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RESEARCH ARTICLE 
Pre-targeted Imaging of Protease Activity Via In Situ Assembly of 
Nanoparticles 
Zixin Chen,† Min Chen,† Kaixiang Zhou, and Jianghong Rao* 
Abstract: Pre-targeted strategies combine high specificity of 
macromolecules such as antibodies for target binding and rapid clearance 
of small molecular ligands to image target molecules. However, pre-targeted 
imaging of the activity of enzymes has not been described likely due to the 
lack of a mechanism to retain the injected substrate in the first step for 
subsequent labeling. Here we report the use of two bioorthogonal 
reactions—the condensation reaction of aromatic nitriles and aminothiols, 
and the inverse-electron demand Deals-Alder reaction (IEDDA) between 
tetrazine and trans-cyclooctene (TCO)—to develop a novel strategy for pre-
targeted imaging of the activity of proteases. The substrate probe bearing 
TCO (TCO-C-SNAT4) can be selectively activated by an enzyme target (e.g. 
caspase-3/7), which triggers macrocyclization and subsequent in situ self-
assembly into nanoaggregates retained at the target site. Our results show 
that tetrazine-imaging tag conjugate is able to label TCO in the 
nanoaggregates to generate selective signal retention for imaging in vitro, 
in cells and in mice. Due to the decoupling of enzyme activation and imaging 
tag immobilization, TCO-C-SNAT4 can be repetitively injected to generate 
and accumulate more TCO-nanoaggregates for click labeling. This strategy 
should be particularly attractive for imaging the activity of enzymes with 
slow kinetics using short-lived radioisotopes. 

Introduction 

   Pre-targeted imaging uses a targeting vector with a handle for 
orthogonal coupling and an imaging probe that is introduced later 
to conjugate with the handle on the targeting vector specifically 
through a secondary covalent or non-covalent interaction in vivo. 
The targeting vector is administered first and after a waiting period 
when the targeting vector in blood circulation is cleared out, then 
the imaging probe is injected. It decouples the target binding 
molecule from the imaging tag and offers the flexibility to optimize 
kinetics of both steps independently. For example, in 
radioimmunoimaging or radioimmunotherapy, a radioisotope is 
delivered to the target site often by conjugating to an antibody for 
imaging or treatment. This strategy often produces a low tumor-
to-blood ratio and use of radioisotopes with long half-lives such 
as 89Zr (t1/2 = 3.3 days) is necessary since it can take up to several 
days for antibodies to be cleared out in order to achieve optimal 
biodistributions.[1] Long blood circulation time of conjugated 
antibodies raises concerns on prolonged radiation toxicity to 
healthy tissues. In pre-targeted imaging, the radioisotope is 
decoupled from the antibody and conjugated to a small molecule 

that can be cleared out quickly, which would allow the use of 
radioisotopes with relatively short half-lives and thus reduce the 
duration of systemic exposure to radiation toxicity.[1d-g] This 
approach has also been used with nanoparticles for cancer 
imaging. The nanoparticles bearing click reaction handles were 
first preferentially retained in tumor through enhanced 
permeability and retention (EPR) effect, and subsequently labeled 
through click reaction by a ligand with a radionuclide.[2] In 
metabolic labeling, a large fluorophore on the probe may 
negatively impact the incorporation efficiency. With the pre-
targeting approach, a probe with a small click reaction handle is 
used first for enzymatic incorporation into glycans,[3] proteins,[4] 
DNA[5] or lipids[6], followed by click labeling with the imaging tag. 
In this work, we report the use of pre-targeting approach to image 
the activity of hydrolytic enzymes.  

