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Introduction

One- and two-photon brightness of proteins
interacting with gold. A closer look at gold—insulin
conjugatest
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Red luminophores displaying large Stokes shift and high-quantum yields are obtained when gold salts are
reacted with proteins under strongly alkaline conditions. Although bovine serum albumin (BSA) has mainly
been used as a protein template, other attempts to prepare red luminophores have been proposed using
other proteins. Here, we report on the structural characterization and nonlinear optical properties of
insulin—gold conjugates. Such conjugates display strong luminescence at ~670 nm with quantum yields
that reach 5.4%. They also display long luminescence lifetimes allowing efficient reactive oxygen species
generation, with a quantum vyield of 'O, generation reaching 13%. In addition, they exhibit remarkable
nonlinear optical properties and in particular a strong two-photon excited fluorescence (TPEF) cross
section in the range of 800-1100 nm. By combining experimental studies and time-dependent density
functional theory simulations (TD-DFT), we show the formation of insulin—Au(il) conjugates. The inter-
action of Au(i) ions with the aromatic rings of tyrosine induces charge transfer-like excitation in the
visible range. Experimental investigations, together with molecular dynamics simulations of insulin and
calculations of electronic properties in a model system, are performed to explore the origin of optical fea-
tures and the structure—optical property relationship, leading the way to new concepts for nonlinear
optics using protein—Au(in) conjugates.

plates and gold have been reported as diagnostic and thera-
peutic platforms for biomedical applications.”*°

When gold salts are reacted with proteins at a basic pH, the
reaction products exhibit large Stokes shift, red luminescence,
and high quantum yields."”® In particular, many applications
using mainly bovine serum albumin (BSA) as protein tem-
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Exemplified by BSA, two possible scenarios for this lumine-
scence have been suggested: one scenario considers that BSA
acts as a reacting and protecting “cage” in which gold ions are
reduced by tyrosine residues under alkaline conditions and
nucleate into a gold nanocluster, composed of dozens of gold
atoms." The other scenario asserts that the red luminophore
formation involves Au(ir) coordination in a specific domain of
serum albumin.'"? These observations and protein structural
analyses with various proteins (bovine serum albumin, oval-
bumin, trypsin, and insulin) show that red luminophore for-
mation involves Au(m) coordination with a common motif
within these proteins.™

Insulin is a small protein, or more precisely a polypeptide
hormone comprising only 51 amino acids. Its function primar-
ily lies in the regulation of insulin-responsive tissues and it is
related to many diseases. Insulin has no free cysteine and only
4 tyrosine residues, so it can display unique binding motifs
with gold and thus be a good candidate for producing red
luminophores. Attempts to characterize prepared insulin-gold
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samples by mass spectrometry have proved unsuccessful,
emphasizing the difficulty of exploring the structure-optical
property relationship taking place during the interaction of
proteins with gold.>"

In this paper, we synthesize water-soluble insulin-gold con-
jugates. The goal of the current preparation was to develop
highly luminescent gold-insulin conjugates. Although insulin
functionalized nanoclusters were reported earlier, their prepa-
ration was time consuming whereas the current synthesis
process is fast and completed within 4 hours. Moreover, apart
from the new preparations, the mass spectrometric character-
ization'® and quantitative analysis of two-photon fluorescence
properties'” are new findings which have also been correlated
with theoretical calculations. In particular, our quantitative
analysis of two-photon properties will be very attractive for
two-photon bioimaging applications.

