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The self-assembly of proteins is crucial in many biomedical applications. This work deals with understanding
the role of cold atmospheric plasma (CAP) on the self-assembly of two different proteins present in the
serum — BSA and hemoglobin and to elucidate the process associated with the direct application of
physical plasma on or in the human (or animal) body, which has implications in therapeutics. The work
has been corroborated by several spectroscopic studies such as fluorescence spectroscopy, circular
dichroism spectroscopy, and SEM analysis. Through steady-state fluorescence spectroscopy and by
following the tryptophan fluorescence, we observed that the emission intensity was quenched for the
protein when treated with plasma radiation. Circular dichroism spectroscopy revealed that the structure
of the protein was altered both in the case of BSA and hemoglobin. N-Acetyl tryptophanamide (NATA),
which resembles the tryptophan in the protein, was treated with CAP and we observed the similar
quenching of fluorescence as in the proteins, indicating that the protein underwent self-assembly. Time-

resolved fluorescence spectroscopy with a decrease in the lifetime revealed that the protein self-
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Accepted 31st August 2022 assembly was promoted with CAP treatment, which was also substantiated by SEM micrographs. The

ROS/RNS produced in the CAP has been correlated with the protein self-assembly. This work will help to
DOI: 10.1039/d2ra04318a design protein self-assembled systems, and in the future, may bring possibilities of creating novel

rsc.li/rsc-advances biomaterials with the help of plasma radiation.

disinfection and healing, decontamination of surfaces, dental
applications,'**' and the destruction of bacteria, fungi spores
and viruses has been reported in the literature.*** In Germany,
CAP has been used in trial therapy for head and neck cancer
patients.>”*®* Low temperature plasmas have the ability to kill
cancer cells without harming healthy ones, leading to the field
of plasma oncology.*** The effect of different CAP on proteins
such as myoglobin, serum albumin, lysozyme and DNA has
been reported.***® Xu et al. reported that high voltage CAP
induced aggregation and denaturation of BSA.** However, they
used reactive gases such as oxygen, nitrogen and their combi-
nations for producing the CAP. Pankaj et al. reported the use of
CAP for Hb and myoglobin, using argon, nitrogen and air as
plasma-forming gas, and have shown that the structural
modifications of the proteins occur.*?

Therefore, there is a direct need to understand the role of

1. Introduction

Cold atmospheric pressure (CAP) plasma has received a lot of
attention in recent years due to its various potential applica-
tions in different technologies, such as plasma processing of
materials, thin-film deposition, surface modification, plasma
medicine and plasma-biomaterial interactions.™* Most (CAP)
plasmas for bio-material applications are generated by applying
electrical energy to a plasma forming gas (argon, helium,
oxygen, nitrogen, air, or mixtures thereof), which further
produces hot energetic electrons and low energy ions, resulting
in the production of plasma with low temperature.*>*”

Various research studies use non thermal CAP in biological
materials, including cell permeabilization, chronic wound
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self-assembly of biomolecules such as proteins, lipids and DNA
when subjected to different gas-fed CAP to bring out a more
complete understanding of plasma medicine. In this regard,
through this work we report the effect of helium plasma on two
major proteins in the blood serum, albumin and hemoglobin.
We have evaluated the structural changes of these two proteins
as it is primarily important for carrying out their respective
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functions. The effect of cold atmospheric plasma on these two
proteins BSA and hemoglobin has been studied as a function of
the time of treatment of the proteins. We evaluated the self-
assembly of these proteins with plasma irradiation for 1, 3, 5,
7, and 10 min. The effective changes in the structure of the
protein were substantiated using various spectroscopic tech-
niques and microscopic techniques. We observed that the self-
assembly was promoted in respect to the He plasma, and this
model could be useful in building prototypes for wound
healing.

2. Experimental methods
2.1 Materials

Proteins BSA and hemoglobin, and N-acetyl tryptophanamide
were purchased from Sigma with 99% purity, and was used as
such. The protein solutions were prepared at a concentration of
1 uM for all of the measurements. Millipore water was used for
the preparation of the buffer, and all the protein solutions were
made in phosphate buffer pH 7.5.

