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ABSTRACT: More than 2.8 million annually in the US are afflicted with some form of traumatic brain injury (TBI), where 75% of 
victims have a mild form of TBI (MTBI).  TBI risk is higher for individuals engaging in physical activities or involved in accidents.  
Although MTBI may not be initially life-threatening, a large number of these victims can develop cognitive and physical dysfunction.  
These late clinical sequelae have been attributed to the development of secondary injuries that can occur minutes to days after the 
initial impact.  In order to minimize brain damage from TBI it is critical to diagnose and treat patients within the first or “golden” 
hour after TBI.  Although it would be very helpful to quickly determine the TBI locations in the brain and direct the treatment 
selectively to the affected sites, this remains a challenge.  Herein, we disclose our novel strategy to target Cyclosporine A (CsA) into 
TBI sites, without the need to locate the exact location of the TBI lesion.  Our approach is based on TBI treatment with a cyanine dye 
nanocage attached to CsA, a known therapeutic agent for TBI that is associated with unacceptable toxicities.  In its caged form, CsA 
remains inactive, while after Near-IR light photoactivation, the resulting fragmentation of the cyanine nanocage leads to selective 
release of CsA at the TBI sites. 	

KEYWORDS:	Cyanine	dye,	Near-infrared,	Light-activated,	Traumatic	brain	injury	(TBI),	Cyclosporine	A	 

INTRODUCTION 
It is estimated that more than 2.8 million Americans will sus-

tain some form of traumatic brain injury (TBI) annually, where 
75% of the victims have a mild form of TBI (MTBI) (1).  Alt-
hough MTBI may not be initially life threatening, serious se-
quelae such as cognitive and physical dysfunctions can develop 
in the absence of immediate and effective therapeutic interven-
tion. These sequelae are mediated by secondary injury in re-
sponse to the primary insult.  However, the onset of secondary 
injury can occur ranging from minutes to days following the in-
itial injury.  These host-mediated responses may include in-
flammatory and neuroexcitatory properties, which can them-
selves cause additional brain damage, leading to delayed mor-
bidity, disability, and mortality (2). It is estimated that 40% of 
TBI patients deteriorate (3) as a consequence of secondary neu-
ronal damage (3,4).  

With the irreversible nature of MTBI and secondary brain in-
juries, an early effective therapeutic modality could profoundly 
ameliorate and even prevent the emergence of secondary inju-
ries, and thus significantly improve overall clinical outcome. 
The “Neurotrauma Pharmacology Workshop Summary Report” 
identified key priorities for neuroprotection development across 
a spectrum of TBI injuries. Neurosurgical approaches to reduc-
ing brain swelling include cerebrospinal fluid drainage, 

hypothermia and decompressive craniotomies, which are all 
part of treatment guidelines (5). 

However, specific targeted neuroprotective therapies to pre-
vent additional damage or dysfunction in neurons, axons, the 
cerebral vasculature, astrocytes and glia remain absent.  Despite 
its importance, the situation is even more limited for MTBI, 
since no acute pharmacotherapy is currently available to miti-
gate either early or progressive injury such as seen in chronic 
traumatic encephalopathy.  Many therapies have been tested to 
bring an effective treatment for the TBI epidemic, however they 
all have failed to achieve the desired outcomes in phase III eval-
uation.  

A major challenge for an effective TBI treatment is to quickly 
localize the treatment to primary injured sites, within the first 
hour or “golden hour” after the primary injury. Towards this 
goal, we now report a novel approach for the selective, targeted 
and localized delivery of Cyclosporine A (CsA, 1, Figure 2), a 
known effective therapeutic for TBI.  CsA is an 11 amino acid 
cyclic peptide derived from Tolypocladium inflatum.  CsA is 
used as an immunosuppressive to prevent organ graft rejection 
and immunologic conditions. Previously reported findings also 
indicate that CsA was neuroprotective (6,7), enhanced neuro-
genesis, and promoted neural repair in the brain (8) when it 
crossed the blood–brain barrier (BBB).  
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More importantly, CsA was able to reduce brain lesion vol-
ume in TBI models (9) while attenuating axonal injury, a com-
mon and critical component in TBI (10). Given its’ unique neu-
roprotective properties, CsA appears to be a promising candi-
date for the treatment of TBI. Unfortunately, systemic admin-
istration of CsA is associated with unacceptable adverse effects 
such as renal dysfunction, seizures, and immunosuppression. 
This led to termination of its’ development after Phase III clin-
ical trials. Thus, we designed a novel molecular nanocage sys-
tem, where CsA is able to localize at the affected tissue in its 
inactive form and is photoactivated using near infrared light 
(NIR) to liberate the active CsA cargo. Utilizing this strategy, 
we can limit the systemic exposure to CsA, while maximizing 
its pharmacologic activity at the affected TBI site. 

