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ABSTRACT: Exponential molecular amplification such as the polymerase chain reaction is a powerful tool that allows ul-
trasensitive biodetection. Here we report a new exponential amplification strategy based on photoredox autocatalysis, 
where eosin Y, a photocatalyst, amplifies itself by activating a non-fluorescent eosin Y derivative (EYH2) under green light. 
The deactivated photocatalyst is stable and rapidly activated under low intensity light, making the eosin Y amplification 
suitable for resource-limited settings. Through steady-state kinetic studies and reaction modeling, we found that EYH2 is 
either oxidized to eosin Y via one-electron oxidation by triplet eosin Y and subsequent 1e─/H+ transfer, or activated by 
singlet oxygen with the risk of degradation. By reducing the rate of the EYH2 degradation, we successfully improved EYH2-
to-eosin Y recovery, achieving efficient autocatalytic eosin Y amplification. Additionally, to demonstrate its flexibility in 
output signals, we coupled the eosin Y amplification with photo-induced chromogenic polymerization, enabling sensitive 
visual detection of analytes. Finally, we applied the exponential amplification methods in developing bioassays for detection 
of biomarkers including SARS-CoV-2 nucleocapsid protein, an antigen used in the diagnosis of COVID-19. 

INTRODUCTION 
The development of rapid, affordable, and highly sensi-

tive biodetection methods for resource-limited settings is 
of paramount importance in detection and diagnosis of in-
fectious diseases. Advances in point-of-care diagnostic 
tests have enabled rapid detection of high concentrations 
of biomarkers at low cost,1,2 but these tests have limited 
utility for clinical decision-making due to lower sensitivity 
than other laboratory methods such as the polymerase 
chain reaction (PCR).3–5 On the other hand, PCR can detect 
low-abundance target nucleic acids6 or antigens (via im-
muno-PCR)7 by amplifying specific nucleic acids exponen-
tially, but this method often takes several hours, and is not 
easily translated to resource-limited settings due to reli-
ance on laboratory instruments (thermal cyclers and ana-
lyzers), poor stability of enzyme-based reagents, and re-
quirement of trained personnel.8–10 To address these issues, 
efforts have been made to develop isothermal nucleic acid 
amplification strategies,9,11 long-term storage methods for 
reagents,12 and automated formats.9,11,13 

Alternatively, several research groups have dedicated to 
developing non-PCR exponential molecular amplification 
methods by carefully designing small molecule amplifica-
tion reagents. These reagents can amplify activating mole-
cules such as acetate,14 hydrogen peroxide,15–17 fluoride,18–22 

thiol,23 piperidine,24 and photosensitizers25,26 through auto-
inductive or autocatalytic reactions27,28 such as activation 
of a supramolecular catalyst,14 a cascade of self-immolative 
reactions,15–24 and photo-unmasking of photosensitiz-
ers.25,26 However, despite the successful detection of ana-
lytes in aqueous solutions such as enzymes,15 nerve 
agents,22,23 metal ions,19,24 and avidin,26 these amplification 
methods have never been used to detect biomarkers of in-
fectious diseases.  

To address this gap, broadly applicable exponential am-
plification methods for sensitive biodetection need to be 
developed with the following considerations. First, the ac-
tivating molecules should be easily conjugated to affinity 
reagents or liberated from the conjugated probes, amplify-
ing signals associated with specific binding events. Second, 
the amplification reagents should be thermally stable for 
long-term storage without refrigeration, and soluble in wa-
ter to avoid handling of organic solvents by untrained us-
ers. Furthermore, the amplification time should be short 
(within minutes), and readily controlled with external 
stimuli such as heat and light to prevent false positive re-
sults and provide quantitative information. Most im-
portantly, autoinductive cascade or autocatalysis should be 
carefully designed to achieve exponential amplification of 
biodetection signals.  

Herein, we demonstrate a new exponential signal ampli-
fication strategy based on photoredox autocatalysis, which 



 

can be applied to various biodetection assays. Inspired by 
the activation of non-fluorescent probes such as 1 and 2 via 
photo-induced oxidation (Scheme 1A),29–34 we designed 
eosin Y (EY)-based photoredox autocatalysis where doubly 
reduced and protonated eosin Y (EYH2) is converted into 
EY by triplet EY (3EY*) or other oxidizing species produced 
during the photoredox catalysis of EY (Scheme 1B). EY was 
chosen as the photocatalyst for the autocatalytic reaction 
because (1) EY-conjugated affinity reagents can be readily 
prepared,35–37 (2) EY has a high triplet quantum yield (0.6 – 
0.7)38,39 and a long triplet lifetime (1.85 ms)40 in water, (3) 
EYH2 cannot absorb visible light,41,42 (4) both EY and EYH2 
are water-soluble due to ionizable groups, and (5) EYH2 is 
potentially stable against oxidation during storage.41,43  

Our initial hypothesis was that the additional EY gener-
ated in previous photoredox cycles can activate EYH2 in the 
next cycle, so it was expected that the amount of EY would 
increase exponentially (Scheme 2). However, quenching 
of activating molecules and other side reactions could 
hamper efficient activation of EYH2 and cause degradation 
of EY and EYH2. To enhance the kinetics and efficiency of 
the autocatalytic reaction, we studied the mechanism of EY 
amplification. Employing the mechanistic insights from 
the steady-state kinetic studies and reaction modeling, we 
could dramatically improve EYH2-to-EY recovery and 
achieve a rapid and sensitive autocatalytic EY amplifica-
tion.  

Additionally, we demonstrate that the autocatalytic EY 
amplification can be coupled with other photochemical re-
actions to generate different forms of signals. Combining 
the EY amplification with oxidative polymerization of 3,3’-
diaminobenzidine (DAB), the amplification system pro-
duced colorimetric signals with brown insoluble polymer. 
Finally, we applied the exponential amplification methods 
in developing bioassays for detection of biomarkers includ-
ing SARS-CoV-2 nucleocapsid protein, an antigen used to 
diagnose COVID-19.  

 

RESULTS AND DISCUSSION 
Synthesis and characterization of EYH2 

Synthesis of EYH2 was achieved by reducing 1,4-benzo-
quinone-like structure of EY to hydroquinone-like struc-
ture with sodium borohydride in aqueous solution as de-
scribed in Figure 1A,42 leading to a loss of conjugation in 
the π-system. It should be noted that EY and EYH2 repre-
sent eosin Y and dihydroeosin Y in this paper, regardless of 
actual charges of the molecules. Because of the ionizable 
groups in EYH2, it is soluble in neutral-to-high pH solu-
tions, but its solubility decreases as pH decreases. Thus, 
EYH2 was easily purified by precipitation at low pH and 
then stored in DMSO (see the Materials and Methods sec-
tion in Supporting Information).  

 

Scheme 1. (A) General activation pathway of dihy-
droxanthene dyes (1 and 2). (B) Hypothesized activa-
tion pathway of EYH2 to EY via photoredox autocatal-
ysis (present work). 

 
3PC*: photocatalyst in triplet excited state. 3EY*: triplet EY 

Scheme 2. Autocatalytic amplification of EY. 

 
Triplet EY (3EY*) is either quenched by oxygen (O2) to gen-

erate reactive oxygen species (ROS) or oxidizes EYH2 to pro-
duce EY. The amplification reagent (EYH2) is activated by 
small amount of EY in an autocatalytic manner to amplify the 
number of EY in the system.  

By monitoring EY and EYH2 concentrations in the EYH2 
solution, we confirmed the long-term (at least 4 months) 
stability of EYH2 at 25°C (Figure 1B). Considering that the 
EYH2 stock solutions in DMSO were kept in centrifuge 
tubes without airtight sealing, the results support the high 
stability of protonated EYH2 against oxidation in DMSO at 
25°C although the oxidation is slightly faster at 40°C. 

Next, we tested if EYH2 could be photo-activated by EY 
with and without oxygen (Figure 1C). In both conditions, 
EYH2 was activated to generate EY upon light irradiation, 
but the EY amplification rates were very different. In the 
absence of oxygen, EY generation was much faster than in 
the presence of oxygen, and the EY concentration reached 
9.6 μM, implying 100% EYH2-to-EY recovery. The EY con-
centration in air-saturated solution, on the other hand, did 



 

not reach 4 μM even after extended illumination (30 min). 
Unfortunately, oxygen must be included in the EY amplifi-
cation system because removing oxygen in practical set-
tings is not feasible, and the amplification should occur as 
fast as possible. Thus, we sought to improve our mechanis-
tic understanding of the EY amplification and the role of 
oxygen to achieve a more rapid and sensitive autocatalytic 
amplification method by removing inefficiencies in the 
system. 

 

Figure 1. Synthesis and characterization of the amplification 
reagent (EYH2). (A) Synthesis of EYH2. (B) Thermal stability of 
EYH2 in DMSO at 25°C and 40°C. (C) Activation of 8.6 μM 
EYH2 by 1 μM EY in 0.2 M phosphate buffer (pH 7.4) under 2.6 
mW/cm2 green light (λmax = 535 nm) in deaerated and air-sat-
urated solution. 

Investigation of EY amplification mechanism 
Using UV-Vis spectroscopy, we monitored the steady-

state kinetics of EY amplification in deaerated and air-sat-
urated solutions (pH 7.4) (Figures 2A and S7). On the ba-
sis of kinetic analysis, we proposed elementary reactions 
associated with EYH2 activation and integrated them into 
the reported photochemical reactions of EY (Table S1). To 
estimate unknown parameters and validate the proposed 
reactions, we first developed the simplest kinetic model for 
one-species system (EY) where all rate constants could be 
obtained from literature, and increased complexity of the 
model by adding other species (EYH2 and O2) and associ-
ated reactions to the system (see the Model Development 
section in Supporting Information for details on reaction 
mechanism and kinetic modeling). 