   Proteases are tightly regulated in normal and different disease 
conditions, and their activity levels can be used to assess some 
of the underlying biochemical events taking place at disease sites 
and provide prognostic information for the disease.[7] We have 
developed a strategy called target-enabled in-situ ligand 
aggregation (TESLA) for non-invasive imaging of enzyme activity 
by fluorescence,[8] positron emission tomography (PET) imaging[9] 
and T1-wheighted magnetic resonance imaging (MRI).[10] This 
platform is empowered by the bioorthogonal condensation 
reaction between an aromatic nitrile and cysteine.[11] A TESLA 
probe is composed of a scaffold containing an aromatic nitrile 
such as cyanoquinoline[8-10] or pyrimidinecarbonitrile[11a] and a 
masked cysteine that can be activated by enzymatic cleavage. 
Upon target protease activation, the unmasked cysteine reacts 
with the aromatic nitrile in a biocompatible fashion to form a 
macrocyclic product that subsequently proceeds to in-situ 
aggregation promoted by hydrophobic and π-π interactions 
resulting in enhanced retention at target site.[11a] Therefore, we 
hypothesized that the TESLA strategy could be applied to pre-
targeted imaging of the activity of proteases (Figure 1). 
Specifically, a click reaction handle is incorporated into the TESLA 
probe. This target-specific probe bearing the handle is first 
activated by the enzyme of interest, followed by cyclization and 
self-assembly. After sufficient activation by the enzyme to achieve 
high accumulation of the handle at the target site, the imaging tag 
will be administered subsequently to label the handle through 
clicking onto the nanoaggregates at the target site. Using 
chemotherapy-induced apoptosis in HeLa and H460 tumor cells, 
we demonstrated this pre-targeted imaging strategy in cells and 
in living animals for fluorescence and PET imaging of caspase-
3/7 activity. Our results have shown that TESLA can be applied to 
pre-target the enzymatic activity for imaging. 

Results and Discussion
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In vitro validation of TCO-C-SNAT4 
   One of the fastest bioorthogonal reactions is the inverse-
electron demand Deals-Alder reaction (IEDDA) between 
tetrazines (Tz) and trans-cyclooctene (TCO), which was first 
described by Fox and coworkers in 2008[12] and later 
demonstrated by other groups for pre-targeted imaging.[13] We 
thus used the TCO and Tz pair for the second step labeling of 
assembled nanoaggregates (Figure 1). We first designed and 
synthesized TCO-C-SNAT4 that can be specifically activated by 
active caspases-3/7, the downstream effectors in the apoptosis 
cascade. TCO-C-SNAT4 uses tetrapeptide Asp-Glu-Val-Asp 
(DEVD) as its caging group, which can be cleaved by active 
caspase-3/7 (Figure 2a). Details of synthesis of this probe are 
described in Supporting Information.  
  Enzymatic activation of TCO-C-SNAT4 was tested by adding 
human recombinant caspase-3 enzyme (2×10-3 U mL-1) to a 
solution of TCO-C-SNAT4 (20 µM) in caspase buffer. After 
overnight incubation at 37 °C, aliquots of the reaction solution 
were analyzed by high-performance liquid chromatography 
(HPLC) (Figure 2b) and mass spectrometry (Figure S1).  A new 
HPLC peak close to TCO-C-SNAT4 was revealed by mass 
spectrometry to be cycl-TCO-SNAT4. Another small peak close 
to the major product cycl-TCO-SNAT4 gave the same molecular 
weight as TCO-C-SNAT4 but did not react with tetrazine, 
suggesting it probably be the inactive cis-cyclooctene isomer. The 
formation of the nano-aggregates of cycl-TCO-SNAT4 was 
confirmed by dynamic light scattering (DLS) and transmission 
electron microscopy (TEM) with a size distribution between 100- 
400 nm (Figure 2c,e). This result confirms that TCO-C-SNAT4 
can be activated by caspase-3 enzyme followed by 
macrocyclization and aggregation to form nanoaggregates, which 
was similar to what we have observed with other TESLA probes. 