There has been extensive effort in recent decades to develop 
new biological imaging techniques and labeling probes that uti-
lize longer wavelengths of light in the far-red and NIR ranges 
(11-25). Unlike shorter wavelengths, such as UV or blue light, 
these lower energy wavelengths are less susceptible to tissue 
absorption and background scattering in biological media and 
are also safer for therapeutic use. In addition, NIR light has en-
hanced tissue penetration (18). Specifically, NIR light (³850 
nm) penetrates across bone, extracellular fluid, and tissue at a 
depth of >5 cm, while maintaining safety profiles that are far 
superior when compared to lower wavelength light (26). 

Heptamethine cyanine dyes represent a key class of molecu-
lar scaffolds for the development of new NIR imaging agents 

and chemical probes, due to their unique optical and photophys-
ical properties (12,27). Specifically, indocyanine green (ICG) is 
a NIR cyanine with a maximum absorbance of about 830 nm in 
blood, that has been used clinically for over 50 years, as well as 
IR-800CW, which has been investigated as a fluorescent imag-
ing agent for surgical applications (28-30). 

In addition to their biological applications as fluorescent im-
aging agents and chemical probes, heptamethine cyanine dyes 
have been reported by Schnermann and coworkers for use as 
NIR photocages for targeted delivery of therapeutic molecules 
(27,31-37). Schnermann and coworkers have developed NIR 
cyanine photocages that can deliver the respective cargo (anti-
body-drug conjugates, small molecules) upon NIR irradiation 
with 690 – 780 nm light. While this represents exciting progress 
in the area of NIR photocaging, there is still a need for new sys-
tems which can actively deliver bioactive molecules using NIR 
light above 800 nm (38). 

Our NIR nanocage concept is based on ICG due to its optical 
and safety profiles (28,39). In order to selectively and effi-
ciently deliver CsA in a relatively short time to TBI sites, we 
focused on a three-component nanocage design (Figure 1): a 
heptamethine cyanine dye (blue) is chemically attached to a 
fragmentable diamine linker (green), which is connected to the 
caged (inactive) CsA drug (purple).  

The maximum absorbance of heptamethine cyanine dyes be-
tween 650-900 nm complements our NIR array, where 850 nm 

	
Figure 1. NIR light-activated method for targeted drug delivery to the brain.  Photoactivation with NIR light initiates the  
fragmentation of the dye-linker-drug molecular system, leading to the local release of the caged drug. 

	

     
 1    1a (MeBmt open, inactive form) 1b (MeBmt closed, active form)  

The crystal structure of the inactive conformation of 
CsA (1a) bound to the Fab fragment of CypA, posi-
tions the MeBmt side-chain of CsA in an open form 
outside the CsA cyclopeptide (PDB:1IKF).  

The crystal structure of the active conformation of 
CsA (1b) when bound to CypA, positions the 
MeBmt side-chain of CsA in a closed form inside 
the CsA cyclopeptide (PDB:2X2C). 

Figure 2. The complex of Cyclosporine A (CsA, 1) with Cyclophilin A (CypA) involves the active conformation, where the 
MeBmt residue is folded into the CsA ring (1b).  In contrast, the complex of CsA with the Fab fragment of CypA involves the 
inactive conformation, where the MeBmt residue is open outside the CsA ring (1a).  This indicates that the cyanine-based caging 
of the inactive (open) conformation of CsA would keep CsA in its inactive form.  NIR light irradiation in the presence of oxygen 
and water promotes the fragmentation of the NIR dye and the uncaging of CsA, leading to the release of the CsA drug.  

