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Abstract 
 

Adapted as an RNA-guided genome-editing system, CRISPR/Cas9 has served promising potential 

in the treatment of human genetic diseases. Specifically, enzymatic base editors can effectively 

catalyze single-nucleotide conversions in cellular DNA through the use of a catalytically-dead 

Cas9 and a deaminase. Current base editors primarily consist of cytosine and adenine base editors, 

which can create CàT and AàG conversions through deamination of the substrate, respectively. 

However, the use of enzyme-based approaches can give rise to exasperated levels of non-specific 

editing. New base editors are needed to expand the mutagenic repertoire of current base editing 

technologies, as well as reduce off-target effects associated with current editors. For this, the 

photooxidation of guanine was explored as a method of achieving precise GàC conversions in 

the cellular genome. The development of the first chemical base editor could therefore allow for 

the utmost spatiotemporal precision, potentially alleviating the off-target effects associated with 

enzymatic editors. 
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1 Introduction  
 

1.1 The discovery and evolution of CRISPR/Cas9  
 

 Originally discovered in prokaryotic organisms in 1987, CRISPR/Cas9 was first found as 

an adaptive immune response towards invading viral pathogens.1 The CRISPR locus is defined by 

23-47 base-pair “repeats” that are regularly interspaced between unique targeting sequences called 

“spacers.” Hence, the term “CRISPR” is derived from clustered regularly interspaced palindromic 

repeats.2,3 The first stage of CRISPR biogenesis is called the adaptation (or acquisition) stage, 

which involves the incorporation of new spacers into the CRISPR locus from viral phage DNA 

(Figure 1a).4 A set of cas genes is located ahead of the CRISPR locus, in which two Cas proteins 

are universally involved in all adaptive CRISPR/Cas systems: Cas1 and Cas2.5 As they are the two 

proteins generally involved in the adaptation phase, they function together in the recognition and 

incorporation of invading species into the CRISPR genome. Mechanistically, upon Cas1-Cas2 

complex formation in vivo, a pair of Cas1 dimers are directly involved with the recognition of a 

protospacer-adjacent motif (PAM) that is upstream of the target invading DNA.6,7 Cas2 plays a 

role in determining the number of nucleotides to integrate into the genome, resulting in a defined 

33-nucleotide spacer inserted ahead of the first repeat in the CRISPR locus (Figure 1a).7 Using an 

adenine- and thymine-rich (A+T) leader sequence just upstream of the CRISPR locus, RNA 

transcription yields a CRISPR array containing spacers that target recently-encountered viral 

phage DNA.8 Herein, the formation of effector complexes during the maturation stage of the 

immune response differs and can be broadly classified as types I, II, and III systems. As a Cas9-

mediated process, the type II CRISPR system will therefore be our focus.  
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Figure 1. The three stages of CRISPR/Cas9 immunity in prokaryotes.  
a) Acquisition stage: Upon injection, viral phage DNA is targeted by Cas1 and Cas2 homodimers, integrating a 
new spacer ahead of the first repeat in the CRISPR genome. b) RNA biogenesis: Following transcription of the 
CRISPR spacer-repeat array, the tracrRNA complimentary binds to the repeat region of the pre-crRNA transcript 
with the aid of Cas9 (not shown). Subsequent processing steps by RNase III and unknown enzymes result in 
crRNAs that are 39-42 nt in length. c) Effector complexes of crRNA, tracrRNA, and Cas9 available for target 
interference. Figure adapted from reference [10] (© 2011, Nature). 
 

1.2 Type II-A CRISPR/Cas9 system 
 

Following RNA transcription, targeting viral phage DNA involves the formation of 

effector complexes, which consist of a few distinct features for type II CRISPR systems. Among 

CRISPR systems, it was first found that the CRISPR RNA transcript is cleaved into approximately 

60-nt crRNAs and the sequence at the 3’ end was matched to the middle of the CRISPR repeat, 

meaning that the repeat sequence generally identifies as a cleavage site in CRISPR systems.9 

RNase	III	

crRNA-tracrRNA-Cas9	effectors	

Cas1	 Cas2	

Leader	

tracrRNA	

spacer-repeat	array	
a) 

b) 

c) 
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Specifically, the processing of crRNAs was studied in Streptococcus pyogenes, deeming a type II-

A system.10 Charpentier et al.10 identified a 171/89 base-pair trans-encoded RNA (tracrRNA) that 

is encoded upstream of the leader-spacer-repeat array, in which the tracrRNA is involved with 

processing of short crRNA effector complexes. The tracrRNA contains a 25-nt stretch that is said 

to complimentary base-pair to the repeat sequence of the pre-crRNA transcript with the aid of 

Cas9, allowing for the in vivo processing of crRNA. By providing an RNA duplex structure, the 

crRNA/tracrRNAs are co-processed through the cleavage of the repeat sequence by endogenous 

RNase III, resulting in a 2-nt overhang at the 3’ end of the crRNA-tracrRNA complex.2,10 This 

step results in 66 nt crRNAs that further undergo a secondary processing event involving cleavage 

within the spacer sequence, which results in trimming at the 5’ end of the crRNA and yields 39-

42 nt crRNAs (Figure 1b).10 The individual short crRNAs now possess a spacer-derived sequence 

that is 20 nt long and a repeat-derived sequence that is 19-22 nt long, resulting in the formation of 

Cas9-crRNA-tracrRNA effector complexes now available for targeting viral RNAs (Figure 1c).  

 

Effector complexes allow for target interference and ultimately provide immunity against viral 

pathogens without disrupting the host chromosome by distinguishing between viral and self 

DNA.11 For target recognition and cleavage of target double-stranded DNA (dsDNA) to occur, 

there must be a complimentary match between the target DNA strand and spacer within the crRNA, 

which is induced by Watson-Crick-Franklin base-pairing.2 This means that the dsDNA target 

contains a complimentary strand and non-complimentary strand, but complimentary base-pairing 

is not the only parameter to achieve target recognition. As previously mentioned briefly, the Cas9 

protein must recognize a protospacer-adjacent motif (PAM) located at the 3’ end of the spacer on 

the non-complimentary strand.12,13 Specifically, S. pyogenes Cas9 searches for a PAM sequence 

of 5’-NGG prior to unwinding of the dsDNA and crRNA binding to the target strand.14 Upon 

finding a complimentary match in the target genome using the crRNA sequence as a guide, Cas9 

cuts both strands of the invading DNA, resulting in successful interference.2 Thus, this CRISPR 

system provides bacteria with adaptive immunity, as it can target DNA that it has once encountered 

before.   
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1.3 A programmable RNA-guided DNA endonuclease for eukaryotic genome-editing 
 

 In 2012, bacterial CRISPR/Cas9 immunity was adapted as a dual RNA-guided genome 

editing technology by Jennifer Doudna and Emmanuelle Charpentier, who later won a Nobel prize 

in 2020 for their work.14 Being adapted from the natural type II CRISPR system, it utilizes a dual 

RNA to guide Cas9 endonuclease to a target site in the genome: crRNA and tracrRNA. These two 

components are often fused into a single guide RNA (sgRNA) in genome-editing applications 

(Figure 2). RNA-guided SpCas9 nuclease identifies the 3-nucleotide PAM in the genome prior to 

unwinding of the dsDNA. Then, the sgRNA is used to find a complimentary match through 

complimentary base-pairing between the spacer and target region of the genome, resulting in the 

formation of an open R-loop structure (Figure 2).14 Subsequently, this results in double-stranded 

cleavage at a specific region in the genome, which is not possible without the crRNA-tracrRNA-

Cas9 tertiary complex.  

 
 

Figure 2. Dual RNA-guided target interference by Cas9 endonuclease.  
Adapted by Doudna & Charpentier in 2012 as an RNA-guided gene-silencing system, a single guide RNA 
(sgRNA) guides Cas9 to a target region of the genome. Cas9 first searches for a protospacer-adjacent motif 
(PAM) on the non-complimentary strand prior to complimentary binding of the sgRNA to a target region of 
the genome. Upon finding a complimentary match, Cas9 makes a double-stranded cut 3 bp downstream from 
the PAM.  
 
 
 
 
 
 
 
 

Cas9	

sgRNA	

PAM	

dsDNA	

Target	sequence	
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1.3.1 Structure and function of SpCas9 nuclease 
 

 The Cas9 nuclease consists of approximately 1368 amino acids and is divided into two 

lobes: the nuclease (NUC) lobe and the recognition (REC) lobe (Figure 3a).15 Cas9 has two 

nuclease domains that are responsible for double-stranded DNA cleavage. The HNH domain, 

which is poorly ordered prior to sgRNA binding, is a two-stranded anti-parallel β-sheet surrounded 

by four α helices.15 It is responsible for cleavage of the target strand of dsDNA substrates and has 

a conserved His840 residue that is required for nuclease activity, meaning that H840A mutations 

render the HNH nuclease inactive.15,16 The RuvC domain, which is subdivided into RuvC I-III, 

forms the core of the nuclease domain with six β strands and four α helices surrounding them.16 It 

is responsible for cleavage of the non-target strand during dsDNA cleavage, where D10A is often 

a mutation to render the RuvC nuclease domain inactive.15 A positively-charged interface at the 

RuvC and PAM-interacting (PI) domains binds the 3’ end of sgRNA and the PI is positioned to 

recognize the PAM on the non-target strand.  

 

Furthermore, the recognition lobe consists of REC1 and REC2 with the latter being not as 

important for Cas9 binding and activity.15 However, REC1 plays a vital role in the binding of Cas9 

as it makes contact with the repeat (crRNA) and the anti-repeat (tracrRNA) region while the bridge 

helix intermolecularly interacts with the guide region as well.15 Recognition of the crRNA and 

tracrRNA repeat/anti-repeat regions is essential for Cas9 binding to duplex DNA; otherwise, 

binding would be abolished.15  
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Figure 3. Structure of Cas9 from Streptococcus pyogenes (SpCas9).  
a) SpCas9 consists of the NUC lobe (residues 1-59 and 718-1368) and REC lobe (residues 60-713), which are 
each subdivided into domains possessing their own unique functions. b) Surface representation of the sgRNA-
Cas9 complex. The catalytic H840 and D10 residues in the HNH and RuvC domains, respectively, are indicated 
by yellow dashed circles. Figure from reference [15]. (© 2014, Cell). 
 

1.3.2 Structure of the crRNA-tracrRNA 
 

As mentioned previously, the tracrRNA is typically fused with the crRNA to produce the 

sgRNA used in CRISPR/Cas9 systems. Hence, the sgRNA forms a highly ordered RNA structure 

of approximately 118 nucleotides – 20 nucleotides for the crRNA and 98 nucleotides for the 

tracrRNA.15,17 Within the 20 nt crRNA spacer, 10-12 of the nucleotides closest to the PAM 

encompass the “seed” region.18,19 The seed region is particularly important for target specificity 

since off-target editing often arises from similarity with the seed region.19 After the seed region 

and PAM, the repeat-anti-repeat region constitutes the upper stem loop of the tracrRNA, in which 

mutations in the upper stem loop have a dramatic impact on Cas9 function, as per the interactions 

with the REC lobe of Cas9.15 There are three further stem loops (stem loops 1-3) for a total of four 

stem loops in the tracrRNA, while a 4-nucleotide linker separates stem loops 1 and 2 (Figure 4).18 

These stem loops act to reinforce the binding of Cas9 – stem loop 1 primarily interacts with the 

a) 

b) 
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REC lobe while stem loops 2-3 primarily interact with the NUC lobe.15 Occasionally, the 3’ stem 

loop is omitted in the design of sgRNA constructs in genome-editing.18 

 

 
Figure 4. Schematic of the sgRNA scaffold. 
The sgRNA consists of the 20 nt spacer element and 98 nt tracrRNA containing the anti-repeat region three 
additional stem loops. Dashes and dots represent canonical and non-canonical Watson-Crick-Franklin base-
pairs, respectively. Bold squares represent π-stacking interactions. Figure from reference [17]. (© 2016, 
Science).    

 

Although the tracrRNA is quite structured, there is such flexibility that allows researchers 

to utilize aptamer-fused Cas9 systems in applications such as transcriptional activation and 

repression.20,21 Aptamers are single-stranded nucleic acid polymers that fold into unique secondary 

structures; and thus, they bind to molecular targets (e.g., proteins).22 Known RNA aptamers (e.g., 

MS2, PP7)20,21 have been fused into the sgRNA, allowing for the effective recruitment of their 

respective RNA-binding proteins (e.g., MCP, PCP) to a target region of the genome with the 

guidance of Cas9. 20,21 Specifically, aptamers have typically been cloned as an extension of the 

upper stem loop of the tracrRNA, resulting in highly efficient fluorescence in Cas9-based 

fluorescent reporter systems (Figure 5a).23,24 However, considering that the lower stem loops are 

not as required for Cas9 binding, aptamers have also been cloned into stem loop 2 with similar (or 

greater) efficiencies (Figure 5b).20,23 Aptamers cloned at the 3’ end of the sgRNA have shown 

high-fold changes of transcriptional control as well (Figure 5c).21,23 Researchers have even gone 

to the extent of cloning multiple aptamers into the different stem loops for either dual labelling,23 

or enhancing the brightness in live cell imaging of low-copy gene sites.25 
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Figure 5. Examples of aptamer-fused sgRNA constructs.  
a) RNA aptamer cloned as an extension of the repeat-anti-repeat duplex, b) RNA aptamer cloned into stem loop 
2 of the tracrRNA component, and c) RNA aptamer cloned at the 3’ end of the sgRNA.  

 

1.3.3 Applicability of CRISPR/Cas9 gene-editing 

 

Upon RNA-guided Cas9 binding to a target region of the genome, Cas9 creates a double-

stranded break (DSB) approximately 3 nucleotides upstream of the PAM in a blunt-ended 

fashion.14,26 The production of DSBs triggers one of two endogenous cellular repair pathways – 

one of which is called non-homologous end-joining (NHEJ). This pathway preferentially leads to 

the random insertion or deletion of nucleotides, termed indels, which can vary in length based on 

the number of nucleotides inserted/deleted.27 Thus, CRISPR/Cas9 has been used to effectively 

“knock out” the function of specific genes through the NHEJ repair process.  

For instance, it has shown great therapeutic potential in the treatment of sickle cell disease 

and β-thalassemia, as per the first FDA-approved CRISPR drug – Casgevy.28,29 Normally, as the 

switch from γ-globin to  β-globin occurs during adulthood, BCL11A acts as a suppressor towards 

fetal hemoglobin expression, consequently leading to the expression of β-globin instead of γ-

globin.29,30 However, sickle cell disease is caused by a defect in the β-globin gene, which does not 

allow for the normal production of hemoglobin, leading to sickled red blood cells. Through an 

NHEJ-mediated process, disrupting the function of the BCL11A enhancer region can lead to 

elevated levels of γ-globin, allowing for SCD patients to rely solely upon fetal hemoglobin 

instead.29,30 This represents a very relevant example of how CRISPR/Cas9 and NHEJ-mediated 

repair can be used in effective treatments against human genetic disorders. 

Further, NHEJ-mediated processes have also been effective in broad CRISPR screens for 

loss-of-function mutations, which help to uncover mechanisms of drug resistance and understand 

drug targets.31,32 Nevertheless, many pathogenic point mutations can only be corrected through the 

precise replacement of a sequence in the genome. This can be achieved through the supply of a 

a) b) c) 
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donor dsDNA template, which is utilized in homology-directed repair (HDR) upon Cas9 cleavage. 

