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Abstract

Many of the potential applications of albumin-stabilized gold nanoclusters (AuNC)
arise from the sensitivity of their luminescence to the presence of various ions and albumin-
degrading proteases. However, the underlying photophysics and the mechanisms responsible
for protease-induced quenching of AuNC luminescence are not fully understood. Here, we
study proteinase K-induced digestion of bovine serum albumin (BSA)-AuNC conjugate under
aerobic and anaerobic conditions. To this end, we adapt a Co(ll)-catalyzed sulfite-based
protocol enabling effective in situ deoxidization without deactivation of the enzyme. In the
absence of proteinase K, the anaerobic conditions facilitate luminescence of BSA-AuNC
reflected by a moderate increase in the red luminescence intensity. However, in the presence
of proteinase K, we have observed a steeper decrease of emission intensity irrespective of
whether the digestion was carried out under aerobic or anaerobic conditions. In both cases, the
diminishing fluorescence occurred in phase with shifting of the emission maximum to longer
wavelengths. These results contradict the previous hypothesis that protease-induced
quenching of BSA-AuNC luminescence is a consequence of enhanced diffusion of oxygen to
bare AuNC. Instead, aggregation of unprotected AuNCs and separation of nanoclusters from
albumin’s side chains involved in energy transfers and luminescence-promoting electron
donors may underlie the observed sensitivity of BSA-AuNC to protease treatment. Our
findings are discussed in the context of mechanisms of formation and photophysics of BSA-

AuNC conjugates.
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1. Introduction

The unorthodox, yet effective and facile synthesis of luminescent AuNCs in the form
of albumin conjugates developed by Xie e al' has triggered enormous interest of chemists,
physicists and material scientists. Although fundamental studies on tiny clusters of noble
metal atoms precede this finding by decades®, the ease with which albumin-enveloped-
AuNCs are created, the sensitivity of their photophysical properties to various factors, and
biocompatibility provided by the biomacromolecular carrier inspired numerous efforts aimed
at devising new AuNC-based tools for bioimaging, clinical diagnostics and analytical
chemistry. Importantly, various biopolymers including other proteins (e.g. lysozyme®),
peptides®’, and nucleic acids® have been demonstrated to have the capacity to act in a manner
similar to albumin as co-substrates and stabilizers of AuNCs. The very broad field of potential
applications of these systems has been covered in several excellent reviews.” !> Surprisingly,
while the perspective of real-life applications of albumin-conjugated AuNCs is becoming
increasingly clear, the underlying mechanisms through which the complexes are formed and
luminescence intensity is affected by changing environmental factors are not understood in
sufficient detail.!*!” In the case of the Xie’s protocol involving alkaline pH, BSA acts as both
a reducing agent for chloroauric(Ill) acid and a macromolecular ligand subsequently
enveloping formed AuNCs. The latter function is essential, as bare AuNCs are unstable and
prone to self-assembly into larger metallic and therefore non-luminescent nanoparticles
(AuNPs). Various amino acid side chains on BSA surface are expected to display distinct
reactivity towards the Au(III) substrate and the AuNC product.?’?* Furthermore, the presence
of certain chemical groups (some of which may form only as byproducts of the synthesis and
are thus absent in the native albumin e.g. dityrosine?) capable of engaging in redox processes
or resonant energy transfers in the cluster’s vicinity may be crucial for maintaining

luminescence of BSA-AuNC. The impact of charge transfer from surface ligands on



luminescence is well-recognized beyond the subcategory of albumin-stabilized AuNCs.?
While luminescence of AuNC is affected by basic physicochemical parameters including
temperature, pressure’’ and pH!’, there are now identified specific cations, e.g. Cu®",
Hg?"122829 anions, e.g. nitrite’, small molecules e.g. folic acid’! and proteolytic enzymes™?
which quench luminescence of albumin-enveloped AuNCs very effectively. The magnitude of
this effect often strictly depends on the quencher concentration which merits its possible
applications as a diagnostic tool. There are multiple mechanisms involved in the quenching

