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ABSTRACT: Monoclonal antibodies (mAbs) are essential agents 
for cancer treatment and diagnosis. Advanced optical imaging strat-
egies have the potential to address specific questions regarding their 
complex in vivo life cycle. This study presents responsive shortwave 
infrared (SWIR) probes and an associated imaging scheme to assess 
mAb biodistribution, cellular uptake, and proteolysis. Specifically, 
we identify a Pegylated benzo-fused norcyanine derivative (Benz-
NorCy7) that is activated in acidic environments and can be ap-
pended to mAbs without significant changes in optical properties. 
As a mAb conjugate, this agent shows high tumor specificity in a 
longitudinal imaging study in a murine model. To enable independ-
ent tracking of mAb uptake and lysosomal uptake and retention, a 
two-color ratiometric imaging strategy was employed using an "always-ON" heptamethine cyanine dye (lex = 785 nm) and the pH-
responsive Benz-NorCy7 (lex = 890 nm). To assess proteolytic catabolism, we append a cleavable carbamate to Benz-NorCy7 to 
create turn-ON probes. These agents facilitate the comparison of two common peptide linkers and provide insights into their in vivo 
properties. Overall, these studies provide a strategy to assess the fate of protein-based therapeutics using optical imaging in the SWIR 
range.  

INTRODUCTION 
Monoclonal antibodies (mAbs) and their conjugates are indis-
pensable therapeutics and diagnostics.1 For preclinical use, the 
combination of mAbs and fluorescent small molecules find 
broad use for target protein visualization and quantification. In 
a clinical setting, fluorophore-labeled mAbs enable fluores-
cence-guided surgical (FGS) procedures.2,3 Furthermore, in 
vivo optical imaging can provide critical insights that can guide 
the design of future antibody therapies.4,5 Single-color strategies 
only address biodistribution, which can also be assessed with 
radiolabeling strategies.6,7 However, unlike radiolabeling, opti-
cal probes can respond to biological stimuli and be used in com-
bination when excited at discrete wavelengths to enable multi-
color imaging.8 These strategies have the potential to assess lo-
cal chemical environments encountered by mAbs in vivo, which 
might inform both their design and use. However, further probe 
discovery efforts are needed to facilitate such studies. 

In vivo optical imaging has been bolstered by the application of 
NIR (700-900 nm) and, more recently, SWIR (1000-1500 nm) 
wavelengths. NIR probes are essential components of fluores-
cence-guided surgery (FGS) strategies, and a number of targeta-
ble and responsive probes are available in this range. 2,9-14 SWIR 
imaging efforts have been enabled by the observation that indo-
cyanine green (ICG), and related heptamethine cyanines, pro-
vide a meaningful long wavelength emission (>1000 nm) that 
improves imaging resolution in complex settings.15-18 Adding 
longer wavelength absorbing/emitting agents facilitates multi-
color in vivo imaging, and there have been significant strides 
towards this goal using targeted and non-targeted always-ON 
probes.19-23 In addition, several chemistries have been identified 
that create responsive probes in the SWIR range.24 However, 
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existing activatable SWIR probes are too hydrophobic to be in-
corporated into protein-targeted imaging strategies.5 
Interrogating the discrete environments encountered by thera-
peutic proteins could address questions about their in vivo life 
cycle. In the case of tumor targeting mAbs, there are three 
stages that would ideally be distinguished: (1) a localization 
phase that includes initial circulation, tumor penetration, and 
target antigen binding, (2) transit through the endosomal path-
way, and (3) protein catabolism, which occurs primarily in the 
lysosome.25 While the first stage is characterized by changes in 
spatial distribution, the latter two are best assessed using chem-
ical features - pH and proteolysis, respectively (Figure 1A). 
Therefore, while biodistribution can be evaluated with always-
ON probes, assessing pH and proteolysis requires the use of re-
sponsive probes that are activated by acidic pH and the bond 
cleavage. A fundamental challenge inherent in the use of iso-
lated responsive probes is that probe concentration cannot be 
separated from probe activation. Notable, this issue is particu-
larly acute for in vivo imaging of long circulating, slow accu-
mulating mAbs, which also leads to animal-to-animal varia-
tions. To imaging this complex process, prior studies using ei-
ther FRET pairs, or less commonly ratiometric imaging, have 
been developed using conventional visible or NIR probes.26-29  
We hypothesized that two color ratiometric strategies using pur-
pose-built optical imaging probes and SWIR imaging could 
provide unique insights and improved quantitation(Figure 1B). 

