile chame-
leons may escape from endosomes through endosomal membrane
disruption or perforation®*. The variation in phosphatase activity
patterns at different time points is attributed to the dynamic move-
ments of cellular structures inside live cells. As previously discussed,
the nanofilaments intertwine with cellular structures, causing the
nanofilaments to move along with these structures. Furthermore, we
used NBD-Phos-CN(S) to study the cellular uptake mechanism of nitrile
chameleons because NBD fluorescence cannot distinguish between
substrate and product. As shown in Supplementary Fig. 13, NBD fluo-
rescence inside the cells was significantly reduced by ATP synthetase
inhibitor (oligomycin, 5 pM), suggesting that the internalization of the
probes occurs through endocytosis.

Other than phosphatase, we profiled caspase-3/7 activity in live
cancer cells. Doxorubicin (Dox) efficiently induces apoptosis in SJSA-1
cells for the purpose of activating caspase-3/7 (Supplementary Fig.
14). After incubation with Casp-CN(S) (50 uM, 1 h), a pinpointed MIP
spectrum inside a cell exhibits a sharp peak at 2,163 cm™ arising from
the C=Nin Casp-CN(P), and a smaller peak originating from the C=N
in Casp-CN(S) at 2,225 cm™ (Fig. 3k). This MIP spectrum provides the
optimal wavenumbers forimaging and validates the intracellular chemi-
cal compositions. MIP imaging at 1,745 cm™ generates a map of lipid
droplets in the cells (Fig. 31). MIP images of the Dox-pretreated SJSA-1
cells show an intense MIP signal from Casp-CN(P) at 2,163 cm™ and
aweaker signal from Casp-CN(S) at 2,225 cm™ with detailed spatial
information (Fig. 31,m). This indicates efficient internalization of the
caspase activity probe by cells, and a high caspase-3/7 activity in the
Dox-pretreated SJSA-1 cells. Colocalization between Phos-CN(S) and
Phos-CN(P) (Fig. 3¢c), as well as between Casp-CN(S) and Casp-CN(P)
(Fig. 31), is observed, suggesting the co-assembly between probes and
productsinto non-diffusive nanofilaments during ENS* ¥, Tandem MIP
and widefield fluorescence imaging confirmed a high spatial correlation
between the MIP signal from Casp-CN(P) and theimmunofluorescence
from caspase-3 (active) antibody (Pearson’s r= 0.72, Supplementary
Fig.7). Theseresults confirmthe precise mapping of caspase-3/7 activity
in apoptotic cells. The nitrile chameleons are non-cytotoxic (Supple-
mentary Fig.5), butincubation of the cancer cells with Casp-CN(S) pro-
duced aweak but non-zero MIP signal from Casp-CN(P) (Supplementary
Fig.15a). This signal disappeared upon pretreatment with caspase-3/7
inhibitors (Supplementary Fig.15b). Together, these resultsindicate the
presence of low levels of caspase-3/7 activity in non-apoptotic cells***°,

The hydrophobic enzymatic products show little interaction with
the plasmamembrane or the lipid droplets (Fig. 3¢,l). Interestingly, the
overall MIP intensity of C=N increases along with the enzymatic cleav-
ageinthecells (Fig.3c-f,land Supplementary Fig.16), despite the same
import efficiency of probe molecules into different cell populations.
This phenomenon can be explained by the assembly of products and
substrates into non-diffusive nanofilaments after enzymatic cleavage,
leading to improved imaging detectability and cellular retention* of
C=N.Theincreased detectability arises from a higher molecular density
in the imaging volume, enabling the target signals to stand out from
background noise (Supplementary Fig.16a). Consequently, nanofiber
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Fig. 4 | Multicolor MIP imaging of nitrile chameleonsinlive cancer cells
provides evidence of caspase-phosphatase cooperationin apoptosis.

a, Simultaneous visualization of the phosphatase and caspase-3/7 activity
profilein Dox-pretreated SJSA-1cellsincubated with Phos-CN(S) and Casp-CN(S).
The experiment was repeated independently 12 times with similar results.

b, Colocalization analysis of the mapping in a. Pearson’s r= 0.42, indicating low
spatial correlation. ¢, Spatial interaction between phosphatase and caspase-3/7

in Dox-pretreated SJSA-1cells. Similar results were observed in12 independent
experiments. d, Intensity plot of Phos-CN(P) along the dashed arrowsinc.

