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ABSTRACT

Singlet oxygen generation has long been considered the key feature that allows genetically-encodable
fluorescent tags to produce polymeric contrast agents for electron microscopy. Optimization of the singlet
oxygen sensitization quantum yield has not included the effects of electron-rich monomers on the
sensitizer’s photocycle. We report that, at monomer concentrations employed for staining, quenching by
electron transfer is the primary deactivation pathway for photoexcitations. A simple photochemical model
including contributions from both processes reproduces the observed reaction rates and indicates that most
of the product is driven by pathways that involve electron transfer with monomers — not by the sensitization
of singlet oxygen. Realizing the importance of these competing reaction pathways offers a new paradigm
to guide the development of genetically-encodable tags and suggests opportunities to expand the materials
scope and growth conditions for polymeric contrast agents (e.g., biocompatible monomers, O,-poor

environments).
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INTRODUCTION

Genetically-encodable probes that can drive chemical transformations in a localized manner via optical
means while also serving as efficient fluorescence emitters enable unique opportunities to advance high-
resolution biological imaging, sensing, and control.[1] Engineered flavoproteins are an important class of
dual function tags because their flavin chromophores are known to have sizable fluorescence yield and the
ability to sensitize singlet oxygen ('O2) species in solution.[2] These protein tags — and sensors based upon
them — have been broadly applied in correlative light-electron microscopy (CLEM), where emitted photons
are detected in fluorescence imaging while photogenerated reactive species support the oxidative
polymerization of contrast agents for electron microscopy.[3-13] While the structure-function relationships
dictating the photophysics behind the fluorescence and singlet oxygen generation (SOG) channels of
engineered flavoproteins have been studied in detail,[ 14-19] the photochemical mechanism for downstream
contrast agent growth has received considerably less attention.

To date, the design of flavoproteins as dual-function CLEM tags has been predicated on their ability to
photosensitize singlet oxygen, which is expected to drive the oxidation of electron-rich amine-containing
aromatic monomers into melanoid polymers with effective metal-chelation properties.[5, 20, 21] This
paradigm led to the design of miniSOG, a protein tag derived from the LOV2 domain of Arabidopsis
thaliana phototropin 2.[3] Moreover, mutations to remove electron-rich amino acid residues surrounding
miniSOG’s flavin mononucleotide (FMN) cofactor led to protein variants with longer triplet lifetimes and
significantly larger SOG yields; the flavoprotein with the largest reported SOG yield is SOPP3 (n298F3 =
0.60).[17] However, the current framework does not account for the possibility that the presence of
monomers can alter the photophysical cycle of the sensitizer; thus, the photophysics of flavoproteins have
been characterized and optimized in the absence of monomer. Yet, because the intended purpose of these
dual-function protein tags is to photosensitize the oxidative polymerization of electron-rich monomers into
metal-chelating melanoid polymers, the direct interaction of monomer species and photoexcited sensitizers

should not be overlooked.



47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

The oxidative coupling synthesis of melanoid polymers follows a complex reaction mechanism that
yields heterogeneous products and is strongly dependent on solvent conditions.[22] Although it is possible
to obtain melanoid polymers from a variety of amine-bearing monomers,[23-25] 3,3’-diaminobenzidine
(DAB) has been the monomer of choice for CLEM contrast agents due to its established use in
immunohistochemistry stains.[26, 27] Important limitations to the application of DAB in high-resolution
imaging are its low membrane permeability, the lack of control on its diffusion and precipitation, and its
toxicity.[26, 28] Biocompatible catecholamines and indolamines are viable DAB substitutes because they
polymerize into similar melanoid materials[29]. In particular, dopamine (DA) is a favorable starting point
for mechanistic studies of contrast agent growth due to the substantial body of work on its oxidation product,
polydopamine.[23, 30-32] Polydopamine nanoparticles can be easily stained with heavy metals to achieve
contrast in electron microscopy (Fig. S1).

