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Abstract

Industrial important zein protein has been employed to understand its interactions with
two model proteins bovine serum albumin (BSA) and cytochrome ¢ (Cyc,c) following the in
vitro synthesis of Au NPs so as to expand its applicability for biological applications.
Interactions were studied under the effect of temperature variation by using UV-visible and
fluorescence emission studies. Temperature induced unfolding in the protein mixtures indicated
their degree of mutual interactions through simultaneous nucleation of gold nanoparticles (Au
NPs) and their subsequent shape control effects. Zein + BSA mixtures showed favorable protein
— protein interactions over the entire mole fraction range with maximum close to xgsa = 0.24,
whereas zein + Cyc,c showed such interactions only in the zein rich region with significant
demixing in the Cyc,c rich region of the mixtures. Both hydrophobic as well as hydrophilic
domains in the unfolded states were driving such interactions in the case of zein + BSA mixtures
while demixing was the result of predominantly hydrophilic nature of Cyc,c and its self-

aggregation behavior in the Cyc,c rich region in contrast to the predominant hydrophobic nature
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of zein. Zein + BSA mixtures produced small roughly spherical Au NPs fully coated with
protein, whereas the demixing zone of zein + Cyc,c mixture generated highly anisotropic NPs
with little protein coating. To explore their biological applications, protein conjugated NPs of
both mixtures were subjected to hemolysis where NPs coated with the former mixture showed
little hemolysis and may act as drug delivery vehicles in systemic circulation in comparison to
the latter. Both kinds of NPs further demonstrated their extraordinary antimicrobial activities
with different kinds of strains and proved to be highly important environmental friendly

biomaterials.
Key words: Protein — protein interactions, zein protein, biomaterials, hemolysis.
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Introduction

Protein — protein interactions'™ is most important tool in understanding the fundamental
basis of biophysical chemistry. Most of the biological functions involving biochemical processes
are closely controlled by the protein — protein interactions. Signal transduction is one of the most
important biological processes which play a significant role in several tumors. Usually multi-
protein complex performs several catalytic functions which are not in the preview of its
components. Protein — protein interactions are involved in almost every biochemical process in a
living cell. Information about these interactions is essential for the development of new
therapeutic approaches toward different diseases as well as for their environmental applications.
Here, we are presenting a simple and straight forward method in exploring such interactions by
taking the advantage of gold (Au) nanoparticles (NPs) synthesis in vitro in the presence of a
binary combination of proteins,” '’ where growing NPs act as sensors for such interactions. We
show that bioconjugated NPs thus produced depict the properties of the protein complexes and

hence best suited for drug delivery vehicles as well as antimicrobial agents.

The synthesis of Au NPs can be easily achieved through the reduction of Au(IIl) into
Au(0) by electron donating amino acids such as cysteine.” For an effective reduction process,

cysteine has to be aqueous exposed by breaking the disulfide bonds which are usually buried
2
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deep in the secondary structure of a protein and hence protein needs to be in the unfolded state.’
The unfolded form is highly prone to protein — protein interactions in comparison to the folded
form due to aqueous exposed hydrophilic as well as hydrophobic domains which can easily
interact with the respective domains of another protein. Usually, unfolding and seeding are the

113 which promote such interactions and can be easily followed through

most important factors
the in vitro synthesis of Au NPs. The latter is highly facilitated by protein unfolding process'*
and thus provides direct indication of unfolding behaviour. Unfolded protein simultaneously
adsorbs on the NP surface and hence, triggers the seeding with the folded or unfolded forms’ of

aqueous solubilised protein to generate protein — protein interactions.'

Zein is highly important industrial and environmental friendly alcohol soluble corn
storage protein with extensive food applications. It is clear, odorless, tasteless, edible, and hence
used in processed foods and pharmaceuticals. It contains high proportions of non-polar amino
acid residues (such as leucine, alanine, and proline) which render it water insoluble.'®!” Since
zein is completely safe to ingest, it is used for perfect coating of foods and pharmaceutical
ingredients, and hence it interacts with other proteins upon its way to ingestion. Understanding
interactions of zein with BSA and Cyc,c as model proteins will pave the way for its better
applicability in pharmaceutical industry as well as its environmental applications. Zein is
predominantly hydrophobic protein and possesses a highly robust structure which is made up of
nine homologous repeat units arranged in an anti-parallel distorted cylindrical form and