Experimental setup. In this experiment, a novel four-jet CAP
plasma array was developed indigenously to treat the protein
samples, as shown in Fig. 1. The four-jet structure helped us
achieve a higher plasma dose than the single jet plasma used in
our earlier works for the same treatment time.?*>" It consisted of
four dielectric tubes made of glass with an inner diameter of
5 mm and an outer diameter of 7 mm fitted into a Teflon
housing with a gas inlet, as shown in the figure. On the outer
surface of the glass tubes, aluminium strips of width 7 mm were
wrapped around near the end and connected together, which
served as the powered electrode. A stainless-steel sheet placed
below the Petri dish containing the sample was used as the
grounded electrode. Helium was used as the plasma forming
gas. A gas flow rate of 2-4 slm (standard litre per minute) was
maintained to obtain a stable plasma. The gas flow was
measured using a variable area flowmeter (Cole Palmer). The
plasma produced in the glass tubes came out into the open air
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with the gas flow. A high voltage sinusoidal power supply (Ionics
Power Solutions Pvt. Ltd.) was used to power the device. A high
voltage of 4 kV at a frequency 30 kHz was applied to produce the
plasma. The sample was then irradiated for different
exposure times.

The various reactive species present in the plasma were then
investigated by obtaining an emission spectrum of the plasma
using an optical emission spectrometer (Andor-SR-303i-A). The
light emitted from the plasma was collected by an optical fiber
fitted to the spectrometer equipped with three gratings con-
sisting of 300, 1200 and 2400 grooves per mm, and the slit width
was varied from 10-2500 pm. In this experiment, a slit width of
50 um was used to achieve a fair resolution along with sufficient
intensity. The survey spectrum was recorded using 1200 grooves
per mm grating in the wavelength range of 300-900 nm,
whereas the OH emission was recorded using 2400 grooves
per mm grating in the wavelength range of 306-310 nm to
achieve high resolution. The spectrometer was calibrated using
a standard NIST traceable calibration lamp (StellarNet Inc.).

2.2 UV-vis and fluorescence spectroscopy

The samples were analysed using a UV-1800-Shimadzu spec-
trophotometer with quartz cells of 1 cm path length with the
corresponding buffer as reference for the measurements. The
steady state fluorescence spectroscopy measurements were
performed using a Cary Eclipse Spectrometer with Ae, = 280 nm.

2.3 CD spectroscopy

The CD spectra of the pure protein at pH 7.5 and after treatment
with plasma radiation were obtained using a JASCO J-715
spectropolarimeter (JASCO Corp., Tokyo). The far-UV (240-190
nm) spectra of the protein in different time treatments with
plasma were obtained using 0.1 cm path length quartz cells. All
measurements were done a minimum of three times to ensure
reproducibility.

(a) Schematic of the experimental setup. OFC: optical fiber cable, VAF: variable area flowmeter. (b) Photograph of the plasma generated.
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2.4 Time-resolved fluorescence decay

Time-resolved fluorescence intensity decay measurements were
performed using a time-correlated single photon counting
(TCSPC) instrument equipped with a motorized polarizer
(Make: Horiba Scientific). A 295 nm Deltadiode pulsed light
source with a 20 MHz repetition rate and ~0.8 ns instrument
response function FWHM was used to excite the samples. A
photomultiplier tube (PPD-900, Horiba Scientific) and a band-
pass filter (KV370) were used to acquire the signals.** To avoid
contribution from anisotropy decay, the fluorescence decays
were collected at magic angle settings (54.7°). NATA was used as
a standard to verify the performance of the instrument before
measuring the lifetime of the samples. The absorbance of the
samples at the excitation wavelength were kept to less than 0.09
to avoid inner filter effects. A chalk powder suspension was used
to measure the IRF. A total of 15 000 counts was recorded for the
decays and three independent measurements were performed.
The intensity decays were collected in a 1 cm path length quartz
cuvette. Discrete exponential analysis of the collected fluores-
cence intensity decays was performed using the method of non-
linear least squares to obtain the mean lifetime and fit
parameters.**

2.5 Microscopy

Secondary electron microscopy was used to study the
morphology of the films of protein transferred to solid surfaces.
The protein solution was allowed to reach the equilibrium
surface tension. The films were then transferred onto cleaned
solid substrates using the Langmuir-Schaefer film transfer
technique and characterized using scanning electron micros-
copy (SEM). A thin layer of gold (200 A) was sputtered on these
samples, and SEM studies were undertaken using a Hitachi
S4800 model.