This study details steps towards a general strategy to track in 
vivo protein fate. We identify an aggregation-resistant 
pegylated benzo-fused norcyanine that emits in the SWIR range 
only in an acidic environment (pKa =5.3). When appended to a 
therapeutic mAb, the agent enables tumor-selective imaging 
with an exceptional tumor-to-background ratio (TBR). Two-
color ratiometric imaging using an excitation-based multiplex-
ing approach allow for independent monitoring of tumor up-
take/targeting and lysosomal uptake in murine models, allowing 
for concentration-corrected measurements of antibody internal-
ization. To assess lysosomal catabolism in vivo, we modify this 
probe with a cleavable peptidic linker. The resulting proteoly-
sis-responsive compounds were used to compare the in vivo 
cleavage propensity of two common antibody-drug conjugate 
(ADC) peptide-based linkers. Overall, these studies provide a 
high resolution means to quantitatively assess tumor targeting, 
cellular uptake and protein catabolism longitudinally in murine 
models. 
  
RESULTS AND DISCUSSION 
 
Probe Discovery – Norcyanines are a unique class of cyanines, 
that lack alkylation on the indolenine nitrogens, which renders 
them pH sensitive and suitable for pH-responsive imag-
ing.30,31,32 To improve the physical properties of the otherwise 
quite hydrophobic benzo-fused norcyanines, we previously re-
ported the use of quaternary nitrogen in central ring system – a 
strategy informed by prior cyanine modification efforts.33,34 The 
design of the optimized benzo-fused norcyanine pH probe used 
here entailed a subtle but ultimately critical modification to the 
prior compound, which was used previously only for untargeted 
pH imaging Specifically, the PEG4 derivative prepared previ-
ously exhibited dramatic pH responses and formed red-shifted 

Figure 1: A. mAb stages during in vivo tumor targeting and 
associated imaging strategy. B. Ratiometric scheme to cor-
rect for concentration-dependent artifacts. 

 

Figure 2: A. Structure and activation mechanism of Benz-
NorCy7.  B. Absorbance of Benz-NorCy7 at various pHs (Brit-
ton-Robinson buffers) C. pKa curve (normalized absorbance at 
956 nm). 
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aggregates in aqueous solution.35 However, derivatives of this 
compound could not be employed effectively as antibody con-
jugates, as described in more detail below. We hypothesized 
that simply increasing the length of the PEG chain could ad-
dress this limitation. To test this, the corresponding PEG24 var-
iant (Benz-NorCy7) was accessed through a similar sequence 
to that described previously (see supplemental information). 
The compound exhibited the pH response expected from a nor-
cyanine derivative. Specifically, it displayed a blue-shifted ab-
sorbance maximum (lmax = 628 nm) in basic and neutral pHs, 
but the characteristic cyanine red-shifted absorbance with lmax 
= 956 nm in acidic pH (Figure 2A, Figure S1). Furthermore, 
while the previous compounds formed complex bathochromic 
and hypsochromic aggregates in phosphate buffer,35 no such be-
havior was observed for Benz-NorCy7, with titration of the lmax 
providing a pKa of 5.3 (Figure 2B,C). Critically, this pKa is well 
below that of even the acidic tumor microenvironment and, con-
sequently, the probe will largely be activated only in lysosomal 
compartments. The long wavelength emissive properties of the 
protonated species were also assessed. The fluorescence quan-
tum yield (FF) of 0.14% (EtOH w/ 1% TFA) and emission max-
ima of 996 nm are similar to other SWIR probes that have found 
significant use for in vivo imaging.22,36,37 We also carried out 
initial toxicity and stability measurements, suggesting the com-
pound is stable across a range of pHs, as well as in serum, and 
is well tolerated by cells (Figure S2).  
To enable antibody-targeted imaging, we prepared a maleimide 
derivative of Benz-NorCy7, which was conjugated to Pani-
tumumab (Pan) using hinge disulfide cysteine labeling to yield 
Pan-Benz-NorCy7-pH following size exclusion chromatog-
raphy purification (Figure S3). Pan is a therapeutic antibody 
that binds to the epidermal growth factor receptor (EGFR) and 
then is ultimately internalized to the lysosome.38 

