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Crosslinked enzyme aggregates comprise more stable and highly concentrated enzymatic preparations
of current biotechnological and biomedical relevance. This work reports the development of crosslinked
nanosized papain aggregates using electron beam irradiation as an alternative route for controlled
enzyme crosslinking. The nanoparticles were synthesized in phosphate buffer using various ethanol con-
centrations and electron beam irradiation doses. Particle size increase was monitored using dynamic
light scattering. The crosslinking formation by means of bityrosine linkages were measured by fluores-
cence spectra and the enzymatic activity was monitored using Na-Benzoyl-DL-arginine p-nitroanilide
hydrochloride as a substrate. The process led to crosslinked papain nanoparticles with controlled sizes
ranging from 6 to 11 nm depending upon the dose and ethanol concentration. The irradiation atmosphere
played an important role in the final bioactivity of the nanoparticles, whereas argon and nitrous oxide
saturated systems were more effective than at atmospheric conditions in terms of preserving papain enzy-
matic activity. Highlighted advantages of the technique include the lack of monomers and crosslinking
agents, quick processing with reduced bioactivity changes, and the possibility to be performed inside the

final package simultaneously with sterilization.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The concept of producing protein-based nanoparticles is a
theme of constant research [1,2]. Besides biopharmaceutical advan-
tages of nanoparticulate systems [3], the main benefits of using
nanostructured proteins is attributed to reduced toxicity and aller-
genic effects, high biocompatibility, specificity and site specific
delivery [1,4,5].

Diverse techniques have been developed over the last decades
in an attempt to produce stable and low-cost proteins for biotech-
nological and biomedical applications. Examples of commercially
available protein-based drug systems include, but are not limited
to, the delivery of chemotherapy agents for tumour or anticancer
therapies, such as albumin bound paclitaxel [6] or crosslinked
enzyme aggregates for biotechnological applications such as bio-
catalysts [7]. Particularly for enzymes, the former technology
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stands as a promising approach that was recently developed [8]
and quickly upgraded.

Papain (Fig. 1) is a cysteine protease of vegetal source that has
been extensively investigated with many industrial and biomedi-
cal applications [9]. Its molecule is composed of 212 amino acids
divided into two domains whereas the active site is composed by
a triad of amino acids - Cysteine, Histidine, and Aspartic acid [10],
with a total molecular weight of 23.500kDa [11].

Despite its broad endopeptidase, aminopeptidase, dipeptidyl
peptidases and exo- and endo-peptidase activity, this enzyme is
particularly stable at a broad pH range and high temperatures if
compared to other enzymes [9,10]. However, in aqueous media its
enzymatic activity is dramatically affected over time as a result of
the oxidation of the free cysteine (Cys-25) present in its active site
or/and a natural unfolding mechanism [10].

The use of a technique for the production of crosslinked enzyme
aggregate by a carrier-bound free immobilization method to sta-
bilize papain has already been demonstrated, proven effective by
different researchers [12,13] and is under current commercializa-
tion. Alternatives to achieve protein particles including papain,
ranging from micro [14] to nanoscale [15-17] abound in literature,
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Fig. 1. Papain molecule at 1.95 A resolution!" (9pap.pdb).

whether combined with polymers [18] or by the use of bifunctional
crosslinkers [19].

The synthesis of papain nanoparticles by the use of gamma irra-
diation has been recently described and patented [20-22]. Initially
irradiation attacks the solvent molecules leading to the production
of reactive species, mainly *OH and e~ ,q as a result of water radiol-
ysis. In subsequent steps, such cosolvent species react with protein
amino acids, forming reactive centres along protein molecules,
which upon certain conditions, further react to yield crosslinking
[23,24].

Main advances of the technique are related to the development
of size-controlled, protein-based nanoparticles with preserved
bioactivity, without the need of monomers nor crosslinkers,
and the possibility to allow in-situ sterilization simultaneously
inside the final package. In a more specific way, under a proper
microenvironment achieved by the use of cosolvents such as
ethanol. Gamma-irradiation was capable of crosslinking papain
nanoparticles [20], which occurred as a function of the controlled
intermolecular formation of bityrosines [21]. The process itself was
proved effective at a narrow papain concentration range [22].