O

N
O

N
O

NH

O N

O

N
H O

H
N

O

N
O

N

O
N

O

N
O

HN

OH

Cyclosporine A (CsA) MeBmt

Page 2 of 11

ACS Paragon Plus Environment

Molecular Pharmaceutics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 3 

wavelengths deliver enough energy to initiate photoactivation 
at >5 cm depth into the brain (26). Our nanocage system was 
modified to connect to CsA (1), where its MeBmt residue is 
kept in its inactive (open) form (1a), which would limit the ad-
verse effects of CsA (Figure 2)(40,41). To activate the system, 
NIR illumination localized in the head was used via a special-
ized LED array developed using the features described in Yue 
and Humayun (26). Our synthetic design allows us to improve 
upon the current literature by using wavelengths up to 850 nm 
to uncage the TBI therapeutic, CsA. Upon NIR activation, the 
cyanine dye conjugate would undergo a photooxidative break-
down pathway and release free CsA (42), selectively localized 
to the parts of the brain where the BBB is compromised by TBI 
(43,44). Notably, the fragmented cyanine and linker compo-
nents are small molecules that can be readily excreted (Figure 
1).With this approach, CsA would selectively release in the 
TBI-affected areas without the need to determine the exact lo-
cation of the TBI site. 

 
MATERIALS AND METHODS 
Cyanine Nanocage Synthesis. The total synthesis of two cy-

anine dyes of interest and their diamine linker conjugates is 
summarized in Scheme 1. 

We used Vilsmeier-Haack reaction with cyclopentanone and 
cyclohexanone to form the chlorinated di-aniline intermediates 
4 (n=1) and 5 (n=2), respectively, while a simple alkylation of 
intermediate 2 produced high yield of the indolenium salt (3).  
This reaction enables the synthesis of the desired ring size in the 
final chloro-dye structure by starting with the respective cyclic 
ketone.  Condensation of the indolenium salt (3) with the corre-
sponding Vilsmeier-Haack reagent (4 or 5) produced the final 
cyanine dyes 6 (λmax = 844 nm) and 7 (λmax = 820 nm) under 
anhydrous conditions in the presence of sodium acetate and ace-
tic anhydride in ethanol (45,46). These dyes, particularly cya-
nine 6, have been largely unexplored as molecular scaffolds for 
NIR uncaging systems. Our synthesized conjugates represent 
diverse new structures for this application.  

 Reaction of cyanine dyes 6 and 7 with the N,N-dimethyleth-
ylene diamine linker led to the heptamethine dye adducts 8, with 
a central cyclohexene ring, and 9, containing a central 

cyclopentene ring (31). The chemical structure of the ethylene 
diamine linker is central to the photolytic breakdown of the cy-
anine dye and subsequent release of free drug cargo.  Upon 
light-mediated oxidative fragmentation of the cyanine moiety, 
the non-bonding electron pair on the nitrogen atom connected 
to the polyene chain can contribute to the formation of an imin-
ium species, which is rapidly hydrolyzed in the biological aque-
ous environment.  This allows for efficient, rapid hydrolysis of 
the cyanine nanocage and release of the linker-drug moiety, 
which can then be further fragmented to release the active drug. 

Synthesis of Cyanine Nanocages with Caged Cyclospor-
ine A.  The goal of our design was to develop a synthetic 
method for the conjugation of CsA to the cyanine dyes 6 and 7 
through the diamine linker, such that CsA would maintain the 
inactive (open) form when caged.  CsA proved to be a challeng-
ing molecule to couple to the dyes, due to its sterically demand-
ing and bulky cyclic peptide structure. Although CsA has a sin-
gle hydroxyl group at the 14-position (Figure 2, 1), due to steric 
hindrance it proved difficult to functionalize this existing hy-
droxyl group. Coupling reagents such as benzyl chloroformate, 
triphosgene and disuccinimidyl carbonate (DSC) were used in 
attempts to activate the 14-hydroxyl to form the carbonate in-
termediate, using several different polar protic and aprotic sol-
vents at variable temperatures, however no reaction was ob-
served.  