Results and discussion
Synthesis and characterization of insulin-gold conjugate

Here, we synthesized highly luminescent insulin-gold conju-
gates using a one pot “green” synthesis method with a modifi-
cation of the protocol reported previously.” The reaction was
carried out at physiological temperature (37 °C) at elevated pH
(~11.5), as described in detail in the Methods (see the ESI
Fig. S1 and S2%). The pH of the insulin solution was in the
range of pH ~3.5-4.0. Insulin has low solubility in water, thus
when we added insulin to the Au®' solution, the latter trans-
formed into yellowish white aggregates. Quantitative XPS
measurements were compatible with one gold and one insulin
stoichiometry in gold-insulin conjugates (see Table S1 and
Fig. S31). We also tried to use XPS to investigate the valence
state of the gold atoms in gold-insulin conjugates. A doublet
peak structure should be observed with fitted binding energies
of ~87.4 and ~91.4 eV for Au(m) conjugates (respectively *f,/,
and *f;, doublet peaks). However, the *f;, peak of Au(0) was
also located at 87.6 eV.'® The facts that the content of gold
(0.3%) is very low and there is overlap of 4f peaks between
different oxidation states of gold led to a lack of clear evidence
of Au(m) by XPS, while mass spectrometry measurements led
to an unambiguous assignment (see below). As already men-
tioned in the Introduction, early attempts to measure the mass
of the as prepared insulin-Au NCs were either unsuccessful®
or only one gold atom attached to insulin was detected in
mass spectra.’> We continued the mass characterization of
insulin—gold using high-resolution electrospray mass spec-
trometry (HR-ESI-MS). The full ESI-MS spectrum of the
insulin-gold conjugates in ESI is shown in Fig. S4,f where
charge states from 2+ to 4+ can be observed. For insulin,
charge states n+ are given by extra protonations [Insu + nH]"'.
The isotopic pattern of insulin (4+ charge state, [Insu + 4H]*)
is reproduced using the following formula: C,5,H;343N65077S6
(see insets in Fig. 1). When Au is complexed with insulin (4+
charge state), thanks to the isotopic distribution analysis, we
observe that 3 hydrogen ions are removed from insulin. Then
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Fig.1 Zoom of the variable temperature-nano electrospray ionization
(VT-nano-ESI) MS spectrum of insulin—gold conjugate, corresponding
to the 4+ charge state (Insu for Insulin). Insets. Isotopic pattern (black:
experimental, and red: simulation) of insulin (Cz57H383Ng5077S6) on the
left and of insulin with Au(i) (Czs57H380N65077S6Au) on the right. The
other minor peaks are mostly alkali adducts.

the isotopic pattern of insulin is reproduced using the follow-
ing formula: C,s5,H350N65077,S6Au (see insets in Fig. 1). The
number of H atoms is reduced from 383 to 380 assigned to the
3 hydrogen ions removed from the insulin. At the pH value of
11.5 used for the synthesis, phenolic groups of tyrosine are
deprotonated. One can thus assume that deprotonations on
insulin occur on tyrosine residues.

The interaction between insulin and gold was also investi-
gated using circular dichroism (CD) spectroscopy. Fig. S57
shows the CD spectra of pure insulin and insulin-Au conju-
gates. The pure insulin in neutral pH showed two negative
absorption bands at ~211 and ~224 nm (in fair agreement
with the reported CD spectrum of human insulin)."® When Au
was added to insulin, only the first negative band at ~209 nm
remained, and a broad negative band emerged at ~350 nm.
The popular method for estimating protein secondary struc-
ture fractions from CD spectra (implemented in the software
package CDSSTR)* was tested on insulin and insulin-Au con-
jugates. The results presented in Fig. S61 indicate that the
native structure of insulin is not much affected by the presence
of gold (Table S271). Only the local alpha-helix environment is
affected (where 3 of the 4 tyrosine residues are in helix motifs,
see Fig. 3a). It is noteworthy that crystallization tests were
carried out, but no crystals were formed in the presence of
gold.