e, Correlation scatterplot of caspase-3/7 and phosphatase activity in Dox-pretreated
SJSA-1cells. Pearson’s r= 0.59.f, Cell viability assay of SJSA-1 cells incubated with Dox
inthe presence and absence of PIC. The PIC was diluted by 4,000-fold and 8,000-
fold, respectively, using culture medium (n = 3independent experiments). Data
givenasmean ts.d.Scalebars:a, 40 um; c,10 pm.

formation corresponds to elevated C=N accumulation and imaging
detectability inside cells, leading to higher MIP signal intensity. Incuba-
tion of cancer cells with control probes (Supplementary Scheme 2)***
resistant to caspase-3/7 and phosphatase produced negligible MIP
signal in cells at the wavenumber of the enzymatic products (Sup-
plementary Fig. 8b,c), supporting the accuracy of enzyme activity
detection by MIP imaging of nitrile chameleons.

MIP imaging visualizes caspase-phosphatase interactions
The MIP spectraof C=Nin Phos-CN(P) and Casp-CN(P) incells appear as
narrow bands at unique wavenumbers (Fig. 3b,k), enabling multispectral

imaging of these two enzymatic products. Thus, we simultaneously
determined the activity distribution of phosphatase and caspase-3/7in
apoptotic cancer cells by MIP imaging of Phos-CN(P) and Casp-CN(P),
because the yield of enzymatic products aligns with the level and bio-
distribution of enzyme activities. As shown in Fig. 4a, MIP imaging at
1,553 cm™ (amide I) and 1,745 cm™ shows the location and morphol-
ogy of proteins and lipid droplets, respectively, in the Dox-pretreated
SJSA-1 cells. After incubating the apoptotic cells with Phos-CN(S)
and Casp-CN(S), strong MIP signals from the C=N of Phos-CN(P) and
Casp-CN(P) with a fine texture are observed in cells (Fig. 4a), suggest-
ing a high level of activity of phosphatase and caspase-3/7 in the cells.
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The merge channeland colocalization analysis confirms aweak spatial
correlation between the MIP signals from Phos-CN(P) and Casp-CN(P)
(Pearson’sr=0.42,Fig.4b), confirming that MIPimaging of nitrile cha-
meleons not only visualizes, but also spatially and spectrally distin-
guishes the activity distribution of different enzymes.

Interestingly, although the activity maps of phosphatase and
caspase-3/7 are mostly independent, sporadic instances of coexistence
were observed in the cells (Fig. 4c). The overlaps between the activity
maps of phosphatase and caspase-3/7, although infrequent, suggest
the coexistence and co-assembly of their enzymatic productsin certain
areasinside the cells. Given that the MIP signal of enzymatic products
spatially corresponds to the biodistribution of enzyme activities, such
overlappingindicatesthat theactivity of caspase-3/7 and phosphatase
are spatially close insome areas of the cells, suggesting potential phos-
phatase—-caspase interactions in apoptosis. PTEN** and the protein
tyrosine phosphatase PEST (PTP-PEST)* have been reported as poten-
tial substrates of caspase-3. Importantly, the caspase-3-catalyzed
cleavage of PTP-PEST increases the catalytic activity of PTP-PEST*.
Notably, inthe activity map of phosphatase and caspase-3/7, areas with
colocalization generally have a stronger MIP signal from Phos-CN(P)
thanthe ambient regions, as shown by the intensity plots (Fig. 4d). This
indicates a higher phosphatase activity in the sites that are coupled with
caspase-3/7 activity. On statistical analysis, the activity level of phos-
phatase in the SJSA-1 cell population s positively associated with that
of caspase-3/7 (Fig.4e). Thisindicates potential caspase-phosphatase
interactions during apoptosis, probably through enzymatic cleavage
with some phosphatase as the substrates of caspase. Such interactions
appear toinfluence the activity of phosphatasesin cells. Nevertheless,
itisimportant tonote that the alterations in phosphatase activity dur-
ing apoptosis may occur through many other biochemical processes
inthe apoptosis signaling pathway, rather than being solely attributed
tothe direct processing of phosphatases by caspase-3/7.