  To test if tetrazine was able to undergo fast IEDDA reaction with 
nanoaggregates, the solution mixture of TCO-C-SNAT4 and 
caspase-3 enzyme was then treated with Tz-BDP (20 µM). 
Coupling reaction completed in 30 min at room temperature, as 
confirmed by HPLC (Figure 2b). In addition to forming cycl-
SNAT4-BDP, a side product, its dihydropyridazine isomer was 
also detected by mass spectrometry (Figure 2b and Figure S1). 
Complete conversion of TCO in the nanoaggregates was a 
surprising observation since some TCO could be packed inside 
the nanoaggregates. A likely explanation is that the packing of the 
nanoaggregates is loose and dynamic considering that the 
nanoaggregates formed through non-covalent interactions. There 
may be a dynamic exchange between nonaggregated and 
aggregated forms of cycl-TCO-SNAT4. This notion is further 
supported by the reaction kinetics measurement.  

Figure 1. Schematic illustration of pre-targeted imaging of enzyme activity based on target-enabled in situ ligand aggregation.  

Figure 2. (a) Schematic illustration of activation of TCO-C-SNAT4 by caspase-
3 followed by IEDDA reaction with Tz-BDP. (b) HPLC traces of TCO-C-SNAT4 
(upper), after incubation with caspase-3 (2×10-3 U mL-1) at 37 °C in caspase-3 
buffer overnight (middle) and after addition of Tz-BDP (bottom). Scale bar: 500 
nm. (c-d) DLS analysis of particle sizes of (c) cycl-TCO-SNAT4 and (d) cycl-
SNAT-BDP. (e-f) TEM images of particles of (e) cycl-TCO-SNAT4 and (f) cycl-
SNAT-BDP. 
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  We measured the reaction rate of free TCO-C-SNAT4 and cycl-
TCO-SNAT4 nanoaggregates with Tz-BDP. Upon reaction with 
TCO, the quenching effect of tetrazine is lost and the fluorescence 
of BODIPY is restored.[14] Thus the change of the fluorescence of 
Tz-BDP at 510 nm during the reaction can be used to extrapolate 
the reaction rate (Supporting Information, Figure S2). The 
second-order rate constant of TCO-C-SNAT4 with Tz-BDP was 
estimated to be 380 ± 20 M-1s-1, which was consistent with 
previously reported rates.[12] In comparison, the value for cycl-
TCO-SNAT4 nanoaggregates was just slightly smaller (294 ± 48 
M-1s-1). This result may also reflect the dynamic exchange 
between aggregated and nonaggregated cycl-TCO-SNAT4. The 
product cycl-SNAT4-BDP interacted and formed nanoaggregates. 
Interestingly they had a slightly smaller size distribution between 
60- 300 nm than that of cycl-TCO-SNAT4, as shown by DLS and 
TEM (Figures 2d,f). 

Imaging caspase-3/7 activity in cisplatin-treated H460 cells 
and in STS-treated HeLa cells using TCO-C-SNAT4 
  Pre-targeted imaging of enzyme activity with TCO-C-SNAT4 
was investigated through imaging drug-induced apoptosis in both 
cisplatin-treated human non-small cell lung cancer cell H460 
(Figure 3) and in STS-treated HeLa cells (Supporting Information, 
Figure S3). At 10 µM cisplatin treatment induced apoptosis in a 
subset of H460 cells and STS treatment induces apoptosis in 
almost all HeLa cells. After drug treatments, cells were incubated 
with TCO-C-SNAT4 for 24 hours followed by addition of Tz-BDP. 
In both models, extensive fluorescence accumulation was 
observed in drug-induced apoptotic cells, and only negligible 
fluorescence in untreated viable cells, indicating non-specific 
binding of Tz-BDP is minimal. As expected, treatment of caspase-
3 inhibitor z-VAD-fmk rendered negligible fluorescence retention, 
confirming the activation of TCO-C-SNAT4 by the effective 
caspases in cisplatin-treated H460 cells. When we premixed 
TCO-C-SNAT4 with tetrazine ethylamine to block click reaction 
with Tz-BDP, we observed no fluorescence signal in STS-treated 
HeLa cells, confirming fluorescence retention was achieved 
through the click reaction between cycl-SNAT4-BDP and Tz-BDP. 
The kinetics of the IEDDA reaction between cylc-TCO-SNAT4 
and Tz-BDP in cells was also investigated in STS-treated H460 
cells by monitoring fluorescence change in real time immediately 
after Tz-BDP was added (Supporting Information, Movie S1). 
Fluorescent intensity plateaued in as short as 10 minutes, 
suggesting fast IEDDA reaction between cylc-TCO-SNAT4 and 
Tz-BDP in cells. We also measured the cellular toxicity of TCO-
C-SNAT4 and Tz-BDP in H460 cells, and neither compound was 
found to show significant toxicity up to 100 µM (Supporting 
Information, Figure S4). 

