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Abstract

Significance: This first-in-kind, perfused, and amputated human limb model allows for the col-
lection of human data in preclinical selection of lead fluorescent agents. The model facilitates
more accurate selection and testing of fluorophores with human-specific physiology, such as
differential uptake and signal in fat between animal and human models with zero risk to human
patients. Preclinical testing using this approach may also allow for the determination of tissue
toxicity, clearance time of fluorophores, and the production of harmful metabolites.

Aim: This study was conducted to determine the fluorescence intensity values and tissue speci-
ficity of a preclinical, nerve tissue targeted fluorophore, as well as the capacity of this first-in-
kind model to be used for lead fluorescent agent selection in the future.

Approach: Freshly amputated human limbs were perfused for 30 min prior to in situ and ex vivo
imaging of nerves with both open-field and closed-field commercial fluorescence imaging
systems.

Results: In situ, open-field imaging demonstrated a signal-to-background ratio (SBR) of 4.7
when comparing the nerve with adjacent muscle tissue. Closed-field imaging demonstrated
an SBR of 3.8 when the nerve was compared with adipose tissue and 4.8 when the nerve was
compared with muscle.

Conclusions: This model demonstrates an opportunity for preclinical testing, evaluation, and
selection of fluorophores for use in clinical trials as well as an opportunity to study peripheral
pathologies in a controlled environment.
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1 Introduction

Fluorescence-guided surgery (FGS) is a nascent field aiming to improve the safety and efficacy
of surgery through fluorescent labeling of important tissues using molecules called fluorophores.
Because no therapeutic effect is desired, a fluorophore’s clinical utility is evaluated based only
on its safety and ability to highlight the tissue of interest. Therefore, fluorophore dosing may be
substantially lower than that for therapeutics, and toxicity is rarely a problem. The fluorophore
binding specificity ratio and signal-to-background ratio (SBR) are key metrics when evaluating a
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potential lead agent. However, advancing to human trials through the Food and Drug
Administration (FDA) phase 0/microdose pathway still requires substantial resources, including
single-species pharmacokinetic and toxicity testing, which are significant financial investments.

There are currently four nontargeted, FDA-approved fluorophores for clinical use: indocya-
nine green (ICG), fluorescein, 5-aminolevulinic acid, and methylene blue (MB).1 Approved tar-
geted probes include Cytalux and LUM015 (Lumicell, Newton, Massachusetts, United States).
Although both ICG and MB have several indicated clinical uses,2–12 they are untargeted and
conform to the lumen of the structures into which they are injected, usually blood vessels.2–4

As FGS has increased in popularity, there is growing demand for targeted fluorophores, which
increase the contrast of specific tissues (e.g., Cytalux).13,14 The creation of fluorophore libraries
through systematic modifications of a fluorophore scaffold is a method for improving desirable
qualities, such as binding specificity, tissue uptake, and spectral matching to existing clinical
imaging systems.1 Although many new near infrared agents demonstrate clinically advantageous
performance in animal models, translation to the clinic requires rigorous safety testing and
trialing.15 The high cost of successful translation—∼$19M for therapeutic trials15—creates
an incentive to select lead agents with a strong likelihood for clinical success. We believe that
understanding fluorophore performance in viable human tissue will enhance the accuracy and
safety of lead agent selection, thereby reducing cost, time, and potential harm to patients.

Our group has partnered with the Gibbs Lab at Oregon Health and Science University. Our
team has more than 10 years of experience designing and developing human nerve-specific flu-
orophores, resulting in a library of >200 candidate compounds to date. In preparation for lead
agent selection, we developed a first-in-kind model for fluorophore testing in amputated human
lower limbs to facilitate authentic evaluation. Herein we report on our initial experience and the
technical details of this model in a single patient from our initial 10-patient proof-of-concept
pilot study.

2 Methods

The Dartmouth Health Institutional Review Board approved this protocol after full review;
informed consent was obtained from participants. Candidates for participation were identified
through review of institutional surgical rosters. The inclusion criterion was patients receiving a
lower-limb amputation for nononcological indications. Most patients’ amputations were indi-
cated for vascular insufficiency or chronic infection, including nonhealing wounds associated
with diabetes mellitus. The exclusion criteria included (1) patients undergoing limb amputation
for oncologic indications and (2) patients with peripheral arterial disease that precluded arterial
cannulation.