This pathway allows for the incorporation of a variety of edits in the resulting sequence (e.g., 

single-nucleotide changes, gene insertions);18 however, the efficiency of HDR-related genome 

editing is only approximately 0.1-5%.33 HDR-related gene-editing is also limited to the G2 and S 

phases of the cell cycle, limiting its use in actively dividing cells.34 Also considering the vast 

amount of off-target editing induced by slightly mismatched sgRNAs guiding Cas9 to incorrect 

regions of the genome,35 it is key to develop more efficient and precise methods of genome 

engineering in order to maximize the applications in biomedical research.  

 
Figure 6. Two cellular repair pathways upon double-stranded DNA cleavage.  
Non-homologous end-joining (NHEJ) results in random insertion/deletion of nucleotides (indels – red). 
Homology-directed repair (HDR) uses a donor dsDNA as a template for the incorporation of a unique edit into 
the genome. The homology arms are indicated in pink and the edited sequence is indicated in orange. 

 

1.4 Base editing – a newly emerged approach to CRISPR gene editing 

 

 To overcome the challenges of HDR-based genome editing discussed thus far, the Liu 

group developed the concept of base editing.33,36 It utilizes the fusion of a catalytically dead Cas9 

(dCas9), as well as a deaminase, to induce precise single-nucleotide conversions in the genome. 

Upon RNA-guided binding of dCas9 to a target region of the genome, the deaminase (e.g., 

HDR	

NHEJ	
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APOBEC1) converts, for instance, cytosine to uracil on the non-target strand (Figure 7).33 Upon 

DNA replication and repair, adenine is expected to be incorporated opposite to uracil by Watson-

Crick-Franklin base pairing, resulting in a permanent cytosine-to-thymine (CàT) conversion at 

the specific genomic site. However, improved base editors have been generated in order to reduce 

the chance of endogenous removal of the edited sequence. Rather than using dCas9 to target an 

area of the genome, they used a Cas9 nickase (D10A) capable of nicking the target DNA strand, 

triggering mismatch repair (MMR) in the replacement of the unedited sequence.37 The addition of 

a bacterial uracil glycosylase inhibitor (UGI) also allowed for greater editing efficiencies by 

irreversibly inhibiting the removal of uracil from eukaryotic DNA during deamination.38 The 

cytosine base editor was therefore the first demonstration of base editing, but adenine base editors 

have also been well-established as they are capable of adenine-to-guanine (AàG) mutations at 

targeted genomic sites.36 Scientists used a variant of TadA, which is an RNA adenine deaminase 

from E. coli, in conjunction with dCas9 or Cas9 nickase.36,39 As Cas9 is guided to a target region 

of the genome, the TadA* deaminase converts adenine to inosine (AàI) through deamination, 

which ultimately is read as guanine by polymerases during replication. 

 

 
Figure 7. Depiction of a cytosine base editor.  
Cas9 nickase (Cas9n) finds a target region of the genome based on a complimentary match with the sgRNA 
sequence. Subsequently, the deaminase (APOBEC1) converts cytosine to uracil (CàU) on the non-target strand 
and Cas9n cuts only the target strand. Upon replication and repair, the C:G base pair is converted to a T:A base 
pair.  

 

1.4.1 Therapeutic applications of base editing 
 

Numerous in vivo studies have already shown the therapeutic potential of cytosine and 

adenine base editors, including in clinical trials. For example, base editing was used to engineer 

T-cells to be less susceptible to T-cell fratricide and graft-host disease prior to the addition of 
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CAR7 receptor-encoding DNA.40 These CAR7-expressing T-cells were then able to target T-cells 

of acute lymphoblastic leukemia (ALL) through CD7 recognition, effectively achieving 

antileukemic responses after 28 days post-administration. Moreover, adenine base editing has 

proven to be very effective at knocking down both alleles of the PCSK9 gene by causing aberrant 

splicing, which resulted in lower levels of low density lipoprotein cholesterol (LDL-C).41 Verve 

Therapeutics has adapted this technology into a gene therapy for treating individuals with 

heterozygous familial hypercholesterolemia and it has made progress in clinical trials, displaying 

significantly reduced levels of LDL-C in human patients.41,42 It should be noted that although base 

editing has shown applications in clinical trials, it is not without adverse effects that need to be 

accounted for.40–42   

 

1.4.2 Current methods and limitations of base editing 
 

To date, cytosine and adenine base editors have been broadly explored for therapeutic 

potential in clinical studies,40,41 mediating CàT and AàG transitions in resolving single-

nucleotide polymorphisms. The opposite TàC and GàA transitions can also be achieved through 

the careful identification of the target and non-target strand as well; however, it requires the precise 

location of a PAM three nucleotides from the cleavage site.26 Variants of SpCas9 have been 

engineered to reduce the restrictions on the PAM sequence, such as SpG (NGN) and near-PAMless 

SpRY, which have been applied to base editors.43 Despite efforts in abolishing the stringent PAM 

parameters, SpRY still shows a preference towards NRN (R = A or G) PAM motifs, meaning that 

guanine and thymine base editors would expand the toolbox necessary for optimizing high editing 

efficiencies at intended genomic sites.  

 

Out of 33,739 known human genetic variants associated with disease, 58% of them are 

caused by point mutations.44–46 Although current CBEs and ABEs can reverse many of these 

pathogenic point mutations, the current scope of base editors limits the types of mutations that can 

be corrected for. New base editors are therefore required to directly create precise single-

nucleotide conversions to reverse other known single-nucleotide polymorphisms. No deaminase-

based guanine or thymine editors currently exist, but new approaches to base editing have taken 

effect in order to expand the chemical toolbox. For instance, researchers have recently developed 
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thymine and cytosine base editors capable of T-to-S (S = G or C) and C-to-G conversions, 

respectively, through structure-informed rational mutagenesis of uracil DNA glycosylase.47 It 

relies on the pathway of abasic site production for direct thymine and cytosine editing. A direct 

guanine base editor has also been generated by engineering a variant of N-methylpurine DNA 

glycosylase, which allowed for G-to-Y (Y = C or T) conversions.48 However, these glycosylase-

centered editors have significant levels of unwanted conversions, including the substantial 

incorporation of adenine into the abasic site, in which this brings issues with product purity and 

specificity. Further, the use of abasic sites ultimately results in high levels of indel formation due 

to the repair mechanisms by BER enzymes such as AP lyase.47–49 Thus, new approaches to base 

editing are needed to induce precise nucleotide changes with less formation of by-products.  

 

A major drawback of current base editors is derived from the fact that they are currently 

all enzyme-based approaches.33,36,47,48 Aside from the off-target effects associated with Cas9 

binding itself, off-target deamination can arise during DNA replication or RNA transcription, as 

they expose various single-stranded regions in the genome. Hence, elevated mutation rates can 

arise due to the cellular overexpression of deaminases expressed from DNA vectors, which has 

shown to have deleterious effects observed in cancer.50,51 Furthermore, product purity from C-to-

U base editing has been significantly improved with the addition of a uracil glycosylase inhibitor, 

albeit with increased C-to-U mutation rates elsewhere in the genome.33,52 Along with off-target 

editing at a completely separate region of the genome, bystander editing can also occur within the 

sgRNA-binding site.45 Although the greatest editing efficiencies occur within the 5-bp editing 

window, editing can still occur within the R-loop of single-stranded DNA (termed “bystander 

editing.”)33,36,45 The requirement for a narrower editing window will only increase with the 

growing field of achieving PAM-less SpCas9 nucleases.43  
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1.5 Photooxidation of guanine 

 

1.5.1 Type I and type II photosensitizers 

 

Once exposed to light of the appropriate wavelength, a ground state (S0) photosensitizer 

typically converts to the first singlet excited state (S1) upon excitation, which can then relax to the 

ground state by a radiative (fluorescence) or a non-radiative pathway.53 Another pathway involves 

intersystem crossing (ISC), which involves a spin-forbidden process that converts a singlet state 

photosensitizer to a triplet state photosensitizer. The ability of a photosensitizer to catalyze 

photoelectron transfer (PET) in the singlet state is largely dependent on the lifetime of fluorescence 

(𝜏f). A photosensitizer with a 𝜏f of less than 1 nanosecond generally does not undergo PET in the 

singlet excited state; and therefore, the energy is dissipated in other pathways such as ISC.53 ISC 

would result in the triplet-state photosensitizer, which is able to undergo further catalysis through 

PET. A greater quantum yield of the triplet state (ϕISC) generally increases the chance of the triplet-

state photosensitizer undergoing PET during catalytic processes.53  

 

1.5.2 Photooxidation of guanine by type I photosensitizers  

 

As the most readily oxidizable nucleobase in DNA, guanosine is known to undergo 

electrooxidation at approximately 1.03 V versus NHE.54,55 It can oxidize via one of two pathways 

– type I or type II photooxidation – which ultimately result in different product outcomes due to 

different mechanistic details.56 Via type I photooxidation, guanine undergoes one-electron 

oxidation to form a guanine radical cation, which then proceeds through one of two oxidative 

pathways largely dependent on the nucleic acid environment (Scheme 1).57 In single-stranded and 

double-stranded DNA, the guanine radical cation becomes deprotonated to form a neutral radical. 

As the photosensitizer transfers an electron to oxygen during catalytic turnover to form superoxide 

anion (O2-), O2- reacts with the guanine radical at the C5 position.53,58 Subsequent steps eventually 

yield the imidazolone (Iz) product; or alternatively, oxazolone (Oz) is formed.57 In a secondary 

pathway, the guanine radical cation may also directly encounter nucleophilic addition of water, 

yielding 8-oxoguanine (8-oxoG). 8-oxoG is highly susceptible to further oxidation, resulting in 
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further oxidized products: spiroiminodihydantoin (Sp) and guanidinohydantoin (Gh).56 Since type 

I photooxidation results from the direct oxidation of guanine, a type I photosensitizer will require 

an excited reduction potential that is higher than the oxidation potential of guanine in DNA.53 For 

example, riboflavin is a type I photosensitizer largely characterized by a flavin moiety. It has a 

reduction potential of +1.50 V in the excited triplet state, which means it should allow for the 

oxidation of guanine.54,55,59   

 

 
 
Scheme 1. Photooxidation of guanine by type I photosensitizers.  
One-electron oxidation of guanine yields a radical cation that can further react with oxygen species in one of 
two pathways. It can yield imidazolone (Iz) and/or oxazolone (Oz). Or, it can yield 8-oxoguanine (8-oxoG) – 
which can then further oxidize into spiroiminodihydantoin (Sp) and guanidinohydantoin (Gh).  

 

1.5.3 Photooxidation of guanine by type II photosensitizers 

 

Type II photooxidation of guanine proceeds through a less direct approach, as it does not 

involve the direct abstraction of an electron from the nucleobase. Rather, upon excitation of a type 

II photosensitizer, it converts to the triplet excited state and reacts with ground state triplet oxygen 

(3O2) to produce singlet oxygen (1O2).56 Singlet oxygen is an electrophile that reacts with 

nucleophilic substrates (e.g., guanine) in cycloadditions, yielding 8-oxoguanine that can further 

react with 1O2 to produce Sp and Gh (Scheme 2).60 Type II photosensitizers do not produce Iz 

upon photooxidation of guanine, as their primary pathway is through the generation of 1O2.56 

Specifically, having a very short 𝜏f of 0.5 ns, Rose Bengal undergoes fast ISC conversion to the 

triplet excited state – and so 1O2 can therefore be produced (Figure 8b).53  
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Scheme 2. Photooxidation of guanine by type II photosensitizers.  
Upon photoexcitation of a type II photosensitizer, singlet oxygen (1O2) is produced. Reactive 1O2 species can 
generate oxidized products from guanine; namely, 8-oxoguanine (8-oxoG) that further undergoes oxidation into 
spiroiminodihydantoin (Sp) and guanidinohydantoin (Gh).  

 
 
Figure 8. Chemical structures of photosensitizers.  
Chemical structure of a) Riboflavin and b) Rose Bengal. The redox-active moiety of riboflavin is indicated by 
the red rectangle.  
 

1.6 RNA aptamers  

 

1.6.1 Broccoli RNA Aptamer  

 

The broccoli aptamer has been evolved using a combination of systematic evolution of 

ligands by exponential enrichment (SELEX) and fluorescence-activated cell sorting (FACS) to 

sort high-affinity aptamers against a small molecule ligand.61 Functioning similarly to the 

previously evolved spinach aptamer, the broccoli aptamer specifically binds to (Z)-4-(3,5-difluoro-

4-hydroxybenzylidene)-1,2-dimethyl-1H-imidazol-5(4H)-one (DFHBI) – in which fluorescence is 

activated upon binding. Compared to the spinach aptamer, the broccoli aptamer is small and does 

not require a tRNA scaffold in vitro and in vivo, making it more useful for applications in cellular 

imaging.62,63 The structure of the spinach and broccoli aptamers is defined by a G-quadruplex 

region that is responsible for DFHBI binding (Figure 9a).63 These aptamers generally possess two 

helical domains separated by an internal loop; in which, the internal loop contains the G-
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quadruplexes. DNA mimics of the broccoli aptamer have been evolved as well – for instance, the 

53 nt Lettuce aptamer was evolved using SELEX, highlighting that ssDNA sequences can fold 

into complex architectures just as RNA aptamers do (Figure 9b).64 Through further structure-

guided optimization, the P1 stem was omitted while P2 was shortened and point mutations were 

produced to induce greater fluorescence. This yielded the 37 nt aptamer – Bibb Lettuce. 

  

 
Figure 9. Two-dimensional structures of aptamers.  
Shown is the a) broccoli RNA aptamer and b) Lettuce DNA aptamer with DFHBI bound above the G-quadruplex 
region. Arrows and Leontis-Westhof symbols represent connectivity and base-pairing, respectively. (a) is from 
reference [63] (© 2021, Molecules) and (b) is from reference [64] (© 2023, Nature).  
 

DFHBI is a small molecule fluorophore that mimics the properties of GFP upon binding to 

the broccoli aptamer with a Kd of approximately 337 nM.61 It can be modified at the N3 position 

without disrupting the binding of DFHBI to the broccoli aptamer (Figure 10a).61,65 Conjointly, 

photosensitizers such as Rose Bengal and riboflavin have also shown that they can be chemically 

modified without abolishing their photophysical properties. Specifically, carboxyester derivatives 

of Rose Bengal have shown to remain active while riboflavin can also be modified via the chemical 

replacement of the ribitol group (Figure 10b and 10c, respectively).66,67 Thus, chemical 

conjugation of these photosensitizers to DFHBI can allow for these photosensitizers to be used 

with the broccoli aptamer.  

 

 

 

a) b) 
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Figure 10. Chemical structures of DFHBI-linked photosensitizers.  
Chemical structure of a) DFHBI, b) Rose Bengal conjugate, and c) riboflavin conjugate.  
 