To overcome this issue and successfully couple CsA with the 
correct orientation onto the cyanine dye carrier, a modified CsA 
diol 2 was synthesized to include an extended alkyl chain with 
a terminal hydroxyl group, as detailed in Scheme 2.  In order to 
enable the coupling of CsA to the cyanine nanocage (Scheme 
2), we converted CsA (1) to the corresponding bromide 10, 
which was further modified to form the alcohol 2.  The for-
mation of this CsA diol enabled more facile coupling of the drug 
to the cyanine dye through the terminal hydroxyl group which 
is further extended from the bulky peptide core. Activation of 
the terminal hydroxyl group of 2 with 4-nitrophenyl chlorofor-
mate led to intermediate carbonate 12, which was coupled with 
the two amino cyanine dyes 8 and 9 to form the final cyanine 
nanocaged CsA adducts 13 and 14, respectively.  

	
Scheme 1. Total synthesis of cyanine-based diamine derivatives 8 and 9 for caging applications. 
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 4 

In Vitro Photolysis and Analysis of Cyanine Nanocaged 
Cyclosporine A Diol. All photolysis experiments were per-
formed in a dark environment. A T-Cube driver (Thorlabs, 
LEDD1B) was used to drive the LEDs with a current of 1000 
mA. Mounted LEDs with maximal wavelengths of 735 nm 
(Thorlabs, M735L3) and 850 nm (Thorlabs, M850L3) were 
used for the uncaging of the BP compounds. BP121/122 were 
dissolved in HPLC grade methanol and diluted in HPLC grade 
water to a final volume of 10 mL and concentration of 200 µM. 
LEDs were mounted directly over the scintillation vial contain-
ing the prepared BP solutions and irradiation was conducted 
continuously for the duration of the experiment. All solutions 
used in the experiments were continuously mixed on a magnetic 
stir plate to ensure dissolution and uniform dispersion. Exactly 
500 µL aliquots were taken at determined time points (0, 5, 15, 
30, 60, 90, 105, 120, 135, 150, 165, 180 minutes) and trans-
ferred into black 1.5 mL microcentrifuge tubes for storage in -

20 oC freezer until analysis. Samples were analyzed at each 
compound’s maximal wavelength for photolysis breakdown us-
ing a Synergy H1 Hybrid Multi-Mode Plate Reader (Biotek). 
Breakdown metabolites and released cyclosporine cargo were 
determined using LC-MS/MS. Samples were protected from 
light throughout the analytical process. 

Ex Vivo Photolysis and Analysis of Cyanine Nanocaged 
Cyclosporine A Diol. 3 mL of rat brain homogenate was used 
for the ex vivo experiment. Brain tissue was weighed and HPLC 
grade water was added, such that the final concentration used 
was 2 mg of brain tissue per mL of water. A concentrated 
BP122 solution was made by weighing out the compound and 
dissolving in HPLC grade methanol. The resulting solution was 
then added to the brain homogenate such that the final concen-
tration of BP122 was 200 µM, with a total methanol concentra-
tion less than 1%. The brain homogenate was then slowly mixed 
on a stir plate to ensure uniformity. Photolysis was then 

	 	
Scheme 2. Total synthesis of cyanine-based caged Cyclosporine A derivatives 13 (BP121) and 14 (BP122). 
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conducted by mounting the LED directly above the homogenate 
and taking 200 µL aliquots at the following time points: 0, 5, 
15, 30, 60, 90, 105, 120, 135, 150, 165, 180 minutes. Samples 
were then extracted using HPLC grade acetonitrile, subse-
quently dried under filtered nitrogen gas, reconstituted using a 
50% acetonitrile/water solution, and injected for LC-MS/MS 
analysis. Samples were protected from light throughout the bi-
oanalytical process. 

In Vivo Treatment and Analysis of Rat TBI Model. 6 mg 
of BP122 was weighed out and dissolved in 0.3 mL of pre-
pared PEG400/Tween 80 (4:1). This stock was then diluted us-
ing 0.9% sterile saline solution to a final concentration of 1.67 
mg/mL. The solution was vortexed and filtered using a sterile 
0.2µ filter. Catheterized Sprague-Dawley rats were anesthe-
tized using Ketamine/Xylazine per the approved IACUC pro-
tocol and maintained using sevoflurane in oxygen. The rats 
had their scalps shaved and craniectomy was performed, such 
that a direct controlled cortical injury could be induced at the 
exposed site. Immediately after injury, the craniectomy was 
closed and 1200 µL of the prepared BP122 solution was in-
fused intravenously using an autoinjector at a rate of 20 
µL/min with irradiation performed using the 850 nm LED 
mounted directly above the rat skull. Aliquots of blood were 
sampled at times 0, 5, 10, 15, 30, and 60 minutes for LC-
MS/MS analysis. After 60 minutes of irradiation, the rats were 
euthanized, and the brains were collected for analysis. Sam-
ples were protected from light throughout the bioanalytical 
process. All applicable international, national, and/or institu-
tional guidelines for the care and use of animals were fol-
lowed. Our animal study was approved by University of 
Southern California IACUC under study protocol number 
20363. 
 