Probing IEDDA reaction efficiency in labeling nano-
aggregates in vivo 
  We next investigated if cylc-TCO-SNAT4 nanoaggregates by 
Tz-BDP could be labeled by the IEDDA labeling reaction in vivo. 
A series of concentration of cycl-TCO-SNAT4 nanoaggregates 
(0.1, 1, 10, 50, 100 and 500 	µM) was prepared and DLS 
measurement showed the dependence of the size of 
nanoaggregates on the concentration of cycl-TCO-SNAT4 
(Supporting Information, Figure S5). The solutions of cycl-TCO-
SNAT4 remained homogeneous up to 100 µM in PBS buffer and 
a significant amount of precipitate was observed when the 
concentration was 500 µ M or more. We injected these 
nanoaggregate solutions subcutaneously into the mice, followed 
by immediate i.v. injection of Tz-Cy5 (Supporting Information, 
Figure S5). Fluorescence imaging revealed that the   fluorescence 
intensity at the injection sites depended on the concentration of 

Figure 4. (a) Mice were injected subcutaneously with 5 nmol of cycl-TCO-SNAT4 or TCO-C-SNAT4 on the left thigh and saline on the right thigh followed by 
immediate i.v. injection of Tz-Cy5 (5 nmol) and imaged for 8 hours. (b) Decay of fluorescence signal at the injection sites of cycl-TCO-SNAT4 and TCO-C-SNAT4 
over 8 hours. (n = 3) ****, P < 0.001.  

Figure 3. H460 cells were treated with cisplatin (10 µM) for 24 hours to induce 
apoptosis before incubation with z-VAD-fmk (0 or 50 µM) for 1 hour. Cells were 
then incubated with TCO-C-SNAT4 (2 µM) for 24 hours and then with Tz-BDP 
(2 µM) for 30 minutes. Scale bar: 20 µm.  
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the nanoaggregates. However, the highest fluorescence intensity 
came from the site injected with 100 µM solution instead of 500 
µM. This observation is probably due to the formation of insoluble 
aggregates at this high concentration (as observed in vitro) 
resulting some of TCOs inaccessible to tetrazine.  
    On the other hand, controls with non-aggregate small molecule 
TCO-C-SNAT4, cycl-TCO-SNAT4 premixed with tetrazine 
ethylamine, and saline were also injected subcutaneously. These 
control sites showed much lower fluorescence intensity than the 
site injected with cycl-TCO-SNAT4 nanoparticles (Supporting 
Information, Figure S6), indicating that TZ-Cy5 reacted with pre-
formed nanoparticles and was better retained at the nanoparticle 
injection site. 
  The in vivo half-life of pre-formed nanoaggregates was further 
estimated by fluorescence imaging. Pre-formed cycl-TCO-SNAT4 
nanoparticles at 100 µM were subcutaneously injected at the left 
thigh of a mouse, followed by immediate i.v. injection of Tz-Cy5 
(Figure 4). Saline was injected contralaterally as the background 
control for the normalization of fluorescent signal. After 
subtracting the background signal and fitting the result with an 
exponential decay curve, the half-life for the fluorescent signals 
was calculated to be about 103 minutes for cycl-TCO-SNAT4 
nanoparticles. Similarly, we estimated the in vivo half-life for TCO-
C-SNAT4 to be about 18 minutes (Figure 4d). The difference in 
the fluorescence decay between the two substrates reflects their 
different diffusion rate. The observed fluorescence retention and 
decay of the pre-formed nanoparticle also reflects the dynamic 
processes of nanoparticle retention, disassembly and diffusion 
since the nanoaggregates are associated through non-covalent 
interactions. 