Although the presence of one gold atom bound to insulin
was demonstrated by HR-ESI-MS, we cannot rule out the for-
mation of oligomers (as expected since insulin is known
to easily form multimers). Indeed, in a previous study, we used
a simple and reliable fluorescence-based technique to
measure the hydrodynamic size of monolayer protected gold
nanoclusters.®?' This technique uses the relation between the
time resolved fluorescence anisotropy decay and the hydrodyn-
amic volume. The comparison of sizes obtained between bare
proteins and gold containing proteins allowed us to address

This journal is © The Royal Society of Chemistry 2024
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the volume changes induced by the formation of oligomers for
insulin during gold incorporation.® Interestingly, Dixon and
Egusa further evidenced the formation of oligomers (approxi-
mately between dimers and tetramers) for insulin during gold
incorporation, by performing native gel electrophoresis of
protein-Au(m) conjugates.’* We performed native gel electro-
phoresis on our as-synthesized insulin-gold conjugates, also
evidencing the tendency towards oligomerization during gold
incorporation (see Fig. S7f). Oligomer formation was further
observed by mass spectrometry (both MALDI** and ESI-MS,
see Fig. S8t). Interestingly, the VT-nano-ESI source was used to
fix the sample temperature at 17 °C, thereby slowing down the
aggregation.”® In parallel, we performed DLS analysis on insulin
and insulin-gold conjugates, see Fig. S9.f As can be seen,
dynamic light scattering shows that the mean sizes of insulin
and insulin-Au conjugates are 3.8 nm and 7 nm, respectively.
Thus, the presence of gold in the sample affects insulin oligo-
merization. To sum up, the as-synthesized insulin-gold conju-
gates are mainly composed of insulin-Au(ur) complex resulting
in oligomers (ranging from monomers to trimers).

Optical properties of the insulin-gold conjugate

Linear optical properties. We recorded the absorption and
photoluminescence spectra of insulin—gold conjugates, as
shown in Fig. $10.f The as-synthesized insulin-Au conjugates
show an absorption hump around 510 nm. The excitation
spectrum exhibits a similar band corresponding to an absorp-
tion band at 510 nm which indicates that the PL band is
excited by the HOMO-LUMO transition. We observed an
intense emission peak at 667 nm. The emission spectra of Au-
insulin only changed in intensity when the conjugates were
irradiated at different wavelengths. The Stokes shift can reach
at maximum 300 nm (see Fig. S11T). We recorded the lumine-
scence quantum yield (QYs) using the integrating sphere
method and found it to be 5.40%, with observed lifetimes
fitted at 237 ns and 1723 ns (Fig. S127).

Insulin-gold conjugates exhibit a long photoluminescence
lifetime, suggesting that they can be capable of singlet oxygen
generation,”*® as demonstrated for other protein template gold
systems.”®*” As a typical mechanism of singlet oxygen gene-
ration, after photoexcitation to an excited singlet state, the
photosensitizer undergoes intersystem crossing to its triplet
state, followed by energy transfer to ground-state (triplet) dioxy-
gen (O,). Generally, excited triplet states are relatively long-lived
compared with excited singlet states because of the spin-forbid-
den nature of the T; — S, transition. Here, the generation of
singlet oxygen was triggered by the excitation of the conjugates
with a cw laser emitting at 473 nm with different exposure
times. With 1,3-diphenylisobenzofuran (DPBF, an absorption
probe for detection of '0,), 'O, generation can be monitored by
a change in the absorption of DPBF at 412 nm. The absorption
spectra and the change in the absorption of DPBF monitored
over time are presented in Fig. S13a).t The rate of 'O, generation
was obtained by the initial DPBF concentration change over
time (A[DPBFJ/A¢t, at a shorter time where the slope has a linear
behavior) divided by the concentration of the conjugates. To
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demonstrate the efficiency of insulin-Au for 10, production, we
compared 'O, production by insulin-Au to that of the conven-
tional dye photosensitizer, new methylene blue (NMB). Under
473 nm irradiation, a high 'O, production efficiency was
observed for insulin-Au ('O, generation rate of 1.5 + 0.3 com-
pared with a value for NMB of 2.3). The quantum yield of singlet
oxygen generation allows normalization by the absorbance at
473 nm of the cw laser. Using a comparative method (as
described in Methods and Fig. S137), we were able to evaluate
the "0, generation quantum yield of insulin-Au conjugates at 13
+ 5%. However, we cannot exclude that the generation of oxidiz-
ing species (H,O,, radicals) upon irradiation may also occur. To
better address this point, we used a DCF dye®® for probing the
oxidizing agents produced following photoexcitation. We
confirm that insulin-Au conjugates are prone to producing such
oxidizing agents in addition to 'O, species. Fig. S13(c)t displays
the fluorescence spectra of DCF dye without and with 10 min of
laser irradiation. The strong increase in fluorescence intensity is
a signature of the generation of type I species.