When the deaerated solutions including EY and EYH2 
are irradiated with green light, EY is excited to singlet state 
(1EY*) (Table S1, Eq. 1), whose energy is lost through vibra-
tional relaxation and internal conversion (Eq. 2), fluores-
cence (Eq. 3), and intersystem crossing (Eq. 4). The triplet 
EY (3EY*) generated from intersystem crossing either de-
cays via phosphorescence (Eq. 5) and energy transfer to EY 
(Eq. 6) and EYH2 (Eq. 8), or activate EYH2 via reductive 
quenching (Eq. 7), which produces eosin Y radical anion 
(EY•─) and one-electron oxidized EYH2. At neutral pH, the 
singly oxidized EYH2 appears to undergo 1e─/1H+ transfer 

to buffer components and become EY (Figure S8). Lastly, 
the fate of EY•─ radicals can be described with acid-base 
equilibria (Eq. 9–10) in phosphate buffer solutions (pH 7.4) 
and pH-dependent disproportionation reactions (Eq. 11–
13).31 

 

Figure 2. Steady-state kinetic studies of EY amplification in 
deaerated solutions. Various concentrations (4.3, 8.6, and 12.9 
μM) of EYH2 with 1 μM EY in deaerated solutions were irradi-
ated under 2.6 mW/cm2 green light (λmax = 535 nm). (A) 
Heatmap plot of UV-Vis absorbance change over time. Color-
map was adjusted to clearly show formation of transient spe-
cies, EY•─, at 405 nm. Absorbance vs. wavelength graph is also 
available in Figure S7. Steady-state kinetics of (B) EY moni-
tored at 516 nm, (C) EY•─ monitored at 405 nm, and (D) EYH2 
monitored at 312 nm during the irradiation. Black solid lines 
demonstrate the concentration of each species predicted by a 
kinetic model. 

The kinetic model constructed with this mechanism pro-
vided consistent results with the concentration profiles of 
EY and EYH2

 (Figures 2B and 2D). However, the concen-
tration profile of EY•─ was not perfectly predicted by the 
model. One reason for the discrepancy is that the radical 
concentration is particularly sensitive to kinetic parame-
ters obtained from literature, which were measured or es-
timated in slightly different conditions. The other reason 
is that the model ignored the oxygen dissolution and diffu-
sion from air or through the purging gas, whereas in the 
experiment there could be a slight leak due to improper 
sealing of the cuvette. Indeed, the concentration of EY•─ 
could be very sensitive to leaked traces of oxygen because 
the oxidation of EY•─ by oxygen is almost a diffusion-con-
trolled reaction (1×109 M-1s-1).44 By considering the exposure 
to oxygen, the model could better predict the radical con-
centration profile (Figure S11). Therefore, we expect that if 
the air leak was strictly avoided, EY•─ would decay much 
slowly as predicted by the current model (Figure 2C). 



 

Notably, in deaerated conditions, two EYH2 activation 
reactions (two EY radicals) are required to produce one ad-
ditional EY molecule due to the nature of disproportiona-
tion reactions (Eq. 11–13). In air-saturated solutions, on the 
other hand, one EYH2 activation leads to one EY produc-
tion because EY•─ is rapidly oxidized to EY by oxygen (~0.25 
mM)45, producing superoxide (O2

•─) (Eq. 14) and hydrogen 
peroxide (H2O2) through series of reactions (Eq. 15–20).46 
However, as shown in Figure 1C, the EY amplification be-
comes sluggish in the presence of oxygen, which is mainly 
because of the physical quenching of 3EY* by oxygen, pro-
ducing ground-state EY and 1O2 (Eq. 21).44,47 The singlet ox-
ygen is known to decay through interactions with solvent 
(Eq. 22)48 and dissolved oxygen (Eq. 23).30 

The kinetic model updated with the above reactions 
could not predict the trend of experimental data (Figure 
S13). The model provided much slower EYH2 activation 
than experimental data and 100% recovery of EYH2 to EY, 
but in reality significant loss of EY species (EY, EY•─, and 
EYH2) occurred during EY amplification in the presence of 
oxygen. To address this deviation, we focused on the reac-
tivity of 1O2, which is one of the most reactive species that 
is generated in the system and has higher energy by 94 
kJ/mol than the ground-state oxygen.49 The singlet oxygen 
has been proposed as the oxidant for other dihydroxan-
thene dyes previously,30,34 and is known to oxidize hydro-
quinone to benzoquinone,50 so 1O2 is plausible to contrib-
ute to EYH2 oxidation (Eq. 24). Additionally, 1O2 has been 
reported to participate in Diels-Alder type reactions on 
various chromophores such as anthracenes and perylenes, 
which results in a loss of conjugation.51–54 Substituted phe-
nols can rapidly react with 1O2 to yield oxygenated prod-
ucts.55,56 Therefore, the oxidation of EYH2 and EY by 1O2 
could be disruptive, which leads to degradation of EYH2 
(Eq. 25) and EY (Eq. 26). These 1O2-driven reactions (Eqs. 
24–26) were experimentally confirmed using a 1O2 
quencher (sodium azide) and a 1O2 enhancer (deuterium 
oxide) (Figure S14). Updated with these 1O2-driven activa-
tion and degradation reactions, the model successfully de-
scribed the EY amplification kinetics and EYH2-to-EY re-
covery (model: 34.3%; experiment: 34.5%) in air-saturated 
solutions (Figure 3A). 

Optimization of EY amplification with insights from 
the mechanism 

From the proposed mechanism for EY amplification 
(Scheme 3), where EYH2 is oxidized to EY by 3EY*

 and 1O2, 
we identified reactions retarding the EY amplification in 
air-saturated solution: (1) quenching of 3EY* by oxygen and 
(2) degradation of EYH2 by 1O2. Although the triplet 
quenching was facilitated by high concentration of oxygen 
(~0.25 mM) compared to that of EYH2 (~12 μM), increasing 
light intensity could raise the 3EY* production rate, enhanc-
ing kinetics of EYH2 oxidation by the triplet. However, ac-
cording to the model, this measure might not improve the 
recovery of EYH2 to EY because faster degradation of EYH2 
and EY by 1O2 could be accompanied by the increased light 
intensity, limiting the maximum concentration of ampli-
fied EY (Figure S16). Thus, to improve the amplification 

factor ([EY]final/[EY]initial), it is of primary importance to in-
crease the recovery by preventing the 1O2-involved degra-
dation of EYH2 and EY. 
Scheme 3. Mechanism of EY autocatalytic amplifica-
tion through photosensitized oxidation of EYH2. 

 
EY is photoreduced by EYH2 upon absorption of green light. 

EY•─ is rapidly oxidized back to EY via single electron transfer 
to oxygen. The oxidized EYH2 react with oxygen to yield EY 
and hydroperoxyl radical. Singlet oxygen, generated by energy 
transfer from 3EY* to ground-state oxygen, not only activates 
EYH2, but also degrades the inactivated EY. 

Considering that the yield of photosensitized 1O2 pro-
duction can be dependent on pH because the degree of 
protonation in triplet photosensitizers may impact the en-
ergy transfer to ground-state oxygen,57,58 we investigated 
the effects of pH on EY amplification. As shown in Figure 
3B, the recovery increased from 34% to 52% as pH de-
creased from 7.8 to 6.1 whereas the EYH2 oxidation rate de-
creased. At present, it is not clear whether 1O2 quantum 
yield was reduced or the rate of EYH2 degradation by 1O2 
decreased at low pH by protonation (pKa = 6.5, Figure S17) 
of EYH2, but lowering pH was very effective to improve the 
recovery. Therefore, we used pH 6 phosphate buffer (0.2 
M) for the following experiments and increased light in-
tensity to compensate for the reduction in EYH2 oxidation 
rate. In addition, we confirmed that residual DMSO from 
the EYH2 stock solution did not affect the EY amplification 
kinetics (Figure S18), supporting DMSO as a safe storage 
solvent for EYH2. 