Herein, we identify the role of type-I photochemical pathways in oxidative polymerization reactions
driven by dual-function flavoprotein tags by measuring their reaction rates as a function of sensitizer,
illumination parameters, and solution conditions. To explore the role of intrinsic sensitizer photophysics,
two widely-used flavoprotein tags (the original miniSOG variant and the SOG recordholder SOPP3,
Scheme 1 and Fig. S2) were compared to unbound FMN and to flavin-adenosine dinucleotide (FAD). This
choice for sensitizers was intended to achieve large variations in the environment of the flavin chromophore
unit — as evidenced by their singlet and triplet excitation lifetimes, radiative and nonradiative decay rates,
rate of intersystem crossing, and rate of oxygen sensitization, which have been extensively reported (Fig.
S3, Table S1). To determine the effect of monomers on the photocycle of these sensitizers, we measured
the bimolecular quenching rates of photoexcited sensitizers by the prototypical DAB monomer and the
alternative DA. We found that, at monomer concentrations typically used for polymer growth, the primary
deactivation pathway for photoexcitations is through electron transfer from monomers, which leads to type-
I oxidation reactions. This observation prompted us to construct a simple photochemical model to describe
the polymerization kinetics (Scheme 1). In this model, light absorption takes the sensitizer chromophore
from the ground state (So) to the singlet excited state (!S™), which can return to the ground state by a
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combination of radiative and nonradiative pathways or undergo intersystem crossing to the triplet excited
state (*S™). Decay of triplet excited states to the singlet ground state is a slow, spin-forbidden process, and
this long-lived state can sensitize molecular oxygen (a triplet, *0.) via energy transfer and generate singlet
oxygen ('0,), a well-established reactive oxygen species (ROS). This energy transfer mechanism to
generate '0; is known as type-II photosensitization. When monomers (M) are present, they can quench
photoexcited chromophores via electron transfer, yielding a sensitizer radical anion (S*7) whose electron
transfer to oxygen yields superoxide (S*™+0, — So + 0,°7) and leads to a cascade of reactions that generate
a ROS including hydrogen peroxide (H,0-) and hydroxyl radicals (OH®). This electron transfer pathway to
generate ROS is known as type-I photosensitization.[33] The initial photoinduced electron transfer step (M
+S" — M*" + S*~, where S” can be either singlet or triplet) also generates the radical cation of monomer
(M*"), which acts as an additional reactive species whose oxidation and coupling leads to product formation.
Our results indicate that type-I reactions which begin with electron transfer from monomers are a major
player in the photosensitized growth of melanoid polymers by genetically-encodable flavoprotein tags — in
contrast to the present framework centered on their ability to sensitize singlet oxygen. These results point
to a richer design landscape for flavoproteins (and dual-function tags in general) that requires their
consideration as a component of a larger photochemical system, placing a stronger emphasis on the
properties of and interactions with reactive species previously regarded as decoupled from the evolution of

photoexcitations.
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Scheme 1. Chemical structures of the sensitizers and monomers in this work. (top) Flavin mononucleotide
(FMN) in blue, flavin adenosine dinucleotide (FAD) in green. Flavoprotein backbones are shown as
ribbons, with miniSOG in gold and the mutations from miniSOG to SOPP3 shown in purple. In
flavoproteins, the FMN cofactor shown as spheres in blue. (middle) The two monomers, dopamine (DA)
and 3,3’-diaminobenzidine (DAB), contain amine groups and electron-rich aromatic rings whose oxidative
coupling leads to melanoid polymers. (bottom) A Jablosnki diagram to illustrate the proposed
photochemical model, with labels to identify the sensitizer (S), monomer (M), molecular oxygen, and
reactive oxygen species. The rates for the evolution of excited states are shown, as well as their interaction
with molecular oxygen and monomer species. Arrows in red denote the electron transfer events that lead to
type-I reactions whose importance is highlighted in this work. The observed reaction rate is made up of a
dark component (k2,.), a combined rate from all type-I reactive species (kby) multiplied by the probability
of electron transfer (1), and a rate from type-II pathway (kL) multiplied by the probability of singlet
oxygen generation (1spo¢). A simplified diagram of the reactions involved in oxidative polymerization is
also shown.
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We measured the rate of photopolymerization of DA and DAB by monitoring the time-dependent
concentration of reaction products with kinetic absorbance experiments. Differential absorbance
measurements as a function of reaction time contain information on the changing population of species in
the path of the probe beam — conversion of reagent A into product B is associated with the loss of the
reactant’s transition moment (i) and the gain of the product’s transition moment (iig), with an overall
signal Aji = [ig — i,. Because our instrument employs a tungsten-halogen lamp with spectral output from
the near ultraviolet to the near infrared (350-1000 nm), our data contains only the increased absorbance due
to products (DA and DAB monomers absorb in the deep UV). The resulting kinetic spectra are well
described by three Gaussian lineshapes (Fig. 1), two narrower features at shorter wavelengths and a
considerably broader component at longer wavelengths. To interpret these kinetic spectra one must consider
that the oxidative polymerization of DA and DAB is a multistage process involving several electron
transfer, proton transfer, and intramolecular reorganization steps before reaching a polymer product with a
flexible structure and large heterogeneity in monomer oxidation state and inter-monomer linkages. The
redshifted absorption feature has been ascribed to this polymer product whose substantial structural disorder
leads to considerable lineshape broadening (Fig. S4-S5), while the other features appear earlier and are
consistent with oxidized monomer intermediates (narrow lineshape at higher photon energies) and
oligomeric species (intermediate breadth and energy, closer to those of the polymer). As the reaction
progresses, the amplitude for each of these Gaussian components increases, and the slope of the linear