To further confirm the interaction between phosphatase and
caspase-3/7 during apoptosis, we imaged the intracellular distribu-
tion of caspase-3 proteins (full-length and cleaved) and the activity
map of phosphatase in Dox-pretreated cancer cells in the presence
and absence of a caspase-3 inhibitor (Z-DEVD-FMK, 10 pM). In this
experiment the caspase-3 proteinin the cancer cells was visualized by
immunofluorescence staining using a confocal fluorescence micro-
scope. Tolocate the phosphatase activity alongside caspase-3 protein
via confocal fluorescence microscopy, weincubated cancer cells with
NBD-Phos-CN(S) and located phosphatase activity through NBD fluo-
rescence. This approach, known as fluorescence ENS, has been widely
used to identify the location of enzyme activity"***¢. We found that
cancer cells in the caspase inhibitor-treated group had significantly
fewer spatial overlaps between the phosphatase activity map and the
caspase-3 proteins than the cells in the inhibitor-free group (Supple-
mentary Fig.17). This supports our hypothesis that caspase-3 and some
phosphatases interact in the colocalized regions through enzymatic
cleavage, with some phosphatases acting as the substrate of caspase-3.
Thus, the simultaneous mapping of phosphatase and caspase-3/7 activ-
ity probably localizes the caspase-mediated cleavage of phosphatase,
probably PTP-PEST*, in the apoptotic SJSA-1cells. In addition to SJSA-1,
we observed asimilar scenario in MIA PaCa-2 (Supplementary Fig. 18).
Furthermore, aslight inhibition of phosphatase activity rescued cancer
cells from Dox-induced cell death (Fig. 4f), strengthening the notion
that phosphatase activity is crucial in apoptosis signaling*’ .

Multicolor MIP imaging of enzyme activities in Caenorhabditis
elegans and tissues

We explored enzyme activity mappingin C. elegans and brain tissues via
MIPimaging of the nitrile chameleons. After incubating C. elegans with
Phos-CN(S), real-time MIP imaging at1,745 and 2,174 cm delineated the
biodistribution of lipid droplets and Phos-CN(P), elucidating the phos-
phatase activity profile in C. elegans (Fig. 5a). Although C. elegans lack

ALP, theintense MIP signal from the C=N of Phos-CN(P) at 2,174 cm™and a
weaker one from Phos-CN(S) at 2,215 cm™ confirman efficient enzymatic
conversion (Fig. 5a,b), suggesting a high activity of other phosphatase
isoenzymes, such as PTP, in C. elegans’". In the controls, MIP contrast
isalmost non-observable in the C. elegans without nitrile chameleon
treatment (Supplementary Fig. 19). PIC significantly reduces the phos-
phatase activity in C. elegans, as shown by the weaker MIP signal from
Phos-CN(P) and Phos-CN(S) (Fig. 5¢,d). To avoid cell death due to the
cytotoxicity of PIC, the PIC concentration we used might not completely
deplete phosphatase activity in cells and C. elegans, resultingin arem-
nant of some phosphatase activity. The average [P]/[S] of the PIC-treated
C. elegans versus that of the inhibitor-free group suggests a 54%
decreaseinthe catalytic efficiency (k.,/Ky) of the phosphatase (Fig. Se)
inC.elegansviaPICtreatment. Although the caspase (for example, CED-
3) of C. elegans may differ from thatin humans, DEVD works as the sub-
strate®. We exposed C. elegans to ultraviolet (UV) radiation to induce
apoptosis for caspase activation®. After incubating the UV-irradiated
C. elegans with Casp-CN(S), real-time MIP imaging at 2,163 cm™ visual-
ized the activity profile of the caspase in C. elegans (Fig. 5f). The strong
MIP signal from Casp-CN(P) and the lower signal from Casp-CN(S) at
2,223 cm™ confirm a high caspase activity in the UV-treated C. elegans
(Fig. 5f,g). Conversely, faint MIP signals from Casp-CN(P) and Casp-CN(S)
were observedinthe UV-free C. elegans (Supplementary Fig.20), indicat-
ing the existence of aweak caspase activity backgroundin C. elegans. Fur-
thermore, wereconstructed the 3D activity profiles of phosphatase and
caspaseinthe nematode (Fig. 5h,iand Supplementary Videos 2 and 3).
Aswell as visualizing the enzyme activity individually, we concurrently
mapped theactivity of phosphatase and caspasein C. elegansby incubat-
ingthe UV-irradiated C. eleganswith nitrile chameleons followed by MIP
imaging (Fig. 5j). The merge channeland colocalization analysis showa
poor overlap between the MIP signals from Phos-CN(P) and Casp-CN(P)
(Pearson’sr=0.23, Fig. 5k), confirming the identification and differen-
tiation of the activity profiles of diverse enzymes in C. elegans by MIP
imaging of nitrile chameleons.