18-20 In order to understand its interactions with other water

stabilized by the hydrogen bonds.
soluble proteins, it has to be solubilized in the aqueous phase. Its solubility can be achieved in
aqueous surfactant solution where surfactant molecules interact with its hydrophobic domains
and thus allow its hydrophilic domains to interact with the aqueous phase to facilitate its
solubilization.”” Once in the solubilized form, it is expected to interact with other water soluble
proteins through polar as well as non-polar interactions. Since, it is one of the most promising
proteins to produce bioconjugated Au NPs'’, therefore, NPs conjugated with its complexes with
other proteins are also expected to have the same ability but with better functionalities in terms
of biological applications such as drug delivery vehicles where protein complexes play a better

role. In addition, since zein is frequently used in the food products, therefore, antimicrobial

properties of such NPs are equally important to explore.
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Experimental
Materials

Chloroauric acid (HAuCly), zein protein (molar mass 21 kDa), bovine serum albumin
(BSA) (molar mass 66 kDa), cyctochrome ¢ (Cyc,c) (molar mass 12 kDa) from bovine heart
muscle, and sodium dodecylsulfate (SDS) were purchased from Aldrich. Double distilled water

was used for all preparations. Zein was aqueous solubilized by taking 24 mM SDS solution.
In vitro synthesis of Au NPs in protein — protein binary mixtures

Binary mixtures of zein + BSA and zein + Cyc,c were made by taking 10 mg/10 ml of
each protein solution. Then, a desired amount of HAuCl, (0.25 — 1.0 mM) was added in 10 ml of
each solution in screw-capped glass bottles and kept in water thermostat bath (Julabo F25) at
precise 70 + 0.1 °C for six hours under static conditions. Protein mixture especially in the
unfolded state induced by the high temperatureg'10 initiated the reduction of Au(IIl) into Au(0)
due to its weak reducing ability and resulted in the color change from colorless to pink-purple.
After six hours, the samples were cooled to room temperature and kept for overnight. They were
purified from pure water at least three times to remove unreacted protein. Purification was done
by collecting the Au NPs at 8,000 — 10,000 rpm for 5 min after washing each time with distilled
water. These reactions were also simultaneously monitored under the effect of temperature
variation from 20 — 70 °C with UV-visible (Shimadzu-Model No. 2450, double beam) and steady
state fluorescence spectroscopy (PTI QuantaMaster) measurements in the wavelength range of
200 — 900 nm to observe the influence of protein complex on the synthesis of Au NPs in terms of
protein unfolding. Both instruments were equipped with a TCC 240A thermoelectrically
temperature controlled Cell Holder that allowed to measure the spectrum at a constant
temperature within + 1°C. Au NPs were characterized by Transmission Electron Microscopic
(TEM) analysis on a JEOL 2010F at an operating voltage of 200 kV. The samples were prepared

by mounting a drop of a solution on a carbon coated Cu grid and allowed to dry in the air.
Hemolytic assay

Hemolytic assay was performed to evaluate the response of protein-conjugated NPs on

blood group B of red blood cells (RBCs) from a healthy human donor. Briefly, 5% suspension of
4
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RBCs was used for this purpose after giving three washings along with three concentrations (i.e.
25, 50, and 100 pg/ml) of each NPs sample. 1 ml packed cell volume (i.e. hematocrit) was
suspended in 20 ml of 0.01 M phosphate buffered saline (PBS). The positive control was RBCs
in water and it was prepared by spinning 4 ml of 5% RBCs suspension in PBS. PBS as
supernatant was discarded and pellet was resuspended in 4 ml of water. The negative control was

PBS. All the readings were taken at 540 nm i.e. absorption maxima of hemoglobin.
Microbiological evaluation

Antifungal activities of bioconjugated NPs were evaluated using disc-diffusion test for
pre-screening of antifungal potential of agents and the broth micro-dilution method to determine
the minimum inhibitory concentration (MIC). The following fungal strains were used,
Asperagillus niger (MTCC-281), Candidum geotrichum (MTCC-3993), Candida albicans
(MTCC-227) and Candida tropicalis (MTCC-230). Fungi were cultivated at 25 °C on Sabouraud
Dextrose Agar (SDA) and MIC was determined by using Sabouraud Dextrose Broth (SDB). The
samples and standard were suspended in dimethylsulfoxide (DMSO, 1/10) and applied in
different concentrations. DMSO was used as a negative control and antifungal (fluconazole) as

positive controls.
Antifungal activity

The disk-diffusion assay was applied to determine the growth inhibition of fungi by
protein conjugated NPs. Overnight fungal cultures (100 pL) were spread onto SDA. The NPs
sampls were applied to 8 mm disks (Whatman paper No.1). After 48 h of incubation at 25 °C, the

diameter of growth inhibition zones was measured.
MIC determination

The broth dilution test was performed in test tubes. The conidial suspension, which gave
the final concentration of 1 x 10° CFU/ml, was prepared. A growth control tube and sterility
control tube were used in each test. After 24-72 h incubation at 25 °C, the MIC was determined

visually as the lowest concentration that inhibits growth, evidenced by the absence of turbidity.