Pre-targeted fluorescence imaging of caspase-3/7 activity in 
vivo 
  After having demonstrated the in vivo labeling of pre-formed 
nanoaggregates by tetrazine, we next tested it for pre-targeted 
imaging of caspase-3/7 activity in drug-treated tumor xenografts 
in live animals. Mice bearing H460 tumor were first treated with 
cisplatin (10 µM, i.t.), and 24-hour later, TCO-C-SNAT4 (10 nmol) 
was injected intravenously, followed by intravenous injection of 
Tz-Cy5 (5 nmol) after 30 minutes. Fluorescence at tumor sites 

was monitored for up to 2 hours (Figure 5). Significant retention 
of fluorescent signal in the cisplatin-treated mouse group was 
observed in as short as 5 minutes and lasted for 100 minutes 
while only negligible signal retention was observed for the 
untreated group. In control groups, only negligible fluorescence 
retention was observed at tumor sites mice injected with saline 
only, or when TCO-C-SNAT4 was premixed with tetrazine-
ethylamine before injected into mice or when the mice were 
treated with caspase inhibitor z-VAD-fmk (Supporting Information, 
Figure S7). These results support that the aggregated particles 
formed by caspase-3/7 activity in apoptotic tumors can be labeled 
by tetrazine through the IEDDA reaction as well and are retained 
for a prolonged period of time to enhance imaging contrast. 
  Different from proteins and antibodies whose levels remain 
relatively stable during the pre-targeted imaging, the enzymatic 
activity may be exploited to generate more nanoaggregates to 
enrich the target abundance for subsequent labeling. To 
demonstrate this feature, we injected treated animals with TCO-
C-SNAT4 (i.v., 10 nmol) 3 times (every hour) prior to the injection 
of Tz-Cy5 (5 nmol), followed by fluorescence imaging for 2 hours 
(Supporting Information, Figure S8). The one-hour interval 
between consecutive TCO-C-SNAT injection was chosen based 
on the rapid clearance of consecutive TCO-C-SNAT from 
circulation. In comparison to the control groups receiving no or 
single injection of TCO-C-SNAT, the retention of Cy5 fluorescent 
signal in tumors in the 3x injection group was significantly higher, 
which was further confirmed by the histological analysis of the 
excised tumor tissue sections (Supporting Information, Figure S9). 
This result demonstrates the advantage of combining the pre-
targeted imaging approach with TESLA probes in imaging the 
enzyme activity.  

Pre-targeted positron emission tomography (PET) imaging of 
caspase-3/7 activity in vivo 
  We next investigated the retention of the nanoaggregates using 
more quantitative PET imaging to demonstrate the applicability of 
the method for other imaging modalities. To estimate the half-life 
of nanoaggregates in vivo, we chose 64Cu a PET isotope with a 
longer radioactivity half-life (12.7 hours) than 18F (109.7 mins). To 
mice bearing H460 tumors that were treated with cisplatin were 