RESULTS AND DISCUSSION 
The cyanine-linker-CsA can accumulate preferentially into 

the TBI site, where the BBB is compromised, which minimizes 
the off-target sequestration into uninjured tissue.  Upon NIR ir-
radiation of cyanine-linker-CsA, energy is transferred from the 
excited state of the cyanine dye to the ground-state triplet oxy-
gen, which is locally converted into the higher energy singlet 
oxygen.  Exposure of the localized singlet oxygen to the conju-
gated cyanine dye leads to the formation of a dioxetane inter-
mediate, which then leads to oxidative bond cleavage and frag-
mentation of the cyanine dye (31,42).  This reaction can cause 
the release of the caged CsA diol cargo, along with some stable 

fragments from the cyanine dye. This uncoupling of the com-
pound is initiated and controlled solely by focused low energy 
NIR light. As a proof of concept, we developed a cyanine-based 
nanocage unit for the NIR light-activated delivery of the CsA 
drug, selectively to TBI sites in the brain. 

Computational docking studies were performed to ensure that 
the addition of the terminal hydroxyl group to the MeBmt chain 
in the CsA diol would not negatively impact its ability to inter-
act with CypA. The binding region in human cyclophilins for 
CsA is conserved across all isoforms, making the crystal struc-
ture for  CypA a viable choice for molecular docking (47). The 
native CsA ligand and CsA diol 2 were docked in the CypA 
active site using a crystal structure of CsA in complex with 
CypA (PDB: 1CWA) (48). Optimal ligand conformations and 
binding affinity values were determined in PyRx, and top bind-
ing conformations were visualized using PyMol (49,50). Fig-
ure 3 shows the docking results, in which the lowest energy 
conformation of the CsA diol in the CypA active site positions 

 
Figure 4. Photolysis of BP121 and BP122 using continuous 
735 nm LED emitter, which shows that BP122 is more effi-
ciently broken down after NIR activation.    
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Figure 3. CsA diol (2) docked in CypA active site using 
PyRx, showing the MeBmt (light blue) side chain in a similar 
conformation to the active form of CsA (PDB: 1CWA). Left: 
Optimal binding conformation of CsA diol with CypA (sur-
face representation). Right: Rotated view of lowest energy 
conformation of CsA diol in CypA active site. 
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Figure 5. Photolysis of 13, BP121 (A) and 14, BP122 (B). 
Efficient release of CsA diol was seen in BP122 which has a 
central 5-membered ring chromophore. 
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the MeBmt side chain bent inside the cyclic peptide, similar to 
the closed (active) form of the native ligand. As determined by 
PyRx, the binding affinity of the top conformations of CsA and 
CsA diol were -5.1 and -5.8, respectively. This data supports 
the assertion that the modified CsA diol should maintain similar 
binding to CypA, and therefore, maintain activity as a TBI ther-
apeutic. 

Impact of 6- vs 5-Membered Heptamethine Ring. NIR 
dye-CsA conjugates were tested to determine their photolysis 
efficiency under aerobic and room temperature conditions. Fig-
ure 4 shows photolysis data corresponding to NIR dye-CsA 
conjugates 13 (BP121) (blue) and 14 (BP122) (red), where at 
each point triplicate reading were performed. The heptamethine 
unit in 13 (BP121) has a 6-membered ring, while compound 14 
(BP122) has 5-membered ring.  Compounds were irradiated 
with NIR LEDs (735nm) for 90 minutes, and photolysis effi-
ciency was measured by the % change from baseline in absorb-
ance at λmax = 738 nm (13, BP121) and λmax = 705 nm (14, 
BP122). The T50, time to break 50% of the parent compound, 
were ~9.0 and 18.0 minutes for BP122 and B121, respectively.   