 

Pan-Benz-NorCy7-pH (200 μg, i.v.) was administered to fe-
male athymic nude mice bearing tumors derived from JIMT-1 
cells injected orthotopically in the lower inguinal mammary fat 
pad (MFP, 250–350 mm3). Subsequently, the mice underwent 
imaging at 4, 24, 48, and 72 h post-injection using a custom 
SWIR imaging instrument (Figure S4). Using an 890 nm-exci-
tation laser with a 960 nm long pass emission filter, the Pan-
Benz-NorCy7-pH probe exhibited remarkable tumor specific-
ity, resulting in a significantly enhanced tumor-to-background 
ratio (TBR) of ~13 with minimal background signal observed 
72 h post-administration. Notably, the TBR at 24 h (~ 6.5), 
matches that obtained with conventional probes at 48-72 h (Fig-
ure S4), suggesting high quality imaging can be obtained at ear-
lier time-points with this pH-activatable strategy.39,40 To exam-
ine the role of receptor-mediated uptake, we conducted control 
experiments using an isotype control, Obinutuzumab (Obi), a 
humanized anti-CD20 monoclonal antibody that should not 
have a cognate target in this model. Obi-Benz-NorCy7-pH ex-
hibited minimal activation within the tumor, indicating that the 
observed signal with Pan-Benz-NorCy7-pH is due to EGFR-
specific binding JIMT-1 tumors (Figure S5). This activatable 
pH-responsive probe could find application in optical-guided 
surgical procedures where high-contrast, early time point imag-
ing is desirable. 
Ratiometric Imaging - Single-color imaging cannot distin-
guish between the effects of probe activation and increased tu-
mor concentration. To separate these features, we envisioned 
using a ratiometric two-color imaging strategy.41 Previous stud-
ies established an excitation-based multiplexing scheme for 
SWIR imaging, wherein only the excitation wavelength is al-
tered, and multiple channels are obtained using a single long-
pass emission filter.19,21 Here, we aimed to extend this approach 
to responsive two-color imaging. For the "always-ON" 780 nm 
channel, we chose the heptamethine cyanine dye, FNIR-Tag-
766, which has been optimized for efficient protein labeling and 
tumor targeting.40 This approach then allows us to use the 890 
nm excitation channel for the responsive Benz-NorCy7 agent, 
which can be assessed either independently or as a ratio with 
the 785 channel. We first conducted phantom imaging using an 
equimolar mixture of FNIR-Tag-766 and Benz-NorCy7-pH. 
This revealed orthogonal emission, with limited overlap  (<1% 
and 11%) when excited at 785 nm for FNIR-Tag-766 (1 ms 
excitation) and 890 nm for Benz-NorCy7-pH (50 ms excita-
tion). We then found that a 50:1 mixture of Benz-NorCy7-pH 
and FNIR-Tag-766 (in pH 4.5 phosphate buffer) yielded simi-
lar emission intensities under identical exposure times, also 
with measurable interchannel crosstalk (16 and 19%) (Figure 
S6). However, as anticipated, the issues of channel separation 
are corrected for through ratiometric processing and do not im-
pact pH imaging. Specifically, we found that the 785 channel 
showed no pH dependence in the mixture, while excitation at 
890 nm resulted in a sigmoidal pH response. This could be vis-
ualized in an 890/785 16-color format image of the mixture 
(Figure 4A-D). These phantom studies support the hypothesis 
that the two different excitation wavelengths can be used inde-
pendently, with the 785 and 890 nm channels employing the 
always-ON and responsive components, respectively. 