1.6.2 X2B2 aptamer 

 

The X2B2 aptamer was evolved to specifically bind to the oxidized form of riboflavin, or 

flavin-containing molecules such as flavin adenine dinucleotide (FAD), which this specificity for 

oxidized forms of co-factors is not normally accounted for.68 A mutant form of X2B2 that contains 

a C14U point mutation displayed the highest affinity to flavin molecules, possessing a Kd of 

approximately 243 nM, and is the same number of nucleotides as the broccoli aptamer. The 

structure encompasses a binding pocket for binding to the isoalloxazine ring of riboflavin/FAD, 

which contains four base triples that have deemed to be required for binding: U30:A10•A9, 

C29:G11•C23, A12:U28•A22, and U14•G13•G27 (Figure 11).68 Thus, the X2B2-C14U aptamer 

can be used to preferentially bind the oxidized form of riboflavin with minor effect on the change 

in reduction potential, possibly allowing for the effective recruitment of riboflavin to a localized 

area of the genome for photooxidation of guanine.  
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Figure 11. Two-dimensional structure of the X2B2-C14U aptamer.  
The isoalloxazine ring (orange) is bound to the binding region. Leontis-Westhof symbols represent base-pairing 
involved. Base triples are shown: U30:A10•A9 (cyan), C29:G11•C23 (pink), A12:U28•A22 (green), and 
U14•G13•G27 (purple). From reference [67] (© 2022, Nature Chemical Biology).  

 

1.7 CRISPR-guided photooxidation of guanine in cells 

 

Through the utility of a type I or type II photosensitizer, the photoinduced oxidation of 

guanine can be leveraged in the development of a novel guanine base editor.56 By fusing single-

stranded RNA aptamers into the sgRNA construct, RNA-guided dCas9 can be used to recruit a 

photosensitizer to a target region of the genome.23,24 Proceeding either through the direct or indirect 

recruitment of a photosensitizer, the aim is to create a high concentration of photosensitizer to a 

localized region of the genome, so that site-specific oxidation towards guanine is achieved.  

The primary approach is to use the broccoli aptamer to bind and recruit DFHBI-linked 

photosensitizers (i.e., Rose Bengal) to a target genomic site. Using an sgRNA construct with the 

broccoli aptamer cloned into the tracrRNA region,24,61 dCas9 will search for a complimentary 

match within the genome prior to the indirect recruitment of the photosensitizer. Upon exposure 

to a specific wavelength of light, the photosensitizer will “switch on” and likely oxidize nearby 

guanines in the double-stranded region of the dCas9-bound complex. Oxidized bases in the form 

of Sp and Gh are known to individually base-pair with G during replication, yielding guanine-to-

cytosine (GàC) mutations upon repair and replication.69 Thus, an RNA-guided dCas9 system 

could ultimately achieve precise GàC conversions at specific sites in the cellular genome.  
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Figure 12. CRISPR-guided photooxidation using the broccoli-DFHBI RNA-binding pair.  
a) Photooxidation of guanine by type II photosensitizers primarily yields spiroiminodihydantoin (Sp), which is 
known to be read as cytosine by polymerases. b) Catalytically-dead Cas9 (dCas9) is guided by the sgRNA-
broccoli scaffold to a target genomic site. Upon excitation of the photosensitizer with visible light, 
photooxidation of guanine yields guanine-to-cytosine (GàC) conversion after DNA replication and repair.  
 

An alternative approach to CRISPR-guided photooxidation of guanine is to use an aptamer 

that has been evolved to directly bind a photosensitizer – in this case, the X2B2-C14U aptamer.68 

Using an sgRNA construct with the X2B2-C14U aptamer cloned into the tracrRNA region,23,24,68 

the dCas9 system can directly recruit riboflavin to a localized region of the genome for targeted 

photooxidation. Upon exposure to light of an appropriate wavelength, riboflavin may initiate direct 

oxidation of guanine in its excited triplet state.53 If so, oxidized products, such as Iz and Oz, also 

are known to base-pair with guanine, yielding GàC conversions upon DNA replication and 

repair.69 Thus, the X2B2 aptamer is proposed to be able to effectively bind and recruit riboflavin, 

consequently leading to CRISPR-guided photoinduced GàC conversions at particular genomic 

sites in cellular DNA.  
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Figure 13. CRISPR-guided photooxidation using the X2B2-riboflavin RNA-binding pair.  
a) Photooxidation of guanine by type I photosensitizers primarily yields imidazolone (Iz), which is known to be 
read as cytosine by polymerases. b) Catalytically-dead Cas9 (dCas9) is guided by the sgRNA-X2B2 scaffold to 
a target genomic site. Upon excitation of the photosensitizer with visible light, photooxidation of guanine yields 
guanine-to-cytosine (GàC) conversion after DNA replication and repair. 
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2 Results and Discussion  

 

2.1 In vitro screening of photosensitizers  

 

To identify a photosensitizer to be used in CRISPR-guided photooxidation, the initial step 

was to determine which photosensitizers can intermolecularly oxidize guanine in a single-stranded 

DNA sequence. As such, five photosensitizers were screened for their ability to oxidize guanine: 

Rose Bengal, fluorescein, methylene blue, rhodamine B, and riboflavin (Figure 14a). Upon initial 

exposure of white light for 1 hour, Rose Bengal and riboflavin were the two photosensitizers where 

oxidation of guanine had been observed by LC-MS/MS analysis. Subsequent experiments were 

done with a more specific wavelength of light used, such as 550 nm for rhodamine B,53 which also 

did not allow for the photoinduced oxidation of guanine. While rhodamine B has a very similar 

excited reduction potential in the triplet state as per Rose Bengal, it has a substantially lower ϕISC 

– 0.12 compared to 0.77 for Rose Bengal.53 This means that it does not readily convert to the triplet 

state photosensitizer; and consequently, singlet oxygen cannot be produced in high enough 

concentrations for type II photooxidation of guanine. Meanwhile, the quantum yield of triplet 

conversion for Rose Bengal is substantially greater; so, although its reduction potential in the 

triplet state is quite similar, it is still able to produce singlet oxygen. Furthermore, riboflavin had 

shown to be extremely reactive with initial exposure to white light for an hour, as the ssDNA 

starting material had not been detected by LC-MS/MS (Supplementary Figure 1). This can be 

attributed to the fact that riboflavin has a very high excited reduction potential of 1.50 V (SCE) in 

the triplet state,59 which is far above the average oxidation potential of guanine in DNA.55 Hence, 

it was most likely that nearly all of the starting single-stranded DNA sequence was degraded; and 

thus, less harsh conditions were then explored for riboflavin-catalyzed photooxidation. 
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Figure 14. In vitro screening of photosensitizers.  
a) Photosensitizers that were screened for oxidative activity were i. Rose Bengal, ii. Fluorescein, iii. Methylene 
blue, iv. Rhodamine B, and v. Riboflavin. b) Conditions for testing the photooxidative activity of guanine in a 
ssDNA sequence with one guanine. PS = photosensitizer.  
 

2.1.1 Photooxidation of guanine by Rose Bengal 

 

Initial findings proposed that there had been photooxidation of a guanine-containing DNA 

sequence with Rose Bengal, although no oxidation was observed using the other xanthine-based 

dyes (e.g., fluorescein, rhodamine B). Investigating this finding in further detail, a time-course 

study was done to determine how much oxidation increases over time. Using the salt form of Rose 

Bengal with a high intensity of light (14.3 mW/cm2) of wavelength 550 nm, no oxidation products 

were observed after 10 minutes for two of three trials. However, exciting Rose Bengal for 20 

minutes was sufficient in producing spiroiminodihydantoin (Sp) as the major product besides 

starting material – conduicive to +32 amu compared to the mass of starting material (m/z 6013). 

Since  no imidazolone (Iz) appeared to be produced, it is presumed that Rose Bengal catalyzes 

guanine oxidation through type II photooxidation, requiring the triplet state photosensitizer to 

generate singlet oxygen.53 After 30 minutes of light exposure, the percentage of Sp was shown to 

increase to an average of 13% (Figure 15). Although this is seemingly low yield, it is evidently 
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selective towards guanine over the other three types of nucleobases (A, C, T) in the 20 nt sequence, 

presumably due to the fact that guanine is the most susceptible to oxidation.54,55 The intermediate 

oxidation product, 8-oxoguanine (8-oxoG), was not detected by the mass spectrometer, as there 

were no adducts corresponding to + 16 amu – corresponding to the addition of oxygen. This was 

expected in vitro as 8-oxoG is highly susceptible to further oxidation and there are no biological 

enzymes (e.g., polymerases) to repair Gà8-oxoG formation.56,69 The production of Sp was 

accompanied by a slow decline of relative starting material in the reaction, giving evidence that 

14.3 mW/cm2 of green light does not have substantial photodegradation of DNA (Figure 16).70  

However, the oxidation of guanine by Rose Bengal with high-intensity light appears to give Sp/Gh 

product formation that is quite variable, as shown by the large error bars in figure 14. Therefore, 

further exploration of the optimal light intensity needs to be done prior to cellular studies. 

 

 

 
Figure 15. Production of Sp/Gh upon excitation of Rose Bengal with exposure to high intensity light. 
In a reaction mixture containing a ssDNA-1G sequence, Rose Bengal was excited with visible light of 550 nm 
at an intensity of 14.3 mW/cm2 for timepoints of 0, 10, 20, and 30 min. The production of spiroiminodihydantoin 
(Sp) and guanidihydantoin (Gh) was monitored and assessed by LC-MS/MS. n = 3 trials. Error bars were 
generated using the standard deviation (SD) of 3 trials.  
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Figure 16. Percentage of starting DNA upon excitation of Rose Bengal with exposure to high intensity 
light.  
In a reaction mixture containing a ssDNA-1G sequence, Rose Bengal was excited with visible light of 550 nm 
at an intensity of 14.3 mW/cm2 for timepoints of 0, 10, 20, and 30 min. The remaining starting material (ssDNA-
1G and Na adduct) was monitored and assessed by LC-MS/MS. n = 3 trials. Error bars were generated using the 
standard deviation (SD) of 3 trials. 

  

The effect of lowering the intensity of green light was then observed for the Rose Bengal-

catalyzed photooxidation of guanine. With a light intensity of 6.37 mW/cm2, the relative yield of 

Sp and Gh was approximately 24% after only 10 minutes of exposure to green light, as indicated 

by m/z signals of + 32 and +7, respectively (Figure 17 and Supplementary Data 7). It is also 

worth noting a by-product proposed as a result of the reaction conditions: a mass loss of 133 amu, 

which indicates depurination of the guanine base. After 20 minutes of exposure to light, Sp was 

the primary product in the reaction mixture – signifying a preference for the 1O2-mediated 

oxidation of guanine over other nucleobases and oxidation products (Supplementary Data 8). 

Nevertheless, the yield of Sp does not greatly increase past approximately 25% after supplying 

more than 20 minutes of green light to the Rose Bengal-catalyzed reaction, as it reaches a 

maximum possible yield (Figure 17 – blue). This is likely due to a photobleaching effect in which 

reactive oxygen species (e.g., 1O2, O2-) are produced in the mixture; and in turn, they react with 

the Rose Bengal during its photodegradation.71,72 As a light intensity of 6.37 mW/cm2 appears to 

provide a greater yield of GàSp formation (~25%) in a shorter timeframe compared to 14.3 

mW/cm2 (~13%), the use of high-intensity light likely caused dramatically enhanced 
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photodegradation as well.72 In further evidence of the limited activity of Rose Bengal with high 

intensity light, 30 minutes of exposure to 14.3 mW/cm2 light yielded a reaction mixture that 

primarily consists of starting material, along with minor adducts (Figure 17 & Supplementary 

Data 5). Meanwhile, 30 minutes of exposure to 6.37 mW/cm2 light yielded a reaction mixture 

primarily consisting of Sp (+32 amu), signifying that Rose Bengal had been less photobleached 

using the light of lower intensity.  

Expectedly, lowering the intensity of green light to 2.29 mW/cm2 displayed a decreased 

rate of Sp/Gh formation, as only about 8.69% Sp was formed in 10 minutes (Figure 17 - orange 

and Supplementary Data 11). Although, this rose to about 20% upon irradiation for a constant 

30 minutes with minimal photoinduced DNA damage, especially considering the starting material 

had remained as the primary component of the reaction mixture (Figures 17 and 18). As seen by 

figure 16, the formation of Sp had not reached a maximum yield after 30 minutes of exposure to 

green light of 2.29 mW/cm2 intensity. Hence, although photobleaching of Rose Bengal is 

minimized, lower light intensities are not very efficient for catalyzing photooxidation of guanine 

in cells. Short bursts of energy are typically used in cellular systems that involve the induction of 

oxidative stress,73,74 so maximal GàSp conversion needs to be achieved in a short timeframe. This 

ultimately means that 10-20 minute pulses of light should be viable for CRISPR-guided 

photooxidation of guanine in mammalian cells. A light intensity of 6.37 mW/cm2 has therefore 

shown to maximize GàSp formation in vitro within 10-20 minutes while minimizing 

photobleaching of Rose Bengal dye, allowing these conditions to be ideal for CRISPR-guided 

photooxidation. 
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Figure 17. Production of Sp/Gh upon excitation of Rose Bengal with exposure to light of lower intensities.  
In a reaction mixture containing a ssDNA-1G sequence, Rose Bengal was excited with visible light of 550 nm 
at an intensity of 6.37 and 2.29 mW/cm2 for timepoints of 0, 10, 20, and 30 min. The production of 
spiroiminodihydantoin (Sp) and guanidinohydantoin (Gh) was monitored and assessed by LC-MS/MS.  

 

With lower intensities of green light used to excite Rose Bengal, the relative amount of 

starting material drastically decreased over the 30-minute period (Figure 18). It is indicative of 

the rapid consumption of starting ssDNA as the number of oxidized products had increased; 

whereas, the use of high-intensity light did not result in a rapid decrease in relative starting material 

primarily due to the photobleaching (Figure 16).71,72 At 10 minutes of exposure to 6.37 mW/cm2 

light, approximately 61% of the reaction mixture was starting material – displaying that short 

pulses of light at 6.37 mW/cm2 will not evidently destroy the DNA by reactive oxygen species 

(Figure 18 - blue). The starting material starts to be significantly degraded past 20 minutes, likely 

due to an uncontrolled amount of 1O2 in the reaction mixture.56,58 In contrast, using a light intensity 

of 2.29 mW/cm2 expectedly did not degrade the starting material as quickly since approximately 

83% of the mixture contains starting material after 10 minutes (Figure 18 – orange). However, the 

formation of Sp/Gh does not occur nearly as fast as with an intensity of 6.37 mW/cm2.  
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Figure 18. Percentage of starting DNA upon excitation of Rose Bengal with exposure to light of lower 
intensities.  
In a reaction mixture containing a ssDNA-1G sequence, Rose Bengal was excited with visible light of 550 nm 
at an intensity of 6.37 and 2.29 mW/cm2 for timepoints of 0, 10, 20, and 30 min. The remaining starting material 
(ssDNA-1G and Na adduct) was monitored and assessed by LC-MS/MS. 

 

Following the optimization of Rose Bengal-catalyzed photooxidation of guanine, 10 

minutes of exposure to green light with an intensity of 6.37 mW/cm2 should be used in achieving 

precise GàC conversion in cellular DNA (Table 1). These parameters ultimately allow for 

maximal G to Sp/Gh conversion within a short timeframe of light exposure in order to minimize 

cellular phototoxicity – also evident by the incomplete consumption of starting material. However, 

cellular DNA repair enzymes may remove the edit from the genome, which would result in a lower 

yield of GàC conversion in cellulo.49 Repeated cellular treatment with green light should 

therefore be done to maximize GàC conversion at cellular genomic sites. For this, the in vitro 

activity of Rose Bengal upon multiple exposures to green light was tested by pre-exposing Rose 

Bengal to light prior to the addition of ssDNA (Figure S2). Given the evidence of dye 

photodegradation when high-intensity light was used, it was determined that replenishment of 

Rose Bengal is needed upon multiple light treatments. To further determine the frequency of dye 

replenishment in cells, a further look into these studies should be done using light of lower intensity 

(i.e., 6.37 mW/cm2).  
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Table 1. Optimization of Rose Bengal-catalyzed photooxidation of guanine.  
The photooxidation of guanine by Rose Bengal was optimized in terms of the intensity/distance and time of 
exposure to blue light. Optimized parameters are shown in the scheme below. Deviation from the optimized 
parameters are listed, along with the amount (%) of starting material and Sp/Gh in the reaction mixture. RB = 
Rose Bengal. G = guanine. S. M. = starting material. Sp/Gh = Spiroiminodihydantoin/guanidinohydantoin. 