These findings may be explained by the higher strain of the 
5-membered ring in 14. Promisingly, stability studies have 
shown that substituting a 5- for a 6-member ring did not alter 
stability, where both compounds were resistant to fluorescent 
light exposure when stored in glass containers. These experi-
ments suggest that the size of the central chromophore ring is 
an important factor determining light activated photolysis.  

Photolysis Efficiency of NIR Dye-CsA Conjugates. The 
synthesized NIR dye-CsA conjugates were then tested in pho-
tolysis experiments to validate the drug delivery mechanism 
and determine the efficiency of cargo release upon NIR light 
activation. Cyanine dye-CsA conjugates were dissolved in 
aqueous solution at room temperature in the dark, with an LED 
positioned directly above (4 cm) the stirring solution (Figure 
5).  Experiments were run for 180 minutes total, with samples 
collected at designated timepoints (1, 5, 10, 15, 30, 60, 90, 120 
and 180 minutes after the initiation of NIR activation). Samples 
were analyzed using UV/Vis spectroscopy and LC-MS to 

  
Figure 6. Photolysis of BP122 using 735 versus 850 nm wave-
lengths.   
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Figure 7. Impact of interrupting 850 nm LED activation on 
BP122 photolysis as measured using absorbance at 705 nm. 
NIR irradiation was turned off from 10 – 20 minutes and 40 – 
60 minutes after initiation of the experiment.  

 
Figure 8. Fragmentation data of compound 14 (BP122) by MS, showing the broken dye-linker components with CsA. 
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 7 

determine the extent of degradation of the parent compound and 
release of CsA diol. 

Figure 5 shows photolysis data corresponding to NIR dye-
CsA conjugates 13 (Figure 5A) and 14 (Figure 5B).  Both com-
pounds were irradiated with NIR LEDs (735nm) for 180 
minutes, and photolysis efficiency was measured by the % 
change in absorbance at λmax = 738 nm (13, BP121) and λmax = 
705 nm (14, BP122), and the % change in free CsA diol cargo 
by MS. Figure 5B shows a clear trend of light-activated degra-
dation of 14 correlated with simultaneous release of CsA diol 
cargo, while Figure 5A shows inefficient breakdown of 13. The 
discrepancy in the graph could be due to incomplete breakdown 
of metabolites, contributing to the 735nm absorbance, or pres-
ence of excess CsA diol in the sample. 

Effect of 735 versus 850 nm NIR Activation. The ability to 
trigger photolysis using 850 nm wavelength represents an im-
portant technical threshold. We have investigated different 
strategies that will allow for this chemistry to occur in biologi-
cal tissues. One strategy includes modifying the indole hetero-
cycle in the cyanine nanocage to increase overall conjugation in 
the system, thereby red-shifting the cyanine dye lmax  >850 nm.  
Despite this effort, we found that subsequent attachment of the 
linker moiety induced a sizeable hypsochromic effect leading to 
a lower lmax. Additional strategies include modifying the posi-
tion of the conjugated linker moiety from the central C4’ atom 
of the cyanine to the end of the heptemathine chain, so to retain 
conjugation and reduce the hypsochromic effect. Figure 6 
shows the evaluation of photolysis efficiency of 14 using both 
735 and 850 nm wavelengths. We show that despite a lmax of 
705 nm, BP122 was similarly sensitive to NIR triggered 

photolysis when using higher wavelengths (≥850 nm), albeit 
they are less efficient. The time for 50% photolysis or T50 was 
found to be 18.3 and 17.76 minutes when photoactivated using 
735 and 850 nm, respectively.  In this context, we found the 
photolysis kinetics to be similar between the two LED wave-
lengths used. 

Impact of Discontinuous LED Photoactivation of Com-
pound 14 (BP122). Since our goal was to develop a compound 
that is responsive to NIR photolysis, we evaluated whether un-
coupling is precisely dependent on light activation.  To deter-
mine whether our design was indeed dependent on NIR photo-
activation, we designed a study where the 850 nm NIR irradia-
tion was interrupted, and the level of photolysis was measured 
using absorbance to determine the level of intact compound.  
The impact of LED interruption is summarized in Figure 7, 
where BP122 photolysis was immediately halted following ces-
sation of LED 850 nm activation.  This was repeated twice to 
affirm that the NIR trigger was required for photolysis.  Our 
finding suggests that our designed compounds required NIR ac-
tivation to undergo photolysis, where the withdrawal of the NIR 
light source also coincided with termination of photolysis.  This 
finding supports that cyanine dye conjugates are labile to NIR 
photoactivation.   