Figure 1 illustrates the experimental setup used in this study. Following standard-of-care
amputation, limbs were transported immediately to our surgical laboratory, where a dominant
artery (superficial femoral, anterior tibial, or posterior tibial), based upon the level of amputation,

Fig. 1 Schematic layout for perfusion of the amputated human limb model.16
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vessel diameter, and vessel patency, was dissected and cannulated using a sized vascular cannula
(Medtronic, Biomedicus, Minneapolis, Minnesota, United States). Each cannula was secured
using a #0 silk suture and was connected to a perfusion circuit (Stockert, 3S, Breisgau,
Germany). Limbs were then perfused with sterile saline at 90 to 170 mL∕min to maintain
physiologic pressures below 120 mm Hg. After confirming successful perfusion, a standard dose
(1 mg∕mL concentration and 10 mL total) of a nerve-specific fluorophore (LGW16-03) was
administered to the limb through injection into the circuit via a Luer lock. Perfusion continued
for 10 min, whereupon the perfusate was changed to sterile saline for model washout. Instead of
venous cannulation for return, limbs were drained by gravity, and the perfusate was collected in a
reservoir and then recycled into the circuit. Cardiac pump tubing (Sorin Group USA, SMART
RX ¼” × 1/16,” Arvada, Colorado, United States) was used for the return and cannula lines, and
an in-line pressure monitor was used to maintain appropriate physiological pressures. Following
the conclusion of the perfusion period, the compartment supplied by the dominant cannulated
artery was dissected, and the dominant nerve (common peroneal or tibial) was exposed for
imaging; for this representative patient, the common peroneal nerve was imaged. In situ fluo-
rescence imaging occurred via an open-field imager (Solaris, Perkin-Elmer, Waltham,
Massachusetts, United States), which was set to excite and image at 660 nm. Samples of the
target nerve and neighboring tissues (e.g., muscle, adipose, and fascia) were harvested for high-
resolution fluorescence scanning using the Odyssey CLx (LI-COR Biosciences, Lincoln,
Nebraska, United States), which was set to the 700-nm channel. Histopathology staining was
performed on all nerve samples for examination of the tissue structure and nerve health.
Following imaging and tissue sampling, the amputated limbs were taken to the Department
of Pathology for standard clinical processing.

Fig. 2 Common peroneal nerve outlined in blue (a) with white light and (b) fluorescence images
following fluorophore administration. The red region of interest defines the signal of homogenous
muscle tissue. (c) In situ imaging using an open-field imaging system shows a nerve-to-muscle
ratio of 4.7.
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3 Results

Results from a single, representative patient are reported herein. A 60-year-old man diagnosed
with poorly controlled type II diabetes, occlusive peripheral artery disease, and recent burns to
the lower extremity received a below-knee amputation due to the development of a soft-tissue
infection. For this case, the peroneal artery was cannulated using a 10 French vascular cannula.
Following cannulation, the limb was perfused with saline containing 10 mL of fluorophore for
10 min. This was immediately followed by a 20-min washout period using normal saline. After
conclusion of the perfusion, the anterior compartment was dissected, and the deep peroneal
nerve was exposed (Fig. 2). This was imaged using the open-field Solaris imaging system at
an excitation wavelength of 660 nm. The regions of interest for wide-field imaging were chosen
by identifying a nearby region of homogenous muscle tissue to compare against the nerve. The
nerve was then sharply dissected using a surgical scalpel from the surrounding tissue along with
adjacent muscle from the tibialis anterior as well as adipose tissue from between the muscular
compartments. These resected samples were imaged on the closed-field Odyssey M imaging
system in the 700-nm wavelength channel (Fig. 3).