Figure 3. A. Fluorescent images following the injection of Pan-
Benz-NorCy7-pH (200µg, DOL 4) in female athymic nude mice 
(n = 3) with JIMT-1 tumors at 4, 24, 48, and 72 h time points B. 
Structure of Pan-Benz-NorCy7-pH and Obi-Benz-NorCy7-pH 
C. Quantification of the tumor to background ratio of Pan-Benz-
NorCy7-pH and Obi-Benz-NorCy7-pH at different time points. 
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Figure 4 Quantification of emission intensity (> 960 nm) obtained from phantom imaging of a 1:50 ratio of Pan-FNIR-Tag-766: Pan-
Benz-NorCy7-pH in different pH buffers with A. 785 excitation  and B.  890 excitation and C. a normalized 890/785 nm emission ratio 
D. 890/785 ratio at different pH ranges obtained from phantom imaging represented with pH response in a 16-color format. E. Two color 
imaging following the injection of a mixture of Pan-Benz-NorCy7-pH and Pan-FNIR-Tag-766 in in female athymic nude mice (n=3) 
with JIMT-1 tumors at 4, 24, 48, 72 and 120 h time points (200 µg, ratio of the two imaging probes = 1:50). F. Quantification of tumor 
emission at 785 nm channel at indicated time points G.  Quantification of tumor emission at 890 nm channel at indicated time points. H. 
Ratio of 890/785 channels at tumor in indicated time points. 
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Imaging mAb Internalization - We envisioned applying this 
two-color imaging strategy to differentiate between mAb tar-
geting/localization and internalization. Female athymic nude 
topically in the lower inguinal mammary fat pad (MFP) (250–
350 mm3) received intravenous (i.v.) or intratumoral (i.t.)  in-
jection of a mixture containing Pan-Benz-NorCy7-pH and 
Pan-FNIR-Tag-766 (200 μg as a 50:1 ratio) (Figure S7), and 
imaging was conducted at 4-, 24-, 48-, 72-, and 120-h post-in-
jection. We first analyzed the individual channels and found a 
nearly identical TBR values for the 890 channels to that ob-
tained in the single-color imaging study (Figure S8-S9). This 

observation supports the orthogonality of the two channels and 
that co-injection appears to not alter targeting or cellular inter-
nalization. Analysis of the SWIR images obtained from the 785 
nm and 890 nm channels revealed time-dependent variations in 
signal intensity. The half-life for tumor localization (t1/2 = 10.5 
h) of the always-ON 785 channel) is similar to that observed for 
the uptake t1/2 measured with other optical and radiolabeling 
strategies.27,42 By contrast, the ratiometric 890/785 channel ex-
hibits a longer half-life (t1/2 = 34.6 h). Using an i.v. injection, 
this number represents the time required for tumor localization 
and lysosomal uptake. By contrast, intratumoral (i.t.)  injection 