phenomenon excellently reviewed elsewhere!*33

, understood to various degrees. For example,
in the case of Cu**-induced quenching of BSA-AuNC luminescence, an intuitive mechanism
has been proposed in which copper(Il) ions interfere with electron-donating amino acid side
chains in albumin’s AuNC-binding moiety.*>** On the other hand, the case of protease-
induced quenching is more intricate.’> The enzyme action is limited to degradation of the
proteinaceous envelope and is not expected to directly affect the redox state of AuNC.?
Hence, it was proposed that the proteolysis may simply reduce abundance of electron-
donating ligands from the surface of AuNCs.*> An alternative mechanism has been presented,
in which molecular oxygen is the actual quencher whereas the protease only facilitates its
diffusion to AuNC by degrading the protective albumin envelope.*® This idea is reminiscent
of the oxygen-induced triplet-triplet annihilation upconversion quenching known to affect
many light-emitting systems.’” Our objective was to revisit the phenomenon of protease-
induced quenching under conditions preventing secondary interactions of dissolved oxygen
with solvent-exposed AuNCs. As the standard methods of removal of oxygen from liquid
samples are often ineffective or poorly adaptable to the need to maintain protease activity,

here we use a modified approach first described by Hobson et al.*®

in which oxygen is
removed in situ by a Co(Il)-catalyzed reaction with sulfite at a close-to-physiological pH.

This approach has allowed us to study the impact of enzymatic digestion of protein envelope



on BSA-AuNC luminescence under strictly anaerobic conditions and therefore draw more

unambiguous conclusions regarding the oxygen’s role in the quenching.

2. Results and Discussion

2.1 Susceptibility of BSA-AuNC to enzymatic proteolysis in the presence and absence
of sulfite-based deoxidizing solution (DS).

The harsh conditions of BSA-AuNC synthesis render albumin molecules partly
disordered ¥. Still, the surface of the native BSA molecule is often used to map residues
which are more likely to become involved in the nesting of AuNCs.?!?* In Fig. 1A, a
simplistic visualization of BSA-AuNC conjugate based on the native BSA structure is
presented. The protein’s amino acid sequence is rich in cysteine, tyrosine, histidine, and
methionine residues which are important for the formation of luminescent conjugate (Fig. 1B).
In this study, we have selected proteinase K as a robust non-specific protease capable of
digesting BSA at multiple sites. The choice was also affected by the necessity to match a
BSA-AuNC-degrading enzyme to deoxidization conditions that would not diminish its
activity. The outcome of preliminary experiments on digestion of BSA-AuNC with proteinase
K under aerobic conditions is reported in Fig. 2. An addition of proteinase K to BSA-AuNC at
the 100:1 albumin: enzyme mass ratio results in a noticeable decrease in the luminescence
intensity after 1 hour of incubation at 37 °C. The luminescence is hardly visible after 24 hours
long incubation under the same conditions. When a non-digested BSA-AuNC sample is
placed in a dialysis bag (with the membrane’s molecular weight cut-off of 14 kDa) submerged
in water there is no evidence of the conjugate permeating to the outside solution after 24
hours of dialysis (Fig. 2B). In Fig. 2C, UV-VIS absorption spectra collected for the inside and
outside solutions after 24 hours of dialysis of digested and non-digested BSA-AuNC are

presented.
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Figure 1. (A) Simplistic structural visualization of BSA-AuNC conjugate (PDB entry 4F5S),
according to 2*. (B) Amino acid sequence of BSA. Amino acid residues essential for AuNC

binding are marked in red (Cys), green (His), magenta (Met), and blue (Tyr) — according to

20.21: yellow vertical lines mark cleavage sites for proteinase K.

The elevated baseline above 300 nm that extends well into the visible wavelength range arises
from overlapping various electronic transitions within AuNCs and their immediate molecular
surroundings. We note that the magnitude of this broad absorption does not change

significantly due to the digestion when the spectra corresponding to the inside solutions after