Figure 5. (a) Mice bearing H460 tumors were first treated with cisplatin for 24 hours before injected with TCO-C-SNAT4 (10 nmol). After 30 minutes mice were 
injected Tz-Cy5 (5 nmol) and imaged in real-time. Tumors are highlighted in black circles. (b) Quantification of fluorescent signal in tumors. (n = 3) ****, P < 0.001.  
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injected TCO-C-SNAT4 (5 nmol, i.t.) followed by injecting 64Cu-
chelated Tz-DOTA (~400 µCi) for PET/CT imaging (Figure 6). A 
2.5-fold difference was observed between treated (3.5% ± 0.3 
ID/cc) and untreated group (1.4% ± 0.1% ID/cc) after 1 hour and 
significant differences can be identified in as short as 10 minutes 
postinjection of the radiolabeled tetrazine (Figure 6b). Mice were 
monitored for two days and radioactivity signal retention was 
quantified through PET/CT. Mice receiving cisplatin treatment 
showed initial signal retention at the tumor site followed by slow 
signal decay (t1/2 = 244 minutes) while the untreated mice showed 
a steep signal decay curve following initial uptake (t1/2 = 37 
minutes) (Figure 6; Supporting Information, Figure S10). 
Biodistribution analysis at 1 hour showed renal clearance was the 
major clearance pathway, and at 48 hours significant amounts of 
radioactivity were still retained in GI tract and liver (Supporting 
Information, Figure S11). The pharmacokinetics of the tetrazine-
radionuclide conjugate may be improved by modulating 
hydrophilicity, charges and chelator structure as previously 
reported.[13b, 13f] Similar to previous report on the stability of TCO[15], 
we also observed isomerization of TCO in neat solution over 
several days which was accelerated after repeating freeze-
thawing of the stock solution. Thus TCO-C-SNAT4 was always 
freshly prepared for each animal experiment to maintain high 
purity of the probe. We also tested the stability of TCO-C-SNAT4 
in mouse serum. HPLC and mass spectrometry analysis showed 
a clean conversion of trans-cyclooctene-C-SNAT4 to cis-
cyclooctene-C-SNAT4 with a half-life of around 4 hours 
(Supporting Information, Figure S13). This isomerization is likely 
caused by copper-containing proteins in serum and can 
potentially be optimized through increasing steric hindrance as 
previously reported.[13h] 

Conclusion 

  In this work, we have developed a novel strategy to expand pre-
targeted imaging to the activity of proteases based on our TESLA 
platform. This approach uses two bioorthogonal reactions—the 
condensation reaction of aromatic nitriles and aminothiols, and 
the inverse-electron demand Deals-Alder reaction (IEDDA) 
between tetrazines and trans-cyclooctene: the first to generate in 
situ assembled nanoparticles upon the target protease activation, 
and the second to in vivo label assembled nanoparticles. We have 
demonstrated it using apoptotic enzyme caspas-3/7 as the model 
target in mice across two imaging modalities—fluorescence and 
positron emission tomography. With the decoupling of enzyme 
activation from immobilization of imaging tag, optimal kinetics and 
dose may be obtained for maximal imaging contrast even with 
short-lived radioisotopes. This approach should be readily 
adapted for others enzyme targets (by modifying the substrate) 
and even targeted drug delivery through the IEDDA reaction 
triggered release.[16] 
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Figure 6. (a) PET/CT imaging of nude mice with cisplatin-treated H460 tumor (left) and untreated H460 tumor (right) at 1, 8, 24, and 48 h. Mice intratumorally 
received TCO-C-SNAT4 (5 nmol in 100 µl volume) followed by i.v. injection of Tz-DOTA-64Cu (~400 µCi). A threshold method was utilized to mask the relatively 
high uptake in liver, spleen, kidney and bladder. Sectional images without thresholding analysis are presented in Supporting Information Figure S12. (b) Time-
activity curve of PET signal at tumor site from 0 to 60 minutes. (d) Quantification of radioactivity accumulated in the tumors at 1, 8, 24 and 48 hours after Tz-DOTA-
64Cu injection. Tumors were indicated with white circles. (n = 4) *, P < 0.05; ****, P < 0.001. 
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