Herein we describe the use of electron beam irradiation to
achieve crosslinked nanosized papain aggregates/nanoparticles as
a very quick and alternative technique for controlled enzyme
crosslinking with preserved biological activity without the need of
monomers or crosslinkers. In order to demonstrate this approach,
we produced papain crosslinked enzyme aggregates (CLEA) using
electron beam irradiation and characterized the nanoparticles by
means of particle size and bityrosine formation as a function of
ethanol concentration, electron beam irradiation dose and irradia-
tion atmosphere. In addition to the absence of toxicity generated by
the use of crosslinkers in conventional methods and alternatively
to the use of gamma irradiation for crosslinking [23,24], electron
beam irradiation does not require a radioactive source, radiation
may be switched off and allows the delivery of high doses in a very
short period of time inside the final package, while featuring the
same properties from a mechanistic point of view.

2. Experimental
2.1. Nanoparticle synthesis

2.1.1. Sample preparation

Papain 30.000 USP-U/mg (EC 3.4.22.2) from Merck® (Germany)
was solubilized in phosphate buffer (PBS) 50 mM at pH 7. Appropri-
ate aliquots of papain solution, PBS and ethanol reagent grade from
Sigma-Aldrich® (USA) were gently added to glass vials on ice bath
to reach final papain concentration of 12.5mgmL~! and ethanol
content ranging from 0 to 40% (v/v) to be hermetically sealed and
the allowed to stabilize overnight in the refrigerator. The samples
were then submitted to irradiation.

2.1.2. Electron beam irradiation

Electron beam irradiation was performed on a Linac ELU-6e
irradiator (Elektronika, Russia). The following parameters were
applied: pulse length 4 ps, pulse repetition 20Hz, dose rate of
6.8 kGy min~! and final doses 0f 2.5, 5, 7.5 and 10 kGy as determined
by Alanine dosimetry [25] on a e-Scan™ (Bruker Corporation,
Germany). The samples were then properly filtered using 0.45 pwm
cellulose acetate syringe filters and stored at 4 °C prior to analysis.
Controls were prepared and handled under the same conditions.

2.1.3. Effect of gas saturation

The selected samples containing 20% (v/v) ethanol concentra-
tion were purged with argon (Ar) and nitrous oxide (N,O) for
15 min, hermetically sealed and submitted to irradiation. Controls
were prepared under atmospheric conditions.

2.2. Nanoparticle characterization

2.2.1. Particle size characterization

The samples were filtered using 0.45 pm cellulose acetate
syringe and characterized according to size by Dynamic Light Scat-
tering on a Zetasizer Nano ZS90 (Malvern Instruments GmbH,
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Germany) device at 20°C using backscatter angle (173°) in trip-
licates of 3 runs of 12 s each.

2.2.2. Protein crosslinking

The formation of bityrosines was monitored by fluores-
cence measurements on a F-4500 fluorescence spectrophotometer
(Hitachi Co, Japan) according to the following parameters:
Aex=325nm and Aem=340-500 nm, scan speed of 240 nm/min,
Exslit of 5nm and Emslit of 5nm [21,26,27]. The samples were
diluted in buffer to reach equivalent protein content (A =280 nm)
prior to analysis. The spectra were normalized by considering the
maximum values registered for native papain in PBS solution as a
reference value.

2.2.3. Enzymatic activity

Papain bioactivity was determined by quantifying proteolytic
activity over Na-Benzoyl-DL-arginine p-nitroanilide hydrochloride
(Sigma-Aldrich®, USA) as synthetic substrate [28,29] at 40 °C buffer
pH 7. The product was estimated by spectrophotometry analysis
(A=405nm)onaSynergy HT microplate reader (Biotek Instruments,
USA).

3. Results

3.1. Papain nanoparticles synthesized by electron beam
irradiation

3.1.1. Effect of electron beam irradiation over papain particle size

The use of ethanol combined with electron beam irradiation
resulted in an increase of papain size as a function of ethanol con-
centration (Fig. 2A), as determined by dynamic light scattering
(DLS).

The combination of papain aggregation induced by ethanol
followed by crosslinking by electron beam irradiation led to the for-
mation of papain nanoparticles. Native papain irradiated at 10 kGy
presented mean particle size of about 5 nm, whereas particle size
increased up to approximately 11 nm as ethanol concentration
increased up to 40% (w/w), when combined with irradiation. To
screen out the best dose for the applied technique, a 12.5 mg mL~!
papain containing buffer solution (50 mM) in presence of 20%
ethanol (v/v) was irradiated at doses ranging from 2.5 to 10kGy
and characterized according to particle size (Fig. 2B).
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Table 1

Effect of gas saturation over particle size.
Atmosphere Size (d.nm) STD
Atmospheric O, 8.3 0.5
Argon 8.3 0.5
N,O 8.1 0.6

*Papain irradiated at 10 kGy in presence of 20% ethanol (v/v).