As another approach to suppressing the EYH2 and EY 
degradation by 1O2, we included methoxy poly(ethylene 
glycol) (mPEG) in the buffer solution because localization 
of EY and EYH2 in carbon-rich mPEG phase could increase 
the rate of EYH2 oxidation by 3EY* relatively to reaction  



 

 

Figure 3. Steady-state kinetic studies of EY amplification in 
the presence of oxygen. Various concentrations (4, 8, and 12 
μM) of EYH2 with 1 μM EY and ~0.25 mM oxygen45 were irra-
diated under 1.2 mW/cm2 green light (λmax = 535 nm). (A) 
Steady-state kinetics of EY amplification monitored at 516 nm 
during the irradiation. Black solid lines show EY concentra-
tion predicted by a kinetic model. (B) pH dependence of EYH2 
activation rate and EY recovery from EYH2. (C) Impact of 
methoxy poly(ethylene glycol) (mPEG, 20 mM) on the EY re-
covery. Lower pH, 6, and higher power, 10 mW/cm2 (λmax = 530 
nm), were used to improve the EY recovery and the EYH2 ac-
tivation rate. The graph shows sigmoidal increase in EY con-
centration. (D) EY is amplified as EYH2 is consumed, enabling 
to detect EY as low as 10 nM using a UV-Vis spectrometer with 
a detection limit of 50 nM EY. The amplification reagent was 
composed of 12 μM EYH2 and 40 mM mPEG in 0.2 M phos-
phate buffer (pH 6). 

rates between 1O2 and EYH2, and might also cause faster 
depletion and slower replenishment of oxygen,59 inhibiting 
1O2 production. Surprisingly, the recovery further in-
creased to 74% when mPEG was added to the buffer solu-
tion (Figure 3C). Together with enhanced light intensity, 
it also clearly displayed a sigmoidal response curve, which 
is a typical indicator of autocatalytic reactions.27,28 We ex-
cluded 1O2 quenching by mPEG because the lifetime of 1O2 
does not change in PEG solution.60 Excited states kinetics 
(e.g. triplet lifetime) of EY could change with the mPEG 
addition as reported in other environments,61 but longer 
triplet lifetime (simulated by ignoring all decay pathways 
except for quenching by oxygen) could provide only minor 
improvement (~1%) in the recovery. Thus, it is reasonable 
to propose that the nanoscale liquid-liquid phase separa-
tion locally concentrates EY and EYH2 and selectively in-
creases the rate of oxygen-free EYH2 oxidation, assisting to 
improve the recovery. 

After optimizing the mPEG concentration (Figure S19), 
we performed EY amplification experiments with various 
initial concentrations of EY (Figure 3D). Under 10 

mW/cm2 green light, EY was successfully amplified with 12 
μM EYH2 and 40 mM mPEG in 0.2 M phosphate buffer (pH 
6), revealing that the limit of detection for this proof-of-
concept EY detection assay was 10 nM. Considering that 
the UV-Vis spectrophotometer used in the experiments 
could not detect below 50 nM EY before the amplification, 
this is an exciting demonstration that the autocatalytic EY 
amplification strategy is capable of improving the assay 
sensitivity.  

 

Figure 4. EY amplification coupled with 3,3’-diaminobenzi-
dine (DAB) polymerization. (A) Mechanism of the EY-DAB 
amplification. EYH2 is activated not only by 3EY*, but also by 
oxidized DAB radicals (DAB•+) formed from DAB and 1O2 or 
O2•─ reaction. The DAB•+ also reacts with each other to form 
brown polymer. Detailed reaction mechanism for EY and DAB 
is available in ref. 62. (B) Steady-state kinetic studies of EY am-
plification with oxygen and DAB. System 1 included only 1 μM 
EY and ~12 μM EYH2 in pH 7.4 phosphate buffer (0.2 M). The 
concentrations of added oxygen and DAB were ~0.25 mM and 
0.6 mM, respectively. (C) Absorbance change during EY-DAB 
amplification under 10 mW/cm2 green light (λmax = 530 nm). 
The solution included 1 μM EY, 12 μM EYH2, and 0.6 mM DAB 
in 0.2 M Na2HPO4 (pH 9). (D) Visual detection of 1 μM EY us-
ing EY-DAB amplification. The same conditions as described 
in (C) apply here. After 10-min EY-DAB amplification, brown 
phenazine polymer formed in the solution with 1 μM EY, 
which can be filtered by cellulose paper. 

Coupling EY amplification with DAB polymerization 
Importantly, the EY amplification can be coupled with 

various photochemical reactions to generate different 
forms of signals. To demonstrate this potential, we com-
bined the EY amplification with photoinduced oxidative 
polymerization of 3,3’- diaminobenzidine (DAB). Because 
DAB is known to form a brown-colored phenazine polymer 
when oxidized by 1O2 or O2

•─,35,62,63 we expected that the in-
corporation of DAB would also contribute to improving 
the EYH2-to-EY recovery by consuming 1O2 in addition to 
producing colorimetric signals, which has proven to be 



 

true (Figure S20). Interestingly, there was an unexpected 
synergy in the EY-DAB amplification. As proposed in Fig-
ure 4A, EYH2 can be activated by the oxidized DAB radicals 
(DAB•+) formed from the reaction between DAB and 1O2 or 
O2

•─, meaning that the side products of EY amplification 
can be recycled by DAB to activate more EYH2. This is sup-
ported by kinetic studies of EY amplification with oxygen 
and DAB (Figure 4B). Compared to system 1 including 
only EY and EYH2, addition of either oxygen or DAB to 1 
retarded EY amplification due to rapid quenching of 3EY* 
by the additives. On the other hand, when both oxygen and 
DAB were added to 1, the EY amplification rate did not fur-
ther decrease, but increased. Together with the higher re-
covery with DAB, this counter-intuitive result indicates 
that DAB•+ can activate EYH2 less disruptively than 1O2. Af-
ter optimizing conditions for EY-DAB amplification to 
maximize EY-specific polymerization response (Figures 
S21–S23), we proceeded to the visual detection of EY in so-
lution. As shown in Figure 4C, EY-DAB amplification in-
creases not only the absorbance (λmax = 516 nm) of EY, but 
also the absorbance in the visible range (400–700 nm) in 
the presence of EY (1 μM). This broad absorption band is 
attributed to the insoluble DAB polymer, which enables 
visual detection of 1 μM EY in solution (Figure 4D).  

Application of EY amplification in biodetection as-
says 

Finally, we applied the EY and EY-DAB amplification 
strategies to specific detection of biomolecules. Firstly, we 
developed a rapid (< 30 min) cellulose particle-based fluo-
rescence assays with EY amplification to detect SARS-CoV-
2 nucleocapsid protein (N-protein), a biomarker of 
COVID-19.64–66 As described in Figure 5A, capture binder 
(SsoNP.E2)67 is genetically fused to cellulose binding do-
main (CBD) for oriented immobilization on microcrystal-
line cellulose particles. Once SARS-CoV-2 N-protein (0–
100 nM) in samples is captured on the cellulose particles, 
the captured target is labeled with reporter binder 
(SsoNP.E1 fused to biotinylated maltose binding domain)67 
and EY-conjugated streptavidin (streptavidin-EY). The flu-
orescence intensity from EY associated with the captured 
target is then amplified by oxidizing EYH2 under green 
light (5 mW/cm2, λmax = 530 nm). As can be seen in Figure 
5B, the EY amplification improved the detection limit of 
the N-protein by ~30-fold from 30 nM to 1 nM, which is 
clinically relevant level.68  

Next, we incorporated EY-DAB amplification into color-
imetric assays. Using the same cellulose particle-based 
platform, we detect streptavidin-EY as a model protein 
with capture binder (rcSso7d.SA) genetically fused to 
CBD.69 As presented in Figure 6A, after the target protein 
is captured on the cellulose particles, EY-DAB amplifica-
tion reagents are added and irradiated under green light to 
produce the brown polymer. Comparing pre- and post-am-
plification results in Figure 6B, we can see that the EY-
DAB amplification allows visual detection of 10 nM strep-
tavidin-EY.  

 

Figure 5. Detection of SARS-CoV-2 N-protein using cellulose-
based fluorescence assay with EY amplification. (A) Schematic 
description of the assay. Detailed protocol and conditions are 
available in the Supporting Methods section. (B) SARS-CoV-2 
N-protein fluorescence assay results before and after EY am-
plification. The EY amplification improved the detection limit 
of SARS-CoV-2 N-protein by ~30-fold from 30 nM (pre-ampli-
fication, blue square) to 1 nM (post-amplification, red circle). 
The dotted line (Neg+3σ) represents the mean fluorescence 
intensity (Neg) of 0 nM samples plus three times their stand-
ard deviation (σ) for each case. 

These proof-of-concept assays reveal that the autocata-
lytic EY amplification strategy using water-soluble, ther-
mally stable, and rapidly activatable EYH2 can be easily in-
corporated into various types of biodetection assays using 
EY-conjugated affinity reagents. Additionally, the method 
can improve the detection limit by amplifying biodetection 
signals with low intensity light (5 mW/cm2), so it could be 
especially useful with low-cost, portable, but not very sen-
sitive fluorescent reader or imaging setup as opposed to so-
phisticated instruments in centralized laboratories. Cur-
rently, the EY impurity (0.05%, 6 nM) in the amplification 
reagents including 12 μM EYH2 induces the autocatalytic 
EY amplification even without target-associated EY, in-
creasing background signals and negatively affecting the 
detection limit. To overcome this issue, our current efforts 
are focused on employing affinity reagents conjugated with 
red light-absorbing photosensitizers such as methylene 
blue (MB) and sequential red/green light illumination to 
initially generate EY from target-associated MB and then 
amplify EY autocatalytically. 