4 Discussion

Using amputated human tissues for testing of drugs and as a model to understand disease is not
entirely novel.17,18 Previous investigators described applications using skin cells grown or har-
vested from surgical patients. Our current model makes use of tissue in an acute setting prior to
breakdown caused by ischemic muscle death, a process that takes three hours to begin and six

Fig. 3 (a) From left to right, representative adipose, muscle, and peroneal nerve samples are
pictured. Images were acquired with a closed-field fluorescence imaging system. (b) The SBR
of the peroneal nerve sample compared with adipose was 3.8, whereas the SBR of the peroneal
nerve sample compared with muscle was 4.8.
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hours to become irreversible.19 The use of normal saline in combination with a cardiac perfusion
pump allowed us to mimic the osmotic and vascular pressure of an in situ physiologic system.
The field of transplant medicine has included cadaveric work to enhance clinical strategies for
organ procurement, sustenance, transport, implantation, and maintenance. A study published in
the New England Journal of Medicine estimates that 80% of eligible lung transplant donors are
rejected for transplant following organ procurement for a variety of indications.20 These organs
often become eligible for research use, focused on improving outcomes of organ transplant
patients, increasing perfusion time, or reducing rejection rates.19–21 Existing models of ex vivo
limb perfusion exist,22,23 but these models were designed to study and improve limb transplan-
tation, an altogether different indication. The objective of the present study is to perform whole-
limb testing to evaluate preclinical fluorophore contrast, tissue toxicity, and tissue specificity as a
surrogate for intravenous administration of novel probes to humans. This additional testing is
important as protein expression varies across species and, therefore, may alter fluorophore per-
formance when translated from animal models to human use.24–28

The limitations of this model include a lack of an oxygen carrier or nutrients to sustain the
limbs for periods of time longer than 2 hrs. Without oxygenating and examining the limb, we
cannot verify tissue viability or function and what effects this may have on our tissue-specific
fluorescence intensity values. To address this limitation, we plan to adopt a perfusion protocol
that will provide oxygen and nutrients to the limb while we perform testing in future
studies.22,29,30 Sustaining a limb in this fashion will require not only feeding and oxygenating
the limb appropriately but also maintaining the harmful metabolites and regular monitoring to
ensure functional viability of the limb.30 Existing protocols used for upper extremity transplant
surgery provide a useful basis for normothermic limb perfusion, but they are limited by short
perfusion times and minimal use. The evolving field of vascular composite allografts (VCAs)
has yet to be widely adopted,31 and no trials to date have exceeded 10 patients. These protocols
also present a fairly substantial additional cost. Improvement of this model and advances in the
field of VCA will increase perfusion times and may allow for not only further testing of fluo-
rophores but also studying disease and acute pathologic changes caused by fracture or tumor
presence.

5 Conclusion

The field of FGS in clinical medicine is growing, which has led to increased interest in novel
fluorophore development. Due to the nontherapeutic nature of fluorophore use in clinic, lead
agent selection is based primarily on optical performance to highlight target tissues. To improve
lead agent selection, we have developed a first-in-kind, ex vivo model for testing fluorophore
performance using amputated human limbs. This model may provide the ability for lead agents
selected from initial rodent models to be evaluated in viable human tissues during the preclinical
phase, demonstrating cross reactivity without risk of human harm. The improvement and physio-
logical validation of this model could yield a valuable tool for expediting fluorophore develop-
ment with lower costs and better ultimate drug performance. Although beyond the scope of this
study, this model also represents a potential opportunity for exploration of disease epidemiology
in human tissue and validation of FGS techniques in a simulated surgical environment.

Disclosures

Summer Gibbs, Connor Barth, and Lei Wang are inventors and developers of the fluorophore
used in this study and are cofounders of Trace Biosciences. Eric Henderson is an educational
consultant for Stryker Orthopaedics. Samuel Streeter is a part-time employee of QUEL Imaging,
LLC. No other authors have any disclosures.

References

1. G. Hong, A. L. Antaris, and H. Dai, “Near-infrared fluorophores for biomedical imaging,”
Nat. Biomed. Eng. 1(1), 10 (2017).

Bateman et al.: Preclinical evaluation of molecularly targeted fluorescent probes in perfused amputate. . .

Journal of Biomedical Optics 082802-5 August 2023 • Vol. 28(8)

https://doi.org/10.1038/s41551-016-0010


2. A. Matsui et al., “Real-time intra-operative near-infrared fluorescence identification of the
extrahepatic bile ducts using clinically available contrast agents,” Surgery 148(1), 87–95
(2010).