growth region is used to determine the reaction rates associated with each feature — kyjox, Koligo» and kpoly,

respectively. The time lag in the appearance of polymer products is best interpreted by first considering
each monomer’s oxidation reaction. Dopamine oxidation to polydopamine involves several oxidation and
cyclization steps to form semiquinone, quinone, and indole intermediates which undergo oxidative coupling
into larger oligomeric and polymeric species.[34] In contrast to polydopamine’s more complex reaction,
DAB only requires a single electron transfer oxidation step to form the quinone iminium radical that can

undergo oxidative coupling.[35] This more direct oxidative coupling pathway for DAB may also be
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responsible for its effective polymerization, achieving similar yields to dopamine at lower concentrations.

The concentration of monomers in these reaction mixtures was chosen to mimic experimental conditions

in practical applications: [DAB]=0.32 mM is at the lower end of the amount used in staining procedures
where [DAB]=0.3-5 mM,[3-5] while [DA]=25 mM is within the range used to generate polydopamine
coatings, [DA]=10-55 mM.[36, 37] To balance the requirements for fluorescence imaging of biological

samples followed by heavy metal staining for electron microscopy, this work was carried out in aqueous

Tris buffer at pH 7 (details in SI).
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Figure 1. Kinetic absorbance measurements during the photosensitized oxidation of dopamine by the
flavoprotein miniSOG (100 pW excitation power at a wavelength of 475 nm). A subset of the absorbance
spectra shows their increasing amplitude over the 60 min reaction (yellow curves); achieving a larger
product conversion compared to an identical reaction in the absence of photoexcitation (gray curve). Each
kinetic spectrum is described by a linear combination of three Gaussian features (b) corresponding to
absorbance by oxidized monomer, oligomeric species, and polymer product. Fits to each of the spectra in
(a) are shown as dashed lines. (¢) The time-dependent amplitude for each absorption feature show the
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increase in reaction rate from dark to light conditions (gray and yellow, corresponding to data from a), with
linear fits used to obtain reaction rates shown as solid lines.

For each of the monomers used, the oxidative polymerization reaction rates depend on the excitation
intensity, the choice of sensitizer, and solution conditions (e.g., pH, dissolved oxygen content). To ascertain
the role of competing light-induced reaction pathways, we carried out experiments for each monomer-
sensitizer pairing at various illumination intensities (with at least N = 2 replicates per reaction condition)
— average rates are reported in Table 1; traces for each Gaussian lineshape in Fig. S6. As expected, higher
excitation intensities lead to faster reaction rates, protein-encased chromophores (miniSOG, SOPP3) are
effective photosensitizers, and the slowest rates are observed for FAD. Importantly, photoexcitation only
leads to polymer formation in the presence of sensitizer, ruling out direct excitation of monomers (Fig. S7).
The ratio of dopamine M,y /oligomer amplitudes was observed to increase over time (Fig. S8) due to a
plateau or decrease in oligomer absorbance that roughly coincides with the lag in polymer formation, which
occurs earlier when the reaction rate is increased upon illumination — a possible indication that
photogenerated species are more effective at driving polymerization than those generated in dark reactions.
In oxygen-rich solutions, the photogenerated ROS responsible for monomer oxidation are likely hydroxyl
radicals — especially given dopamine’s propensity to oxidize in alkaline conditions. Oxidation by molecular
oxygen has been proposed as an autooxidation pathway and is expected to contribute to dark reaction rates,
which explains the reduction in dark reactions to negligible levels upon Ar bubbling (Fig. S9). However,
product formation still occurs in low-O, conditions when sensitizers are photoexcited, which indicates that
monomer radicals’ reactivity is not eliminated with the removal of dissolved molecular oxygen — although
product formation proceeds with rates ~5-10X slower than equivalent photoexcited reactions in O»-rich
solutions. This residual photoactivity in low-O; conditions is likely not the result of ROS, but instead due
to photogenerated monomer radicals which may subsequently react with hydroxyl anions present in
aqueous media or undergo photoaddition similar to that of psoralens.[38, 39] Future experiments using