Furthermore, we concurrently mapped the activity of phosphatase
and caspase-3/7 insections of mouse brains. Caspase-3/7 in fresh mouse
brains was activated through ex vivo incubation with Dox (1 1M, 24 h),
simulating chemotherapy-induced neurotoxicity. Afterincubating the
Dox-treated tissues with nitrile chameleons, MIP imaging produced
clearactivity maps of phosphatase and caspase-3/7 in the unfixed tissue
sections of cerebral cortex (Fig. 51, m). MIP images of the phosphatase
activity map in the brain slices resemble the pattern of phosphatase
histochemistry, showing the dense network of capillariesin the cortical
mantle**. The merged channel and colocalization analysis showed alow
spatial overlap between Phos-CN(P) and Casp-CN(P) (Pearson’sr=0.34,
Fig.5m). This supports the capability to identify and differentiate the
activity distribution of various enzymes in the cerebral cortex via MIP
imaging of nitrile chameleons. In tissues that were not treated with
nitrile chameleons and which served as controls, little MIP contrast
of C=Nis seen (Supplementary Fig. 21).

Discussion

Here, wereportabroadly applicable approach to theimaging of func-
tions of multiple enzymes in living biological systems. We envision
that this will be useful for studying enzyme biology during normal
cell function and in pathological contexts. In addition, we envision
that the technique will be applied to the discovery of drugs targeting
enzyme activity.

Our approach addresses the challenge of visualizing the activities
of multiple types of enzymes simultaneously inside live cells. Prior
fluorescence-based studies®** focused on the imaging of individual
enzymesinseparate fields of view, leading to insufficient understand-
ing of the interactions between different types of enzymesin the same
cellor organism. Here, the development of a laser-scan MIP microscope
and the synthesis of nitrile probes outperforms traditional enzyme
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CN(S). b, Quantification of the MIP signal intensity from Phos-CN(P) and Phos-
CN(S) ininhibitor-free C. elegans (n = 6 C. elegans). Data given as mean t s.d.

¢, MIPimaging of phosphatase activity profile in PIC-pretreated C. elegans
incubated with Phos-CN(S). d, Quantification of the MIP signal intensity from
Phos-CN-(P) and Phos-CN-(S) in PIC-pretreated C. elegans (n = 6 C. elegans). Data
given as mean + s.d. e, Statistical analysis of phosphatase [P]/[S]in inhibitor-
freeand PIC-pretreated C. elegans (n = 6 C. elegans). Data given asmean * s.d.
The paired ¢-test (two-tailed) was used without adjustments for multiple
comparisons. *P < 0.01(P=0.0019).f, MIP imaging of caspase activity profile
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in UV-pretreated C. elegans incubated with Casp-CN(S). g, Quantification of
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inhibitor-free C. elegans (n= 6 C. elegans). Datagiven asmean = s.d. h,i, 3D
reconstruction of phosphatase activity (h) and caspase activity (i) in C. elegans.
Jj, Simultaneous activity mapping of phosphatase and caspase in UV-pretreated
C. elegansincubated with the nitrile chameleons. The experiment was repeated
independently at least ten times with similar results. k, Colocalization analysis
of themappinginj. Pearson’s r= 0.23, indicating low spatial correlation.

I,m, Simultaneous mapping of phosphatase and caspase activities in Dox-
pretreated (1 tM) mouse cerebral cortex sections after incubation with the nitrile
chameleons (Pearson’s r = 0.34). The experiment was repeated independently
ten times with similar results. Scale bars: a,c,f,j, 20 pm; m, 100 pum.

activity imaging approaches by mapping the activities of multiple
enzymes in the same field of view inside a live cell. Our approach ena-
bles comparison of the catalytic efficiency of specificenzymes between
different cell populations, surpassing conventional off-on probes®*
forimaging enzyme activity. Moreover, our vibrational approachis free
of photobleaching, therefore facilitating quantitative measurements
over time. An intriguing finding is the visualization of caspase-phos-

phatase interaction during apoptosis inside cancer cells.

Given that multiple enzymes may share the same substrate, the
development of probes with higher enzyme specificity is crucial to
understand the function of a particular enzyme in various biological
processes and diseases. Developing a more precise mathematical
model for k,/Ky, quantification is another worthwhile future endeavor.
With regard to hardware, here, we used quantum cascade lasers for
laser-scanning MIPimaging. However, the development of mid-infrared
lasers with a shorter pulse duration and higher pulse energy would
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enable high-speed widefield MIP imaging of enzymatic activities and
other cellular processes.