24 hours of incubation are compared. This is accordance with the naked-eye observation that

the whole yellow-colored content remains within the bag throughout the dialysis.
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Figure 2. (A) 1 wt. % BSA-AuNC solution with and addition of 102 wt. % proteinase K
illuminated with 365 nm UV light; the vessels from left to right contain samples digested for
24 h, 1 h, and 0 min at pH 7.5 and 37 °C. (B) Dialysis bags containing the same BSA-AuNC +
proteinase K mixed solution submerged in deionized water before (left) and after 24 h long
digestion; dialysis membrane’s molecular weight cut-off (MWCO) was 14 kDa. (C) UV



absorption spectra of dialysate (sample placed inside dialysis bag — solid lines) and outside
dialysate solution (dotted lines) after 24 h of dialysis; BSA-AuNC was subjected to prior 24 h
long digestion with proteinase K at pH 7.5 and 37 °C (red line), the volume of the outside
deionized water was 10 times of the dialysate; spectra corresponding to control undigested
BSA-AuNC sample are black; the inside solutions were diluted 10 times prior to spectral
measurements. (D) Far UV-CD spectra of BSA-AuNC digested with proteinase K for 1 and
24 h (pH 7.5 and 37 °C; 1:100 enzyme: BSA mass ratio) compared with the spectrum of
control non-digested BSA-AuNC sample.

Remarkably, UV absorption at approximately 280 nm arising from BSA’s aromatic residues
(mostly tyrosine side chains) of the inside solution of pre-digested sample decreases after the
round of dialysis. Clearly, the proteolysis results in a release of small peptide fragments
containing tyrosine residues which permeate to the outside solution. Accordingly, absorbance
at 280 nm is clearly detected in the corresponding outside solution which also features a very
steep increase in UV absorption below 240 nm — corresponding to the much stronger
absorption by backbone amide chromophores. Hence the proteolysis by proteinase K
separates small peptide fragments rich in the amino acid involved in possible energy/electron
transfers to AuNC but the nanoclusters themselves remain bound to larger albumin parts.
Subsequently, we used far-UV circular dichroism to probe conformational changes in BSA
caused by the treatment with proteinase K. The double minimum at 208/222 nm visible in the
CD spectrum of BSA-AuNC collected before digestion (Fig. 2D) is indicative of the dominant
a-helical conformation even though its content in the conjugate is reduced relative to the
native protein.*” The fact that, unlike in native BSA, the CD intensity at 208 nm is roughly by
one third higher than at 222 nm reflects the partial unfolding and destabilization of the helical
fold taking place upon synthesis of the conjugate. The two superimposed spectra correspond
to BSA-AuNC digested to 1 and 24 hours with proteinase K. Even the shorter digestion is
sufficient to significantly disrupt the residual helical structure which is reflected both by

exacerbated decay of the 222 nm component and the overall decrease of CD signal. The flat



CD spectrum collected after 24 hours of proteolysis is consistent with the inability of short
peptide fragments to adopt any defined secondary structures.

The application of proteinase K as an effective BSA-AuNC-degrading proteolytic
enzyme for this study’s goal is conditioned on its activity in the presence of chemicals
required for the in situ deoxidization. The alkaline pH of concentrated aqueous sodium sulfite
typically used for this purpose would strongly affect the enzymes activity. On the other hand,
the protocol proposed by Hobson and colleagues ** allows one to conduct a very effective
deoxidization using relatively diluted sodium sulfite at the close-to-physiological pH of 7.5
with Co*" cations acting as the catalyst. As the Hobson’s method was initially developed for
and tested on aqueous solutions of inorganic salts there was a possibility that the addition of
proteins would significantly reduce its effectiveness through complexation of Co** with
certain amino acid side chains (e.g, of histidine). We have addressed this problem by
modifying the Hobson’s protocol and increasing the concentration of Co*" added. Figure 3
shows how progress of the chemical deoxidization by the sulfite/Co** system is affected by
addition BSA-AuNC and native BSA. While the presence of either proteinaceous solute slows
down the process (under the conditions compatible with follow-up spectroscopic
measurements) it is still completed within at most 10 minutes (5 min in the case of BSA-
AuNC). Next, SDS-PAGE electrophoresis was used to assess activity of proteinase K in the
presence of DS. It was reported earlier that the synthesis of BSA-AuNC is accompanied by
agglomeration of the protein into larger oligomers which remain nevertheless more
susceptible to enzymatic proteolysis than native BSA *°. As shown in the inset of Fig. 3, most
of these large oligomers of molecular weight exceeding 250 kDa do not even enter the
polyacrylamide gel phase. In the presence of proteinase K, these assemblies are degraded to a
heterogeneous mixture of protein fragments manifesting as long faint smears. Importantly, the