isotopically labeled ("*O) water can help to determine the source of oxygen for this residual photoactivated
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reactivity, and comparison to non-labeled solutions saturated with '®O-labeled O, gas can provide
information on the oxygen source for the remaining dark and photoinduced contributions.

Table 1: Rate constants extracted from kinetic absorbance spectra, calculated as the slope of time-dependent
amplitudes for absorption features due to the production of oxidized monomer (kwmox), oligomer (Koligo), and polymer
(kpoly). Data shown are the average and standard error of the mean.

Sensitizer Excitation | kwox (x10° OD/min | Koligo (x10"5 OD/min) | kpoly (x10-° OD/min)
power (LW) DA DAB DA DAB DA DAB
2819 - 6614 - 53+7 -
50 40£0.2 12+1 9613 10+0.4 6516 412
FAD 100 51+1 18+3 1161 13+2 7016 7+0.2
200 70+3 3615 14611 3412 91+4 19+7
50 68+0.2 74+0.7 14214 5612 9516 274
FMN 100 90+2 8510.3 17745 874 10414 55+2
200 12315 134+11 23247 13043 124+2 9414
mMinisOG 100 136120 91+0.2 24416 2177 15715 57+2
200 135420 109+1 299+37 26243 169+15 84+2
SOPP3 100 171+3.0 10617 183+24 119+24 119+3 2419
200 184+10 113420 204+3 181+14 15916 48+0.7

It is important to determine the rate at which photoexcitations decay via electron transfer from the readily
oxidized monomer into the hole left in the flavin’s HOMO by the photoexcited electron[40] — the initial
charge transfer event which leads to the generation of reactive species in type-I pathways. This additional
decay channel alters the sensitizer’s fluorescence lifetime from its intrinsic value, :it, to a value that

depends on the monomer concentration [Q] as

(A0) = (fro) " + g [Q] (Eq. 1)
where the bimolecular quenching rate;éKQ depends on the coupling of initial and final states, and can be
modeled with a Marcus electron transfer formalism. We extract the bimolecular quenching rate 1KQ for
each monomer-sensitizer pair using a Stern-Volmer analysis of the sensitizer’s fluorescence lifetime as a
function of monomer concentration (Fig. 2, time-resolved data in Fig. S10). Interestingly, for a given
monomer, singlet excitations of protein-encased flavins have bimolecular quenching rates (;ﬁKQ) on the

order of those for protein-free flavins — a result that suggests electron transfer between chromophore and

monomer is not strongly affected by the protein residues that separate them. Regardless of the sensitizer

used, quenching of its singlet excited state by DAB (:3kpag~101° M~1s~1) was considerably faster than

by DA (:kpa~10° M~1s™1). For practical monomer concentrations, the rate of quenching 1KQ
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[Q]~107 — 108 s~ is comparable to the intrinsic singlet decay rate (170) ; and thus a substantial fraction
of photoexcitations decay via electron transfer and initiate type-I reactions even before reaching the longer-
lived triplet state, where they are even more susceptible to quenching. In the flavoproteins samples tested

here, the proportion of singlets that are quenched by DA are 11% in miniSOG and 22% in SOPP3 (for

DAB, these values are 11% and 3% of singlets, respectively).

a) 08|
05 FAD
.-IG')
%, 0.4 5 FMN_,
¥ 037 =" SOPP3
= '_,‘7"’
027
0.1
0 10 20 30 40
[DA] (mM)
b) 0.32
. FAD o o= T
0.3 [
T 028
mD
~ 026
*
= 024
=zcsEa=§
022f-r§ezcoch==g"""
€
$ e SOPP3
0.2! .
0 01 02 03 04
[DAB] (mM)
c) 10"
T 10"
[0
- ] .
= DA ¥
o
< 10%) .
e N P
?
QP‘ Q"?P' ﬁ;z._f‘& CJO?