Although we focus on caspase and phosphatase in this study,
activity mapping of a broad category of enzyme species can be done
by developing more spectrally resolvable enzymatic reaction report-
ers**?%%9 (Supplementary Scheme 3). Additionally, enzyme activity
profilingin othertissues, suchasatumor, is worth exploration. Further-
more, the nitrile chameleon concept, namely the reaction-activatable
spectral shift of C=N, can be extended to detect numerous cellular
activities, including pH, reactive oxygen species, membrane potential
and post-translational modification.
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Methods

Materials

RPMI1640 culture medium (Thermofisher Scientific) with the addition
of10% (vol/vol) FBS and 1% (vol/vol) penicillin-streptomycin was used
for SJSA-1 (ATCC, CRL-2098) cell culturing. DMEM culture medium
(Thermofisher Scientific) with the addition of 10% (vol/vol) FBS and
1% (vol/vol) penicillin-streptomycin was used for MIA PaCa-2 (ATCC,
CRM-CRL-1420) cell culturing. Nematode Growth Medium (NGM) for
preparing the C. elegans suspension was purchased from Fisher Scien-
tific. Phosphatase Inhibitor Cocktail Il (PIC) was purchased from Sigma
Aldrich. The caspase-3/7 inhibitor Z-DEVD-FMK was purchased from
SigmaAldrich. Allamino acid derivativesinvolved in the synthesis were
purchased from Fisher Scientific. N,N-Diisopropylethylamine (DIEA)
and O-(1H-benzotriazol-1-yl)-N,N,N’,N-tetramethyluronium hexafluo-
rophosphate (HBTU) were purchased from Fisher Scientific. Human
recombinant active caspase-3 was purchased from Abcam (ab52101),
and ALP was purchased from Sigma Aldrich (10713023001). Caspase-3
(cleaved and full-length) antibody was purchased from Cell Signaling
(catalognumber 9662). All reagents and solvents were used as received
without further purification unless otherwise stated.

Laser-scan MIP microscope

The laser-scan MIP microscope is built on an inverted microscope
frame (IX73, Olympus). The visible-light probe is provided by a
continuous-wave 532 nm laser (Samba, HUBNER photonics). The
mid-infrared pump is provided by a pulsed quantum cascade laser
(MIRcat 2400, Daylight Solutions) tunable from 900 cm™t02,300 cm™
The visible beam is scanned using a galvanometer mirror witha3 mm
aperture (Saturn 1B, ScannerMax) and focused with awaterimmersion
objectivelens (1.2 numerical aperture (NA), x60, Olympus). The infra-
redbeamis synchronously scanned with another pair of galvanometer
mirrors (GVS0O01, Thorlabs) and focused on the same spot with areflec-
tive objective (0.5 NA, x40, Thorlabs). For infrared beam scanning,
reflective conjugation with two concave mirrors is used to remove
the chromatic aberration. Probe photonics are collected in both the
forward and backward directions, and the intensity is sensed using
asilicon photodiode (DET100A, Thorlabs) connected to a low-noise
amplifier (SA230, NF Corporation). The amplifier signal is then sent
toalock-inamplifier (HF2LI, Zurich) for MIP signal demodulation. The
microscope is controlled using LabView 2020 software.

Synthesis of nitrile probes

The synthesis of the self-assembly moiety was based on solid-phase
peptide synthesis. All probes were purified using awater Agilent 1100
HPLC system, equipped with an Xterra C18 RP column. Details of the
probe synthesis are given in Supplementary Information.

Transmission electron microscopy

The transmission electron microscopy (TEM) images were taken on a
Morgagni 268 transmission electron microscope using negative stain-
ing. Samples were dropped onto copper grids and dried by vacuum.
Uranyl acetate (1 wt%, pH 4.5) was used to stain the samples three times
followed by washing with distilled water. The images were taken by
trained laboratory members.

Limit of detection

The limit of detection used in this study is defined as the concentra-
tion at which the MIP signal from the molecule is equal to threefold
the standard deviation of the background noise. A drop of solution
of Casp-CN(P) or of Phos-CN(P) dissolved in DMSO at different con-
centrations was put under the MIP microscope, sandwiched between
a piece of silicate cover glass and CaF, crystal substrate. We focused
onthe center of the drop. We obtained the MIP spectra of Casp-CN(P)
and Phos-CN(P) dissolved in DMSO at different concentrations in the
cell-silence window until the MIP signal intensity at the peaks from

the molecules was equal to threefold the standard deviation of the
background noise. The lock-inintegration time used for measurement
issetto 50 ms.

Invitro time-course monitoring of product formation
Theinvitro time-course formation of enzymatic products fromstand-
ardsubstrates was done following the manufacturer’s protocol. In brief,
colorimetric substrates Ac-DEVD-pNA (100 uM) and pNPP (200 pM)
were mixed with active caspase-3 (25U ml™) and ALP (0.5U ml™),
respectively, atroom temperature in PBS buffer. The UV absorbance at
405 nmwas monitored over time using a UV-Vis (UV-visible light) spec-
trometer. Standard curves of enzymatic products were constructed to
determine the product concentrations according to UV absorbance
(Supplementary Fig. 4).