 

Entry Deviation from optimized conditions S. M. (%) Sp/Gh (%) 
1 14.3 mW/cm2 for 10 min 100.0 0.0 
2 14.3 mW/cm2 for 20 min 80.0 9.5 
3 14.3 mW/cm2 for 30 min 71.8 13.2 
4 Optimized 69.9 24.0 
5 20 min of light exposure 21.3 24.7 
6 30 min of light exposure 26.0 14.0 
7 2.29 mW/cm2 for 10 min 8.7 82.9 
8 2.29 mW/cm2 for 20 min 14.8 59.4 
9 2.29 mW/cm2 for 30 min 20.6 32.4 

 

2.1.2 Photooxidation of guanine by riboflavin  

 

Upon finding that riboflavin had most likely completely oxidized the ssDNA during the 

initial screening of photosensitizers, it was deemed crucial to finetune the selectivity towards the 

oxidation of guanine. Given the high excited reduction potential of riboflavin in the triplet state,59 

short times of exposure to blue light were first explored to minimize unwanted DNA photodamage. 

With a light intensity of 26.3 mW/cm2, the Iz product was observed at approximately 15.8% after 

only two minutes of exposure to blue light, given by a mass adduct of -39 amu (Figure S1a). 

Given the fact that riboflavin-catalyzed photooxidation had given Iz as the major product, 

riboflavin allows for the type I photooxidation of guanine in DNA.58 Beyond 5 minutes of light 

exposure at this intensity, Iz cannot be properly detected by LC-MS/MS. In fact, the starting 

material could no longer be detected, signifying the complete photodegradation of DNA possibly 

due to high levels of O2•- generated (Figure S1b).58  

The intensity of light was then explored by modifying the distance from the blue light 

source. Upon initial studies, it was found that the selectivity towards guanine was dramatically 
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enhanced by increasing the distance to 30 and 50 cm (from 11 cm) upon exposure for 2-5 minutes 

(Figure S1). A time-course study was then tested in determining the maximum amount of time 

that photooxidation can occur. Here, it was determined that 5 minutes of exposure to light of 3.54 

mW/cm2 achieved maximal editing yield of Iz/Gh of approximately 26.7% +/- 4.5% (Figure 19 - 

blue). The Iz and Oz products can be defined as mass losses of -39 and -21 amu, respectively. Iz 

was detected by mass spectrometry as a -39 adduct; however, the Oz product may have become 

protonated. Hence, it has been detected as -20 or -19 amu due to the presence of an extra proton 

or two. Nevertheless, it appears that an exposure time greater than 5 minutes for 3.54 mW/cm2 is 

detrimental to the yield of Iz/Oz, as the product yield starts to generally decline (Figure 19 - blue). 

Coincidingly, the starting material also cannot be detected upon exposure to 3.54 mW/cm2 blue 

light for greater than 5 minutes (Figure 20 - blue).  

Upon lowering the intensity of blue light to 1.27 mW/cm2, the production of Iz/Oz was detected 

after 5 minutes, increasing from 5.4% to 25.2% between 5 and 15 minutes of exposure (Figure 19 

– orange). This coincided with an almost linear decrease in starting material until there was a 

~8.8% abundance of starting DNA remaining after 30 minutes of light. On average, the yield of 

Iz/Oz increased with respect to time, especially since an average of 35.7% Iz/Oz had been detected 

by LC-MS/MS after 30 minutes (Figure 19 - orange). However, these long times of exposure to 

blue light gave rise to drastic variability – indicated by the large standard deviation acquired 

compared to when there were only 2-15 minutes of light exposure (Figure 19 – orange). This 

therefore means that reproducibility is an issue with longer times of exposure to blue light; 

consequently, short exposure times are suitable for accounting for the extreme activity of 

riboflavin in photoredox catalysis.  

 

 

 

 

 

 

 

 

 



 30 

 

 

 
Figure 19. Production of Iz/Oz upon excitation of riboflavin with exposure to light of variable intensities. 
In a reaction mixture containing a ssDNA-1G sequence, riboflavin was excited with blue light at an intensity of 
1.27 and 3.54 mW/cm2 for timepoints of 0, 2, 5, 15, and 30 min. The production of imidazolone (Iz) and 
oxazolone (Oz) was monitored and assessed by LC-MS/MS. n = 2-3 trials. Error bars were generated using the 
standard deviation (SD) of 2-3 trials.  

 

Figure 20. Percentage of starting DNA upon excitation of riboflavin with exposure to light of variable 
intensities.  
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In a reaction mixture containing a ssDNA-1G sequence, riboflavin was excited with blue light at an intensity of 
1.27 and 3.54 mW/cm2 for timepoints of 0, 2, 5, 15, and 30 min. The remaining starting material (ssDNA-1G 
and Na adduct) was monitored and assessed by LC-MS/MS. n = 2-3 trials.  

 

Following the in vitro optimization of riboflavin-catalyzed photooxidation of guanine, 5 

minutes of exposure to blue light with an intensity of 3.54 mW/cm2 should be used in achieving 

maximal GàC conversion in cellular DNA. Since riboflavin allows for direct oxidation of guanine 

by type I photooxidation,58,59 it may provide a more narrow base editing window than Rose Bengal. 

Proceeding through 1O2 production,53,58 Rose Bengal will likely create a high concentration of 1O2 

near a specific genomic site during CRISPR-guided photooxidation while it diffuses out. This 

would likely cause a broad editing window and may consequently lead to different applications 

than riboflavin. The use of blue light of low intensity and minimal exposure times will likely mean 

for minimal cellular phototoxicity upon the treatment of cells.70 Allowing for selective GàIz/Oz 

conversion of approximately 26.7% upon one light treatment, riboflavin could allow for precise 

GàC conversion when guided by dCas9 at cellular genomic sites. Nevertheless, multiple light 

treatments should be used in order to combat the DNA repair pathways, which will naturally lower 

the editing yield in cellulo.  
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Table 2. Optimization of riboflavin-catalyzed photooxidation of guanine.  
The photooxidation of guanine by riboflavin was optimized in terms of the intensity/distance and time of 
exposure to blue light. Optimized parameters are shown in the scheme below. Deviation from the optimized 
parameters are listed, along with the amount (%) of starting material and Iz/Oz in the reaction mixture. RF = 
riboflavin. G = guanine. S. M. = starting material. Iz/Oz = Imidazolone/oxazolone. n. d. = not detected. 

 

Entry Deviation from optimized conditions S. M. (%) Iz/Oz (%) 
1 26.5 mW/cm2 for 2 min 19.5 15.8 
2 26.5 mW/cm2 for 5 min 0 n. d. 
3 2 min of light exposure 92.10 4.3 
4 Optimized 46.5 26.7 
5 15 min of light exposure 0 22.4 
6 30 min of light exposure 0 14.5 
7 1.27 mW/cm2 for 2 min 100 0 
8 1.27 mW/cm2 for 5 min 92.6 5.5 
9 1.27 mW/cm2 for 15 min 41 25.2 
10 1.27 mW/cm2 for 30 min 4.4 35.7 

 

2.2 Synthesis of DFHBI-linked photosensitizers 

 

Since the screening identified two key photosensitizers (Rose Bengal and riboflavin) that 

were able to oxidize guanine in a DNA sequence, it was crucial to determine a method for 

recruitment of the photosensitizer to a localized area of the genome. As DFHBI can be chemically 

modified at the N3 position, it can be used in conjunction with the broccoli aptamer to indirectly 

bind and recruit the photosensitizer to a target region of the genome.61,65 As Cas9 uses the sgRNA-

broccoli scaffold to find a target genomic site, the DFHBI-linked photosensitizer can bind to the 

broccoli aptamer, resulting in it being proximal to the genomic site for targeted oxidation.  

 

As a fluorescein-based dye, the active form of Rose Bengal (RB) contains a carboxyl group 

required for activity, which naturally interconverts between the active and inactive (lactone) form 

(Scheme 3a).53 This carboxyl handle can be effectively used for chemical modification of the 

photosensitizer through amide coupling chemistry; however, direct amide coupling unfortunately 

abolishes the fluorescence of Rose Bengal (Scheme 3b).75 The oxygen atom from the OH group 
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is therefore highly important for preserving the photocatalytic abilities of the dye. Luckily, the 

ester form of Rose Bengal remains active and these RB conjugates have consistently been used for 

photodynamic therapy – in fact, they have been shown to enhance photodynamic activity 

compared to the dye itself (Scheme 3c).76–78  

 

 
 
Scheme 3. Rose Bengal and derivatives. 
a) Rose Bengal interconverts between its carboxyl (active) and lactone (inactive) form. b) Amide and c) ester 
form of Rose Bengal. b) and c) are from (75) © 2011 J. Contr. Rel. and (78) © 2007 Bioconjugate Chem.  

An 8-carbon linker was used to generate a carboxyester form of Rose Bengal, which had 

been reported in the literature to still maintain fluorescence upon excitation with 530 nm.67 As 

shown below, Rose Bengal can undergo an SN2 reaction with a brominated 8-carbon linker to 

yield the product. Rose Bengal theoretically contains two nucleophilic sites – 1) the hydroxyl 

group at the C6 position and 2) the carboxyl group at the C2’ position.67 However, only the C2’ 

carboxyl group is actually accessible for nucleophilic attack, allowing for the isolation of the 

product to be made easy. To avoid distillation of N, N-dimethylformamide (DMF), centrifugation 

was used to isolate the pure product and wash away starting material – affording the pure 

compound by 1H NMR spectroscopy. The product is now suitable for coupling to DFHBI via an 

amine handle without largely compromising the activity of Rose Bengal.   

 

 

Scheme 4. Synthesis of carboxyester form of Rose Bengal.  

To eventually chemically attach photosensitizers to the broccoli-binding small molecule, 
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base-assisted aldol condensation between N-acetylglycine and 3,5-difluoro-4-

hydroxylbenzaldehyde in which acetate ion (Ac-) is used to deprotonate the most acidic position 

of N-acetylglycine (Scheme 5).65 The newly-formed anion then adds to the electrophilic aldehydic 

carbon prior to subsequent H+ exchange and dehydration. Following ring closure and dehydration, 

formation of the oxazolone ring affords the precursor to DFHBI – ahead of the formation of the 

imidazolone ring (Scheme 6). Upon cooling, the product was isolated by filtration – affording a 

yield of 56% for a bright yellow crystalline solid in high purity.  

 
 

Scheme 5. Synthesis of (Z)-2,6-difluoro-4-((2-methyl-5-oxooxazol-4(5H)-ylidene)methyl)phenyl acetate. 

 
Scheme 6. Mechanistic details of base-assisted aldol condensation and ring closure in the synthesis of the 
oxazolone ring of the DFHBI precursor.  
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amine towards the activated ester (Scheme 8).  Modifications were made to the original protocol 

in terms of reaction setup and purification.65 It was found that this synthetic step is extremely 

moisture-sensitive; and so, care was taken to ensure that the reaction has been under the presence 

of argon for the duration. In addition, materials and glassware were dried prior to their use – 

including the potassium carbonate salt that was used for activation of the starting material. The 

brick red filtrate (containing the product) was concentrated prior to protonation of the phenolate 

using a buffered solution of sodium acetate, allowing it to be isolated and purified by flash 

chromatography. Purification yielded a pure orange compound in approximately 53% yield. 

 

 
 

Scheme 7. Synthesis of (Z)-3-(6-aminohexyl)-5-(3,5-difluoro-4-hydroxybenzylidene)-2-methyl-3,5-dihydro-
4H-imidazol-4-one.   

 
Scheme 8. Mechanistic details of base-assisted ring opening and ring closure to afford the imidazolone ring of 
DFHBI.  

DFHBI conjugates have possessed alkyl extensions at the N3 position with no disruption to 

the binding to the broccoli aptamer, including the commonly used DFHBI-IT molecule that is often 

used for efficient fluorescent imaging.61,65 Further, as mentioned previously, it is also known that 
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the carboxyester form of Rose Bengal has been reported to be active as well.67 Using the amine 

and carboxyl handles of the DFHBI and Rose Bengal conjugates, peptide coupling can be 

performed to chemically link these two components together, supposedly without disrupting either 

the binding to broccoli or the photocatalytic activity of Rose Bengal.  

To ultimately proceed with the last step towards the synthesis of DFHBI-linked 

photosensitizers, a deprotection step is required to remove the boc protecting group from the 

DFHBI-linked amine (Scheme 9). For this, trifluoroacetic acid was used to remove the boc 

protecting group. As the deprotection goes to completion, the resulting TFA adduct was directly 

used in the final step towards the synthesis of RB-DFHBI.  

 
 

Scheme 9. Boc-deprotection of aminohexyl conjugate of DFHBI. 

 

The final step for the synthesis of DFHBI-linked Rose Bengal involved the amide coupling 

between amine-linked DFHBI and Rose Bengal carboxyester, which can be done using 

HATU/DIPEA coupling reagents (Scheme 10). Amide coupling effectively avoided adverse side 

reactions since there is only one carboxylic acid functional group in Rose Bengal to be coupled to 

the deprotected amine of DFHBI. Upon deprotonation of the carboxylic acid handle on Rose 

Bengal, the formation of the activated ester allows for subsequent peptide coupling upon the 

addition of the amine-linked DFHBI substrate. Upon work-up and purification by silica gel 

chromatography, a HATU impurity remained. This was washed off through trituration, affording 

a dark purple solid. The remainder of the purple colour was a strong indicator that the fluorescent 

properties of Rose Bengal had not been compromised upon coupling to DFHBI, as direct amide 

coupling to Rose Bengal has afforded a white crystalline solid in previous reports.75  
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Scheme 10. Amide coupling of DFHBI and Rose Bengal conjugates. 

Given the vast number of protons in compound 5, the most valuable method of 

characterization to confirm the product was mass spectrometry. The exact mass of the compound 

should be approximately 1432.75, which was detected as an M+H peak (m/z 1433.75) by mass. 

Since chlorine has an abundance of 3:1 for 35Cl and 37Cl, respectively, the presence of four chlorine 

atoms drives the pattern of isotopic abundance. Consistent with the isotopic abundance of chlorine, 

the M+2 peak shows the most intense peak intensity while the M+8 peak is essentially negligible, 

considering it would only have an abundance of 0.39%.     

 

Since riboflavin has also been identified as a key candidate to conduct CRISPR-guided 

photooxidation, the chemical synthesis of a DFHBI conjugate of riboflavin is currently in progress. 