10



198
199
200
201
202
203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

Figure 2: Stern-Volmer plots to quantify quenching rates for singlet photoexcitations by dopamine (a) and
3,3’-diaminobenzidine (b). Data collected for each sensitizer (markers) was fit to Eqn. 1 (dashed lines, 95%
confidence intervals as shaded areas). Bimolecular quenching rate:*q for each sensitizer-monomer pair
shown in (c). Note the different scale in the x-axis for panels a and b, due to the different concentration
range for DA and DAB. Separate plots for DAB quenching of FMN and SOPP3 are provided to better
assess the quality of the fit (Fig. S11)

Electron transfer processes also take place from excited triplet states. However, triplet quenching rates
are slower due to a reduction in the electronic coupling matrix element. Because our time-resolved
fluorescence experiments probe dynamics in the <10 ns regime, triplet quenching rates were not accessible
experimentally and are treated as proportional to singlet quenching rates with a ratio (y = 1KQ / ;:%KQ),
which is greater than one. Comparison to an extensive data set of flavins quenched by amines,[40] y spans
four orders of magnitude — from 1.55 to 1.57 X 10* — with most values in the 2 < y < 8 window (the
10%-90% cutoffs for the cumulative distribution, Fig. S12). Given the much slower intrinsic decay rates
for excited triplets (whose lifetimes are on the order of us), electron transfer events are likely to play a
significant role in triplet dynamics. In our analysis, we include y as a fitting parameter in regression models
(details below). This assumption is supported by comparison to a broad library of quenchers and validated
by the model’s relatively flat response in the range 1 < y < 300 (Figs. 3,4) — a realistic range for these
materials.

The importance of electron transfer is not limited to changes in the sensitizer photocycle; they result in
reactive species and drive the growth of melanoid polymers. Thus, we include these additional pathways in
a photochemical model (Scheme 1) to explain the variation in observed reaction rates (Table 1). This model
must predict (1) the probability that a photoexcitation will result in a reactive species, and (2) the rate with
which such reactive species yields a given product. The probability that state X will convert into state Y by
a certain pathway is expressed as the rate of this process divided by the total rate leaving the initial state —
e.g., the probability that a singlet excited state will lead to photon emission is the ratio of its radiative rate
to the total rate of singlet decay, ;;ikrad/ ;:%ktot. Our model to describe the time evolution of product

formation adds all contributions from each pathway into a combined reaction rate which is modulated by

11
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the yield of the initial branching step — the probability of sensitizing 'O times the rate at which it leads to
products, vs. the probability of undergoing photoinduced electron transfer (M + S* — M*" + S°*7) times the
rate at which the resulting reactive species yield products. In this way, we use experimentally-determined
rates of population evolution in the excited state manifold to construct our model as follows. The predicted
reaction rate is the sum of four components: a background rate due to oxidation in the dark, k3; plus three
light-induced processes:

1) two type-l pathways in which the sensitizer excited singlet or triplet states are quenched by a
monomer and these radicals yield products with a rate k! , by a combination of mechanisms
involving the generation of reactive oxygen species by the sensitizer radical[31, 41] and the direct
polymerization of monomer radicals. The contribution from these channels is dependent on the

probability that a photoexcitation is quenched by the monomer while in the singlet excited state

2) a singlet-oxygen mediated (type-1I) mechanism whose amplitude depends on the probability of
intersystem crossing (kisc/ §Z%§ktot) times the likelihood that the triplet state sensitizes 'O

(ksog/ ;%ktot), and the rate with which 'O, converts reactants into products (ki = a - ki, where

the relative efficiency of product yield by type-I and type-II processes is explicitly included in the
proportionality factor «).