 

 

Figure 6. Detection of EY-conjugated streptavidin (streptavi-
din-EY) using cellulose-based colorimetric assay with EY-DAB 
amplification. (A) Schematic description of the assay. Detailed 
protocol and conditions are available in the Supporting Meth-
ods section. (B) Streptavidin-EY colorimetric assay results be-
fore and after EY-DAB amplification. Representative images 
are provided above corresponding bar graphs. Images for rep-
licates are available in Figure S24. Colorimetric intensity was 
calculated in HSV (Hue, Saturation, Value) color space using 
a reported method in literature.70 

 

CONCLUSION 
    In summary, we have developed an autocatalytic sig-

nal amplification method for sensitive biodetection by em-
ploying photocatalytic activation of EYH2. This inactivated 
photocatalyst is easily prepared, water-soluble, thermally 
stable, and rapidly activated by 3EY* and 1O2 produced dur-
ing photocatalysis of EY, amplifying the amount of EY in 
aqueous solution. The EY amplification can also be cou-
pled with various photochemical reactions to produce dif-
ferent forms of signals. To demonstrate this potential, DAB 
polymerization was combined with EY amplification to en-
able visual detection of EY. Furthermore, using EY-
conjugated affinity reagents, we developed a fluorescence 
assay for detection of SARS-CoV-2 nucleocapsid protein, a 
biomarker of COVID-19, and a colorimeric assay for detec-
tion of streptavidin, revealing that the EY amplification 
strategy can be easily adopted to amplify biodetection sig-
nals in different kinds of assays. Considering the long shelf-
life of EYH2 and the rapid EY amplification under low in-
tensity light, we anticipate that this non-enzymatic auto-
catalytic amplification reaction is especially useful in de-
veloping rapid and highly sensitive point-of-care assays. 
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Materials and Methods 

Materials 

    Sodium borohydride (NaBH4, ≥ 98%), 2’,4’,5’,7’-tetrabromofluorescein (eosin Y, ~99%), dimethyl 

sulfoxide (DMSO, ≥ 99.9%), microcrystalline cellulose (powder, 20 um), Triton X-100, 3-[(3-

cholamidopropyl)dimethylammonio]-1-propanesulfonate hydrate (CHAPS, ≥ 98%), and Microspin G-25 

columns were purchased from Millipore Sigma (St. Louis, MO, USA). Dimethyl sulfoxide-d6 (DMSO-d6, 

99.9%) was purchased from Cambridge Isotope Laboratories, Inc. (Tewksbury, MA, USA). Acetone (≥ 

99.5%), sodium hydroxide (NaOH, ≥ 98%), hydrochloric acid (HCl, 2.0 N), sodium phosphate dibasic 

(Na2HPO4, anhydrous, ≥ 99%), sodium dihydrogen phosphate monohydrate (NaH2PO4∙H2O, ≥ 98%), 

potassium superoxide (KO2, ≥ 96%), hydrogen peroxide(H2O2, 30%), methoxy poly(ethylene glycol) 

(mPEG, M.W. 1900), 3,3’-diaminoben-zidine tetrahydrochloride hydrate (DAB, 97%), and Whatman No.1 

Chromatography paper were purchased from VWR (Radnor, PA, USA). Eosin-5-isothiocyanate (EITC, ≥ 

98%) was purchased from Marker Gene Technology (Eugene, OR, USA). Bovine serum albumin (BSA, 

10 w/v%) in 1×PBS was purchased from Thermo Fisher Scientific (Waltham, MA, USA). Streptavidin was 

purchased from Rockland Immunochemicals, Inc. (Limerick, PA, USA). SARS-CoV-2 nucleocapsid 

protein (N-protein), biotinylated maltose binding protein (MBP)-fused reporter binder (SsoNP.E1), and 

cellulose-binding domain (CBD)-fused capture binder (SsoNP.E2) were expressed and purified by Yining 

Hao as described previously.1 CBD-fused, streptavidin binder (rcSso7d.SA) was expressed and purified by 

Dousabel M. Y. Tay using a reported method in literature.2 

 

Synthesis and characterization of EYH2 or 2-(2,4,5,7-Tetrabromo-3,6-dihydroxy-9H-xanthen-9-

yl)benzoic acid 

 

    EYH2 was synthesized using the method of Weng et al.3 with modifications. An oven-dried round bottom 

flask containing an stir bar was charged with sodium borohydride (4.54 g, 0.12 mol) and 1 mM eosin Y 

(EY) solution (120 mL, pH 11). The flask was sealed, attached to a nitrogen-filled balloon, and covered 
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with aluminum foil. The solution was stirred at 25°C for 6 h in the dark room. While cooling the flask in a 

cold bath (ice-water), 4 equiv. of acetone (35.2 mL, 0.48 mol) to sodium borohydride was added to quench 

the reaction for an hour. After removing acetone using vacuum pump as much as possible, hydrochloric 

acid (2.0 N) was added to the reaction mixture until the solution became turbid. The solution was divided 

into four centrifuge tubes (50 mL) and centrifuged. The precipitates were washed three times with 

hydrochloric acid solution (pH 1, 4°C) using centrifugation (2000 g). For 1H NMR, the precipitates in one 

centrifuge tube were dried under nitrogen gas overnight and dissolved in DMSO-d6. For 13C NMR, the 

precipitates in three centrifuge tubes were collected in one vial by dissolving with ethanol and then a 

concentrated NMR sample was prepared by removing the ethanol under vacuum and adding DMSO-d6. To 

quantify the product, 1,3,5-trimethoxybenzene was added to the NMR tube as an internal standard. From 

this quantitative NMR, the yield (67.5%) of EYH2 was obtained. 1H NMR (400 MHz, DMSO-d6) δ (ppm): 

7.82 (dd, J = 7.9, 1.5 Hz, 1H), 7.43 (m, 1H), 7.32 (m, 1H), 7.18 (s, 2H), 7.00 (d, J = 8.2 Hz, 1H), 6.27 (s, 

1H); 13C NMR (100 MHz, DMSO-d6) δ (ppm): 169.79, 151.38, 147.60, 146.14, 133.29, 131.49, 130.55, 

127.90, 118.77, 106.39, 101.41. NMR spectra are provided in Figures S1 and S2. The amount of EY 

impurity was quantified using UV-Vis spectroscopy at 516 nm with its molar absorptivity (114097 M-1cm-

1), providing 99.95% purity (100-100×[EY]/[EYH2]). 

 

UV-Vis spectroscopy for EYH2 quantification 

    UV-Vis spectroscopy provides more convenient and accurate quantification of EYH2. The first method 

is to use its molar absorptivity (10522 M-1cm-1) at 312 nm in 0.1 M NaOH (Figure S3). The second method 

is to use the fact that EYH2 can be photo-activated to eosin Y (EY) with 100% recovery in inert gas-purged 

solution. In this method, 0.2 M phosphate buffer solution (pH 7.4) containing a known amount of EY (ex. 

1 μM) and a unknown amount of EYH2 is prepared in a sealable cuvette and purged with inert gas for 30 

minutes. With frequent UV-Vis monitoring, the oxygen-free solution is irradiated by green light (< 5 

mW/cm2) until the absorbance of eosin Y at 516 nm does not increase any more. From the maximum 

absorbance at 516 nm, the final concentration ([EY]0 + [EYH2]0) of eosin Y can be obtained using its molar 

absorptivity (114097 M-1cm-1) (Figure S4).  

 

Stability monitoring of EYH2 

    On the day of monitoring, diluted EYH2 solutions were prepared by diluting the EYH2 stock solutions 

(8.1 mM) in DMSO stored at 25°C and 40°C (oven) by 100-fold with 0.2 M phosphate buffer (pH 7.4) or 

0.1 M NaOH solution to make 1 mL solutions. Using UV-Vis spectroscopy, EY and EYH2 concentrations 
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in the diluted solutions were quantified to calculate [EYH2]/[EYH2]0 and [EY]/[EYH2]0. Due to much 

smaller molar absorptivity of EYH2 than that of EY, [EYH2]/[EYH2]0 did not show a decreasing trend even 

at 40°C, but [EY]/[EYH2]0 increased over time. Thus, (1-[EY]/[EYH2]0)×100 (%) was used to present 

remaining EYH2. 

 

UV-Vis spectroscopy setup for steady-state kinetic monitoring 

    A fiber optic coupled UV-Vis spectrophotometer (JAZ, Ocean Optics, Orlando, FL, USA) was used to 

monitor absorbance within 300–800 nm range. JAZ Pulsed Xenon (190–1100 nm) was used as a light 

source for the probing beam. The probing beam was fed into a CUV-ALL-UV cuvette holder (Ocean Optics, 

Orlando, FL, USA) via a 400 μm solarization-resistant fiber optic cable (QP400-2-SR, Ocean Optics, 

Orlando, FL, USA), and the collected beam was delivered to the UV-Vis spectrophotometer through a 115 

μm solarization-resistant fiber optic cable (QP115-1-XSR, Ocean Optics, Orlando, FL, USA). The diameter 

of the probing beam in the sample was limited to 2 mm using collimating lens in the cuvette holder. 

SpectraSuite software was used to set parameters (55000 peak light intensity of probing beam, 10 ms 

integration time, 10 scans to average, 2 boxcar width, and monitoring time) for absorbance measurement. 

A reference spectrum for a cuvette and a buffer solution was collected prior to every experiment. 
 

EYH2 stock solution for kinetic monitoring experiments 

    For kinetic monitoring experiments, we used EYH2 stored at 4°C in high pH aqueous solution. This 

EYH2 stock solution was prepared by dissolving the precipitated EYH2 in 0.1 M NaOH instead of DMSO 

at the end of purification to eliminate any interference of DMSO with the EY amplification kinetics.  

 

Steady-state kinetic monitoring in deaerated system 

    Four-clear sided cuvettes (BrandTech scientific, Inc., Essex, CT, USA) with 10 mm path length were 

filled with 1 mL of sample solutions, sealed, and purged with N2 at 0.1 L/min for 30 minutes before running 

experiments. The cuvettes were covered with aluminum foil to prevent any light exposure during the 

purging. After removing dissolved oxygen, the cuvettes were placed in the cuvette holder, and the injection 

needle for the purging was taken out of the sample solution and kept at 2 cm above the liquid surface. 