The in vitro time-course formation of enzymatic products from
nitrile chameleons was carried out in a similar way. In brief, Casp-CN(S)
(100 pM) and Phos-CN(S) (200 uM) were mixed with active caspase-3
(25Uml™) and ALP (0.5 U mlI™), respectively, at room temperature in
PBS buffer. The UV absorbance of Casp-CN(S) (100 pM) mixed with
caspase-3 was monitored at 325 nm over time with a UV-Vis spectrom-
eter. The UV absorbance of Phos-CN(S) (200 pM) mixed with ALP was
monitored at 340 nm over time using a UV-Vis spectrometer. Standard
curves of enzymatic products were constructed to determine the prod-
uct concentrationsaccordingto UV absorbance (SupplementaryFig.4).

For the experiments to determine off-targeting effects, probes
were mixed with CES-1 (1 mg ml™), MMP-2 (10 U mI™), proteinase K
(0.1mgml™), ALP (0.5 U ml™) and caspase-3 (25 U mIml™), respectively,
in PBS at room temperature. The UV absorbance of the mixtures was
monitored over time using a UV-Vis spectrometer.

Sample preparation

For MIP imaging of live cells, SJSA-1 and MIA PaCa-2 cells were first
seeded on CaF,crystal substrates with adensity of 1 x 10° mI” with 2 ml
culture medium overnight at 37 °C and 5% CO.. After cell attachment,
the cells underwent pretreatment with, for example, PBS (control), Dox
(2 UM, 24 h) or PIC (0.25 plin1 mImedium, 24 h). After treatment, cells
were incubated with Phos-CN(S) (50 uM, 1 h) for phosphatase activity
mapping, or Casp-CN(S) (50 uM, 1 h) for caspase activity mapping. Cells
were then washed with PBS three times, sandwiched under a piece of
silicate cover glass and imaged using the MIP microscope. For concur-
rent mapping of the activity of two enzymes, solutions of Phos-CN(S)
(100 uM) and Phos-CN(S) (100 uM) were mixed at al:1ratio. Cells (2 pM
Dox treatment) were incubated with the mixture of probes (1 h), washed
with PBS three times, sandwiched under a piece of silicate cover glass
and thenimaged using the MIP microscope (infrared frequency, 1 MHz;
infrared power, 5-18 mW; probe beam, 20 mW; infrared pulse width,
50 ns; pixel dwell time, 4 ps).

For the optimization of laser pulse width, SJSA-1 cells were first
seeded on CaF, crystal substrates with a density of 1 x 10° mI™ with2 ml
culture medium overnight at 37 °C and 5% CO,. After cell attachment,
cells were fixed with 4% formaldehyde to avoid shrinkage caused by
heat damage from use of the long laser pulse width.

For MIPimaging oflive C. elegans, C. elegans (daf-2 (e1370) mutant
strain, Caenorhabditis Genetics Center) were grown at 20 °C on NGM
agar seeded with Escherichia coli OP50 by PBS washing. The C. elegans
and E. colisuspension was centrifuged at 400 xgfor 30 sto separate C.
elegansfromE. coli. The C. elegans were resuspended in NGM followed
by treatment according to the conditions of interest, for example, PBS
(control), UV exposure (254 nm, until the movement of most C. elegans
slows down) using a UV Stratalinker 2400 and PIC Il treatment (1 pul PIC
in1 ml). After treatment, the nitrile chameleons (50 uM) were mixed
with C. elegansin NGM and incubated for 1 h. The C. elegans were then
washed by centrifugation at400 xgin PBS three times and sandwiched
between a CaF, crystal substrate and a piece of silicate cover glass for
MIP imaging.
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For the 3D reconstruction of the enzyme activity map in C. ele-
gans, wild-type C. elegans were grown at 20 °C on NGM agar seeded
with Escherichia coli OP50 by PBS washing. The C. elegans and E. coli
suspension was centrifuged at 400 xg for 30 s to separate C. elegans
from E. coli. The C. elegans were resuspended in NGM followed by
treatmentaccordingto the conditions ofinterest. The C. elegans were
then fixed by 4% formaldehyde to prevent movement during the 3D
reconstruction.