Results and discussion
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Interactions between the components of Zein + BSA binary mixtures

Interactions between zein and BSA are studied by following the synthesis of Au NPs. Fig
la shows a typical reaction of the synthesis of Au NPs in an aqueous mixture of zein + BSA with
mole fraction of BSA, xgsa = 0.24 under the effect of temperature variation. For comparison, the
same reaction under identical conditions without gold salt is depicted in the inset. This reaction
shows a single peak around 280 nm mainly due to the tryptophan, tyrosine (Tyr), and
phenylalanine (Phe) residues of both proteins (zein is deficient in tryptophan), which remains
unaffected with the temperature variation from 20 — 70 °C. In contrast, in the presence of gold
salt (Fig la), this peak disappears and another prominent peak appears around 310 nm due to the
formation of ligand to metal charge transfer complex (LMCT)*'* between the electron donating
amino acids and the electropositive metal centre of AuCly™ ions which results in the reduction of
Au(III) to Au(0) to produce Au NPs. This is carried out only by the unfolded form of protein as
explained in our previous work®'® and is simultaneously indicated by the appearance of an
absorbance at 540 nm due to the surface plasmon resonance (SPR) of Au NPs. Similar reactions
are done over the whole mole fraction range and some of the reactions are shown in Supporting
information, Fig SI. LMCT peak at 310 nm decreases whereas absorbance of Au NPs at 540 nm
increases with temperature, and their variation is shown in Fig 1b. There is a marked decrease in
the 310 nm peak (empty diamonds) up to 44 °C due to the consumption of LMCT complex into

2423 thereafter it passes through a weak hump from 44 to 56 °C before

Au nucleating centres,
decreasing further up to 70 °C. Meanwhile, 540 nm peak (filled diamonds) gradually increases
and demonstrates an inflection point around 50 °C. It is accompanied with a significant red shift
of ~32 nm (filled circles) within a temperature range of 44 — 56 °C due to the inter-particle fusion
of nucleating centres to produce NPs which subsequently grow in size with further rise in the
temperature. Therefore, 44 °C is in fact the nucleation temperature (N1, see Fig 1b) which
initiates the conversion of tiny nucleating centres into NPs and this transition goes through a

broad inflection in the 540 nm absorption peak within 44 — 56 °C (shown as a shaded area).

Likewise, Fig 1¢ demonstrates the fluorescence emission of tryptophan (mainly due to

26-28

BSA) and, Tyr and Phe (mainly due to zein) residues of this mixture (xgsa = 0.24) at 308 nm

when excited at 280 nm in the presence of gold salt under the temperature variation of 20 — 70
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°C. “Blank” scan represents the protein solution before adding gold salt while the addition of
gold salt induces significant quenching in the emission. Same reaction in the absence of gold salt
is depicted in the inset. In both cases, the emission at 308 nm is influenced by the zein rather
than the BSA because only pure zein shows the emission at 308 nm (Fig S2) rather than pure
BSA (340 nm) (Fig S2). It attributes to the drastic change in the environment of tryptophan when
BSA is mixed with zein, or in other words tryptophan is entirely engulfed by the predominantly
hydrophobic domains of zein resulting in a significant blue shift**~*° from 340 to 308 nm with the
consequence emission of tryptophan is merged with that of Tyr and Phe. This is systematically
shown in Fig S3 by adding zein to aqueous BSA in the absence of gold salt. The variation in
fluorescence intensity of 308 nm emission peak of xgsa = 0.24 in the presence and absence of
gold salt from Fig 1c is extracted and plotted in Fig 1d. It is also compared with the emission
from individual BSA and zein in the presence of gold salt. In the absence of gold salt, the
fluorescence emission of xgsa = 0.24 linearly decreases with te:mpe:rature“’3 2 due to the
successive unfolding of zein + BSA complex which aqueous exposes the fluorescence active
residues. In contrast, in the presence of gold salt, emission goes through a strong maximum in
each case and is caused by an increase in the non-polar environment sensed by the fluorescent
active residues due to the neutralization of the protein surface charge®~* by the adsorption of
AuCly ions which induces conformational changes. A decrease in the emission thereafter is due
to the unfolding of the protein that aqueous exposes these residues and induces fluorescence
quenching. In addition, the unfolded form also simultaneously stabilizes the growing Au NPs by
surface adsorption and hence undergoes fluorescence quenching. Thus, the maximum in the
curve which corresponds to 40 °C can be taken as the unfolding temperature (Ut) of zein + BSA
complex at xgsa = 0.24 (Fig 1d), which is slightly lower than the Nt = 44 °C of Fig 1b because
unfolding in fact initiates the nucleation to produce Au NPs by aqueous exposing reducing amino
acids like cysteine.8 Similar correlation between the Nt and Ut from UV-visible and
fluorescence studies, respectively, has been observed at other mole fractions, and the

fluorescence behavior of some of them is shown in Fig S4.