3.1.2. Nanoparticle enzymatic activity

Upon 10kGy electron beam irradiation at the dose rate of
6.8 kGy min~—! the effects of ethanol over papain enzymatic activity
revealed a decrease in bioactivity in the range of 10-50% approxi-
mately, as ethanol concentration increased (Fig. 3). The biological
activity of the nanoparticles was determined. At a fixed ethanol
concentration of 20% (v/v), by changing the irradiation dose, papain
biological activity decreased proportionally to the absorbed dose
(Fig. 3A). To be more specific, the use of ethanol at 20% induced
a minimum biological decay of about 7% for the non-irradiated
sample. Upon irradiation at 2.5 kGy bioactivity decreased approxi-
mately 14%, while at 5 kGy these values were around 22%, and 25%
and 27% for 7.5 and 10 kGy respectively.

3.1.3. Effect of gas saturation

With regard to size, no significant changes were registered as a
function of the gas used to saturate the solutions prior toirradiation,
including Ar and N, O as revealed in Table 1. This data indicates that
the atmosphere does not influence the nanoparticle formation itself
from a size perspective.

On the other hand, biological activity profile (Fig. 4), revealed
that bioactivity decreased in order of N,O > Ar>ATM conditions.
The difference between the N,O and argon saturated atmo-
sphere by means of bioactivity was not relevant, established
as 1.75+£0.35%. However, if compared to the samples prepared
and irradiated in presence of atmospheric oxygen, the difference
reached around 18.5+4.9.

3.1.3. Nanoparticle crosslinking

Protein crosslinking was evaluated by means of bityrosine
formation as a function of ethanol concentration (Fig. 5A) and irra-
diation dose (Fig. 5B) over papain.

The effects of irradiation dose over bityrosine formation were
also assayed in order to achieve the best conditions for the nanopar-
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Fig. 2. Effect of ethanol concentration (0-40% v/v) over papain particle size at 10 kGy (A); Electron beam irradiation dose (2.5-10 kGy) over papain particle size in presence

and absence of ethanol (20% v/v) (B).



G.H.C. Varca et al. / International Journal of Biological Macromolecules 92 (2016) 654-659 657

>
o
o
.

[0
o
)

60 4

40 1

Relative Activity (%)

20 1

0% 10%
EtOH Concentration (%)

20% 30% 40%

B 100 4

80 -
60 4

40 1

Relative Activity (%)

20 4

0 25 5 7.5 10
Irradiation Dose (kGy)

Fig. 3. Effect of ethanol concentration (0-40% v/v) upon electron beam irradiation at 10 kGy and dose rate of 6.8 kGy min~! (A); Effect of electron beam irradiation dose (0-10

kGy) over papain activity at 20% EtOH (B). *Native papain activity was taken as 100%.
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Fig. 4. Effect of gas saturation over biological activity of the papain nanoparticles.
Electron beam irradiation of papain at the dose of 10 kGy in air, argon and nitrous
oxide saturated aqueous solution (12.5 mgmL~") in presence of 20% ethanol (v/v).
*Native papain activity was considered as 100%.

ticle formation and were presented in Fig. 5. As irradiation dose
increased these linkages also increased. Particularly, higher inten-
sity was observed at 10kGy, even though minor changes were
observed between irradiation doses of 5-10 kGy.

4. Discussion

The use of ethanol in combination with electron beam irradi-
ation was suitable for the formation of papain nanoparticles. The
technique implies on the ability of the solvent to change protein
particle size, by means of protein desolvation, maintained by field
or secondary forces [30,31], and the use of radiation to provide
crosslinking, with some additional increase in size as a result. In a
more specific way, the addition of ethanol plays an important role
in the process as it is responsible for creating a milieu that induces
suitable proximity of the protein particles to preferably recombine
intermolecularly rather than intramolecularly. Papain particles size
increase was directly related to ethanol concentration.