For MIP imaging of the cerebral cortex, two nude mice (Jackson
lab, catalog number JAX:00555, female, 4 weeks of age) were anesthe-
tized by isoflurane. For all animal experiments, mice were housed at
21-23 °Cin35% humidity with a12-12 dark-light cycle. The mice were
checked with atail pinch and were quickly decapitated. The scalps and
skulls were opened with scissors and the brains were carefully removed.
The brains were placed in PBS at room temperature and washed with
PBS. The brain tissues were then cultured in49 mlHibernate-E Medium,
0.25 ml Gentamicin,1 mlB-27 Plus Supplement and 50 pl Amphotericin
Bat37°C.Doxwasthenadded to the mediumto afinal concentration
of 1 uM. The brains were further incubated for 24 h. The brains were
then transferred to new culture medium containing Casp-CN(S) and
Phos-CN(S) (50 uM) for 4 h at 37 °C. After treatment, the tissue was
sliced in coronal sections with a thickness of 100 pm using an Oscil-
lating Tissue Slicer (OST-4500, Electron Microscopy Sciences). Brain
slices were gently transferred by a brush and sandwiched between
a CaF, substrate and a cover glass for MIP imaging. The protocol of
animal experiments was approved by BUIACUC (PROT0201800534).

Immunofluorescence imaging

All samples were fixed using 4% formalin in PBS, pH 7.4, for 10 min at
room temperature. The samples were then washed with PBS three
times, for 5 min each, to remove formalin residue. The samples were
permeabilized for 10 min with PBS containing 0.25% Triton X-100, and
thenwashed againin PBS three times for 5 min each. Samples wereincu-
bated with1% BSA, 22.52 mg ml™ glycine in PBST (PBS + 0.1% Tween 20)
for 30 min to block unspecific binding of the antibodies. Then, samples
wereincubatedin1,000x diluted antibody (Anti-Alkaline Phosphatase
antibody, Abcam, ab354; Anti-Cleaved Caspase-3 antibody, Abcam,
ab2302; Anti-Caspase-3 antibody, full-length and cleaved, Cell Signal-
ing, catalog number 9662) in 1% BSA in PBST in a humidified chamber
overnightat4 °C. After this, the cells were washed three times in PBS for
5mineach. Thecellswere thenincubated with 500x diluted secondary
antibody (Goat anti-rabbit IgG labeled with Alexa-532, Thermofisher
Scientific, catalog number A-11009) in 1% BSA for 1 hat room tempera-
turein the dark. After decanting the secondary antibody solution, the
cellswere washed again three times with PBS for 5 mineachin the dark
and were then ready for imaging.

Acquisition of pinpointed MIP spectra

To determine the areain cells in which to pinpoint the MIP spectrum,
MIP images of the cells were initially captured at the wavenumbers of
C=N of enzymatic products derived from their corresponding DMSO
solutions (2,205 and 2,221 cm™, respectively). The cell features could
beseenintheseimages. The features were selected randomly, and the
MIP spectra (2,000-2,300 cm™) from these features were monitored
to identify sharp peaks, indicating the detection of nitrile groups.
The MIP spectra of the selected pixels were obtained by sweeping the
quantum cascadelaser from2,000t02,300 cm™ataspeed of 50 cm™
per second, and the data points were recorded by a lock-in amplifier
with atime constant of 20 ms. The spectra undergo smoothing with the
Savitzky-Golay method using Origin. It was found that, for the same
molecules, the wavenumbers of C=N in the cells shift compared with
thosein DMSO (Fig. 2d), probably due to the Stark effect®. Thus, the cell
morphologiesshown at2,205and 2,221 cm™ correspond to the infrared
absorption of water in the cell-silence window. The infrared spectrum
of the water absorbance background from 2,000 to 2,300 cm™ was

therefore collected by pinpointing ablank areain the field of view, and
this was then subtracted from the pinpointed spectra of C=N to give
the final pinpointed MIP spectraof C=Nin cells. The datawere plotted
using GraphPad Prism 8 or Microsoft 365 Excel.