2.6 Zeta potential and dynamic light scattering (DLS)
measurements

Zeta potential and DLS studies were carried out using a Malvern
Zetasizer Nanoseries, Nano-ZS90. The measurements of the
average particle size and {-potential of the aqueous suspensions
of amelogenin were carried out on a Malvern Zetasizer Nano-ZS
dynamic light-scattering (DLS) analyzer (Malvern Instruments
Ltd., Malvern, Worcestershire, UK). Samples (n > 3 for each
protein, including various batches) of 1 mL were analysed for
particle size and {-potential in multiple runs with increasing
pH, with approximately 2 h required to cover the examined pH
range. Each datum was the result of averaging over 100 acqui-
sitions, each lasting about 10 s. The particle sizes reported
present the hydrodynamic diameters derived from the time-
correlation function of the particle number density.

2.7 DNPH assay

The carbonyl content of the untreated and plasma treated
protein samples was determined by 2,4-dinitrophenylhydrazine
(DNPH) assay.* Briefly, 200 puL protein samples were properly
mixed with 800 pL of freshly prepared 0.1% 2,4-
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dinitrophenylhydrazine in 2.5 M HCI, and incubated for 1.5 h at
room temperature. The protein was precipitated by the addition
of 1000 uL of 20% chilled trichloroacetic acid (TCA), followed by
centrifugation at 4 °C. The pellet was then re-suspended and
washed with chilled 10% TCA, followed by washing twice with
ice-cooled 50 : 50 (v/v) acetate and ethanol. Finally, the pellet
was re-suspended in 500 pL of 6 M guanidium chloride and the
absorption spectra were recorded at 370 nm.

3. Results and discussion

The plasma glow was recorded using an optical emission
spectrometer, which exhibited various plasma-generated reac-
tive species. Fig. 2 presents the emission spectrum, which
mainly consists of excited neutral He atoms (He 1). In addition,
molecular bands such as OH (A-X), N, (C-B), N," (B-X), atomic
hydrogen (H) line and excited atomic oxygen (O) lines were
observed in the spectrum. The spectral lines were identified
with the help of the NIST atomic spectra database*® and other
literature.”” The reactive species in the plasma are known to be
produced by electron impact phenomena, which cause ioniza-
tion, excitation and dissociation of the molecules. These
plasma-generated reactive species diffuse into the liquid media,
thereby forming reactive oxygen and nitrogen species (RONS) in
the sample solution.”® Interaction of high energetic electrons
with the liquid surface dissociates water molecules, which
might be responsible for forming O and H-related reactive
radicals. These reactive species are highly favourable to react
with air molecules, which gives rise to the formation of nitrogen
reactive species (RON) (e.g., N,*, NO). These N-related species
are highly unstable and interact with the O to form nitrate/
nitrite (NO,~, NO; ™). The He plasma is suitable for biomed-
ical applications because of its low gas temperature value. The
gas temperature was estimated by comparing the experimental
spectrum with a theoretically simulated spectrum provided by
software like LIFBASE* and SPECAIR,* as described in our
previous publications.”*** The temperature of the plasma jet
array was found to be ~310 K in the plasma region. As a result of
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Fig. 2 OES spectra of the He gas fed plasma jet.
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this low plasma temperature, the sample also remained at room
temperature after plasma treatment. It is very complex to
understand this plasma zone and the individual role of the
reactive species during treatment.

The BSA and Hb samples were treated with CAP jet (Fig. 1)
for different time intervals (¢ - 1, 3, 5, 7, 10 min). BSA has 2
tryptophan residues and hemoglobin consists of 6 tryptophan
residues in its structure along with 4 heme (porphyrin) groups,
and thus make the protein bulkier. UV-visible spectra (Fig. S1(a)
and (b)}) of the BSA and Hb protein peaks centered around
280 nm arose due to the tryptophan residue in the protein, and
in the case of Hb, another peak at 410 nm arose due to the Soret
band.*