Non-linear optical properties. We measured the two-photon
excited luminescence (TPEL) spectra over a wide range of
800-1100 nm excitation wavelengths. Based on TPEL, we calcu-
lated the two-photon absorption cross-sections (TPA) - ¢,. The
features observed in TPA cross-sections as a function of wave-
length are fairly comparable with the features observed in one-
photon excitation spectra when plotted at doubled wavelength,
for which resonance effects in a two-photon process may
occur.”*! Indeed, significant resonance enhancement occurs
when the excitation energy of a one-photon absorption state is
close to half that of a TPA state (“double resonance” condition,
see Scheme S17}). Two photon brightness can be calculated by
multiplying the TPA cross-sections by the one-photon lumine-
scence QY (0.054) and the values range from 0.08 to 0.32 GM
for excitation wavelengths in the range 800-1100 nm (Fig. 2).
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Fig. 2 Two-photon brightness (6,¢¢) spectra of insulin—gold conjugate
(red dots, left and bottom axes) correlated with the photoluminescence
excitation spectrum of insulin—gold (black dotted line, right and upper
axes). Brightness, defined as the product of absorption cross-section
and fluorescence quantum yield.
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Structure-optical property relationship. Insights from
calculations

This detailed structural characterization, completed with circu-
lar dichroism measurements, leads us to suggest that deproto-
nations on insulin occur on tyrosine residues (that are natu-
rally deprotonated at the pH value 11.5 used for synthesis).
The interaction of Au(u) ions with the aromatic rings of tyro-
sine may induce charge transfer-like excitation in the visible
range, as we demonstrated for tryptophan bound to gold
cations.*” Clearly, at high pH, other chemical groups can be
deprotonated (e.g. carboxylic group, thiols). We demonstrated
in our previous works on peptides interacting with gold that
complexes of gold with carboxylic residues or thiol residues
lead to absorption bands in the near-UV range and not in the
visible range.**** Only deprotonated tyrosine residues interact-
ing with gold can induce absorption in the visible range. This
argumentation can thus indirectly support deprotonations of
tyrosine in the insulin-gold conjugates.

To benchmark the calculations, we first explored the optical
properties of neutral tyrosine and doubly deprotonated tyrosine.
TD-DFT absorption spectra and the lowest energy structures of
tyrosine are presented in Fig. S141 and compared with the
experimental spectra of tyrosine recorded at neutral and highly
basic pH values. In comparison with neutral tyrosine, the overall
spectrum of the deprotonated tyrosine is redshifted. A qualitat-
ive agreement between experimental and theoretical spectra is
present. TD-DFT computations revealed that the nature of the
well-known n-7* transition was preserved and that the batho-
chromism of the absorption spectrum could be explained by the
energy shift of both the = and the n* orbitals under the influence
of the nearby negatively charged group. A similar behavior had
already been reported for tryptophan anions.*® Then, as model
systems, we explored the effect of different oxidation states of
gold atoms (Au(0), Au(r) and Au(ur)) when added to doubly depro-
tonated tyrosine. The complexation of deprotonated tyrosine
with gold led to the emergence of excitation in the visible range
with a strong charge-transfer character (see Fig. S157).