NIR-Triggered Fragmentation of BP122 and Release of 
CsA Diol. To study the mechanistic breakdown of BP122, and 
the timing and types of intermediates that are formed, we eval-
uated the photolysis of BP122 using continuous 850 nm activa-
tion.  Samples were taken at 1, 5, 10, 15, 30, 60, 90, 120 and 
180 minutes, where the samples were evaluated using scanning 

  
Scheme 3. Proposed molecular mechanism for the uncaging fragmentation of BP122, and the release of the Cyclosporine A diol. 
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 8 

(Q1) mass spectrometry to determine the types of intermediates 
being generated over time (Figure 8).   

CsA-diol was found to be at 1218.63 in the M+ state, where 
a M+2/2 was also detected at 610. The M+ and M+2/2 correspond-
ing to BP122 was detected at 2108.78 and 1055.9, respectively.  
After 30 minutes of continuous photoactivation using 850 nm-
LED, intact BP122 was detected in small levels in the M+ state 
but the M+2/2 state was only reduced to 20% of baseline levels.  
Reduction of BP122 corresponded with production of four 
prominent metabolites.  Two metabolites corresponded to CsA-
linker conjugates (e.g. MW 1332.76 and 1768.32), while the 
other two corresponded with breakdown products of the cya-
nine dye (e.g. MW 372.46 and 346.42).  The free diol was de-
tected in approximately 100 µg/mL concentration, which corre-
sponds to the finding that the cargo was not fully liberated from 
the linker complex.  

Previous work in this area using carbamate prodrugs to re-
lease the active moiety via an intramolecular cyclization-elimi-
nation reaction have primarily shown successful release with 
phenol substrates (51). As we are attempting to release an alco-
hol substrate rather than the more readily cleaved phenol, this 
discrepancy in CsA diol concentration may be a consequence 
of having insufficient energy to fully liberate the cargo, or the 
bulky nature of the CsA peptide interfering with the intramo-
lecular cyclization of the diamine linker.  

Based on the NIR light-activated molecular fragmentation 
data of BP122 (Figure 8), we propose the following mechanism 
as to how BP122 responds to light activated photolysis, which 
undergoes fragmentation to release the active form of CsA diol 
(Scheme 3). Irradiation of BP122 with NIR light in the presence 
of oxygen and water generates high energy singlet oxygen 
(1O2), which reacts with the conjugated heptamethine cyanine 
dye to form the unstable dioxetane intermediate A1. This is fur-
ther fragmented into intermediates B1 (seen in M+ at 1769.6 and 
M+2/2 at 885.6), and C1 (seen in M+ at 374.0), as well as alter-
native fragments such as C2 (seen in M+ at 346.1).  Hydrolytic 
fragmentation of B1 forms intermediates B2 and B3 (seen in M+ 
at 1333.1 and M+2/2 at 667.1). B3 undergoes an intramolecular 
cyclization reaction leading to B4 and at the same time releases 
the active form of Cyclosporine A diol (2). 

Figure 9 shows a summary of the metabolites formed after 
photoactivation of BP122 using an 850 nm LED.  In this study, 
we evaluated the abundance of the metabolite generation using 
a LC-MS method.  The formation of compound B1 (Scheme 3) 
is rapid, and plateaus after about 30 minutes.  Interestingly, 
compound C1, the corresponding cyanine dye fragment, does 
not coincide with the formation of compound B1.  The 30-mi-
nute time point where compound B1 levels are plateauing coin-
cides with the conversion of compound B1 to B3.  The 

formation of the penultimate cargo or compound 2, correlates 
with the formation of CsA-linker, B3.  The abundance of CsA 
diol 2 is about only 50% of compound B3 in the absence of 
protein interactions.  This suggests that the linker-CsA B3 is 
relatively stable, requiring time and perhaps requiring addi-
tional photoactivation to form CsA diol 2. 