Fig. 3(a) shows the intrinsic fluorescence intensity of BSA
before and after treatment with plasma. The intrinsic fluores-
cence of native BSA is dominated by tryptophan (Trp) emission
for an excitation wavelength at 280 nm. BSA has two Trp resi-
dues, Trp-134 in the first domain and Trp-213 in the second
domain, which are in quite different environments. Trp-213 is
located in a hydrophobic binding pocket and Trp-134 is on the
surface of the molecule.”® The emission maxima wavelength
(Amax) does not change for the native protein and for the plasma

Paper

treated protein. The absence of the emission maximum shift
indicates the absence of significant changes in the conforma-
tion around either Trp residues. At the same time, we observed
a quenching in the fluorescence. The quenching of the fluo-
rescence intensity can be mainly due to the tryptophan acces-
sibility. Hence, after the plasma treatment, there could be
structural re-ordering in the protein.

Fig. 3(b) and (c) show the steady state fluorescence spectra
for Hb for A, at 280 nm and 409 nm, respectively. We observed
a quenching of the fluorescence when the protein was excited at
Aex 280 nm. On the other hand, Fig. 3(c) shows the Soret band
dynamics of the protein at A., 409 nm, where the changes in the
protein structure upon plasma treatment around the heme
groups led to an increase in the emission intensity. This may be
due to the self-assembly of the protein and the heme groups
being stacked next to each other. Quenching in the tryptophan
fluorescence is generally attributed to the addition of the
electron-rich species. Hence, the plasma treatment has led to
the quenching due to the interaction of the proteins with the
highly electron rich plasma.>*

To verify the conformational changes in the protein, circular
dichroism spectroscopy was performed for the BSA and Hb
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Fig. 3 Fluorescence spectroscopy of control and plasma treated (a) BSA with Aex = 280 nm, (b) Hb with A, = 280 nm, and (c) Hb with A¢x =

409 nm.
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Fig. 4 CD spectra of control and plasma treated (a) BSA and (b) Hb.

samples. Fig. 4 shows the native protein with the minima
around 208 nm and 222 nm corresponding to the a-helical
structure. The native protein was seen to be intact even after
plasma treatment for 10 min for both proteins, which is in
accordance with the fluorescence measurements.

To clearly understand the quenching of the protein fluores-
cence after plasma treatment and to verify the role of trypto-
phan in the proteins, we performed steady-state measurements
on the molecule N-acetyl tryptophanamide (NATA), which
resembles the tryptophan in the protein. Fig. 5(a) shows the
structure of the NATA, and Fig. 5(b) shows the fluorescence
emission graph of NATA after treatment with plasma radiation.
We observed a similar quenching of fluorescence of the native
molecule, which is very similar to the protein environment.
Thus, we ascertained that the transitions occurring in the
protein are due to the conformational changes around the
tryptophan.

To further probe the dynamics of the excited state fluo-
rophore in the proteins, picosecond fluorescence lifetime
spectroscopy was carried out and is presented in Fig. 6 for BSA
and Hb. Additionally, we performed the picosecond lifetime
spectra of NATA, and are presented in the supplementary
section. Fig. S2-S4t presents the emission spectra, and Tables
S1-S3t represent the calculated lifetime for BSA, Hb and NATA,
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respectively. In the case of BSA, as there are two Trp in the
protein. We observed a bi-exponential decay with a lifetime of
the control sample to be 2.17 ns and 6.22 ns. Trp-213 is located
in a hydrophobic binding pocket and Trp-134 is on the surface
of molecule (Fig. S5(a)f). Hence, the shorter lifetime may be
attributed to the Trp-213 in the hydrophobic core and Trp-134
with the longer lifetime. Such changes in the lifetime due to
the presence of the Trp in the different locations in an enzyme
have been reported earlier.® However, an increase in the plasma
treatment time to 10 min leads to a slight decrease in the life-
time to 2.05 ns and 6.06 ns, together with a shift in the %
population of the species. It clearly indicates that the protein
undergoes a self-assembly with the plasma treatment time. This
may be due to the fact that the CAP-treated protein samples, due
to self-assembly, cannot reach the higher energy level similar to
the control samples. Hence, the decay time may be faster. The
decay times decrease from 0.42 ns to 0.28 ns for 7, together with
an increase in the % population, clearly indicating that the
protein undergoes a self-assembly process as in the case of BSA.
Such changes in the lifetime and the protein self-assembly have
been previously reported.®® In the case of Hb, we observed a tri-
exponential decay since the protein has six tryptophan residues
and four heme (porphyrin) groups (Fig. S5(b)t). Reports show
that the hemoglobin has six tryptophan residues (14, p15 and
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(a) Structure and (b) fluorescence spectra of NATA after plasma treatment.
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Fig. 6 Time-resolved fluorescence spectroscopy of the proteins (a) and (c) BSA and (b) and (d) Hb after CAP treatment.