Immediately after data acquisition started, the solution was irradiated by green light (2.6 mW/cm2, λmax = 

535 nm) from Klarus XT12GT and a green filter (Longhua, Shenzhen, China), which was perpendicular to 
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the probing beam at the same z-plane (with regards to the beam centers). The solution was not stirred during 

the monitoring. The concentrations of EY, EY radical anion (EY•─), and EYH2 were calculated by using 

molar absorptivity of the species: ε(516 nm, EY) = 114097 M-1cm-1, ε(405 nm, EY) = 3251 M-1cm-1, ε(312 

nm, EY) = 12439 M-1cm-1, ε(405 nm, EY•─) = 85000 M-1cm-1 (Figure S5), and ε(312 nm, EYH2) = 8900 

M-1cm-1. 

 

Steady-state kinetic monitoring in air-saturated system 

    Each four-clear sided cuvette was charged with a stirring bar and 1 mL of sample solution. The cuvettes 

were placed in the cuvette holder above a magnetic stirrer. Immediately after data acquisition started, the 

solution was stirred and irradiated by green light (1.2 mW/cm2, λmax = 535 nm) from the Klarus XT12GT 

and the green filter placed above the cuvette. The concentrations of EY was calculated by using molar 

absorptivity of the species: ε(516 nm, EY) = 114097 M-1cm-1. 

 

Preparation of eosin Y-conjugated streptavidin (streptavidin-EY) 

    Eosin Y-conjugated streptavidin (streptavidin-EY) was prepared using the method previously described4 

with slight modifications. Eosin 5-isothiocyanate (EITC, 1 mg) was dissolved in 100 μL of DMSO to 

prepare a 10 mg/mL EITC stock solution. The EITC stock solution (27 μL) was mixed with 250 μL of a 

streptavidin (SA) solution (6 mg/mL) in 0.1 M bicarbonate buffer solution (pH 9.8) to give a total reaction 

volume of 277 μL, and the reaction mixture was protected from light and stored in a 4°C refrigerator for 

five hours. After the bioconjugation reaction, the desired product was purified by size-exclusion 

chromatography on Sephadex maxtrix (Micro G-25 Spin-Columns) using 1×PBS as eluent to give pink 

solution (24 μM conjugate, 867 μL). To determine the average number (2.6) of eosin Y molecules 

conjugated to each streptavidin, UV/Vis spectroscopy was used as previously described.4 The purified 

conjugates were diluted to make 50% v/v glycerol stock solution (12.2 μM conjugate) and stored at -20ºC 

until use. 

 

Cellulose particle-based fluorescence assays with EY amplification 

    Sample solutions (900 μL) including 0–100 nM SARS-CoV-2 nucleocapsid protein (N) in 1×PBS were 

mixed with 100 μL of 10% Triton X-100 solution. Each detergent-treated sample was added to a centrifuge 

tube including microcrystalline cellulose (2 mg) incubated with 10 μL of 20 μM capture binder (SsoNP.E2-
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CBD). After 5-minute incubation, the cellulose particles were separated from the supernatant using 

microcentrifuge (MiniStar, VWR), followed by another 5-minute incubation with 100 μL of reporter binder 

(biotinylated MBP-SsoNP.E1, 200 nM) and streptavidin-EY (50 nM) in 0.2 M phosphate buffer (pH 6) 

including 1% BSA. After removing the supernatant via centrifugation, the cellulose particles were washed 

with 100 μL of washing buffer (1% BSA 1% CHAPS in 1×PBS). The washed cellulose particles were then 

resuspended with 100 μL of 0.2 M phosphate buffer (pH 6) including 12 μM EYH2 and 40 mM mPEG. The 

suspension was moved to 96 well plate (black, flat bottom) and illuminated for 10 minutes under 5 mW/cm2 

green light (λmax = 530 nm) from LED (M530L4, Thorlabs, Newton, NJ, USA). The fluorescence intensity 

was measured using a plate reader (Infinite M200, Männedorf, Switzerland) before and after EY 

amplification. 

 

Cellulose particle-based colorimetric assays with EY-DAB amplification 

    A sample solution (1000 μL) including 0 or 10 nM streptavidin-EY in 1×PBS was added to a centrifuge 

tube including microcrystalline cellulose (2 mg) incubated with 10 μL of 20 μM capture binder 

(rcSso7d.SA-CBD). After 5-minute incubation, the cellulose particles were separated from the supernatant 

using microcentrifuge (MiniStar, VWR), followed by washing with 1×PBS including 1% BSA and 1% 

CHAPS. The washed cellulose particles in the tube were then resuspended with 25 μL of 0.2 M Na2HPO4 

solution (pH 9) including 12 μM EYH2 and 0.6 mM DAB. The tube was illuminated for 10 minutes under 

5 mW/cm2 green light (λmax = 530 nm) from LED (M530L4, Thorlabs, Newton, NJ, USA). Then, the 

irradiated solution was applied to a wax-printed paper test zone5 with absorbent pad underneath it before 

imaging (X-E2S, Fujifilm, Tokyo, Japan). For non-amplified samples, the suspension with amplification 

reagents were applied to the paper test zone before irradiation.  

 

Colorimetric analysis 

    Images were analyzed in ImageJ by quantifying average color difference between negative control 

(cellulose particles only) and samples (cellulose particles treated with streptavidin-EY and amplification 

reagents) in HSV (Hue, Saturation, Value) color space using a method reported in literature.6  

 



S−8 

 

Model Development 

    We proposed elementary reactions associated with dihydroeosin Y (EYH2) activation based on steady-

state kinetic monitoring data and integrated the reactions into a classical photochemical process of EY 

(Table S1). To estimate unknown parameters and validate the proposed reactions, we first developed the 

simplest model for one-species system (EY) where all rate constants could be obtained from literature and 

increased complexity of the model by adding other species (EYH2 and O2) and associated reactions to the 

system. Lastly, we performed sensitivity analysis to identify important model parameters that could cause 

significant uncertainty in outputs for increasing accuracy of the model. 

 

EY system 

    This system includes only EY in deaerated buffer solutions (pH 7.4). By absorbing green light, EY is 

excited to singlet state (1EY*) (Table S1, Eq. 1), whose energy is lost through vibrational relaxation and 

internal conversion (Eq. 2), fluorescence (Eq. 3), and intersystem crossing (Eq. 4). Due to its long lifetime 

(1.85 ms in water)7 compared to the singlet state’s (1.21 ns),8 the triplet EY (3EY*) generated from 

intersystem crossing is mainly involved in chemical reactions. According to literature,9,10 five different 

pathways were proposed for disappearance of 3EY*, but two triplet-triplet bimolecular reactions were 

excluded because the triplet concentration in the system was expected to be very low (< 10-9 M) compared 

to EY concentration (~10-5 M), making the phosphorescence (Eq. 5) and quenching by EY (Eq. 6) 

predominant. Another proposed reaction was generation of EY radical cation (EY•+) together with eosin Y 

radical anion (EY•─) from the bimolecular reaction between 3EY* and EY. This reaction was also excluded 

because the model including EY•+-involved reactions was inconsistent with experimental data (Figure S6), 

indicating that rapid back-electron transfer reaction of EY•+ and EY•─ to produce two EY molecules nullifies 

the initial production of radicals in the low intensity light conditions as opposed to flash photolysis 

conditions. 

 

EY + EYH2 system 

    As can be seen in Figure 2, when EYH2 is activated by EY under light, EY•─ is generated as an 

intermediate species and reacts further to give EY. Given that triplet dyes and oxidizing radicals can oxidize 

other dihydroxanthene dyes,11–16 two potential activating substances in the system are 3EY* and EY•+. As 

discussed earlier, the radical cation may not be produced at enough concentration to oxidize EYH2, 

otherwise the self-bimolecular reaction of EY•+ can lead to photobleached EY (Figure S6), which is 
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inconsistent with 100% EYH2-to-EY recovery observed (Figure 2B). Furthermore, the products of EYH2 

oxidation by EY•+ are expected to be EY and EY•─ (or EYH•), but EYH2 activation resulted in EY and EY•─ 

at low or neutral pH and two EY•─ at high pH (Figure S8). From the pH-dependent EYH2 activation 

pathways, we proposed that EYH2 is oxidized by 3EY*, producing one or two EY•─ depending on pH. At 

high pH, 3EY* is reduced to EY•─ when oxidizing EYH2. The singly oxidized EYH2 might rapidly get 

deprotonated by base (B─) to become EY•─.17 Instead of this electron transfer–proton transfer mechanism, 

EYH2 could form adduct with B─ and associate with 3EY* to undergo concerted electron-proton transfer 

where EYH2 give e─ to 3EY* and H+ to B─.17 At lower pH, the one-electron oxidized EYH2 appears to 

undergo 1e─/1H+ transfer to buffer components and become EY. Because the EY + EYH2 system was 

investigated at pH 7.4, we included the lower pH EYH2 oxidation reaction (Eq. 7) for the kinetic model. 