For this, an aldehyde version of riboflavin can be used for reductive amination with the amine-

linked DFHBI compound (3), which has been done before in producing conjugates of the flavin 

moiety.66 Although these conjugates have been shown to remain active in generating reactive 

oxygen species during photodynamic therapy, it has been observed that photolytic cleavage results 

in the degradation into lumichrome upon 20 minutes of exposure to blue light.66 However, as seen 

earlier in this chapter, 5 minutes of exposure to blue light is deemed quite efficient at catalyzing 

oxidation of guanine in DNA. Also, photolytic cleavage into inactive lumichrome could reduce 

the chances of off-target editing during CRISPR-guided photooxidation in cellulo.  

 

Contributions: 

Dr. Sivaraj developed the synthetic and purification protocol for compounds (3) to (5), as well as 

carried out the chemical synthesis and characterization.  
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2.3 Photophysical characterization of RB-DFHBI 

 

2.3.1 Photooxidative activity of RB-heptylCOOH 

 

Although Rose Bengal-peptide conjugates have shown success in applications of 

photodynamic therapy, the activity of fully-synthesized RB-DFHBI needs to be examined to 

ensure that the photoredox properties have not been compromised.67,76,77,79 First, Rose Bengal 

carboxyester was tested for photooxidative activity against a guanine-containing ssDNA sequence 

in the same molar concentration as the previous in vitro experiments (Figures 21 and 22). It was 

found that the formation of Sp/Gh had increased over time – from 8.6% after 15 minutes of light 

exposure to approximately 12% after 30 minutes (Figure 21). After 30 minutes of exposure, the 

yield of Sp/Gh compared to the yield of using Rose Bengal salt – with only a 12.6% difference. 

The carboxyester form of Rose Bengal therefore closely resembles the activity of Rose Bengal 

itself; meaning, photosensitizer activity is clearly not quenched by the formation of the ester 

linkage. It was suspected that the ester formation could lock Rose Bengal into its active form,53 

enhancing photocatalytic activity against guanine in DNA – but this was not the case. Given the 

fact that Sp/Gh is not formed as quickly as with light of lower intensities (i.e., 25% with 6.37 

mW/cm2 in 10 min), it appears that the carboxyheptylester form of Rose Bengal is also subject to 

photodegradation upon exposure to highly illuminative sources.71 Nevertheless, longer exposure 

times can still drastically increase the yield, provided by the fact 35.4% Sp/Gh was produced after 

60 minutes of exposure to green light. Along with this, a gradual decrease in relative starting 

ssDNA material was observed upon excitation of the Rose Bengal ester – further evidence of the 

oxidative activity of Rose Bengal being preserved (Figure 22). Therefore, the ester linkage does 

not evidently quench the activity of Rose Bengal, which had been the major concern for 

conjugating photosensitizers to the broccoli-binding DFHBI molecule.  
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Figure 21. Production of Sp/Gh upon photoexcitation of RBheptylCOOH with exposure to high intensity 
light.  
In a reaction mixture containing a ssDNA-1G-2 sequence, RB carboxyheptyl ester was excited with green light 
at an intensity of 14.3 mW/cm2 for timepoints of 0, 2, 5, 15, 30, and 60 min. The production of 
spiroiminodihydantoin (Sp) and guanidinohydantoin (Gh) was monitored and assessed by LC-MS/MS.  
 
 

 
Figure 22. Percentage of starting DNA upon excitation of RBheptylCOOH with exposure to high intensity 
light.  
In a reaction mixture containing a ssDNA-1G-2 sequence, RB carboxyheptyl ester was excited with green light 
at an intensity of 14.3 mW/cm2 for timepoints of 0, 2, 5, 15, and 30 min. The remaining starting material (ssDNA-
1G-2 and Na adduct) was monitored and assessed by LC-MS/MS.  
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2.3.2 Photophysical characterization of RB derivatives 

 

Since RB-heptylCOOH previously produced oxidation upon irradiation with green light of 

high intensity, the RB-DFHBI molecule was expected to also be photoactive – as DFHBI and Rose 

Bengal are separated by a chemical linker. Thus, the intermolecular photooxidation of guanine was 

tested by irradiating RB-DFHBI with green light of high, medium, and low intensities. However, 

no oxidation of the ssDNA starting material was observed. This had caused some unexpected 

speculation over the photophysical properties of the synthesized RB-DFHBI. To observe whether 

there had been a shift in excitation wavelength of Rose Bengal when conjugated to DFHBI, the 

absorbance can be measured over a range of wavelengths. The wavelength of maximum 

absorbance (λmax) then corresponds to the excitation wavelength for fluorescence of Rose Bengal 

(or conjugates).77 Rose Bengal was first used to determine the minimum concentration that is 

needed to measure the excitation wavelength of the newly synthesized compound – RB-DFHBI. 

From measuring the absorbance of Rose Bengal for a range of concentrations (125 nM to 100 µM), 

5 µM was sufficient for obtaining ideal signal by the plate reader. It gave a λmax of 550 nm with a 

shoulder at approximately 510-520 nm, in accordance with the reported value (Figure 23 – blue).77 

The absorbance spectrum for RB-heptylCOOH displayed a slightly red-shifted λmax of 560 nm, 

signifying that the electron-donation from the ester linkage has some impact on the photophysical 

nature of Rose Bengal (Figure 23 – green). Although, the ability of Rose Bengal to catalyze 

photooxidation of guanine appeared uncompromised with the addition of the linker (Figure 21 

and 22). As seen by the absorption spectrum, RB-heptylCOOH has an absorbance of 0.515 at 550 

nm of green light – slightly greater than the absorbance given by Rose Bengal at this excitation 

wavelength. This may be explained by the fact that the carboxyheptyl ester form of the 

photosensitizer locked in the active form, as it has previously been shown to increase 

absorbance/fluorescence.67 This is due to the fact that increased conjugation typically causes a 

bathochromic shift and an increase in absorbance, as RB-heptylCOOH would no longer convert 

to the less conjugated lactone form of Rose Bengal.80 Also, 550 nm is just off the λmax, which could 

also further explain the reason why photooxidative activity is preserved with the addition of the 

chemical linker.  

Interestingly, conjugation of DFHBI to the Rose Bengal carboxyester caused an even 

further bathochromic shift of approximately 20 nm compared to the ester form (Figure 23 – red). 
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The λmax of RB-DFHBI is therefore equal to 580 nm and it displays greater absorbance than both 

Rose Bengal and Rose Bengal carboxyester. This observance likely correlates to a reduced 

HOMO-LUMO gap (πàπ* transition), despite the fact that the conjugated systems of DFHBI and 

Rose Bengal are separated in RB-DFHBI.81 

 
Figure 23. Absorbance spectra of RB derivatives.  
Using 50 µM of each RB derivative, the optical density (OD) was measured for a wavelength range of 400 to 
700 nm. The excitation wavelength is given by the wavelength of which there is maximum absorbance (λmax). 
RB = Rose Bengal salt. RB-heptylCOOH = Rose Bengal carboxyheptyl ester. RB-DFHBI = DFHBI-linked Rose 
Bengal.  

 
The bathochromic shift to 580 nm for RB-DFHBI means that irradiation of the molecule 

with yellow light, rather than green light, would theoretically allow for optimal photooxidation of 

guanine. Consequently, the photooxidation of guanine was tested using a broad-spectrum sunlamp 

in exciting RB-DFHBI to the triplet excited state. Even at a distance of 5 cm, which is closer than 

the distance used for the initial screening of photosensitizers, there was no oxidation observed over 

a 30-minute timeframe. Supposedly, this could be due to one of two reasons. First, the excitation 

wavelength of 580 nm provides photons of lower energy, which may not be sufficient for the 

DFHBI-linked photosensitizer to undergo a πàπ* transition during excitation.81 However, it 

seemed unlikely that there would be no evidence of oxidation while using a broad spectrum source 

and long exposure times to excite the photosensitizing molecule. It seemed particularly unlikely 

since the HOMO-LUMO energy gap is expected to decrease in size with a more red-shifted 

excitation wavelength. The other reason may be that there is a self-quenching mechanism involved 
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between DFHBI and Rose Bengal that does not allow for energy transfer to produce 1O2 from 3O2, 

which was further investigated.  

 

2.3.3 Intermolecular quenching of RB-DFHBI 

 

To determine whether DFHBI affects the photooxidative activity of xanthine-based dyes, 

Rose Bengal-catalyzed photooxidation of guanine was tested in the presence and absence of 

DFHBI-IT (Figure S3). Accordingly, it was found that the presence of DFHBI did not abolish the 

activity of Rose Bengal, as selective oxidation towards guanine was observed through the detection 

of Sp/Gh formation by LC-MS/MS analysis. This also correlated with a normal reduction in 

starting material upon 1O2 production, since 30 minutes of exposure to green light resulted in 15.0 

and 21.2% starting material in the presence and absence of DFHBI, respectively. Supporting this 

finding, DFHBI is not reported to absorb light beyond 500 nm82 – meaning that the energy from 

550 nm light should not excite DFHBI itself. Thus, an intermolecular quenching mechanism 

between DFHBI and Rose Bengal is not occurring in this case, leaving intramolecular quenching 

as a possible explanation for the lack of RB-DFHBI’s ability to photooxidize guanosine – to be 

investigated.  

 

 2.3.4 Intramolecular quenching of RB-DFHBI  

 

Fluorescence of Rose Bengal occurs through the S1àS0 transition after initially being 

excited to the high-energy S1 state by an appropriate wavelength of light.53 Initial experiments 

aimed to monitor fluorescence of Rose Bengal by exciting at the λmax, but it fell short of being able 

to observe significant fluorescence. Luckily, although Rose Bengal has a short lifetime of 

fluorescence of 0.5 ns, fluorescence can effectively be monitored by exciting off of a shoulder 

maximum of the absorbance spectrum (Figure 23).83 Thus, Rose Bengal was excited using 518 

nm of light while emission was captured within the range of 540-700 nm. However, the addition 

of a chemical linker to form RB carboxyester caused a red shift of this shoulder maximum by 

nearly 20 nm. The RB carboxyester was consequently excited with 535 nm of light, while emission 

range was set to 555-700 nm to accommodate for this change. Since the wavelength at the shoulder 
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maximum did not quite change with conjugation to DFHBI, RB-DFHBI was also excited with 

535-540 nm with the same emission range captured (Figure 23). Both RB and RB carboxyester 

displayed high levels of fluorescence that were relatively equal to each other, which had been 

consistent with the literature representation (Figure 24 – blue and green).83 However, upon 

excitation of RB-DFHBI, fluorescence was dramatically reduced, as the fluorescence at 590 nm is 

not much above the baseline (Figure 24 - red). It has been previously reported that photosensitizers 

can be conjugated to quenchers via a chemical linker separating the two. For example, 

pyropheophorbide-α had been conjugated to several quenchers, such as blackhole quencher 3, 

which has shown greater than 95% reduction in both fluorescence and 1O2 generation.84 The 

reduction in fluorescence caused by quenching is consistent with the dramatic reduction of 

fluorescence obtained for the synthesized RB-DFHBI. The putative quenching mechanism occurs 

through a process of energy transfer to the quencher, even with the presence of a lysine linker – 

like the carbon linker used to synthesize RB-DFHBI. Therefore, a similar quenching mechanism 

may be involved with DFHBI acting as a quencher to Rose Bengal upon excitation of the RB-

DFHBI conjugate.  

 

 
Figure 24. Fluorescence emission spectra for RB, RB-heptylCOOH, and RB-DFHBI.  
RB was excited with 518 nm of light and emission was obtained from 540-570 nm. RB-heptylCOOH and RB-
DFHBI were excited with 535 nm of light and emission was obtained from 555-570 nm. Data points were taken 
in 2 nm increments.  
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To propose what is likely occurring on the atomic level in further detail, a photoinduced 

electron transfer (PET) process at the intramolecular scale may be occurring. Upon excitation of 

the “acceptor” by irradiation with light, the “donor” donates an electron back to the acceptor orbital 

via a HOMO (donor) à LUMO (or SOMO acceptor) transition (Figure 25).53,85 This then yields 

free ions of A- and D+, which may undergo back-electron transfer (BET) to revert back to the 

ground-state reactants.53 In the case of RB-DFHBI, the DFHBI-linked segment of the molecule 

may be acting as a donor while Rose Bengal acts as the acceptor. Upon excitation of an electron 

from the Rose Bengal moiety via the πàπ* transition,81 an electron from the DFHBI-linked 

segment may then participate in electron transfer to the newly-formed SOMO. This would 

consequently require that the HOMO contribution is greater for the donor (i.e., DFHBI) than the 

acceptor (Rose Bengal); otherwise, PET would not occur. With PET occurring intramolecularly, 

the typical S1àS0 transition responsible for fluorescence of Rose Bengal would not occur, which 

could evidently explain the loss of fluorescence of RB-DFHBI upon excitation with the appropriate 

wavelength (Figure 24).  

 
 

 
 
Figure 25. Intramolecular Photoinduced Electron Transfer (PET) of donor-acceptor systems.  
Upon excitation of an electron within the acceptor (A), the donor participates in a PET process via a HOMO to 
SOMO transition. Ion pairs A- and D+ are the resulting products. Adapted from reference [85] (© 2016, Acc. 
Chem. Res.).   

 

2.3.5 Aptamer-induced 1O2 production by RB-DFHBI 

 

Following the finding that the fluorescence of Rose Bengal is quenched by the chemical 

linkage to DFHBI, it was hypothesized that binding of RB-DFHBI to the broccoli aptamer could 

occupy the DFHBI moiety and restore the activity of Rose Bengal. To test this hypothesis, a DNA 

mimic of the broccoli aptamer – Bibb Lettuce64 – was used to observe whether there is a change 
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in fluorescence upon binding of DFHBI-linked Rose Bengal to the aptamer. As it contains the 

antiparallel G-quadruplex region required for binding of the fluorophore, the Lettuce aptamer can 

bind to DFHBI (or conjugates such as DFHBI-IT) in the presence of divalent metal cations – just 

as broccoli does.61,64,86 Binding of DFHBI itself was first tested to ensure that Bibb Lettuce 

properly folds into the proper secondary and tertiary structure upon renaturation of the DNA, as 

well as to ensure that the buffer and concentrations are ideal to obtain sufficient signal. Since 

DFHBI only fluoresces upon binding to broccoli and broccoli mimics, fluorescence was monitored 

(Figure S4). Indeed, there was a 19-fold increase in fluorescence of DFHBI with addition of the 

Bibb Lettuce aptamer compared to the control containing no aptamer (Figure S4). This provides 

evidence that the Bibb Lettuce properly folds into its proper structure upon renaturation; and 

consequently, these conditions were used to test for whether RB-DFHBI restores fluorescence 

upon binding to the aptamer.  

 

Addition of the Lettuce aptamer in excess of RB-DFHBI displayed relatively the same 

level of fluorescence as RB-DFHBI alone, which is considerably lower than the fluorescence 

obtained for both RB and RB carboxyester (Figure 26). From this experiment, the fluorescence of 

the photosensitizer is not restored upon selective binding of RB-DFHBI to broccoli-type aptamers 

– in this case, the Lettuce aptamer. However, the loss of fluorescence does not negate the 

possibility of RB-DFHBI producing 1O2 upon binding, especially considering the fact that Rose 

Bengal alone has a quantum yield of 1O2 conversion that is far greater than the quantum yield of 

fluorescence.53 Hence, if the Rose Bengal moiety readily converts to the triplet-state 

photosensitizer to catalyze 3O2à1O2 conversion, then type II photooxidation of guanine could still 

be a viable route for developing a guanine base editor with enhanced spatiotemporal precision.58 

As such, a method of detecting either 1O2 production or direct oxidation of guanine is required to 

observed whether this may be the case. 
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Figure 26. Fluorescence of RB-DFHBI upon addition of Lettuce aptamer.  
In Tris buffer, 5 µM small molecule (RB, RB-heptylCOOH, RB-DFHBI) was excited with the appropriate 
wavelength of light (518, 535, 540 nm). Fluorescence of RB-DFHBI was also observed after the addition of 20 
µM bibb lettuce DNA and excitation with 540 nm light. 