Adding each contribution to the overall reaction rate, we obtain Eq. 2, where the three terms inside the

square brackets represent the contributions from each of the light-induced components — respectively, type-

I events from the singlet and triplet state, and singlet oxygen mediated type-II process. For simplicity, the

rate of oxidation and the illumination flux are grouped into a power-dependent prefactor (T, ki, =

Peprre)-

Kodel = kgx + Peprre % [( §...;kQ) + ( ’flSC . ;...;kQ/Y) ta- ( kisc | ’;soc)] (Eq. 2)

In this way, the total reaction rate is determined entirely by a constant dark reaction, the illumination-
dependent population flux into the photoexcited sensitizer, the evolution of the sensitizer’s excited state

12
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into productive and non-productive species, and the reaction rate for these reactive species. The only fitting

. . . oligo 1
parameters in Eqn. 2 are the rate prefactors k. (one for each species monitored, K?,’Ir%x, Kpreg ,and Kg?ey),

the relative efficiency of type-I and type-II sensitized oxidation («), and the ratio of singlet and triplet
quenching rates (y). All remaining inputs for this model are independent variables such as experimental
conditions (illumination power P,,, monomer concentration [Q]), or observables measured in this study or
reported in the literature (intrinsic values for the lifetime of singlets,;;ﬁro, and triplets, ;f?’;ro; quantum yields

for fluorescence, n?l, intersystem crossing, 13, and singlet oxygen generation ndog; as well as the

bimolecular singlet quenching rate;iKQ and the dark reaction rates for each species k%o k%ligo, and

k%oly), which are collected in Table S1. Explicitly writing the kinetics governing excited state evolution

in each stage of the photocycle, it is possible to express Eq. 2 as a function of these observable quantities
(see Eqgs. S1-S6 and details therein).

Using least-squares regression, Eq. 2 was fitted to each set of experimentally observed reaction rates —
data from DA and DAB were treated separately because the reaction prefactors, the relative efficiency of
type-I and type-II sensitized oxidation (&), and the ratio of singlet and triplet quenching rates (y) are
expected to depend on the monomer undergoing oxidative polymerization. For both monomers in this study,
the rate predicted by Eqn. 2 shows remarkable agreement with the observed trends in reaction rates for
melanoid polymers and monomer oxidation intermediates (Fig. 3), with values spanning more than an order

of magnitude in rate. Both regression models reveal reaction prefactors in the range 5 — 20 OD™! - min~! -

oligo

1
ore > Kf)/'r%x > kP> however, we must note that these values represent the

W1 and following the trend x pre >
absorbance of each species, which is the product of its concentration and molar extinction coefficient.
Although monomer concentration is considerably larger (~100X) for DA vs. DAB, their reaction prefactors
are comparable — a consequence of using reaction conditions similar to those optimized in applications
where high product yield was the desired outcome (i.e., staining, coating). While best-fit parameters for
reaction prefactors are well-defined, the regression results have a significantly reduced sensitivity to the

parameters for reaction efficiency and quenching rate ratio (a and y), as evidenced by their large confidence

13



275  intervals. Nevertheless, these best-fit values for y are in the range expected for electron-rich aromatic amine
276  quenchers (Fig. S12), and the result of a~0 indicates the substantial importance of type-I processes in these

277 reactions.
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279  Figure 3: Model outcomes for the photosensitized oxidative polymerization of dopamine (a) and 3,3’-
280  diaminobenzidine (b). Measured vs. predicted reaction rates for oxidized monomer (A ), oligomer (@), and
281  polymer (m) for all sensitizers (FMN=Dblue, FAD=green, miniSOG=yellow, and SOPP3=purple) as well as
282  in the dark (gray). Dashed line indicates 1:1 correspondence between experimental observations (x-axis)
283  and model prediction (y-axis). Model parameters obtained from least-squares regression are shown in each
284  panel (along with their standard error).

285 To explore the behavior of this model and extract further insight, we performed a series of regressions
286  where the type-I vs. type-Il reaction efficiency () and singlet vs. triplet quenching rate ratio (y) were varied
287  overtherange 0 < a < 3and 1 < y < 103, keeping these parameters constant using the reaction prefactors