3. E. Tanaka et al., “Real-time assessment of cardiac perfusion, coronary angiography, and
acute intravascular thrombi using dual-channel near-infrared fluorescence imaging,”
J. Thoracic Cardiovasc. Surg. 138(1), 133–140 (2009).

4. F. P. R. Verbeek et al., “Intraoperative near infrared fluorescence guided identification of
the ureters using low dose methylene blue: a first in human experience,” J. Urol. 190(2),
574–579 (2013).

5. S. L. Troyan et al., “The FLARETM intraoperative near-infrared fluorescence imaging
system: a first-in-human clinical trial in breast cancer sentinel lymph node mapping,”
Ann. Surg. Oncol. 16(10), 2943–2952 (2009).

6. Y. Ashitate et al., “Simultaneous assessment of luminal integrity and vascular perfusion of
the gastrointestinal tract using dual-channel near-infrared fluorescence,” Mol. Imaging
11(4), 301–308 (2012).

7. F. P. R. Verbeek et al., “Optimization of near-infrared fluorescence cholangiography for
open and laparoscopic surgery,” Surg. Endosc. 28(4), 1076–1082 (2014).

8. J. R. van der Vorst et al., “Near-infrared fluorescence-guided resection of colorectal liver
metastases,” Cancer 119(18), 3411–3418 (2013)

9. Q. R. J. G. Tummers et al., “Intraoperative guidance in parathyroid surgery using near-
infrared fluorescence imaging and low-dose Methylene Blue,” Surgery 158(5), 1323–1330
(2015).

10. Q. R. J. G. Tummers et al., “First experience on laparoscopic near-infrared fluorescence
imaging of hepatic uveal melanoma metastases using indocyanine green,” Surg. Innov.
22(1), 20–25 (2015).

11. F. P. R. Verbeek et al., “Sentinel lymph node biopsy in vulvar cancer using combined radio-
active and fluorescence guidance,” Int. J. Gynecol. Cancer 25(6), 1086–1093 (2015).

12. I. L. Gitajn et al., “Evaluation of bone perfusion during open orthopedic surgery using
quantitative dynamic contrast-enhanced fluorescence imaging,” Biomed. Opt. Express
11(11), 6458 (2020).

13. E. M. Walsh et al., “Fluorescence imaging of nerves during surgery,” Ann. Surg. 270(1),
69–76 (2019).

14. A. V. DSouza et al., “Review of fluorescence guided surgery systems: identification of key
performance capabilities beyond indocyanine green imaging,” J. Biomed. Opt. 21(8),
080901 (2016).

15. Johns Hopkins Bloomberg School of Public Health, “Cost of clinical trials for new drug
FDA approval are fraction of total tab,” publichealth.jhu.edu. Published September 24,
2018. https://publichealth.jhu.edu/2018/cost-of-clinical-trials-for-new-drug-FDA-approval-
are-fraction-of-total-tab.

16. Biorender, Published (2019). https://biorender.com/.
17. D. E. Corzo-León, C. A. Munro, and D. M. MacCallum, “An ex vivo human skin model to

study superficial fungal infections,” Front. Microbiol. 10, 1172 (2019).
18. F. C. Garcia-Garcia et al., “Microfluidic technologies for ex vivo tissue biopsies: a review,”

Organs-on-a-Chip 4, 100020 (2022).
19. F. Blaisdell, “The pathophysiology of skeletal muscle ischemia and the reperfusion

syndrome: a review,” Cardiovasc. Surg. 10(6), 620–630 (2002).
20. M. Cypel et al., “Normothermic ex vivo lung perfusion in clinical lung transplantation,”

N. Engl. J. Med. 364(15), 1431–1440 (2011).
21. V. W. T. Lam et al., “Hypothermic machine perfusion in deceased donor kidney transplan-

tation: a systematic review,” J. Surg. Res. 180(1), 176–182 (2013).
22. N. L. Werner, “Ex situ perfusion of human limb allografts for 24 hours,” Transplantation

101(3), e68–e74 (2017).
23. M. Kueckelhaus et al., “A mobile extracorporeal extremity salvage system for replantation

and transplantation,” Ann. Plastic Surg. 76(3), 355–360.
24. I. Atallah, “Role of near-infrared fluorescence imaging in head and neck cancer surgery: from

animal models to humans,” Eur. Arch. Oto-Rhino-Laryngol. 272(10), 2593–2600 (2015).