Additionally, physical quenching of 3EY* by EYH2 (Eq. 8) was added to the model because this quenching 

reaction could significantly contribute to decay of 3EY* in the system where initial amounts of EYH2 are 4- 

to 12-times the initial amount of EY. The fate of EY•─ radicals was described with acid-base equilibrium 

(Eq. 9–10) and pH-dependent disproportionation reactions (Eq. 11–13) as previously proposed for the decay 

of fluorescein radical anion,13 and the rate constants for these reactions were determined by estimating 

diffusion controlled limit (Table S1) or using the relationship between the disproportionation rate constants 

and observed decay rates of EY•─ at various pH (Figure S9). Finally, we constructed an ODE (ordinary 

differential equation) model for EY + EYH2 system (Figure S10) and determined the unknown rate 

constants (k7 = 1.45×108 M-1s-1 and k8 = 1.73×109 M-1s-1) for Eq. 7 and Eq. 8 by fitting the model with 12.9 

μM EYH2 data. As demonstrated in Figure 2, the model results are in good agreement with the 

concentration profiles of EY and EYH2 in 4.3 μM and 8.6 μM EYH2 cases. Unfortunately, however, 

attempts to find the unknown parameters for accurately capturing the concentration profile of EY•─ were 

not successful. One reason for the discrepancy is that the radical concentration is particularly sensitive to 

kinetic parameters obtained from literature, which were measured or estimated in slightly different 

conditions. The other reason is that the model ignored the oxygen dissolution and diffusion from air 

although there could be a slight leak due to improper sealing of the cuvette. Indeed, the concentration of 

EY•─ could be very sensitive to the leak because the oxidation of EY•─ by oxygen is almost a diffusion-

controlled reaction (1×109 M-1s-1).18 By considering the exposure to oxygen, the model could better predict 

the radical concentration profile (Figure S11). Therefore, we expect that if the air leak was strictly avoided, 

EY•─ would decay much slowly as predicted by the current model (Figure 2C). 
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EY + EYH2 + O2 system 

    In air-saturated solutions, EY•─ was not detectable because the radical is quickly oxidized to EY by 

oxygen (~0.25 mM)19, producing superoxide (O2
•─) (Eq. 14). The superoxide ends up with hydrogen 

peroxide (H2O2) through series of reactions (Eq. 15–20) while O2
•─ and H2O2 are not involved in EYH2 

activation (Figure S12). As shown in Figure 1C, the EY amplification becomes sluggish in the presence 

of oxygen, which is mainly because 3EY* can also be quenched by oxygen, producing ground-state EY and 
1O2 (Eq. 21). Electron transfer from 3EY* to oxygen could also occur, but it was ignored because the reaction 

rate of O2
•─ generation is much slower than energy transfer to oxygen and the back electron transfer makes 

the lifetime of EY•+ ∙∙∙ O2
•─ complex very short (~1 ms).20,21 The singlet oxygen is known to decay through 

interactions with solvent (Eq. 22)22 and dissolved oxygen (Eq. 23).12  

    The kinetic model updated with the above reactions could not predict the trend of experimental data 

(Figure S13). The model provided much slower EYH2 activation than experimental data and 100% 

recovery of EYH2 to EY, but in reality significant loss of EY species (EY, EY•─, and EYH2) occurred when 

4–12 μM EYH2 was activated by EY under green light in the presence of oxygen. To address this deviation, 

we focused on the reactivity of 1O2, which is one of the most reactive species that is generated in the system 

and has higher energy by 94 kJ/mol than the ground-state oxygen.23 The singlet oxygen has been proposed 

as an activating molecule for other dihydroxanthene dyes previously,12,16 and is known to oxidize 

hydroquinone to benzoquinone,24 so 1O2 is plausible to contribute to EYH2 oxidation (Eq. 24). Additionally, 
1O2 has been reported to participate in Diels-Alder type reactions on various chromophores such as 

anthracenes and perylenes, which results in a loss of conjugation.25–28 Substituted phenols can rapidly react 

with singlet oxygen to yield oxygenated products.29,30 Therefore, the oxidation of EYH2 and EY by 1O2 

could be disruptive, which leads to degradation of EYH2 (Eq. 25) and EY (Eq. 26). These 1O2-driven 

reactions (Eqs. 24–26) were experimentally confirmed using a 1O2 quencher (sodium azide) and a 1O2 

enhancer (deuterium oxide) (Figure S14). The experiment with superoxide dismutase (SOD) also revealed 

that O2
•─ could slowly degrade EY and EYH2, but the impact was negligible compared to 1O2 (Figure S14), 

so the reactions were not considered in the modeling. Using the rate constants (k24 = 2.90×108 M-1s-1 and 

k25 = 1.23×109 M-1s-1) for the EYH2 activation and degradation estimated by fitting the 12 μM EYH2 data, 

the model successfully described the EY generation kinetics and EYH2-to-EY recovery (model: 34.3%; 

experiment: 34.5%) in 4 and 8 μM EYH2 cases (Figure 3A). The recovery was calculated using ([EY]max-

[EY]initial)/[EYH2]initial×100 (%). 
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Sensitivity analysis 

    The model describes EY amplification in air-saturated solutions with 26 elementary reactions (Table S1). 

Most of the rate constants were obtained from literature by choosing ones measured in aqueous solution at 

pH as close to 7.4 as possible. However, not all of them were measured at pH 7.4, so the uncertainty of the 

obtained parameters could cause errors in estimating rate constants of the proposed reactions associated 

with EYH2, which might be the reason for the slight deviation in the 4 μM EYH2 case (Figure 3A). Thus, 

we evaluated the impacts of fluctuations in rate constants employed in the model for EY + EYH2 + O2 

system to identify rate constants that could significantly change outputs of the model. As shown in Figure 

S15, the final product concentrations, particularly [EY] and [degraded EY], were greatly changed by excited 

state kinetics of EY (k2, k3, and k4), reactions between 3EY* and EYH2 (k7 and k8), and 1O2-involved 

reactions (k21, k22, k24, k25, and k26). In light of these results, it is advisable to measure the above important 

rate constants in the same buffer conditions of interest for increasing the robustness and reliability of the 

model in the future. 
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Table 

Table S1. Reaction network of EY amplification and parameters for kinetic modeling. To ensure that all 

chemical equations were balanced, actual charges and degree of protonation of EY (= EY2─) and EYH2 (= 

EYH3─) at pH 7.4 were considered. 

# Reaction Rate constant References 
1 EY2─ + hν → 1[EY2─]* aR1 = I0/d×(1-10-ε(λ)×[EY]×d)/E’(λ) 31 
2 1[EY2─]* →(ic) EY2─ bk2 1.20E+08 1/s 

8,32,33 3 1[EY2─]* →(f) EY2─ bk3 2.00E+08 1/s 
4 1[EY2─]* →(isc) 3[EY2─]* bk4 5.00E+08 1/s 
5 3[EY2─]* →(p) EY2─  k5 5.40E+02 1/s 9 
6 3[EY2─]* + EY2─ → 2EY2─ k6 3.00E+08 L/(mol∙s) 9 
7 3[EY2─]* + EYH3─ → EY•3─ + EY2─

 + H+ + e─ k7 1.45E+08 L/(mol∙s) This work 
8 3[EY2─]* + EYH3─

 → EY2─ + EYH3─ k8 1.73E+09 L/(mol∙s) This work 
9 EY•3─ + H2PO4

─ → EYH•2─ + HPO4
2─ ck9 2.00E+09 L/(mol∙s) Calculated 

10 EYH•2─ + HPO4
2─ → EY•3─ + H2PO4

─ ck10 1.00E+10 L/(mol∙s) Calculated 
11 EY•3─ + EY•3─ + H+→ EY2─ + EYH3─ k11 1.20E+04 L/(mol∙s) This work 
12 EY•3─ + EYH•2─ → EY2─ + EYH3─ k12 3.00E+05 L/(mol∙s) This work 
13 EYH•2─ + EYH•2─ → EY2─ + EYH3─ + H+ k13 1.00E+07 L/(mol∙s) This work 
14 EY•3─ + O2 → EY2─ + O2

•─ k14 1.00E+09 L/(mol∙s) 18 
15 O2

•─ + H+ → HO2
• k15 1.00E+10 L/(mol∙s) 34 

16 HO2
• → O2

•─ + H+ k16 1.58E+05 1/s 34 
17 HO2

• + HO2
• → H2O2 + 1O2 k17 8.30E+05 L/(mol∙s) 34,35 

18 O2
•─ + HO2

• → HO2
─ + 1O2 k18 9.70E+07 L/(mol∙s) 34,35 

19 HO2
─ + H+ → H2O2 k19 2.60E+10 L/(mol∙s) 34 

20 H2O2 → HO2
─ + H+ k20 3.70E-02 1/s 34 

21 3[EY2─]* + O2 → EY2─ + 1O2  k21 1.00E+09 L/(mol∙s) 10,18 
22 1O2 → O2 dk22 4.40E+05 1/s 22 
23 1O2 + O2 → 2O2  ek23

 9.46E+08 L/(mol∙s) 12 
24 1O2 + EYH3─ → HO2

• + EY•3─ k24 2.90E+08 L/(mol∙s) This work 
25 1O2 + EYH3─ → degraded product k25 1.23E+09 L/(mol∙s) This work 
26 1O2 + EY2─ → degraded product fk26 3.00E+07 L/(mol∙s) 36 

a I0 = light intensity (mW/cm2), d = optical path length (cm), ε(λ) = molar absorptivity of eosin Y as a 
function of wavelength (λ), [EY] = concentration (mol/L) of eosin Y, E’(λ) = energy (J/mol) of photons at 
wavelength of λ. 
b Estimated using φf = 0.24, k3 = 2.0×108 s-1 in 10 mM PBS from ref. 8 and φT = 0.61 in pH 9.5 water 
from ref. 32. Fluorescence quantum yield (φf) does not change depending on pH if pH > 5 according to 
ref. 33.  
c Estimated from the diffusion-controlled limit (k10 = 4πDRNA ≈ 1×1010 M-1s-1) and the relationship of 
k10/k9 = Ka (10-6.5)/K2(10-7.21) = 5.1. Here, Ka is acid dissociation constant of EYH•,9 and K2 is acid 
dissociation constant of H2PO4