B37 in each dimer). However, only the two tryptophan residues
(B37 of each subunit) positioned in the hydrophobic core are
principally responsible for its intrinsic fluorescence (Hirsch
et al., 1980; Hirsch & Nagel, 1981). Hence the tri-exponential
decay can be attributed to these two Trp in the B37 subunits,
and the longer decay time is attributed to the heme group. The
changes in the 14, 7, and 73, along with the % population clearly
show that the protein undergoes self-assembly. On the contrary,
it can be clearly seen that the lifetime of control NATA (Table
S3t) is around 3.15 ns, and it remains almost the same with the
plasma treatment. This indicates that only the proteins could
undergo the self-assembly.

To understand the effect of oxidative stress induced due to
the CAP treatment on the proteins, arising due to the reactive
species present in the plasma, the 2,4-dinitrophenylhydrazine
(DNPH) assay was carried out and is presented in Fig. 7. It can
be noted that the protein BSA undergoes a higher oxidative
stress due to the plasma treatment for 10 minutes, whereas the
protein Hb does not drastically change. This small change could
be due to the presence of heavy heme groups in the protein,
taking up the highly charged electrons from the plasma.
However, we also observed that there is no change in the charge
on both proteins, and both maintained similar zeta potentials
(Table 1) as the controls.

SEM micrographs of the samples revealed that after the
protein undergoes the CAP treatment, morphological transi-
tions occur (Fig. 8). However, the CD analysis shows that there
are minimal changes in the secondary structure. This further
confirms that both BSA and Hb proteins undergo self-assembly
with the plasma treatment, which can be very useful in the
biomedical applications.
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Table 1 Zeta potential of the protein samples after CAP treatment

Sample BSA Hb

0 minute —10.4 —4.80
1 minute —11.5 —6.90
3 minute —10.83 —6.60
5 minute —10.4 —6.33
7 minute —11.38 —6.98
10 minute —11.5 —6.63

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 SEM micrographs of BSA and Hb before and after CAP treatment.

Reactive oxygen/nitrogen species are an integral part of the
CAP and interact with the proteins, causing further reactions in
the solution. To elucidate the protein self-assembly due to CAP
treatment, we studied the different ROS/RNS associated with
the CAP treatment using the protocols mentioned in the liter-
ature®® and given in Table 2.

It should be noted that the presence of OH and H,O,
decreases with increased CAP treatment. However, the nitrates
NO; and NO, increase. The increase in the nitrates may have
a significant role in the self-assembly of the proteins, and such
studies have been previously reported in the literature.>”*®

Table2 ROS/RNS species present in the plasma for different exposure
times

Time (min) OH radicals H,0, NO; NO,
5 14.7 £ 0.9 37.82 £ 1.1 4.35 £ 0.4 5.39 £ 0.9
10 12.9 + 0.24 30.41 £ 0.7 5.53 £ 0.3 6.27 £ 0.1

© 2022 The Author(s). Published by the Royal Society of Chemistry

4. Conclusions

In this work, we have evaluated the effect of CAP with He as the
plasma-forming gas on two proteins, bovine serum albumin
and hemoglobin, which are relevant in the wound healing
process. We have seen that the proteins undergo macromolec-
ular self-assembly with intact secondary structural features, as
evidenced by various biophysical techniques, including fluo-
rescence lifetime measurements and SEM analysis. Earlier
reports showed that serum proteins underwent denaturation
upon CAP treatment. In our work, we have demonstrated that
the tuning of ROS/RNS using a suitable plasma-forming gas will
help in the process of achieving protein self-assembly without
denaturing the proteins. These results give an outlook for the
utilization of cold atmospheric plasma for biomedical applica-
tions, especially in treating infections that occur during the
wound healing process, as directed protein self-assembly is
essential in this process.
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