Bateman et al.: Preclinical evaluation of molecularly targeted fluorescent probes in perfused amputate. . .

Journal of Biomedical Optics 082802-6 August 2023 • Vol. 28(8)

https://doi.org/10.1016/j.surg.2009.12.004
https://doi.org/10.1016/j.jtcvs.2008.09.082
https://doi.org/10.1016/j.juro.2013.02.3187
https://doi.org/10.1245/s10434-009-0594-2
https://doi.org/10.2310/7290.2011.00048
https://doi.org/10.1007/s00464-013-3305-9
https://doi.org/10.1002/cncr.28203
https://doi.org/10.1016/j.surg.2015.03.027
https://doi.org/10.1177/1553350614535857
https://doi.org/10.1097/IGC.0000000000000419
https://doi.org/10.1364/BOE.399587
https://doi.org/10.1097/SLA.0000000000003130
https://doi.org/10.1117/1.JBO.21.8.080901
https://publichealth.jhu.edu/2018/cost-of-clinical-trials-for-new-drug-FDA-approval-are-fraction-of-total-tab
https://publichealth.jhu.edu/2018/cost-of-clinical-trials-for-new-drug-FDA-approval-are-fraction-of-total-tab
https://publichealth.jhu.edu/2018/cost-of-clinical-trials-for-new-drug-FDA-approval-are-fraction-of-total-tab
https://publichealth.jhu.edu/2018/cost-of-clinical-trials-for-new-drug-FDA-approval-are-fraction-of-total-tab
https://biorender.com/
https://biorender.com/
https://doi.org/10.3389/fmicb.2019.01172
https://doi.org/10.1016/j.ooc.2022.100020
https://doi.org/10.1177/096721090201000620
https://doi.org/10.1056/NEJMoa1014597
https://doi.org/10.1016/j.jss.2012.10.055
https://doi.org/10.1097/TP.0000000000001500
https://doi.org/10.1097/SAP.0000000000000681
https://doi.org/10.1007/s00405-014-3224-y


25. K. Ozer et al., “The effect of ex situ perfusion in a swine limb vascularized composite tissue
allograft on survival up to 24 hours,” J. Hand Surg. 41(1), 3–12 (2016).

26. M. A. Whitney et al., “Fluorescent peptides highlight peripheral nerves during surgery in
mice,” Nat. Biotechnol. 29(4), 352–356 (2011).

27. D. V. Hingorani et al., “Nerve-targeted probes for fluorescence-guided intraoperative
imaging,” Theranostics 8(15), 4226–4237 (2018).

28. F. Barré-Sinoussi and X. Montagutelli, “Animal models are essential to biological research:
issues and perspectives,” Future Sci. OA 1(4), FSO63 (2015).

29. S. A. Said et al., “Ex-Vivo normothermic limb perfusion with a hemoglobin-based oxygen
carrier perfusate,” Military Med. 185(Supplement_1), 110–120 (2020).

30. A. Hasanin, A. Mukhtar, and H. Nassar, “Perfusion indices revisited,” J. Intensive Care 5,
24 (2017).

31. M. Rezaei et al, “Ex vivo normothermic perfusion of human upper limbs,” Transplantation
106(8), 1638–1646 (2022).

Bateman et al.: Preclinical evaluation of molecularly targeted fluorescent probes in perfused amputate. . .

Journal of Biomedical Optics 082802-7 August 2023 • Vol. 28(8)

https://doi.org/10.1016/j.jhsa.2015.11.003
https://doi.org/10.1038/nbt.1764
https://doi.org/10.7150/thno.23084
https://doi.org/10.4155/fso.15.63
https://doi.org/10.1093/milmed/usz314
https://doi.org/10.1186/s40560-017-0220-5
https://doi.org/10.1097/TP.0000000000004045