─. 
d Average value in aqueous solution from Table 1 of ref. 22. 
e Estimated using k23/k22 = 2150, average value from ref. 12. 
f Estimated using quantum yield (2.5×10-4) of eosin Y photobleaching in water at 27°C from ref. 36. 
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Figures 

 

Figure S1. 1H NMR spectrum (400MHz, DMSO-d6) of EYH2. The 1H NMR spectrum was recorded on a 

Bruker Avance Neo spectrometer operating at 400 MHz and referenced to the solvent residual peak 

resulting from incomplete deuteration of DMSO-d6.  
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Figure S2. 13C NMR spectrum (100MHz, DMSO-d6) of EYH2. The 13C NMR spectrum was recorded on a 

Bruker Avance Neo spectrometer operating at 100 MHz and referenced to DMSO-d6.  
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Figure S3. Absorbance of EYH2 in 0.1 M NaOH solution at 312 nm. Molar absorptivity of EYH2 at 312 

nm in 0.1 M NaOH solution is 10522 M-1cm-1. In pH 7.4 phosphate buffer (0.2 M), corrected molar 

absorptivity (8900 M-1cm-1) should be used due to pH dependence of its absorbance.  

 

 

 

Figure S4. Absorbance of eosin Y (EY) in 0.2 M phosphate buffer (pH  7.4) at 516 nm. Molar absorptivity 

of EY at 516 nm in the buffer solution is 114097 M-1cm-1. 
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Figure S5. Estimation of molar absorptivity of EY•─ at 405 nm using mass balance of eosin Y (EY) species. 

In the deaerated systems initially containing 1 μM EY and 4.3–12.9 μM EYH2, the molar absorptivity 

(38000 M-1cm-1) from literature9,37 overestimated the concentration of EY•─, making the total concentration 

of eosin Y species inconsistent with the law of conservation of mass. We found that the molar absorptivity 

of 85000 M-1cm-1 provided reasonable total eosin Y species concentration. In literature,38 it was proposed 

that different forms of EY•─ showing different lifetimes could be generated during photoreduction of eosin 

Y with allylthiourea and EDTA, and their molar absorptivity could be different. This observation suggests 

that the EY•─ generated from EYH2 activation may not be the same species as the EY•─ obtained from flash 

photolysis experiments, or may form loosely bound complexes with other species in the system, leading to 

change in molar absorptivity. 
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Figure S6. Discrepancy between experimental data and model results due to the generation of eosin Y 

radical cation (EY•+) in the EY-only system. (A) Proposed reactions for EY•+
 generation and decay. 

According to literature,9,10 EY•+ was detected at around 460 nm during flash photolysis of eosin Y in the 

absence of oxygen. It was proposed that EY•+ together with eosin Y radical anion (EY•─) could be produced 

from the bimolecular reaction (a) between triplet eosin Y (3EY*) and ground-state eosin Y (EY), and the 

radicals could decay through back-electron transfer reaction (b). Another decay process (c) for EY•+ was 

proposed for generating unidentified form of bleached EY.39,40 (B, C) Comparison of experimental data and 

model results. Considering the EY•+-involved reactions (ka = 7×107 M-1s-1,9,10 kb = 8×108 M-1s-1,38,39 and kc 

= 1×108 M-1s-1), a kinetic model was developed to describe the behavior of one component (EY) system 

where eosin Y in deaerated solution was irradiated under green light (2.6 mW/cm2, λmax = 535 nm). The 

model formulated with the EY•+-involved reactions a–c and reactions 1–6 and 9–13 in Table S1 predicted 

(B) decrease in EY concentration and (C) increase in EY•─ concentration during irradiation while no change 

in those concentrations was observed in experiments. This discrepancy suggests that the self-bimolecular 

reaction of EY•+ might not be effective under our irradiation condition due to its low concentration or rapid 

back-electron transfer reaction in the loosely bound complex (EY•─∙∙∙EY•+). Both the cases provide good 

agreement between experimental data and model results.    
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Figure S7. Absorbance vs. wavelength plots of UV-Vis absorbance change over time. (A) A deaerated 

solution including 8.6 μM EYH2 and 1 μM EY was monitored under 2.6 mW/cm2 green light (λmax = 535 

nm). (B) An air-saturated solution including 8 μM EYH2 and 1 μM EY was monitored under 1.2 mW/cm2 

green light (λmax = 535 nm). 
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Figure S8. pH dependent EYH2 activation pathways. The deaerated solutions with various pH containing 

1 μM EY and 12.9 μM EYH2 were irradiated under green light (2.6 mW/cm2, λmax = 535 nm). During the 

irradiation, eosin Y (EY) concentration and EY radical anion (EY•─) concentration were monitored at 516 

nm and 405 nm, respectively. (A) EY concentrations in different pH solutions. During the first few seconds, 

EY concentrations increased very fast regardless of pH. Afterwards, EY concentration increased at slower 

rates in pH 6.75 and pH 7.79 solutions. Interestingly, however, EY concentration decreased for a few 

seconds at higher pH. (B) EY•─ concentrations in different pH solutions. During the first few seconds, no 

EY•─ was detected in all solutions. Afterwards, more EY•─ was observed at higher pH. The initial change 

in EY and EY•─ concentrations indicates that there was a small amount of remaining oxygen in the solution, 

and oxygen oxidized EY•─ back to EY quickly. From the pH-dependent kinetics of EY and EY•─ generation 

after oxygen depletion, we proposed that EYH2 is oxidized by triplet EY (3EY*), generating one or two 

EY•─ depending on pH. (C) pH dependent EYH2 activation pathways.  
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Figure S9. Estimating rate constants for EY radical disproportionation reactions. (A) EY radical decay 

pathways. EY•─ is in equilibrium with EYH•. Disproportionation reaction of EY•─ + EY•─ → EY + EYH2 

has been proposed previously,39 but the reaction rate has never been measured considering pH dependent 

kinetics of EY radical decay. As proposed in literature for fluorescein radical decay,13 we proposed three 

different disproportionation reactions of EY•─ and EYH• to account for the pH dependent kinetics. (B) 

Measuring observed rate constants of EY•─ decay. The sample data shows the radical generation under light 

and the radical decay in the absence of light at pH 8.44. In all radical decay experiments, deaerated buffer 

solutions (pH < 8: 0.2 M phosphate, 8 < pH < 10.5: 0.2 M borate, and 12 < pH: NaOH) including 1 μM EY 

and 12.9 μM EYH2 were irradiated with 2.6 mW/cm2 green light (λmax = 535 nm) for 50 seconds, and the 

absorbance (at 300–700 nm) was monitored in the absence of light. The second order rate law well described 

the decrease in EY•─ concentration over time, and the observed rate constant (kobs) at each pH was obtained 

from the plot of 1/[EY•─]t vs. t. (C) The observed rate constants at various pH. Red circles represent the 

measured kobs. Using Ka = 10-6.5 from ref. 9 and the relationship between kobs and disproportionation reaction 

rate constants (k11, k12, and k13) from literature,13 the following parameters were determined: k11 = 1.20×104 

M-1s-1, k12 = 3.00×105 M-1s-1, and k13 = 1.00×107 M-1s-1. (D) EY recovery from EY•─ decay. By comparing 
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the change in EY•─ and EY concentrations, we confirmed that 50% of EY•─ was oxidized to EY, which is 

consistent with the proposed disproportionation reactions.      

 

 

Figure S10. Schematic of fiber optic UV-Vis spectroscopy set-up for kinetic monitoring of EY, EY•─, and 

EYH2 in the deaerated solutions. (A) The sample solution was purged with N2 in a sealed cuvette, and 

activating light (λmax = 535 nm) was shone from left. To minimize the effect of oxygen diffusion, the probing 

beam was located 4 mm below the gas-liquid interface, and the solution was not stirred during the 

monitoring. (B) Schematic of multilayered model. Due to the no-stirring condition, a EY concentration 

gradient – the closer to the light source, the higher the concentration – occurred, making light intensity 

throughout the cuvette not uniform because EY close to the light source could absorb light and reduce the 

intensity for distant EY. To account for this spatial variation of light intensity, we divided the cuvette into 

multiple layers and assumed well-mixed condition in each layer including the light intensity. This way 

could simplify the kinetic model and reduce the computational cost. Given that one-dimensional mean 

squared displacement is √2DΔt ≈1.1 mm for D = 10-9 m2s-1 and Δt = 600 s, we used 1.2 mm for the layer 

thickness. The light intensity in each layer was determined by subtracting light intensity absorbed by EY 

in all the previous layers from original light intensity. To compare model results with experimental data, 

we used the concentrations calculated from the 5th layer where the probing beam passed through the sample. 
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Figure S11. The effect of oxygen dissolution and diffusion from air on kinetic model results for deaerated 

solutions. If there is a slight leak of air due to improper sealing of the cuvette, the oxygen diffused from air 

can rapidly oxidize EY•─ to EY. Using the estimated rate (4×10-9 M/s) for the oxygen diffusion from 

literature (2.39×10-7 M/min),41 the unknown rate constants (k7 = 1.0×108 M-1s-1 and k8 = 1.2×109 M-1s-1) for 

Eq. 7 and Eq. 8 were determined by fitting the model with 12.9 μM EYH2 data (EY, EY•─, and EYH2 

concentration profiles). Black solid lines demonstrate the concentration of each species predicted by the 

kinetic model with considering the oxygen diffusion from air. 