 
To determine whether RB-DFHBI can catalyze 3O2à1O2 conversion and subsequent 

photooxidation of guanine upon binding to the Lettuce aptamer, a reaction mixture containing an 

approximately 1:1 ratio64 of aptamer to RB-DFHBI was exposed to white light for an hour 

(Scheme 11). As the starting material normally elutes at approximately 2.4 minutes, the 

photooxidation of guanines within the Lettuce aptamer was determined by LC-MS/MS analysis 

(Supplementary Data 27). It was of immediate notice that 1-2 new peaks had shown in the LC-

MS/MS chromatograph, which were located at approximately 2.7-2.8 min (Supplementary Data 

28). Upon analysis of these new peaks, it was found that it correlated with many oxidized products 

centered around the mass of the Lettuce aptamer (m/z 11617). Since there are 20 guanines in the 

Bibb Lettuce aptamer, it was expected that there would have been a lot of oxidized products that 

are difficult to decipher. However, the major product of the photoredox reaction was observed as 

m/z 11657 – which is proposed to be a combination of Sp (+32) and Gh (+7) in the Lettuce 

sequence (Supplementary Data 29). Oxidation was therefore observed in approximately 27.6% 

± 4.5% with reference to starting material (Figure 27). This was in vast contrast to the minimal 

oxidation produced from replacing Lettuce with a scrambled DNA sequence of Lettuce, as seen 

by 8.3% ± 0.06% oxidation (Figure 27). Although, oxidation of the scrambled sequence did not 
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result in any known masses pertaining to oxidized guanine (e.g., m/z 11657), so this may be 

attributed to DNA photodamage from long timeframes of exposure to intense light. The error 

associated with oxidative damage of the scrambled sequence is very low, so this base level of 

oxidation may also be due to the sensitivity of the assay and/or nonspecific photodamage of DNA. 

However, an increase in sample size may be required to show statistical significance of the change 

in oxidation between Lettuce and the scrambled Lettuce sequence, as only two replicates were 

performed (Figure 27). Moreover, increasing the amount of RB-DFHBI to 100 µM (5-fold) did 

not elicit greater oxidation, meaning that a 1:1 molar ratio of aptamer to RB-DFHBI likely is 

sufficient for maximal oxidation (Figure S5). Since the major products likely only consist of 2-3 

oxidized guanines, it is very likely that there is a minimal chemical space where 1O2 can diffuse 

out from the location of RB-DFHBI, allowing for precise targeting of genomic sites in CRISPR-

guided photooxidation.   

 
Scheme 11. Photooxidation of guanine via binding of RB-DFHBI to a broccoli mimic.  
The Bibb Lettuce aptamer contains 20 guanines (G) that can potentially be oxidized to spiroiminodihydantoin 
(Sp) and guanidinohydantoin (Gh) upon excitation of RB-DFHBI with a broad range sunlamp.  

 
Figure 27. Photooxidation of Lettuce upon binding of RB-DFHBI.  
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A reaction mixture containing a 1:1 molar ratio of Lettuce DNA aptamer and RB-DFHBI was exposed to white 
light for 1 hour. The amount of oxidation (%) was determined by integrating the peaks corresponding to starting 
material (Lettuce) and oxidized products. % Oxidation = (Area of oxidized product peaks)/(Area of starting 
material peak)*100. Error bars represent the standard deviation (SD) of n = 2 trials.   

 

From these initial studies using RB-DFHBI to oxidize the aptamer, it can be inferred that 

selective binding to the broccoli aptamer (or mimics) poses a “turn on” mechanism that allows for 

photooxidation by RB-DFHBI. Although substitutions to the phenyl ring are not directly 

conjugated to the photosensitizing xanthine ring, these substitutions can dramatically affect the 

fluorescence lifetime and quantum yield of fluorescein-based dyes (such as Rose Bengal).87 

Through electron-donating properties at the ortho position of the phenyl ring, the addition of the 

amine-linked DFHBI likely enhances PET, leading to more prominent deactivation of the S1 

state.85,87 The photophysical properties, including redox potential, of photosensitizing molecules 

can be altered by the binding to their respective aptamers.68 Thus, the binding of the Lettuce 

aptamer to DFHBI may change the electron-donating properties of DFHBI, leading to a change in 

the one-electron reduction potential of the donor in intramolecular PET. This would essentially 

mean that PET of the S1 state is less feasible when RB-DFHBI is bound to the DNA aptamer; 

consequently, the S1 state can be converted to the T1 state during ISC to undergo 1O2 production. 

Moreover, the ability to observe fluorescence decreases as quantum yield decreases – so if minimal 

PET occurs when RB-DFHBI is bound to the aptamer, it could abolish any visible fluorescence 

considering the quantum yield of Rose Bengal itself is only 0.09.53,87 This would explain why 

fluorescence was not restored upon binding of RB-DFHBI (Figure 26). However, the quantum 

yield of triplet conversion is far greater than the quantum yield of fluorescence for Rose Bengal 

due to the heavy atom effect.88 Meaning, the effect of the triplet-state photosensitizer is still 

observable even with minimal PET occurring when RB-DFHBI is bound to DNA.  

 

2.4 Aptamer placement in the sgRNA scaffold 

 

Prior to optimization of CRISPR-guided photooxidation in mammalian cells, the optimal 

placement of the aptamer within the sgRNA scaffold needs to be determined. This was examined 

by analyzing the percentage of indels formed by Cas9-induced double-stranded cleavage of 

genomic DNA, as target site cleavage acts as an indicator of Cas9 properly binding to the sgRNA 
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scaffold for target recognition.14,26,27 The tolerance of aptamers at the 5’ end of the sgRNA scaffold 

was first tested upon cloning of the riboflavin-binding X2B2 C14U aptamer to the 5’ end. 

Unfortunately, this aptamer-sgRNA scaffold dramatically reduced the efficiency of Cas9 towards 

dsDNA cleavage. It resulted in a 3-fold reduction in Cas9-mediated indel formation for the HEK3 

genomic site – from 31.0 to 9.9% (Figure 28). This aptamer placement also had a dramatic effect 

on Cas9-mediated cleavage at the HEK2 site, effectively abolishing any activity (Figure 28). It is 

said that aptamers appended to the 5’ end of the sgRNA can inhibit threading of the sgRNA, 

creating only a partial R-loop complex that renders the HNH and RuvC domains in an inactive 

conformation.89 The addition of just two unpaired nucleotides (e.g., GG) at the 5’ end are also not 

well-tolerated for Cas9 dsDNA cleavage.89 Although 5’ appendage clearly inhibits dsDNA 

cleavage, this strategy may be used if only binding of Cas9 is required for application. However, 

the development of efficient CRISPR base editors requires the use of a Cas9 nickase, ultimately 

requiring the HNH and RuvC nuclease domains in a proper R-loop conformation.33,36  

 
Figure 28. Cas9 cleavage efficiency with aptamer at the 5’ end of sgRNA.  
The X2B2 aptamer (5’ apt) was cloned at the 5’ end of the sgRNA scaffold and assessed for Cas9 binding and 
dsDNA cleavage at two target genomic sites in mammalian cells. Error bars represent the standard deviation of 
n = 2 trials. Figure adapted from (89) © 2020 Nucleic Acids Research.  
 

As aptamers cloned into the upper stem loop of the sgRNA generally allow for full R-loop 

formation,89 it was proposed that this placement would lead to proper Cas9 binding and function. 

In fact, the upper stem loop of the tracrRNA is in direct proximity to neighbouring duplex DNA 

(Figure 29). This supposedly allows for direct photooxidation of guanine at guanine bases in the 

nearby duplex DNA upon binding of the photosensitizer to the aptamer, making the upper stem 
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loop a prime candidate for aptamer placement. Upon testing the efficiency of Cas9-induced 

cleavage, there was an indel rate of approximately 23.4% with the sgRNA-broccoli scaffold and 

23.9% with normal sgRNA for the HEK3 site (Figure 30). This showed that proper sgRNA-Cas9 

complex formation had led to complete R-loop formation, allowing for subsequent cleavage of 

dsDNA at the target site.89 Targeting the EMX1 site with a similar sgRNA-broccoli construct also 

allowed for very similar efficiencies of Cas9-induced double-stranded cleavage – 17.2% ± 1.7% 

compared to 14.1% ± 1.2% for normal gRNA (Figure 30). Therefore, the indel efficiencies are 

relatively equal between normal sgRNA and the broccoli-fused sgRNA, signaling the fact that 

broccoli does not disrupt Cas9 from binding properly to the tracrRNA region15    

 

 
Figure 29. Structure of Cas9 complexed with guide RNA.  
The upper stem loop in the 3’ tracrRNA (green) shows the location where the aptamer can bind the 
photosensitizer for site-directed photooxidation in duplex DNA (orange). 
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Figure 30. Cas9 cleavage efficiency with aptamer in the upper stem loop of sgRNA.  
The broccoli aptamer (green) was cloned within the upper stem loop of the sgRNA scaffold and assessed for 
Cas9 binding and dsDNA cleavage at two target genomic sites in mammalian cells. On the left, indels are 
represented in red/ Error bars represent the standard deviation of n = 3 trials.  
 

As it was expected to give similar editing efficiencies due to being the same size as the 

broccoli aptamer, the riboflavin-binding X2B2 aptamer68 was also cloned into the same upper stem 

loop of the sgRNA scaffold. However, Cas9-induced cleavage had unfortunately dramatically 

decreased when guided by an sgRNA-X2B2 scaffold. The frequency of indel formation decreased 

from approximately 16.5% ± 3.9% for normal gRNA to 6.20% ± 1.8% for sgRNA-X2B2 while 

targeting the HEK3 site – which has consistently been efficient at editing genomic DNA otherwise 

(Figure S6). Moreover, Cas9 editing efficiency was completely knocked down for the FANCF-A 

site, showing 0% indels. This means that the X2B2 aptamer likely does not allow for the proper 

binding of Cas9 to the sgRNA scaffold, disabling the ability to induce full R-loop formation and 

concerted cleavage by the Cas9 nuclease domains.89  
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3 Conclusions and Future Work 

 
Two key photosensitizers – riboflavin and Rose Bengal – have been identified as 

candidates to catalyze photooxidation of guanine at targeted genomic sites using RNA-guided 

Cas9 protein. Proceeding through two different oxidative pathways, riboflavin and Rose Bengal 

provide different profiles of reactivity.58 Riboflavin was shown to act as a type I photosensitizer 

in catalyzing GàIz/Oz conversion through the direct one-electron oxidation of guanine; 

meanwhile, Rose Bengal was observed to catalyze GàSp/Gh conversion through the production 

of 1O2 during type II photooxidation.54,58 These mutagenic profiles both ultimately lead to GàC 

conversion in cellular DNA,69 but the photophysical differences in the photosensitizers lead to 

different reactivities. Having a high excited reduction potential in the triplet state,59 riboflavin can 

catalyze selective GàIz/Oz conversion within 5 minutes of exposure to 3.54 mW/cm2 blue light. 

On the contrary, a slightly higher intensity of green light with longer exposure time is optimal for 

Rose Bengal-catalyzed photooxidation of guanine: 6.37 mW/cm2 for 10 minutes.  

As the broccoli aptamer was cloned into the upper stem loop of the sgRNA scaffold and 

verified to not affect Cas9 binding, it can be used to indirectly recruit the photosensitizer to a Cas9-

targeted genomic site. DFHBI, which is the small molecule that binds to broccoli,61 was therefore 

chemically-conjugated to a carboxyester form of Rose Bengal – yielding RB-DFHBI. 

Photophysical characterization of RB-DFHBI led to the discovery that an intramolecular 

photoinduced electron transfer (PET)85,87 process quenches the S1 state of the photosensitizer; and 

therefore, the ability of the photosensitizer to catalyze 1O2 through the T1 state. However, addition 

of a broccoli mimic (i.e., Lettuce)64 “turns on” the activity of Rose Bengal, creating an aptamer-

inducible system for precise GàC conversion in cells. 

As the photooxidative activity of RB-DFHBI is restored when bound by a broccoli-type 

aptamer, this “turn on” feature could create the utmost spatiotemporal precision. As Cas9 is guided 

by the broccoli-fused sgRNA to a target genomic site, the activity of RB-DFHBI should only be 

active once it is bound to the broccoli scaffold and the cells are exposed to green light. This could 

be the development of the first chemical base editor, which could deem a substantial decrease in 

off-target editing.  

In the near future, further characterization of the aptamer-induced activity of RB-DFHBI 

is required prior to cellular studies. This “turn on” activity should first be tested using the broccoli 
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RNA aptamer itself, which would need to be transcribed in vitro prior to oxidation studies. 

Although mass spectrometry was good indicator of photooxidative activity, sequencing can be 

performed in order to determine the effect of proximity on guanine photooxidation. Further, a more 

specific wavelength of light (e.g., 570 nm) should be used to excite RB-DFHBI, as it can lower 

cellular phototoxicity.70 Then, the optimal intensity and time required to induce sufficient 

photooxidation using RB-DFHBI need to be determined, which would then be translated to cellular 

CRISPR-guided photooxidation of guanine.  

 Upon the application of RB-DFHBI to catalyze precise photooxidation of guanine in cells 

in the future, the location of guanine photooxidation and the editing window will need to be 

extensively studied. The time of exposure and intensity of light may need to be slightly modified, 

but repeated exposures to light will need to be done to maximize GàC conversion and combat 

DNA repair pathways.37 After determining which DNA strand will be targeted by guanine 

oxidation, the specific Cas9 nickase can be chosen to induce replacement of the unedited DNA 

sequence.  

Ultimately, once the guanine chemical base editor is developed in cells, on- and off-target 

analysis will be extensively studied to study both the precision and efficacy of the novel gene-

editing system. Afterwards, the applicability of CRISPR-guided photooxidation of guanine will be 

studied in a number of different cell lines.  

 

As riboflavin also provides a means of achieving precise and selective photooxidation of 

guanine using RNA-guided Cas9, the chemical conjugation to DFHBI will be done through the 

use of an aldehydic form of riboflavin (Scheme 12). From here, the same characterization of the 

photophysical properties and activity will be determined for DFHBI-conjugated riboflavin prior to 

the application in a cell line. By catalyzing type I photooxidation of guanine upon binding to the 

broccoli in the RNA-guided Cas9 system, DFHBI-linked riboflavin could allow for further precise 

oxidation in a narrower editing window within a shorter timeframe of exposure to blue light, 

minimizing cellular phototoxicity.  
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Scheme 12. Chemical conjugation of DFHBI to riboflavin photosensitizer via reductive amination. 

Unfortunately, the X2B2 aptamer failed to allow for efficient Cas9 binding and function 

when it was cloned at the 5’ end, as well as within the upper stem loop, of the sgRNA scaffold. 