Insulin contains 4 tyrosines which can participate in the
coordination of Au(m); their position in the structure is shown
in Fig. 3(a). Tyrosine Y26 is located at the end of chain B and
it is not part of the secondary structure elements of insulin.
This allows for more flexibility and permits other tyrosines
(Y16, Y19) to be approached in the structure and coordination
of the Au(m) atom, as demonstrated by molecular dynamics
simulations (see Fig. 3a). Additionally, the absorption spec-
trum of 4 tyrosines with Au(u) (see Fig. S17t) presents very
similar features to those of 3 tyrosines with Au(m). This under-
lines the role of the 3 tyrosines which coordinate Au(u).
Indeed, the addition of Au(m) to doubly deprotonated tyrosine
leads to the dissociation of tyrosine. However, Au(my) is
strongly stabilized by the complexation with three tyrosines
(see Fig. 3a). The corresponding TD-DFT absorption and ana-
lysis of the main excitation responsible for the characteristic
absorption features confirm the presence of excitation in the
visible range with a strong charge-transfer character, as dis-
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Fig. 3 (a) (Left) Overlap of the snapshots from the molecular dynamics
of insulin to check for possible tyrosine positions. The Y26 located near
the end of the B chain was found to be the most flexible (silver stick rep-
resentation). (Right) The position of the tyrosine residues in insulin’s
crystal structure (pdb: 3i40, human insulin). Chains A and B are colored
gray and beige, respectively. Tyrosine residues are shown in stick repre-
sentation, and colored green. Blue colored numbers indicate the dis-
tance between tyrosine residues. (b) (Top panel) TD-DFT absorption
spectra and lowest energy structure of 3 tyrosines with Au(in) (both car-
boxylic and amino groups exchanged with methyl groups while phenolic
groups are deprotonated). (Bottom panel) Leading excitation responsible
for the characteristic features of absorption.

played in Fig. 3(b). Low-lying states in the visible range are key
to obtaining large two-photon absorption cross sections,
which would make them ideal labels for multiphoton excited
luminescence (Fig. S167).

Conclusions

We synthesized highly luminescent red-emitting insulin-gold
conjugates using a one pot “green” synthesis method. The
current synthesis process is fast and can be completed within
4 hours. The as-synthesized insulin-gold conjugates were
characterized by mass spectrometry and mainly composed of
insulin-Au(m) conjugates resulting in oligomers. The main
effect of oligomerization is a rigidification effect leading to the

This journal is © The Royal Society of Chemistry 2024
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enhancement of the luminescence properties, in both the
linear and nonlinear optical regimes. They present long
luminescence lifetimes enable efficient reactive oxygen
species generation that may create oxidative stress, pointing
to potential antimicrobial applications.?*>° Regarding other
bio-applications, it was demonstrated by Liu et al.’ that the
blood glucose-lowering activities of humulin R and insulin-
Au nanoclusters showed no significant differences, which
implies that the as prepared insulin-Au nanoclusters retained
bioactivity in reducing blood glucose. We postulate that
similar blood glucose-lowering activities would be reported
with the present insulin-Au(m) conjugates, since the native
structure of insulin is not greatly affected by the presence of a
single Au(m) in the conjugate. Detailed structural characteriz-
ation allows us to suggest that deprotonations on insulin
occur on tyrosine residues. The interaction of Au(ui) ions with
the aromatic rings of tyrosine induces charge transfer-like
excitation®” in the visible range. Deprotonated phenolic
groups in tyrosine residues serve as anchors for stabilizing
Au(m) ions. Model calculations can establish new concepts
for nonlinear optics using protein-Au(w) conjugates. In par-
ticular, engineering mutations in proteins with tyrosines will
allow more selective control of the number and the position
of Au(m) ions in proteins, thereby opening up new routes for
the rational control of their photophysical properties. Finally,
we point out the unique character of insulin having no free
cysteine and only 4 tyrosine residues, thus it serves as an
ideal template for coordinating Au(ur). Other proteins have
high numbers of tyrosine (and other aromatic acid groups)
and free cysteines where the reduction of gold (Au(ur) — Au(r)
— Au(0)) enters into competition and where nanoclusters can
be produced and anchored.
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