degradation appears not to be inhibited when carried out in the presence of DS. Thus the
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results presented in Fig. 3 clearly indicate that proteinase K-based degradation of BSA-AuNC
can be carried out in the sulfite/Co®" DS without significant deceleration of the oxygen

removal and without inactivation of the protease.
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Figure 3. Kinetics of oxygen depletion in aqueousl wt. % BSA-AuNC samples in the
presence of sulfite-Co(II) deoxidizing solution (DS: 15 mM sodium sulfite, 32 uM CoCl, pH
7.5, 37 °C). Control experiments were conducted using deionized water, solution of native
BSA in water, and neat DS. Inset: SDS-PAGE test of proteinase K activity toward BSA-
AuNC in the DS. The following lanes correspond to marker (1), non-digested BSA-AuNC (2),
the aggregated complex does not enter the gel — indicated with black frame, BSA-AuNC
digested with proteinase K in the absence (3) and presence (4) of the DS. The digestion of 1
wt. % BSA-AuNC with proteinase K was carried out for 24 h at pH 7.5, 37 °C at 1:100
conjugate: protease mass ratio in sealed vessels.

2.2 BSA-AuNC luminescence subjected to enzymatic proteolysis under aerobic and
anaerobic conditions.

Having established the conditions under which both enzymatic digestion of BSA-
AuNC and deoxidization could take place simultaneously in a sealed anaerobic optical cuvette,
we have carried out the key experiment of this study. In Fig. 4, time-lapse emission spectra of

BSA-AuNC’s luminescence excited at 365 nm are shown. In control experiments,
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alternatively only deoxidization (panel A), or digestion under aerobic conditions (panel B)

took place.
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Figure 4. Time-lapse emission spectra of BSA-AuNC (1 wt. %, pH 7.5, 37 °C) excited at 365
nm and collected at 10 min. intervals for the period of 5 hours. (A) in DS (15 mM NaSO;3, 32
uM CoCly); (B) in water in the presence of 2 x 107 wt. % proteinase K; (C) in DS and in the
presence of 2 x 102 wt. % proteinase K. An anaerobic quartz cuvette with a 10 mm optical
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pathway was used. The dead time between mixing of all components and collecting the first
spectrum in each series was 13 minutes.

In the first case, a moderate time dependent increase (by roughly ~ 20 % over the period of 5
hours) in luminescence intensity is accompanied by an insignificant red-shift of the emission
maximum. When BSA-AuNC is degraded by proteinase K in the presence of dissolved
oxygen, luminesce monotonically decreases and the emission maximum undergoes a more
pronounced shift to longer wavelengths (above 674 nm after 5 hours). Importantly, when the
BSA-AuNC conjugate is mixed with both DS and proteinase K at the beginning of the
measurements, the course of spectral changes is very similar to those observed when the
digestion takes place under aerobic conditions (Fig. 4 C), i.e.: the luminescence intensity
steadily decreases while the maximum is shifting to longer wavelengths. Interestingly, the
moderate increase of luminescence shown in Fig. 4 A occurs at longer time scales than the
deoxidization under very similar sample conditions selected for the control experiment
employing an electrochemical oxygen sensor (Fig. 3). This may be due to interplay of several
factors. For example, the sensitivity of AuNC to quenching by oxygen may be higher than
that of the sensor and thus the deoxidization reaction may require more time when monitored
by BSA-AuNC luminescence. In addition, the sulfite ions present in the DS may also restrain
conformational dynamics of fluctuating, partly disordered BSA envelope (acting as a
Hofmeister series anion*’) which could affect the efficiency of protein-AuNC energy transfers.
Such a process could, in principle, for a heterogeneous and partly agglomerated system which
is BSA-AuNC, occur at longer timescales and contribute to the observed slow luminescence
increase. The decrease in luminescence intensity caused by the proteolytic degradation of
BSA-AuNC is accompanied by the shifting of emission maximum to longer wavelengths
regardless of the presence of DS (Fig. 4). We have collected excitation-emission maps for the

intact and partially digested BSA-AuNC in the presence of oxygen (Fig. 5).
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Figure 5. Excitation-emission maps of BSA-AuNC collected in the presence of water-
dissolved oxygen: intact (A) and after 4 hours of digestion with proteinase K (B). The sample
and measurement conditions were the same as in Fig. 4