MIP imaging in cell-silent window and water background
subtraction

All samples were imaged under a counter-propagating MIP micro-
scope under the following condition: infrared frequency, 1 MHz;
infrared power, 5-18 mW (depending on wavenumber); probe beam,
20 mW;infrared pulse width, 50 ns; pixel dwell time, 4 ps. Aweak and
broad-band MIP signal from the water absorption in the cell-silence
window (2,000-2,300 cm™) was observed. To remove the water back-
ground, two consecutive frames at the peak of the C=N of products
and 2,080 cm™ (water infrared absorbance) or at the peak of the C=N
of substrates and 2,040 cm™ (water infrared absorbance) were col-
lected, respectively. The fastimaging speed (4 ps pixel *or1s frame™
for 500 pixels x 500 pixels) of the MIP microscope enables minimal
sample moves between two consecutive frames, as well as little sub-
traction artifact. This is supported by the observation that the cells
in the blank control groups exhibit no signal after subtraction (Sup-
plementary Fig. 8a). Thus, all MIP images collected at the peak of the
C=Nof products underwent subtraction of the MIP images collected
at 2,080 cm™ to remove the water background and to generate the
final images. Moreover, all MIP images collected at the peak of the
C=N of substrates underwent subtraction of the MIP images col-
lected at 2,040 cm™ to remove the water background and to generate
the final images. The wavenumbers 2,080 cm™ and 2,040 cm™ were
selected because the MIP signal intensity in the blank area of a field
of view at these wavenumbers is equal to the MIP signal intensity at
the wavenumbers of the C=N of products and substrates in the same
blank region, respectively.

Determination of probe solubility

To assess probe solubility, Casp-CN(S) and Phos-CN(S) were mixed in
PBS at afinal concentration of 1 mM. After being vortexed for 10 min,
the mixtures werefiltered through a 0.22 pm syringe filter. By measur-
ingthe UV absorbance of the filtrate and subsequent comparison with
astandard curve, the concentrations of both probes in filtrates were
determined to be 1 mM, indicating that the maximum solubility of
the probes exceeds 1 mMin PBS. This solubility is significantly higher
than the working concentration (50 pM). These results confirm that
although both Casp-CN(S) and Phos-CN(S) formed small nanopar-
ticles in PBS at 50 pM, these nanoparticles, like micelles formed by
surfactants, can be uniformly dispersed inan aqueous solution.

Image processing

Allimages were opened and processed using ImageJ. Colocalization
analysis was done with ImageJ using the colocalization threshold and
the coloc 2 plugin. 3D reconstruction was done with ImageJ using the
3D viewer plugin. The whole cell was selected for quantification of
MIP signalina cell and for colocalization analysis. The data were plot-
ted using GraphPad Prism 8 or Microsoft 365 Excel. All MIP images of
nitrile chameleons were 32 bit. All fluorescence images are 8 bit. MIP
images of nitrile chameleons were converted to 8 bit for comparison
with fluorescence images.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Alldatarelated to the work are available in the article and supplemen-
tary information in this paper. The original data for the figures are
available at https://doi.org/10.5281/zenodo.10085096.
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SISA-1 cell line and MIA PaCa-2 cell line were purchased from ATCC

Authentication of Mia Paca2 was performed by ATCC through STR profiling. The SISA-1 cell line was purchased from the
manufacture (ATCC) and used immediately after receipt. Thus, SISA-1 cell line was not authenticated.

Mycoplasma contamination All cell lines were tested to be mycoplasma negative.

Commonly misidentified lines  There is no commonly misidentified cell lines in this study.

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research
Laboratory animals
Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

Nude mice (Jackson Labs Cat#JAX:00555), 4 weeks; C. elegans (caenorhabditis genetics center, daf-2 (e1370)), used upon reception
There is no wild animals involved in this study.

Sex was not considered in this study

There is no field-collected samples involved in this study.

Animal studies were approved by the Institutional Animal Care and Use Committee (IACUC) at Boston University .

Note that full information on the approval of the study protocol must also be provided in the manuscript.

>
Q
]
(e
(D
1®)
(@)
=
S
c
-
(D
©
O
=
>
(@)
w
[
3
=
Q
<




	Mapping enzyme activity in living systems by real-time mid-infrared photothermal imaging of nitrile chameleons

	Results

	Performance of a laser-scanning MIP microscope

	Nitrile-based enzymatic activity probes

	Real-time MIP imaging of enzyme activities in living cells

	MIP imaging visualizes caspase–phosphatase interactions

	Multicolor MIP imaging of enzyme activities in Caenorhabditis elegans and tissues


	Discussion

	Online content

	Fig. 1 Laser-scan MIP microscope for real-time bond-selective imaging of live cells at 300 nm spatial resolution.
	Fig. 2 Development of nitrile chameleons for mapping specific enzyme activity.
	Fig. 3 Real-time MIP imaging of nitrile chameleons generates the activity maps of caspase-3/7 and phosphatase in living cells.
	Fig. 4 Multicolor MIP imaging of nitrile chameleons in live cancer cells provides evidence of caspase–phosphatase cooperation in apoptosis.
	Fig. 5 Multicolor MIP imaging of nitrile chameleons generates activity maps of caspase and phosphatase inside C.