However, placement of aptamers at the far 3’ end of the sgRNA scaffold has effectively been done 

and may allow for the effective recruitment of riboflavin to a Cas9-targeted genomic site.21,23 Thus, 

an immediate future outlook would be to clone the X2B2 aptamer at the 3’ end of the sgRNA, 

followed by testing of the efficiency for Cas9-induced double-stranded cleavage to determine 

whether it affects the Cas9-sgRNA R-loop formation (Scheme 13). With a more direct approach 

to recruitment of a photosensitizer (i.e., riboflavin), it could prevent the use of strenuous chemical 

synthesis and purification, which would increase the applicability of the chemical base editor 

towards the study of biological disease. 

 
Scheme 13. Measuring efficiency of Cas9-induced DNA cleavage with X2B2 at the 3’ end of the sgRNA.  
Cas9 uses the sgRNA-X2B2 scaffold to locate a target genomic site in cellular DNA prior to concerted double-
stranded cleavage 3 nucleotides from the protospacer-adjacent motif (PAM). The efficiency of Cas9-induced 
cleavage is determined by the percentage of indels (red) formed during cellular DNA repair.  

 
Through the indirect or direct recruitment of a photosensitizer by an aptamer-fused RNA-

guided Cas9 system, the development of a chemical guanine base editor holds promising potential 

in expanding the scope of current base editors.33,36,47,48 Employing the use of both an aptamer-

inducible and photoinducible chemical system could alleviate the off-target editing associated with 

enzymatic base editors, as well as increase product purity. Following pioneering the development 

of CRISPR-guided photooxidation of guanine, it will give rise to the first guanine base editor 

capable of achieving precise GàC conversion at target sites in genomic DNA.  
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4 Materials and methods 

 

4.1 In vitro photooxidation of DNA conditions 

 

4.1.1 DNA sequences  

 
ssDNA-1G-1: 5’ CCTCACTACCTCATGAAAAA  

ssDNA-1G-2: 5’ CCTCACTACCTCATAGAAAA  

ssDNA-1G-3: 5’ CCTCACTACCTCATAAGAAA  

ssDNA-1G-7: 5’ ATCTCACCTACGCCTAAAAA 

 

4.1.2 Intermolecular photooxidation of guanine in ssDNA  

 

To a PCR tube, 48 µL of Milli-Q water and 50 µL of sodium phosphate buffer (100 mM, pH = 

7.4) were added. Subsequently, 1 µL of 2 mM ssDNA-1G and 1µL of ~ 10 mM photosensitizer 

(in water or DMSO) were added to the reaction mixture. The reaction was exposed to either white 

light or visible light of an appropriate wavelength at a specific intensity for a duration of time. 

Subsequently, 20 µL of the reaction mixture was transferred to a microcentrifuge tube for ethanol 

precipitation. To the 20 µL volume, 2 µL of 5 M NaCl and 55 µL of ice-cold ethanol were added. 

It was centrifuged at 12,000 x g for 30 min at 4 oC. Samples were dried under vacuum prior to 

resuspension in 20 µL of water. For analysis, 10 µL of the sample was injected to LC-MS/MS in 

negative ion mode.  

 

4.1.3 Riboflavin-catalyzed photooxidation of guanine in ssDNA 

 

To a PCR tube, 48 µL of Milli-Q water and 50 µL of sodium phosphate buffer (100 mM, pH = 

7.4) were added. Subsequently, 1 µL of 2 mM ssDNA-1G and 1 µL of ~ 10 mM riboflavin (in 

DMSO) were added to the reaction mixture. The reaction was exposed to blue light with an 

intensity of 26.3 mW/cm2, 3.54 mW/cm2, or 1.27 mW/cm2 for timepoints of 0, 2, 5, 15, and 30 
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minutes. Subsequently, 20 µL of the reaction mixture was transferred to a microcentrifuge tube 

for ethanol precipitation. To the 20 µL volume, 2 µL of 5 M NaCl and 55 µL of ice-cold ethanol 

were added. It was centrifuged at 12 000 x g for 30 min at 4 oC. Samples were dried under vacuum 

prior to resuspension in 20 µL of water. For analysis, 10 µL of the sample was injected to LC-

MS/MS in negative ion mode.  

 

4.1.4 Rose Bengal-catalyzed photooxidation of guanine in ssDNA 

 

To a PCR tube, 48 µL of Milli-Q water and 50 µL of sodium phosphate buffer (100 mM, pH = 

7.1) were added. Subsequently, 1 µL of 2 mM ssDNA-1G and 1 µL of ~ 10 mM Rose Bengal (in 

water) were added to the reaction mixture. The reaction was exposed to green light (550 nm) with 

an intensity of 14.3 mW/cm2, 6.37 mW/cm2, or 2.29 mW/cm2 for timepoints of 0, 10, 20, and 30 

minutes. Subsequently, 20 µL of the reaction mixture was transferred to a microcentrifuge tube 

for ethanol precipitation. To the 20 µL volume, 2 µL of 5 M NaCl and 55 µL of ice-cold ethanol 

were added. It was centrifuged at 12,000 x g for 30 min at 4 oC. Samples were dried under vacuum 

prior to resuspension in 20 µL of water. For analysis, 10 µL of the sample was injected to LC-

MS/MS in negative ion mode.  

 

4.1.5 Intramolecular photooxidation of Lettuce DNA aptamer 

 

To a PCR tube, 48 µL of Milli-Q water and 50 µL of 2X Tris buffer (20 mM Tris-HCl pH 7.5, 150 

mM KCl, 20 mM MgCl2) were added. Subsequently, 1 µL of 2 mM Lettuce DNA (or scrambled 

Lettuce DNA) and 0.22 µL of ~ 10 mM RB-DFHBI (in DMSO) were added to the reaction 

mixture. Alternatively, 1 µL of 10 mM RB-DFHBI (in DMSO) was added. The reaction mixture 

was exposed to white light for 1 hour. To the 100 µL volume, 10 µL of 5 M NaCl and 275 µL of 

ice-cold ethanol were added. It was centrifuged at 12,000 x g for 30 min at 4 oC. Samples were 

dried under vacuum prior to resuspension in 20 µL of water. For analysis, 10 µL of the sample 

was injected to LC-MS/MS in negative ion mode.  
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4.16 LC-MS/MS analysis conditions  

 

LCMS analyses were performed using Agilent Infinity Lab LC/MSD system.  

Samples	 were	 diluted	 in	 water	 prior	 to	 injection	 into	 the	 LC-ESI-MS/MS	 in	 negative	

ionization	mode.	 Chromatographic	 conditions	 consisted	 of	 a	 solvent	 gradient,	 starting	 at	

10%	A	and	90%	B	at	0	minutes.	From	0	to	4	minutes,	the	concentration	of	A	increases	to	

90%.	Afterwards,	it	ramps	down	to	10%	A	between	4	to	5	minutes	and	stays	constant	for	1	

minute.	 Flow	rate:	0.5	mL/min.	Column:	HALO	400	A,	ES-C18,	3.4	uM,	2.1	 x	30	mm.	ESI-	

ionization	mode. 

Solvent	A:	10	µM	EDTA,	0.038%	TEA	pH	7,	0.75%	HFIP	in	90:10	MeOH:Milli-Q.		

Solvent	B:	10	µM	EDTA,	0.38%	TEA	pH	7,	0.75%	HFIP	in	Milli-Q.	Flow	rate:	0.5	mL/min.		

 

4.2 Chemical synthesis of RB-DFHBI 

 

4.2.1 Synthesis of Rose Bengal carboxyheptyl ester (1):  

 

 
 

In a round-bottom flask, Rose Bengal salt (100 mg, 0.1 mmol) and 8-bromooctanoic acid were 

dissolved in N,N-dimethylformamide (1 mL). This solution was magnetically stirred and heated 

for 7 h at 80 oC. Upon work-up, 30 mL of diethyl ether was added and the mixture was centrifuged 

at 4 oC for 5 minutes, affording a pellet. The pellet was washed with diethyl ether (5 mL) prior to 

another centrifugation. Distilled water (20 mL and 5 mL) was used to remove the excess starting 

material and inorganic species. The pellet was finally washed with diethyl ether (5 mL) again prior 

to the last centrifugation. 1H NMR {400 MHz, DMSO-d6} δ 11.9 (br.s, COOH), 8.17 (br.s, ArOH), 
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7.48 (s, ArH, 2H), 3.93 (t, J = 6.3 Hz, 2H), 2.18 (t, J = 7.8 Hz, 2H), 1.43 (m, J = 7.5 Hz, 2H), 1.03-

1.08 (m, J = 7.7 Hz, 6H), 0.89 (m, J = 7.3 Hz, 2H). 1H NMR matched the literature. 

 

4.2.2 Synthesis of (Z)-2,6-difluoro-4-((2-methyl-5-oxooxazol-4(5H)-ylidene)methyl)phenyl 
acetate (2):   

 
 

N-acetylglycine (753 mg, 6.44 mmol), anhydrous sodium acetate (529 mg, 6.44 mmol), and 4-

hydroxy-3,5-difluorobenzaldehyde (1.018 g, 6.44 mmol) were added to a round-bottom flask with 

acetic anhydride (3 mL). The reaction was stirred at 100 oC for 1 h. After cooling the reaction to 

room temperature, cold ethanol (30 mL) was added while stirring and the reaction was left stirring 

overnight at 4 oC. The resulting crystalline solid was filtered and washed with a small amount of 

cold ethanol, hot water, and hexanes. 56% yield. 1H NMR {400 MHz, CDCl3} δ 7.78 (d, J = 8.5 

Hz, 2H), 6.98 (s, 1H), 2.45 (s, 3H), 2.42 (s, 3H). 1H NMR matched the literature.  

 

4.2.3 Synthesis of tert-butyl (Z)-(6-(4-(3,5-difluoro-4-hydroxybenzylidene)-2-methyl-5-oxo-
4,5-dihydro-1H-imidazol-1-yl)hexyl)carbamate (3):  

 
 

In a round-bottom flask under an inert atmosphere, compound 2 (500 mg, 1.76 mmol) and 

potassium carbonate (608 mg, 4.4 mmol) were dissolved in anhydrous ethanol (8 mL) prior to the 

addition of N-boc-1,6-hexadiamine (840 mg, 3.87 mmol). The reaction mixture was heated to 

reflux for 4 h. The brick red filtrate was concentrated and redissolved in a 1:1 mixture of ethyl 

acetate and 500 mM sodium acetate (pH 3). The organic layer was dried over magnesium sulfate 

prior to removal of the solvent by rotary evaporation. The compound was purified by column 

chromatography using 6:4 ethyl acetate/hexanes. 53% yield. 1H NMR {400 MHz, CDCl3} δ 7.76-

7.78 (m, 2H), 6.91 (s, 1H), 4.57 (br.s, 1H), 3.60 (t, J = 7.4 Hz, 1H), 3.12 (q, J = 6.3 Hz, 2H), 2.40 

(s, 3H), 1.64 (m, 3H), 1.46 (s, 11H), 1.37 (m, 4H). 1H NMR matched the literature.  
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4.2.4 Synthesis of DFHBI conjugate of Rose Bengal (5): 

 
 

In a round-bottom flask, compound 3 (140 mg, 0.32 mmol) was dissolved in dichloromethane (5 

mL) prior to the addition of trifluoroacetic acid (1 mL, 1.489 g/mL, 13.1 mmol). The reaction 

mixture was concentrated and used in the next step without purification. Compound 4 (23 mg, 

0.054 mmol) and compound 1 (30 mg, 0.027 mmol) were dissolved in DMF (1 mL). HATU (20.52 

mg, 0.054 mmol) was then added, followed by DIPEA (18 µL, 0.742 g/mL, 0.108 mmol). The 

reaction was left to stir at room temperature for 18 h. The reaction mixture was diluted with 40 

mL of water prior to extraction with ethyl acetate (3 x 40 mL). The organic layer was dried over 

MgSO4 and concentrated under reduced pressure. The product was isolated via column 

chromatography using 20% MeOH/DCM prior to trituration with Et2O/DCM. 63% yield. 1H NMR 

{400 MHz, DMSO-d6}: δ 10.94 (br.s, 1H), 10.06 (br.s, 1H), 8.32 (s, 1H), 7.98 (m, 1H), 7.69 (m, 

1H), 7.62, (m, 1H), 6.90 (s, 1H), 3.91 (t, 2H), 3.01 (q, 2H), 2.42 (m, 1H), 2.38 (s, 1H), 1.66 (m, 

1H), 1.52-1.56 (m, 1H), 1.47 (d, 1H), 1.39 (m, 4H), 1.24 (m, 6H), 1.16 (m, 1H), 1.05 (m, 6H), 0.87 

(m, 3H). 13C{1H} NMR {400 MHz, DMSO-d6}: δ 172.4, 157.1, 137.1, 79.6, 76.8, 38.8, 36.0, 29.5, 

28.9, 28.1, 26.4, 25.9, 25.5, 15.9.  

 

4.3 Measuring absorbance and fluorescence of RB and RB derivatives 

 

4.3.1 Measuring absorbance of RB and RB derivatives 

 

To a 96-well transparent plate, 5 µL of 100 µM RB, RB carboxyester, or RB-DFHBI was added 

in 95 µL of 10 mM Tris-HCl (pH 7.5, 75 mM KCl, 10 mM MgCl2) buffer. Absorption spectra 

were acquired in the range of 400 to 700 nm with data points obtained in 10 nm increments. 

Absorbance measurements were taken using a BioTek Synergy H1 microplate reader.  
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4.3.2 Measuring fluorescence of RB and RB derivatives 

 

To a 96-well black plate, 5 µL of 100 µM RB, RB carboxyester, or RB-DFHBI was added in 95 

µL of 10 mM Tris-HCl (pH 7.5, 75 mM KCl, 10 mM MgCl2) buffer. If aptamer was needed in the 

mixture, 1 µL of 2 mM Bibb Lettuce was added. Fluorescence spectra were acquired with the 

following excitation wavelengths (λexc) and ranges of emission (λem). Emission was observed in 2 

nm increments. Fluorescence measurements were taken using a BioTek Synergy H1 microplate 

reader.  

 
Table S1. Excitation (λexc)  and emission wavlengths (λem) used for fluorescence spectra.  
RB = Rose Bengal salt. RB carboxyester = carboxyheptyl ester form of Rose Bengal. RB-DFHBI: DFHBI-linked 
Rose Bengal.   

Small Molecule λexc (nm) λem (nm) 
RB 518  Start: 540 

End: 700 
RB carboxyester 535 Start: 555  

End: 700 
RB-DFHBI 535 or 540 Start: 555 or 560 

End: 560-700 
  
 

4.4 Assessing the aptamer stability within the sgRNA scaffold  

 

4.4.1 Cell lines 

 
The human embryonic kidney cell line expressed with SV40 T antigen (HEK293T) was cultured 

in DMEM supplemented with 10% FBS, 1% GlutaMax, and 1% P/S (Penicillin/Streptomycin). 

The cells were incubated at 37 °C and 5% CO2.  

 

4.4.2 Plasmids 

 

Original plasmids were purchased from Addgene but sequence modifications were confirmed by 

Sanger sequencing prior to experimental usage. Plasmids purchased for mammalian transfection 

were SpRY with BPNLS-3xFLAG-P2A-EGFP and SpCas9 gRNA backbone (BPK1520) BsmBI. 

Custom plasmids were purchased for testing X2B2 and broccoli in the upper stem loop of the 
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sgRNA. Plasmids were isolated using GB-Clean™ Plasmid Miniprep Kit (HiPure Mini system) 

and guidelines were followed according to the manufacturer.  