Interestingly, the map obtained for the digested sample reveals splitting of the main maximum,
suggesting the presence of two distinct populations of AuNC. Hypothetically, one of these
populations could be AuNCs bound to peptide fragments relatively depleted (due to the
proteolysis) of aromatic amino acid residues involved in energy transfers. Luminescence of
these AuNC is not only less effective, but may also rely to a higher degree on a direct
excitation at longer wavelengths. Further proteolysis could release unstable ‘bare” AuNCs
with a pronounced tendency to agglomerate into non-luminescent AuNPs.

Additional clues about the absence of the interplay of oxygen and proteolytic
degradation in quenching of BSA-AuNC luminescence were obtained from another kinetic
experiment in which proteinase K and DS were added separately and in varying order (Fig. 6).
Hence the anaerobic conditions and proteolysis were ‘switched on’ at a certain point of
experiment (after 140 minutes) consisting of continuous measurements of thermostated BSA-
AuNC samples sealed in anaerobic cuvettes. Incubation of the conjugate under anaerobic
conditions in DS is accompanied by slow and rather insignificant changes in emission band’s

position, intensity and spectral centroid. The late addition of concentrated proteinase K causes
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rapid changes of all these spectral parameters associated with quenching of the luminescence

(Fig. 6A).
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Figure 6. Impact of different scenarios of delayed addition of proteinase K and DS on
luminescence of BSA-AuNC reflected by time-dependent changes in the emission band’s
position, center of mass, and intensity. (A) Temporal evolution of luminescence of 0.5 wt. %
BSA-AuNC in DS. After 140 minutes proteinase K is added to the final BSA-AuNC: enzyme
mass ratio of 50:1 (green arrow). (B) A reversed mixing order: luminescence changes of 0.5
wt. % BSA-AuNC in water in the presence of proteinase K (50:1 mass ratio); after 140
minutes concentrated DS is added (green arrow) to give the ultimate sample composition the
same as in (A). (C) Control experiment in which all ingredients: BSA-AuNC, DS, and
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proteinase K are present from the start at the concentrations the same as in (A) and (B). Other
conditions: excitation at 365 nm; pH 7.5, 37 °C, continuous stirring, samples are incubated in
a sealed anaerobic 10 mm quartz cuvette.

When the order of mixing is reversed the obtained results are consistent with the scenario in
which not the oxygen but the proteolysis itself causes quenching. The late addition of DS to
an already partially digested BSA-AuNC does not reverse the trends of spectral changes (Fig.
6B) which are, in fact, quite similar to those observed when both the enzyme and DS are

present in the samples from the very beginning (Fig. 6C).

3. Conclusions

In summary, our approach enabled investigation of enzymatic proteolysis of BSA-
AuNC under strictly anaerobic conditions permissive to high enzyme’s activity. While the
chemical removal of water-dissolved oxygen does moderately increase the luminescence of
intact BSA-AuNC, it does not prevent the profound quenching caused by the degradation. Our
results show clearly that the proteinase K-induced luminescence decay does not rely on
dissolved oxygen as the actual quencher. The results are consistent with the alternative
explanations of the protease actions in which protease-mediated removal of certain amino
acids (e.g. tyrosine) from AuNC’s vicinity and possibly subsequent agglomeration of AuNCs
into non-luminescent AuNPs underlie the quenching process. It is clear that the emerging

28-32,42

applications of albumin-protected AuNCs will only benefit from a better understanding

of the mechanisms underlying the environment-sensitive luminescence of these entities. This

knowledge is urgently needed to increase selectivity and specificity of AuNC-based sensors.