288  as fitting variables. The broad region of a and y values for which the residuals are close to their minimum
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(Fig. 4a-b) sheds light on the reduced sensitivity to these variables displayed by the regression models in
Fig. 3. For dopamine polymerization reactions, let us consider the region where the residuals (represented
by the summed squared error, SSE) deviate by up to 1% from their minimum. For this subset of models,
the average values for (@pa)i9, = 0.05 % 0.01 and (ypa)ie, = 39 * 2, as well as the fitted reaction
prefactors (Fig. 4c-d) follow the trends and values determined by the earlier results (Fig. 3a). Furthermore,
it is possible to calculate the fraction of the photoinduced reaction rate due to type-I vs. type-II pathways
for each of the sensitizers (Fig. 4e-f). For all models with residuals within 1% of their minimum, over 98%
of the photoinduced reaction rate can be explained by type-I pathways. For 3,3’-diaminobenzidine
polymerization reactions, models within the 1% boundary for deviation from the SSE minimum report
average values (@pag)i9, = 0.26 + 0.02 and (ypag)1y, = 14 £ 1 and reaction prefactors in agreement
with results from the initial regression (Fig. 3b). Although lower than that for DA reactions, the fraction of
the photoinduced reaction rate due to type-I processes is still substantial — particularly for flavoprotein
sensitizers: for models with residuals within 1% of their minimum, the photoinduced rate due to type-I
pathways is >63% for FMN, >75% for FAD, >99% for miniSOG, and >98% for SOPP3.

The importance of type-I pathways is better understood by considering the competition between the
singlet oxygen generation rate and the triplet quenching rate. In the absence of monomer, the SOG rate
ksog~10% — 10* s~ is comparable to the triplet decay rate (5’31’0)_1 —thus the sizable intrinsic SOG yields
in these sensitizers. However, in the presence of electron-rich aromatic amines like DA and DAB, electron
transfer triplet quenching is a more effective pathway because quenching rates at the monomer
concentrations used in applications, 3kQ = (1KQ : [Q]) /y ~10% — 10° s™1, are considerably larger than
the singlet oxygen generation rate. In order to allow photoexcited flavoproteins to efficiently sensitize
singlet oxygen, the concentration of monomers in solution would need to be lowered by a factor of 20-60X.
However, this strategy to control the reaction mechanism has the downside of slowing the reaction rate in
two ways: lowering the concentration of polymer building blocks and reducing the rate of generation for

reactive species — with a concomitant increase in the staining time.
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Figure 4: Regress1on models for fixed values of type-I vs. type-II reaction efficiency («) and singlet vs.

triplet quenching rate ratio (y). The sum of squared errors (SSE) for models of dopamine (a) and 3,3’-
diaminobenzidine (b) polymerization show a shallow minimum, as expected due to the reduced sensitivity
to these parameters displayed by models in Fig. 3. Regressions in (a,b) combine observations from all
sensitizers (sensitizer-specific effects of a and y shown in panels e-f). Colormap in panels (a,b) denotes the
relative change in SSE from their minimum; contour lines demarcate regions where SSE is within 1%, 5%,
and 10% of the minimum. For models with SSE within 1% of the minimum, the reaction rate prefactors for
each species are clustered around well-defined values (c,d) in agreement with results in Fig. 3. In panels
(e,f), the fraction of the photoinduced reaction rate due to type-I vs type-II pathways is shown for each
sensitizer, indicating the predominant contribution of a type-I mechanism. Contour lines for SSE values
taken from (a,b) are overlaid in (e,f) to assist in evaluating the goodness of fit across models.

In summary, accounting for the contributions of competing reaction pathways in polymer contrast agent
growth is a key step to optimize their properties. When designing dual-function genetically-encodable tags,

it is not only necessary to enhance the SOG efficiency in pristine buffer conditions, we must consider the
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competition between type-II singlet oxygen generation and electron transfer quenching of photoexcited
states leading to type-I reactions. For typical monomer concentrations, electron transfer quenching is a
dominant decay pathway. Indeed, we found that the photosensitized oxidative polymerization of dopamine
and 3,3’-diaminobenzidine into metal-chelating melanoid materials is strongly driven by type-I mechanism.
These results stand in contrast to the widespread assumption that singlet oxygen generation is the central
characteristic to be optimized when designing dual-function genetically encodable tags for correlative
microscopy.[42, 43] However, because charge transfer events between monomers and photoexcited
sensitizers lead to radical species (M**, S*7) that support productive polymerization pathways, leveraging
these previously-neglected mechanisms can be an avenue to extend the applicability of dual-function
genetically encodable tags. Some exciting implications of these results include the possibility to grow
contrast agents in oxygen-poor conditions (such as in biofilms), broadening the monomer palette to other
biocompatible monomers, and expanding the chemical diversity of sensitizers to systems previously ruled

out by their low SOG efficiencies.
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data, and analysis for kinetic absorbance experiments; comparisons of illuminated, dark, and Ar-bubbled

reactions; analysis of time-resolved photoluminescence quenching experiments; and construction of the

photochemical model.
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