Figure 5   A. Structure of Panitumumab conjugates used in the animal study B. 785 and 890 nm excitation images of JIMT-1 tumor-
bearing mice injected with Pan-BenzNorCy-VC-Z: Pan-FNIR-Tag-766, Pan-Benz-NorCy-Z: Pan-FNIR-Tag-766 and Obi-Benz-
NorCy-VC-Z: Obi-FNIR-Tag-766 in female athymic nude mice (n=3) with JIMT-1 tumors imaged at 4, 24, 48, and 72h time points 
(200 µg, ratio of the two imaging probes = 1:50).  C. Example of ratiometric imaging of Pan-BenzNorCy-VC-Z: FNIR-Tag-766 at 
indicated time points. D. Example of ratiometric imaging of tumor for Pan-BenzNorCy-VA-Z: FNIR-Tag-766 at indicated time points. 
Emission intensity from tumors at 72 h in 785 channel (E) and 890 nm (F) after injection with Pan-BenzNorCy-VC-Z: Pan-FNIR-Tag-
766, Pan-Benz-NorCy-Z: Pan-FNIR-Tag-766, and Obi-Benz-NorCy-VC-Z: Obi-FNIR-Tag-766. G. Change in MFI over tumor in 
890 channel for indicated groups and time points. H. Change in MFI in 890/785 ratiometric images for indicated groups and time points. 
Data points are displayed as mean ± SD, and the p-values were evaluated by the Student’s t-test (ns p-value> 0.05, * p-value ≤0.05, ** p-
value ≤0.01). 
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eliminates the requirement for tumor localization, and isolates 
the time course of lysosomal uptake. Consistent with this as-
sumption, an initial i.t. injection study obtains a shorter half-life 
(t1/2 = 22.6 h) in the 890/785 channel (Figure S10-S11).  Of note, 
the final ratio of the 890/785 (1.34 ± 0.20 at 72 h) is higher than 
that obtained upon phantom imaging, potentially due to im-
proved tissue penetration of the 890 nm excitation/emission 
scheme.  
An outcome of this approach is that the two-color strategy pro-
vided a means to address issues of animal variability. One of 
the animals (animal 1, Figure 4F,G) exhibited significantly 
lower emission intensity at 785 nm and 890 nm channels, which 
we hypothesize might be due to an unusually necrotic tumor in 
this animal. However, analysis of ratiometric images (890/785 
nm) of all three animals gives a similar one-phase curve (Figure 
4H). Overall, these data suggest that the ratiometric imaging 
strategy used here can directly assess lysosomal uptake, while 
correcting for issues of animal-to-animal variability. 
Imaging mAb Catabolism - Upon internalization into the ly-
sosome, the mAb enters an environment with high proteolytic 
activity. This process has been exploited through the develop-
ment of protease-cleavable linker chemistries, which find broad 
use in antibody-drug conjugates (ADCs).43,44 The ability to 
quantify and precisely capture the extent of linker cleavage, par-
ticularly in in vivo models, would enable improved comparison 
of various cleavable linkers. In prior work, we appended re-
sponsive functional groups onto the NIR norcyanine scaffold 
through a carbamate linkage leading to cyanine carbamate 
(CyBam) imaging agents.45 When coupled with antibodies, 
these probes facilitated targeted imaging and enabled quantita-
tive comparison of various cleavable linkers, although only in a 
single-color format. To enable a ratiometric variant of this ap-
proach, we envisioned using a targetable SWIR norcyanine car-
bamate as the responsive component. 
We first examined linker positioning and the requirements of 
the norcyanine agent. In our prior work the antibody was at-
tached to the probe through a cleavable linker, and we initially 
tested a related approach (see Figure S12-S13 for photophysical 
properties and structures). We obtained measurable tumor sig-
nal only with a high dose of antibody-dye conjugates (500 µg, 
Figure S14). This result may suggest that the liberated probe is 
not retained efficiently within the tumor. We also tested the 
PEG4 compound and found that the compound predominantly 
yielded hepatic signals, highlighting the critical role of the 
PEG24 modification.5,46,47 Critically, the pH imaging studies 
above suggest that placing the mAb attachment point directly 
onto the probe through the mesomeric aryl group may offer cer-
tain advantages, leading us to test a related approach for the ac-
tivatable probes. 
Using the aryl ring modification design strategy, the activatable 
probes were synthesized by modifying the conjugatable Benz-
NorCy7-pH with either protease-cleavable linkers or a control 
benzyl carbamate. With access to these probes, we first vali-
dated that activation occurs in a binding- and linker-dependent 
fashion. The maleimides underwent efficient antibody labeling 
to yield Pan-Benz-NorCy-VC-Z and Pan-Benz-NorCy-Z, as 
well as the non-targeting control Obi-Benz-NorCy-Z (Figure 
5A, Figure S15).  Animal studies were conducted via i.v injec-
tion of the antibody-probe conjugate (200 μg with 2% of Pan-