 

 

Figure S12. Reactivity of superoxide (O2
•─) and hydrogen peroxide (H2O2) against EYH2. Activation of 

EYH2 (8 μM) in air-saturated pH 7.4 phosphate buffer (0.2 M) was monitored upon green light irradiation 

(1.2 mW/cm2, λmax = 535 nm) with 1 μM EY, addition of potassium superoxide (KO2) at final concentration 

of 35 mM, or including 350 μM H2O2 in the buffer solution. After ten minutes, the change in EY 

concentration was presented above. Compared to photosensitized oxidation of EYH2, O2
•─ and H2O2 

showed much smaller effects on EYH2 activation – the increase in EY concentration by O2
•─ could also be 

due to 1O2 generated by one-electron transfer from O2
•─42 – even though their concentrations used here were 
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unattainable in the EY amplification experiments according to the kinetic model. It estimates that maximum 

concentrations of O2
•─ and H2O2 are less than 100 nM and 2 μM, respectively, when the solution including 

8 μM EYH2 and 1 μM EY is irradiated with 1.2 mW/cm2 green light (λmax = 535 nm) for 30 minutes. 

 

 

Figure S13. Impact of EYH2 activation and degradation by singlet oxygen on model results. A kinetic 

model was constructed to describe EY amplification under 1.2 mW/cm2 green light (λmax = 535 nm) in air-

saturated pH 7.4 phosphate buffer (0.2 M) containing 1 μM EY and 4–12 μM EYH2. The model considered 

quenching of triplet EY by oxygen, but ignored any reactions between EYH2 and singlet oxygen. The model 

predicted much slower EYH2 activation than experimental data given that more than 50% of EYH2 were 

expected to be unreacted at 1800 seconds. In reality, there was a significant loss of EY species (EY, EY•─, 

and EYH2) during the activation of EYH2, and the highest concentration of EY was achieved at 1800 

seconds.  
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Figure S14. Effects of sodium azide (NaN3), superoxide dismutase (SOD), and deuterium oxide (D2O) on 

EY amplification in air-saturated solutions. The control solution included 12 μM EYH2, 1 μM EY, and 

~0.25 mM oxygen in 0.2 M phosphate buffer (pH 7.4). The NaN3 solution and the SOD solution were 

prepared by adding 10 mM NaN3 and 3 μM SOD to the control solutions, respectively. The D2O solution 

(>90% D2O at the final concentration) was prepared by replacing the phosphate buffer with a D2O-based 

phosphate buffer in the control solution. The prepared solutions were irradiated under 1.2 mW/cm2 green 

light (λmax = 535 nm). (A) Steady-steady kinetics of EY amplification monitored at 516 nm during the 

irradiation. (B) The recovery of EY from EYH2. The orange dotted line represents the recovery (36%) 

obtained in the control solution. The recovery increased to 86.5% with the singlet oxygen (1O2) quencher 

(NaN3), and it decreased to 15.2% with the increased lifetime of 1O2 in D2O. These results are in strong 

agreement with the proposed EYH2 degradation by 1O2. Interestingly, there was minor improvement in the 

recovery with the SOD, which could be due to slow EY and EYH2 degradation by superoxide (O2
•─).  

    By dividing the apparent EY generation rates at initial time points (0–200 s) by the EYH2-to-EY recovery, 

we estimated initial EYH2 activation rates: Control (8.49 nM/s), SOD (8.64 nM/s), D2O (28.5 nM/s), and 

NaN3 (2.82 nM/s). The fact that the EYH2 activation rate is faster in D2O than in H2O indicates that 1O2 

contributes to not only degradation of EY and EYH2, but also activation of EYH2. The addition of SOD did 

not significantly affect the EYH2 activation rate, reconfirming that O2
•─ is not involved in the EYH2 

activation as shown in Figure S12. In the case of the NaN3 solution, the EYH2 activation rate is lower than 

that of the control, which is because NaN3 slowly quenches triplet eosin Y (3EY*).43    
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Figure S15. Sensitivity analysis of rate constants employed in the model for EY + EYH2 + O2 system. The 

sensitivity ( 𝑆𝑆𝑖𝑖,𝑗𝑗 ) was defined as 1
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1800
𝑡𝑡=1  to compare the 

fractional change of species’ concentrations (cj) over all time points (1800 s) when one rate constant (ki) 

was changed. To calculate the values, 25% increase of rate constants was used. The cut-off value of 0.5 

was used to identify important parameters (k2, k3, k4, k7, k8, k21, k22, k24, k25, and k26) that significantly 

impacted the final product concentrations, particularly [EY] and [degraded EY]. 
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Figure S16. Model prediction for EY + EYH2 + O2 system irradiated by higher light intensity (10×1.2 

mW/cm2). The kinetic model predicted EY amplification under 12 mW/cm2 green light (λmax = 535 nm) in 

air-saturated pH 7.4 phosphate buffer (0.2 M) containing 1 μM EY and 4–12 μM EYH2. Compared to 1.2 

mW/cm2 cases (Figure 3A), the rate of EY amplification increased, but EYH2-to-EY recovery barely 

changed (~35%), limiting the maximum EY concentration. After most of EYH2 was consumed at around 

200 s, EY concentration slowly decreased due to 1O2-induced degradation.  

 

 

Figure S17. pKa of EYH2. Absorbance of EYH2 (at 312 nm) was measured in buffered solutions with 

various pH. The pH at the inflection point of the pH-absorbance curve was determined as the pKa. 
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Figure S18. Effect of DMSO on EY amplification in air-saturated solution. Phosphate buffer solutions (pH 

6, 0.2 M) containing 12 μM EYH2 and 1 μM EY with or without 10 mM DMSO were irradiated under 15 

mW/cm2 green light (λmax = 530 nm). As demonstrated, DMSO at the final concentration of 10 mM does 

not affect the EY amplification in air-saturated solution, so it can be used for storing EYH2. 
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Figure S19. Effect of methoxy poly(ethylene glycol) (mPEG) on EY amplification and optimization of 

mPEG concentration. Phosphate buffer solutions (pH 6, 0.2 M) including 12 μM EYH2, 1 or 0 μM EY, and 

0–40 mM mPEG (Mn = 1900) were irradiated under 10 mW/cm2 green light (λmax = 530 nm). (A) 0 mM 

mPEG (B) 20 mM mPEG (C) 40 mM mPEG (D) Difference in EY concentration between the 1 μM EY 

and 0 μM EY cases calculated from plots A, B, and C. Optimal mPEG concentration (40 mM) was 

determined because it provided the largest difference in the EY concentration. 
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Figure S20. Extended monitoring of EY amplification with oxygen and DAB. System 1 represents 1 μM 

EY and 12 μM EYH2 in pH 7.4 phosphate buffer (0.2 M). The concentrations of added oxygen and DAB 

were ~0.25 mM and 0.6 mM, respectively. The addition of DAB increased the EYH2-to-EY recovery from 

34% to 60.5%. 
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Figure S21. Effect of pH on EY amplification-coupled DAB polymerization (EY-DAB amplification). 

Phosphate solutions (pH 6, 7.4 or 9, 0.2 M) containing 12 μM EYH2, 1 μM EY, and 0.6 mM DAB were 

irradiated under 10 mW/cm2 green light (λmax = 530 nm) while monitoring (A) EY concentration at 516 nm 

and DAB polymerization at (B) 450 nm and (C) 600 nm. Considering the highest EY recovery and DAB 

polymer absorbance, pH 9 was determined as the optimal for EY-DAB amplification. 

  

 

Figure S22. Effect of DAB concentration on EY-DAB amplification. Phosphate solutions (pH 9, 0.2 M) 

containing 12 μM EYH2, 0 or 1 μM EY, and 0.3–0.9 mM DAB were irradiated under 10 mW/cm2 green 

light (λmax = 530 nm). (A) Differences in EY concentration, (B) Differences in absorbance at 450 nm, and 

(C) Differences in absorbance at 600 nm between the 1 μM EY and 0 μM EY cases were calculated for 

various DAB concentrations (0.3, 0.6, and 0.9 mM). Optimal DAB concentration (0.6 mM) was determined 

because it provided the largest difference in the EY concentration and DAB polymer absorbance. 
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Figure S23. Effect of mPEG concentration on EY-DAB amplification. Phosphate solutions (pH 9, 0.2 M) 

containing 12 μM EYH2, 0 or 1 μM EY, 0.6 mM DAB, and 0–40 mM mPEG were irradiated under 10 

mW/cm2 green light (λmax = 530 nm). (A) Differences in EY concentration, (B) Differences in absorbance 

at 450 nm, and (C) Differences in absorbance at 600 nm between the 1 μM EY and 0 μM EY cases were 

calculated for various mPEG concentrations (0, 10, 20, and 40 mM). Optimal mPEG concentration (0 mM) 

was determined because it provided the largest difference in the EY concentration and DAB polymer 

absorbance. 

 

 

Figure S24. Cellulose-based colorimetric assay results (A) before and (B) after EY-DAB amplification. 

The positive control samples with 10 nM streptavidin-EY produced brown precipitates after EY-DAB 

amplification, allowing visual detection of the EY-labeled streptavidin. 
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