Biological Evaluation of BP122 Uncaging Upon NIR Pho-
toactivation.  Following the initial photolysis experiments and 
mechanistic MS study validating our proposed metabolites, 
BP122 (14) was used in further in vivo and ex vivo experiments 
to determine the efficacy of our system to deliver CsA diol in 
biological media. This compound was chosen over BP121 (13) 
due to its rapid breakdown profile and superior release of CsA 
diol. BP122 (14) was administered as a continuous intravenous 
infusion in rats after controlled cortical impact (CCI), with one 
group of CCI rats receiving 850 nm LED activation compared 
to the other group with no LED treatment. Sixty minutes after 
the initiation of BP122 (14) infusion, animals were euthanized 
and both blood and brains were collected. 

Plasma CsA-Linker or compound B3 (Scheme 3) was meas-
ured in all of the animals, comparing animals receiving NIR 
transillumination (850 nm) with no LED treatment.  Continuous 
infusion of BP122 showed the circulating BP122 levels were 
similar between LED and no-LED treatment.  In contrast, CsA-
Linker (B3) was significantly higher in the LED treated group 
as compared to no LED (Figure 10).  This evidence suggests 
that NIR irradiation at the optimal wavelength of 850 nm was 
able to trigger photolysis of BP122 in the brain, leading to CsA-
linker blood levels.  However, no detection of free CsA diol was 
found in the plasma samples using our current assay.  

We followed up on the in vivo experiment with an ex vivo 
method we developed to study the NIR uncaging process in bi-
ological tissue using rat brain homogenate. Brain homogenates 
suspended in BP122 solution were activated using 850 nm light, 
where at designated time points, an aliquot of the suspension 
was collected, extracted and analyzed using our targeted LC-
MS approach.  The results from this experiment are summarized 
in Figure 11.  

Figure 11 shows the abundance of the analytes all measured 
over time.  In this study, BP122 was broken down to approxi-
mately 20% of the starting material over this time period, which 
produced both compounds B1 and C1 (Scheme 3).  Similar to 
in vitro study, light activation using 850 nm was able to rapidly 
form compound B1, which coincided with breakdown of 
BP122.  Unfortunately, this study was not able to detect levels 

 
Figure 10. Plasma concentration of CsA-Linker (B3) meas-
ured by LC-MS in CCI rats receiving BP122 (14), followed 
by NIR LED activation (850 nm) compared to no LED treat-
ment. 
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Figure 9. Photolysis mediated formation of metabolites of 
BP122 over time, suggesting that compound B1, the cyanine-
CsA fragment, is produced rapidly after photolysis. 
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of compound B3 or 2, which are the CsA-linker and CsA diol, 
in the brain homogenate samples.  This may be due to inade-
quate extraction from brain tissue (which is more hydrophobic 
than plasma) or the level of protein binding of CsA diol and 
CsA-linker may prevent the eventual breakdown of the photol-
ysis products. 

Pharmacologically, ICG-type dyes extravasate rapidly into 
tissues thus allowing us to take advantage of TBI-induced BBB 
disruption (52). Also, it is known that ICG is rapidly taken up 
by the liver and cleared within minutes after IV administration, 
where the primary mechanism of systemic clearance is metab-
olism followed by biliary excretion (53). This is important in 
terms of safety margin, where the compounds are systemically 
eliminated.  Moreover, cyanine metabolites were found to be 
non-toxic and are also rapidly eliminated. Another advantage of 
ICG-type compounds is that they are also tunable where in-
creased hydrophilicity can alter drug disposition and further en-
hance safety margins (52).  

Overall, our studies to-date indicate that the ICG-type cya-
nine nanocages show great promise towards the development of 
light-activated localized delivery of effective therapeutics for 
the treatment of TBI, without systemic adverse effects. We have 
shown that the central ring in the conjugated heptamethine 
chain represents an important factor for controlling kinetics of 
cyanine breakdown and release of CsA diol. This data has also 
shown evidence for the ability to control the light-activated 
breakdown of our conjugates using intermittent NIR LED pho-
toactivation. We have reached a significant technical threshold 
by providing evidence for the ability of NIR irradiation at the 
optimal wavelength of 850 nm to trigger photolysis of BP122 
in a TBI model (CCI) in the brain. In addition to the ability to 
fine-tune the NIR absorption required for releasing their drug 
cargo, these cyanine-based systems show promise for in vivo 
applications with potential benefits for TBI treatment.  
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