4. Materials and Methods

4.1. Materials and preparation of BSA-AuNC samples
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BSA, HAuCls:3H>0, proteinase K and other chemicals of the analytical grade were
purchased from Sigma-Aldrich (St. Louis, MO, USA) and used without further purification.
BSA-AuNC conjugate was synthesized according to the protocol originally developed by Xie
et al.': 500 pl volumes of aqueous solutions of HAuCls (10 mM) and BSA (50 mg/mL) were
mixed vigorously at 37 °C for 2 minutes after which a 50 pl portion of 1 M aqueous NaOH
was added. The thus obtained solution was again mixed and subjected to 12 hours long
agitation (600 rpm) at 37 °C in an Eppendorf Thermomixer Comfort accessory which resulted
in the formation of BSA-AuNC. Digestion with proteinase K (cat. no. P203-25MG, batch no.
0000089941, nominal activity >= 30 units/mg) was carried out using freshly prepared enzyme
solutions at pH 7.5 and 37 °C, other details are specified in figure captions. As routine
methods of deoxidization may be poorly adaptable to viscous protein-rich solutions in which
protease activity must be maintained we have selected a modified approach first described by
Hobson et al.*® The method employs in situ chemical deoxidization though a Co(I)-catalyzed
oxidation of sulfite at a close-to-physiological pH. Because dissolved proteins tend to bind
and remove Co?" ions from the solution in the protocol applied in this study, the concentration
of Co(Il) is increased compared to the conditions used by Hobson et al. Typically,
deoxidization was achieved by dissolving BSA-AuNC and proteinase K in 15 mM sodium

sulfite, 22 uM CoCl,, pH 7.5.

4.2. Methods
4.2.1. Spectroscopic measurements.
Luminescence of BSA-AuNC was measured on a FLS980 fluorescence spectrometer
from Edinburgh Instruments, UK equipped with a Peltier temperature control accessory and a
magnetic stirrer. Typically, emission spectra were excited at 365 nm (Figures 4 and 6). The

wavelength range used for the excitation-emission maps is indicated in Figure 5. All
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measurements were carried out at 37 °C for samples placed in a sealed anaerobic 10 mm
quartz cuvette (from Hellma Analytics, Miillheim, Germany) and gently agitated in situ using
a magnetic stirrer. UV-VIS absorption spectra shown in Figure 2C were collected at room
temperature on an Evolution 220 spectrometer from Thermo Fisher Scientific (Waltham, MA,
USA) using 2 nm monochromator bandwidth setting and the scanning rate of 1200 nm/min
and 10 mm quartz cuvette. Far-UV circular dichroism (CD) measurements were carried out at
25 °C on samples containing BSA-AuNC at the 0.025 wt. % concentration placed in a 1 mm
quartz cuvette (the stock solutions were diluted 40 times with deionized water prior to spectra
acquisition). The spectra were collected on Jasco J-815 S spectropolarimeter (Jasco
Corporation, Tokyo, Japan) at the 200 nm/min scanning rate. Other details were described

earlier.>®

4.2.2. Sodium dodecyl sulphate—polyacrylamide gel electrophoresis (SDS PAGE)

The freshly prepared 1 mg/ml solution of proteinase K (from Sigma-Aldrich) in water
was pH-adjusted to 7.5. After establishing optimal conditions for the digestion assay, the
enzyme was added to BSA-AuNC liquid samples either in deionized water or in DS, pH-pre-
adjusted in either case to 7.5. Digestion was carried out at 100 : 1 BSA-AuNC : proteinase K
mass ratio at 37°C for 24 hours. SDS-PAGE-based analysis of digested protein samples was
carried out according to the protocol by Laemmli.*! Immediately after proteolysis, 50 ul of a
sample was added to 50 pl of SDS-PAGE sample buffer (125 mM TrisHCI, pH 6.8, 20%
glycerol, 4% SDS, 0.1% bromophenol blue and incubated at 100 °C for 3 min. Subsequently,
7.5 pL portion of protein sample (corresponding to 7.5 ug of BSA per lane) was loaded on
12% polyacrylamide gel. The electrophoresis was carried out using Hoefer SE250 Mini-

vertical gel electrophoresis unit and PS600 Power Supply. The gel was run in running buffer
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(25 mM TrisHCI, 192 mM glycine, 0.1% SDS, pH 8.3) at a constant current of 30 mA.
Protein bands were visualized by Coomassie staining.
4.2.3. Dissolved oxygen measurements.

Dissolved oxygen was monitored using a CO-411 amperometric device coupled to a

COG-1 electrochemical oxygen sensor both from ELMETRON, Poland.
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