Ethanol has been particularly useful and effective to promote
protein desolvation, as it is capable of altering the solvation layer
around protein molecules, which leads to changes in particle size as
a function of concentration, and crosslinking is applied to provide
chemical linkages along the nanoparticle, in order to preserved the

acquired rearrangements, rather than physical effects exclusively.
The combination of solvation followed by high energy crosslinking
has been successfully applied for the synthesis of BSA nanoparti-
cles in recent works [23,24,32], and papain nanoparticles [21,22]
exclusively by the use of gamma irradiation.

Regarding the influence of the irradiation dose over papain par-
ticle size, the results revealed that native papain did not undergo
size changes as function of the applied irradiation doses. This
experimental evidence allowed the conclusion that the desolvation
effects promoted by ethanol were essential for the nanoparticle
formation. In presence of ethanol major changes took place at
2.5kGy, and as dose increased up to 10kGy particle size contin-
ued to increase in a minor extent, whereas highest particle sizes
were achieved at the dose of 10 kGy (Fig. 2b). Irradiation dose did
not exceed 10kGy in order to avoid excessive papain degradation
as a function of the irradiation process. These results demonstrated
that this technique allowed the production of enzyme nanoparti-
cles in a less time-consuming process, capable of being performed
in minutes in the final package, simply by applying electron beam
irradiation, alternatively to the use of toxic monomers [33] or
bifunctional crosslinkers [19].

Another relevant aspect to be considered is related to the
efficiency of the process by means of biological activity. Most tech-
nological approaches for enzyme modification or immobilization
are known to deeply impact enzymatic activity and as a conse-
quence, retained enzymatic activity is usually reduced, which not
rarely makes the process unviable. Taking into account a size vs.
bioactivity perspective, most suitable conditions were achieved at
20% ethanol (v/v), considering a minor biological decay of approx-
imately 25% and a particle size of about 9 nm (Fig. 3A).

The stability of papain in ethanol has already been established.
Although minimum shifts in bioactivity are expected, papain is con-
sidered stable in ethanol, as identified by a minimum bioactivity
loss of as ethanol concentration increases [34]. In a general per-
spective organic solvents, including ethanol, may impact enzymatic
activity in several ways, whether as a result of the interaction of the
solvent molecules with the biocatalyst, or by disrupting the sec-
ondary bonds in the native structure, as well as inducing changes
over the hydration shell and the overall structure of the enzyme
or an interaction with the active site of the biocatalyst, causing
inactivation [35].

The effects of irradiation over papain by means of stability and
sensitivity have already been studied by [36], which indicated that
degradation effects occur during irradiation, with a biological loss
as a function of concentration, but no compromise over stabil-
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Fig. 5. Bityrosine fluorescence spectra of papain in presence and absence of solvent as a function of irradiation dose (A) and solvent concentration at 10 kGy (B).

ity. In our experiments, at a fixed ethanol concentration of 20%
(v/v), by changing the irradiation dose, papain biological activity
decreased proportionally to the absorbed dose (Fig. 3B). For our
system, potential reasons for the bioactivity decay may result from
change of solvent without irradiation as highlighted above, chem-
ical reactions caused by irradiation taking place close to active
center, changes in accessibility of active centres during crosslinking
and formation of bigger nanoparticles, or even steric implications
as a result of protein aggregation.

In order to identify optimum conditions for the nanoparticle
synthesis induced by electron beam radiation the effect of gas sat-
uration over particle size was also evaluated. The presence of gases
in the systems was expected to play a remarkable role in the pro-
cess. As an example, the negative effect of oxygen is attributed to
the chain scission and oxidation of papain active site, as revealed in
literature [37-39]. The motivation for saturating the solution lies on
oxygen removal at a first glance, followed by inert properties fea-
tured by Ar or N, 0. In addition to that, N0 holds solvated electron
scavenging properties which in principle doubles *OH concentra-
tion [40]. Gas purge was performed for 15 min prior to irradiation.

The biological activity profile (Fig. 4) revealed that bioactivity
decreased in order of N,O > Ar > ATM conditions. This information
provided experimental evidence that the atmosphere does influ-
ence the overall bioactivity of papain rather than the particle size
formation itself. On this account the process may be optimized
if carried out under Argon or N,O saturated environment. These
results corroborated literature data, which indicated that the irra-
diation of papain in presence of oxygen leads to higher radiation
damage if compared to inert atmospheres [37,38]. This information
provided experimental evidence that the atmosphere does influ-
ence the overall bioactivity of papain rather than the particle size
formation itself. Thus the process may be optimized if carried out
under Argon or N, O saturated environment.