FNIR-Tag-766), and images were obtained 4, 24, 48, and 72 h 
post-injection (Figure 5B). We also corroborated the in vivo im-
aging results with ex vivo imaging of excised liver and tumor 
tissues, which was performed 72 h post injection. In assessing 
the always-ON 785 nm channel, only the EGFR-targeting Pan 
conjugates exhibited a significant tumor signal and not the con-
trol Obi conjugates (Figure 5E, Figure S16-S19). With respect 
to the activatable 890 channel, the Pan-Benz-NorCy-VC-Z, 
and not the Pan-Benz-NorCy-Z control probe, exhibited time-
dependent improvement, while no signal was observed Obi-
Benz-NorCy-VC-Z conjugate (Figure 5F, Figure S20). Criti-
cally, the absolute value of the 890 nm intensity is significantly 
lower (5-10%) than that seen with the pH imaging studies de-
scribed above. These results demonstrate that probe activation 
requires both antibody binding and a cleavable linker for signif-
icant signal.  
This SWIR-based imaging approach, particularly in the rati-
ometric format, enables the identification of spatial resolved 
patterns that have the potential to provide biological insights. 
For example, there is a clear hepatic signal at 4 h, that then dis-
appears with increased tumor signals over time using the rati-
ometric approach (Figure 5C). While hepatic signals are appar-
ent in some NIR imaging, the signal is more clearly resolved 
using the SWIR-based imaging approach. In addition, signifi-
cant variation and spatially resolvable regions can be seen 
across the tumor (Figure 5D). Analysis of these variations sug-
gests that they arise to a greater degree due to the 890 nm turn-
ON channel, which may be due to necrotic regions or other fea-
tures that lead to altered linker catabolism (Figure S21). 
We hypothesized this approach might enable the comparison of 
two common dipeptide linkers used in the ADC field, Val-Cit 
and Val-Ala. While the former (Val-Cit) has been applied 
broadly, including in the approved ADC Adcetris, the latter 
(Val-Ala) has been explored in more recent ADC development 
efforts.48 While exhibiting slightly reduced enzymatic cleavage 
kinetics, the Val-Ala dipeptide has been shown to provide im-
proved in vivo stability and, in several cases, significantly en-
hanced in vivo efficacy.49-53 Both of these compounds were im-
aged in an identical study as described above (Figure S22). In 
the 890 nm intensity data, there was no significant difference 
between the Val-Ala and Val-Cit variants, although a slight 
trend favoring the Pan-Val-Ala appears possible. By contrast, 
by incorporating the 785 nm always-ON channel to create the 
ratiometric images, the Val-Ala is activated to a statistically 
greater extent at both the 48 and 72 h time points. We hypothe-
size this improvement is due to corrections for animal-to-animal 
variations in tumor size and mAb avidity. The improvements in 
Val-Ala signal may be due to enhanced serum stability and/or 
altered physiochemical properties, though additional studies to 
better understand these subtle chemical issues are needed. 
 
CONCLUSIONS 
Here we develop activatable SWIR probes and apply them to 
investigate mAb targeting, internalization, and proteolysis. By 
optimizing the PEG substituent, a benzo-fused norcyanine 
(Benz-NorCy7) is identified that doesn’t undergo complex ag-
gregation in water or upon mAb labeling. When used in isola-
tion, the resulting mAb conjugate enables exceptionally high 
contrast tumor imaging at early time points, which may have 
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utility in guided surgical imaging procedures. A two-color im-
aging strategy distinguishes between mAb uptake and lysoso-
mal activity, and addresses issues of animal-to-animal variabil-
ity. Modification of this agent with protease-cleavable linkers 
facilitates in vivo imaging of catabolic activity, allowing for the 
quantitative comparison of two commonly used linkers used by 
the ADC community. A feature of this study is that the pH and 
protease-cleavable studies were carried out in an identical fash-
ion, allowing for initial quantification of the degree of linker 
cleavage proteolysis. Differences in the absolute intensity of the 
890 nm activatable channel would appear to suggest that ~5-
10% of the linker units are cleaved over the first 72 h, which is 
similar to results obtained from other linker quantification ef-
forts.54,55 
Several aspects of this approach require additional comment. 
We have chosen to use mixtures of the always-ON and activat-
able probe mAb conjugates. This approach serves to normalize 
the activatable probe channel to an agent with optimal uptake. 
Another option would have been to append both probes on the 
same antibody. This approach would provide an internal refer-
ence with the potential to improve pH mapping and also to pro-
vide insight on the uptake and clearance of the doubly modified 
antibodies. Future studies that compare these options directly 
are likely merited. However, the disparity in brightness between 
the always-ON and the currently available responsive probes 
reported here make the dual labeling approach challenging to 
implement. Consequently, the identification of brighter long 
wavelength responsive probes, as well as the creation of flexible 
concentration-independent imaging strategies to apply them, re-
mains an important goal. 
Overall, these studies provide a new option for studies applying 
optical imaging to assess mAbs and ADCs in complex set-
tings.56 These studies have compared peptidic linkers and could 
also be applied to strategies that rely on other linker cleavage 
chemistries.43 In addition, this approach could enable efforts to 
study agents that modulate the rate and extent of mAb internal-
ization.57,58 With respect to the probe chemistry, it is quite pos-
sible that slightly increasing the pKa of these compounds might 
improve their in vivo photon output. Additionally, probe devel-
opment efforts that enable three-color imaging efforts might fa-
cilitate additional insight. In sum, these efforts add to the poten-
tial utility of in vivo optical imaging to guide the design and 
implementation of targeted therapeutic agents. 
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