 

4.4.3 DNA sequences for spacers  

 

EMX1 5’ CACCGAGTCCGAGCAGAAGAAGAA 
5’ AAACTTCTTCTTCTGCTCGGACTC 
 

FANCF-A 5’ CACCGGAATCCCTTCTGCAGCACC 
5’ AAACGGTGCTGCAGAAGGGATTCC 
 

HEK2 5’ CACCGAACACAAAGCATAGACTGC 
5’ AAACGCAGTCTATGCTTTGTGTTC 
 

HEK3 5’ CACCGGCCCAGACTGAGCACGTGA 
5’ AAACTCACGTGCTCAGTCTGGGCC 

 

4.4.4 DNA primers for genomic site amplification 

 

EMX1 5’ CAGCTCAGCCTGAGTGTTGA 
5’ CTCGTGGGTTTGTGGTTGC 
 

FANCF-A 5’ CATTGCAGAGAGGCGTATCA 
5’ CATGCCGACCAAAGCGCCG 
 

HEK2 5’ CCAGCCCCATCTGTCAAACT 
5’ TGAATGGATTCCTTGGAAACAATGA 
 

HEK3 5’ ATGTGGGCTGCCTAGAAAGG 
5’ CCCAGCCAAACTTGTCAACC 

 

4.4.5 Molecular cloning of X2B2 at the 5’ end of sgRNA  

 

For a total reaction volume of 25 µL, the following were added to a PCR tube: 16.55 µL of Milli-

Q water,  5 µL of 5X Q5 Reaction buffer, 0.5 µL of 10 mM dNTPs, 1.25 µL of each 10 µM primer, 

approximately 10 ng template DNA, and 0.25 µL of 2 kU/mL Q5 polymerase. The reaction was 

placed on the thermocycler with the following protocol: 98 °C for 30 seconds, 98 °C for 10 
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seconds, 60 °C for 20 seconds, 72 °C for 3 minutes, repeat steps 2-4 for 32 cycles, then 72 °C for 

2 min. Subsequently, blunt-end ligation was performed as follows: 5	µL	Milli-Q	water,	1	µL	of	

10X	T4	Ligase	buffer,	1	µL	of	linearized	PCR	product,	and	3	µL	of	KLD	mix	were	added	to	a	

PCR	 tube.	 The	 reaction	 mixture	 was	 incubated	 at	 room	 temperature	 for	 1	 h	 prior	 to	

transformation	of	E. coli DH5α cells.	Sanger sequencing confirmed the correct sequence.   

KLD	mix:	a	1:1:1	mixture	of	T4	polynucleotide	kinase,	Dpn	I,	T4	DNA	ligase	(400	kU/mL). 

 

4.4.6 Molecular cloning of sgRNA plasmids 

 

The insert was prepared by annealing a mixture of 1:1 ratio of the forward and reverse compliment 

oligonucleotides, then subsequently diluting 1:25 for use in molecular cloning. To a PCR tube was 

added: 2 µL of 10X T4 Ligase buffer, 100 ng template plasmid DNA, 1 µL of 1:25 diluted insert, 

1 µL of 10 kU/mL BsmB1, 2 µL of 400 kU/µL T4 ligase, and water up to a volume of 20 µL. The 

reaction was placed on the thermocycler with the following protocol: 37 °C for 5 minutes, 16 °C 

for 10 minutes, repeat steps 1-2 for 10 cycles, 37 °C for 15 minutes, 80 °C for 5 minutes. The 

reaction mixture was then used to transform E. coli DH5α cells. Sanger sequencing confirmed the 

correct sequence.   

 

4.4.7 DNA Transfection 

 
Approximately	18-24	hours	prior	to	transfection,	cells	were	seeded	into	a	96-well	plate	(with	

DMEM)	to	reach	a	confluency	of	70-80%	at	the	time	of	transfection.	Approximately	100	ng	

of	Cas9	plasmid	and	50	ng	of	each	guide	RNA	plasmid	were	diluted	to	5	µL.	Subsequently,	5	

µL	of	12%	Lipofectamine	in	optimum	was	added	to	the	mixture	and	it	was	then	incubated	

for	10	minutes	at	room	temperature.	After	incubation,	HEK293T	cells	were	transfected	with	

10	µL	of	the	mixture	(containing	DNA	and	Lipofectamine).	The	cells	were	then	incubated	for	

3	days	at	37	°C.	The	media	were	aspirated	out	prior	to	the	addition	of	75	µL	of	lysis	buffer	

(10	mM	Tris-HCl,	pH	7.5,	0.05%	SDS,	25	µg/mL	proteinase	K)	to	each	well.	The	plate	was	

incubated	for	1	h	at	37	°C	and	then	the	lysate	was	transferred	to	PCR	tubes	for	incubation	at	

80	°C	for	30	min	to	deactivate	proteinase	K.	Experiments	were	carried	out	in	duplicate.	
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4.4.8 Amplification of endogenous genomic sites 

 

Genomic	DNA	was	isolated	using	the	E.Z.N.A.®	Genomic	DNA	Isolation	Kits,	Omega	Bio-Tek	

	Kit	and	the	resulting	concentrations	were	quantified	by	Nanodrop.	To	a	reaction	mixture	

was	added:	12.5	µL	of	GB-AMP	2X	PCR	Mix,	1.25	µL	of	10	µM	forward	primer,	1.25	µL	of	10	

µM	reverse	primer,	50	ng	genomic	DNA,	and	water	filled	to	a	25	µL	reaction	volume. Samples 

were purified using the GB-Clean™ Gel-PCR 2in1 HiPure DNA Kit prior to Sanger sequencing.  
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Supplementary Information 
 
 

Supplementary Figure 31. Initial optimization of riboflavin-catalyzed oxidation of guanine in DNA.  
In the presence of 20 µM ssDNA-1G-2, 100 µM riboflavin was exposed to blue light with an intensity of 26.3 
mW/cm2, 3.54 mW/cm2, or 1.27 mW/cm2 for 0, 2, and 5 minutes.  
 

 
Supplementary Figure 32. Pre-exposure of Rose Bengal to light prior to guanine oxidation.  
Rose Bengal salt was pre-exposed to green light with an intensity of 14.3 mW/cm2 for 0, 30, and 60 minutes. 20 
µM ssDNA-1G-7 was then added upon exposure to 30 minutes of green light with the same intensity.  
 

0

10

20

30

40

50

60

70

80

90

0 min 30 min 60 min

Pe
rc

en
ta

ge
 (%

)

Light pre-treatment

Starting material

Sp/Gh

0

5

10

15

20

25

30

35

0 2 5

%
 Iz

/O
z

Time (min)

0
10
20
30
40
50
60
70
80
90

100

0 2 5

%
 o

f s
ta

rt
in

g 
D

N
A

Time (min)

26.3 mW/cm²

3.54 mW/cm²

1.27 mW/cm²



 65 

 
Supplementary Figure 33. Photooxidation of guanine by Rose Bengal in the presence of DFHBI-IT.  
The 1O2-mediated intermolecular photooxidation of a ssDNA-1G-1 sequence was observed in the presence 
and/or absence of DFHBI-IT. Green light (550 nm) with an intensity of 6.37 mW/cm2 was used to excite Rose 
Bengal salt for 0 and 30 minutes with/without DFHBI-IT present in the reaction mixture.   

 

 
Supplementary Figure 34. Fluorescence upon binding of DFHBI to Lettuce.  
In Tris buffer, 5 µM DFHBI-IT was excited with light of 482 nm in the presence/absence of 20 µM Bibb Lettuce 
DNA aptamer and 20 µM scrambled Bibb Lettuce DNA sequence. DFHBI was excited by light of 482 nm. 
Emission was captured at a wavelength of 505 nm.  
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Supplementary Figure 35. Photooxidation of Lettuce using 5-fold greater RB-DFHBI.  
A reaction mixture of 20 µM aptamer/non-aptamer DNA and 100 µM RB-DFHBI in tris buffer was exposed to 
white light for 1 hour. Photooxidation of the Lettuce aptamer was compared against a control of a scrambled 
sequence of Lettuce.  
 

 
 

Supplementary Figure 36. Cas9 cleavage efficiency with X2B2 cloned into the sgRNA scaffold.  
X2B2 was cloned within the upper stem loop of the sgRNA for subsequent analysis of its stability with the Cas9 
protein. Percentage of indels (%) was used to measure the efficiency of Cas9 dsDNA cleavage.   
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1H NMR spectrum of Rose Bengal carboxyheptyl ester (1) 

 
 

 
1H NMR spectrum of (Z)-2,6-difluoro-4-((2-methyl-5-oxooxazol-4(5H)-ylidene)methyl)phenyl 

acetate (2) 
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1H NMR spectrum of tert-butyl (Z)-(6-(4-(3,5-difluoro-4-hydroxybenzylidene)-2-methyl-5-oxo-

4,5-dihydro-1H-imidazol-1-yl)hexyl)carbamate (3) 
 
 

1H NMR spectrum of RB-DFHBI (5) 
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View of the 0-4.0 ppm region for the 1H NMR of RB-DFHBI (5) 
 

 
View of 6.6-8.4 ppm region for the 1H NMR of RB-DFHBI (5) 
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13C NMR NMR spectrum of RB-DFHBI (5) 

 
 

 
 

Mass data for RB-DFHBI (5) 
 
 
 
 

 
Supplementary Data 1. Photooxidation of ssDNA-1G-1 by riboflavin with 1 h exposure to white light. 
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Supplementary Data 2. Photooxidation of ssDNA-1G-1 by Rose Bengal with no exposure to light. 
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Supplementary Data 3. Photooxidation of ssDNA-1G-1 by Rose Bengal with 10 minutes of exposure to high-intensity light of 550 
nm. 
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Supplementary Data 4. Photooxidation of ssDNA-1G-1 by Rose Bengal with 20 minutes of exposure to high-intensity light of 550 
nm. 
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Supplementary Data 5. Photooxidation of ssDNA-1G-1 by Rose Bengal with 20 minutes of exposure to high-intensity light of 550 nm. 
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Supplementary Data 6. Photooxidation of ssDNA-1G-1 by Rose Bengal with no exposure to light. 
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Supplementary Data 7. Photooxidation of ssDNA-1G-1 by Rose Bengal with 10 minutes of exposure to 550 nm light with an 
intensity of 6.37 mW/cm2. 
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Supplementary Data 8. Photooxidation of ssDNA-1G-1 by Rose Bengal with 20 minutes of exposure to 550 nm light with an 
intensity of 6.37 mW/cm2. 
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Supplementary Data 9. Photooxidation of ssDNA-1G-1 by Rose Bengal with 30 minutes of exposure to 550 nm light with an 
intensity of 6.37 mW/cm2. 
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Supplementary Data 10. Photooxidation of ssDNA-1G-1 by Rose Bengal with no exposure to 550 nm light with an intensity of 
2.29 mW/cm2. 
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Supplementary Data 11. Photooxidation of ssDNA-1G-1 by Rose Bengal with 10 min of exposure to 550 nm light with an 
intensity of 2.29 mW/cm2. 
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Supplementary Data 12. Photooxidation of ssDNA-1G-1 by Rose Bengal with 20 min of exposure to 550 nm light with an 
intensity of 2.29 mW/cm2. 
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Supplementary Data 13. Photooxidation of ssDNA-1G-1 by Rose Bengal with 30 min of exposure to 550 nm light with an 
intensity of 2.29 mW/cm2. 
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Supplementary Data 14. Photooxidation of ssDNA-1G-3 by riboflavin with 0 min of exposure to blue light with an intensity of 
3.54 mW/cm2. 
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Supplementary Data 15. Photooxidation of ssDNA-1G-3 by riboflavin with 2 min of exposure to blue light with an intensity of 3.54 
mW/cm2. 
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Supplementary Data 16. Photooxidation of ssDNA-1G-3 by riboflavin with 5 min of exposure to blue light with an intensity of 
3.54 mW/cm2. 
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Supplementary Data 17. Photooxidation of ssDNA-1G-3 by riboflavin with 15 min of exposure to blue light with an intensity of 
3.54 mW/cm2. 
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Supplementary Data 18. Photooxidation of ssDNA-1G-3 by riboflavin with 30 min of exposure to blue light with an intensity of 
3.54 mW/cm2. 
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Supplementary Data 19. Photooxidation of ssDNA-1G-3 by riboflavin with 0 min of exposure to blue light with an intensity of 
1.27  mW/cm2. 
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Supplementary Data 20. Photooxidation of ssDNA-1G-3 by riboflavin with 2 min of exposure to blue light with an intensity of 
1.27  mW/cm2. 
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Supplementary Data 21. Photooxidation of ssDNA-1G-3 by riboflavin with 5 min of exposure to blue light with an intensity of 
1.27  mW/cm2. 
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Supplementary Data 22. Photooxidation of ssDNA-1G-3 by riboflavin with 15 min of exposure to blue light with an intensity of 
1.27  mW/cm2. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 109 

 

 
 
 
 



 110 

 

 

 
 
 
 
 
 



 111 

 



 112 

 

 

 



 113 

 
Supplementary Data 23. Photooxidation of ssDNA-1G-3 by riboflavin with 30  min of exposure to blue light with an intensity of 
1.27  mW/cm2. 
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Supplementary Data 24. Photooxidation of ssDNA-1G-2 by RB-heptylCOOH with 15 minutes of exposure to green light with an 
intensity of 14.3 mW/cm2.  
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Supplementary Data 25. Photooxidation of ssDNA-1G-2 by RB-heptylCOOH with 30 minutes of exposure to green light with an 
intensity of 14.3 mW/cm2. 
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Supplementary Data 26. Photooxidation of ssDNA-1G-2 by RB-heptylCOOH with 60 minutes of exposure to green light with an 
intensity of 14.3 mW/cm2. 
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 Supplementary Data 27. Mass analysis of Bibb Lettuce DNA with no treatment. 
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Supplementary Data 28. Starting material from the RB-DFHBI-catalyzed photooxidation of Lettuce DNA with 1 h of white light.  
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Supplementary Data 29. Product analysis from the RB-DFHBI-catalyzed photooxidation of Lettuce DNA with 1 h of white light. 
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Supplementary Data 30. Starting material and minor adducts from RB-DFHBI-catalyzed photooxidation of scrambled Lettuce 
DNA with 1 h of white light. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 126 

 
Supplementary Data 31. Cas9-induced indel formation for HEK3 control sgRNA. 

 
 
 

 
Supplementary Data 32. Cas9-induced indel formation against HEK3 with 5’ X2B2-sgRNA. 
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Supplementary Data 33. Cas9-induced indel formation for HEK2 control sgRNA. 

 

 
Supplementary Data 34. Cas9-induced indel formation against HEK2 with 5’ X2B2 sgRNA. 

 

 
Supplementary Data 35. Cas9-induced indel formation for EMX1 control sgRNA. 
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Supplementary Data 36. Cas9-induced indel formation against EMX1 with broccoli in the upper stem loop of sgRNA. 

 

 
Supplementary Data 37. Cas9-induced indel formation against HEK3 with broccoli in the upper stem loop of sgRNA. 
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Supplementary Data 38. Cas9-induced indel formation for FANCF-A control sgRNA. 

 

 
Supplementary Data 39. Cas9-induced indel formation against FANCF-A with X2B2 in the upper stem loop of sgRNA. 

 

 

 

Supplementary Data 40. Cas9-induced indel formation against HEK3 with X2B2 in the upper stem loop of sgRNA.  
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