In terms of protein crosslinking, the formation of dityrosines
(also known as bityrosines) is attributed to one of the main mecha-
nisms observed during enzymatic crosslinking [41] and consists
of a well defined strategy to overcome stability limitations of
proteins and enzymes [42]. The same bityrosine linkages were iden-
tified in protein crosslinking caused by UV irradiation [26]. As an
attempt to confirm the role of such linkages in the formation of
papain nanoparticles by electron beam irradiation the formation of
bityrosines was monitored as a function of ethanol concentration
(Fig. 5A) and irradiation dose (Fig. 5B).

Irradiation led to an increase in the signal, as described in lit-
erature [27], correspondent to bityrosine linkages, providing an
experimental evidence of the mechanism involved in the nanopar-
ticle formation. At 20% ethanol the signal increased and it was

even more pronounced as ethanol concentration increased up to
40%. However, only minor differences were observed among these
concentrations. This results complied with the slight particle sizes
changes observed for the same samples as revealed by DLS.

The effect of ethanol concentration over bityrosine formation
was irrelevant (data not shown) and reduced changes in the signal
were observed if compared to irradiated papain lacking this solvent.
This possibly indicated the formation of crosslinks of distinct nature
- intermolecular crosslinks. A similar behavior was observed when
applying gamma radiation [21].

The formation of bityrosines by free-radical modification was
extensively studied by researchers in the past [43-45]. The main
pathways include one-electron oxidation mediated by the forma-
tion of tyrosine *OH adduct, which leads to the formation of a bi,
or polytyrosines in specific cases [44]. Regarding bityrosine forma-
tion the interaction of *OH is known to lead to the formation tyrosil
radicals in which depending upon the conditions may recombined
intermolecularly. In addition, an attack by reducing species, such as
the e~ aq and other e~,q derived radicals, under proper conditions
may form bityrosines via cysteine mediated pathways [43-45].

The results supported our hypothesis that the main mecha-
nism involved in the nanoparticle formation was attributed to
the formation of crosslinks involving tyrosine residues. Although
fluorescence measurements were not suitable to allow a proper
distinction between the nature of such linkages, whether at intra-
or intermolecular level, the levels of crosslinking were different if
compared to irradiation in presence and absence of ethanol. Tak-
ing into account that papain size increase was also different as a
function of such parameters, there is an evidence that there the pro-
cess performed by the addition of ethanol followed by irradiation
is whatsoever different than the profile observed by the effect of
ethanol, involving mainly physical forces, or irradiation exclusively,
experimentally supporting our claim that irradiation in presence
of ethanol, lead to crosslinking of rather inter- than intramolecular
nature.

It is relevant to mention that despite the extensive data to sup-
port the mechanism, this particular system still requires a detailed
set of experiments in order to clarify the exact radiochemical path-
way for the crosslinking, considering that its quite a complex
system from a radiation chemistry point of view, e.g. one source
of complexity of the system is related to the scavenging properties
of OH by ethanol.

5. Conclusion

In summary, the effect of the electron beam irradiation dose over
particle size in presence of ethanol indicated that major changes
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took place at 2.5 kGy if compared to the other irradiated samples.
Beyond this dose, such changes were mild and increased with dose,
even though highest particle size was achieved at 10kGy. From
a biological perspective, a more pronounced biological decay was
observed as dose increased.

Irradiation in gas saturated systems played an important role in
the maintenance of biological activity during the process, where
best results were achieved in presence of a non-reactive atmo-
sphere, even though no changes in particle size were observed as
a function of altering this experimental condition. Optimized con-
ditions were established as 20% ethanol (v/v), irradiation dose of
10kGy and N, O or argon-saturated atmosphere. Thus, the tech-
nique was suitable for the development of engineered papain
nanoparticles at the nanoscale, an alternative pathway for protein
crosslinking in which the final product may be applied as a drug
carrier system and bioactive nanoparticle as well.

In conclusion, the use of electron beam irradiation as an
alternative to gamma ray was suitable for the synthesis of protein-
based nanoparticles — papain CLEAs - with preserved bioactivity.
The main advances are related to quick processing and lack of
radioactive source. Ethanol was capable of inducing a proper
microenvironment for bityrosine crosslinking, of intermolecular
nature, which leads to a permanent increase in particle size.
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