Both Ut and Nt thus computed over the whole mole fraction range are plotted in Fig 2a.

810 " therefore,

Since unfolding triggers the nucleation and also stabilizes the growing NPs
nucleation also follows the unfolding. It indicates that the unfolding of zein + BSA mixtures at

7
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different mole fractions is happening at much lower temperature in comparison to the ideal
mixing (dotted line) and is maximum at xgsa = 0.24 between zein and BSA. Occurrence of the
unfolding at lower temperatures than the ideal mixing between the components of zein and BSA
can also be viewed as their favorable complexation which further promotes their mutual
unfolding. We expect a similar behavior when reactions are conducted at constant temperature of
70 °C, where both proteins are already in their fully unfolded forms.*'° Fig 2b shows a reaction
profile of UV-visible measurements with time for a reaction at xgspa = 0.24, while similar
reactions at some other mole fractions are shown in Fig S5. Plots of intensity of 540 nm
absorbance versus reaction time for different mole fractions are depicted in Fig 2¢. In each case,
synthesis of the Au NPs begins within 1 minute of the reaction time, because both proteins as
well as their complexes are already in the fully unfolded form and hence demonstrate maximum
reduction potential.*'® Nucleating centres thus created undergo an instant growth process which
is indicated by a sharp rise in the 540 nm absorbance. After certain reaction time absorbance
tends to constant signaling the completion of the growth process. The time required for the
completion has been calculated for each mole fraction from the inflection point in each curve as
demonstrated for few plots in Fig 2c, and plotted in Fig 2d over the entire mole fraction range.
Interestingly, this plot also shows almost similar trend to that of Fig 2a, and xgsa = 0.24 takes
minimum reaction time to complete the reaction. The minimum time can further be related to the
maximum unfolding of zein + BSA complex which possesses maximum reduction potential® by
aqueous exposing the cystein residues to complete the reaction in minimum time. Thus, both
figures come to a common conclusion that zein and BSA undergo marked unfolding due to
maximum protein — protein interactions close to xgsa = 0.24 which simultaneously facilitates the

nucleation with respect to the reaction temperature (Fig 2a) as well as time (Fig 2d).
Microscopic studies (Au NPs + Zein + BSA)

TEM studies have been performed to demonstrate the correlation between the unfolding
of zein + BSA complex and the nucleation of Au NPs because the colloidal stabilization of NPs
is achieved by the surface adsorption of unfolded protein due to its amphiphilic nature. TEM
images of some of the samples synthesized at different mole fractions have been shown in Fig 3.

Fig 3a depicts the TEM image of Au NPs of 20 = 7 nm prepared with xgsa = 0 (i.e. only zein).
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Aggregates of Au NPs completely wrapped by the unfolded zein are evident and similar results
have already been reported for other water soluble proteins where such proteins have been

employed for in vitro synthesis of Au NPs.*"°

However, a good comparison can be made by
comparing the uncoated citrate stabilized Au NPs prepared under similar experimental
conditions without protein and are shown in Fig S6. The uncoated NPs are relatively much
smaller in size (8 = 5 nm) and completely lack protein coating since citrate provides colloidal
stability rather than the shape control effects. In addition, sodium citrate is an electrolyte in
contrast to polymeric protein, and hence protein adsorption is viewed as a thick coating on the
NP surface as one can see in Fig 3, which is not the outcome of any sort of artifacts as well as
other unwarranted impurities. Fig 3b shows a close up image of the sample prepared with xgga =
0.17, where a thick layer of protein coating is clearly visible (indicated by a block arrow). Thick
protein coating is also visible for the Au NPs prepared with xgsa = 0.24 (Fig 3c,d) as well as with
xpsa = 0.56 (Fig 3e,f) suggesting an active involvement of protein mixtures in the NP
stabilization as well as its shape control effects which produces mostly roughly spherical
morphologies of 20 — 30 nm. Thus, nucleation is facilitated as well as closely controlled by the
adsorption of unfolded protein on the NP surface which further promotes the protein seeding and

hence accelerates protein — protein interactions.”>’

Interactions between the components of Zein + Cyc,c binary mixtures

Mixing behavior of zein + Cyc,c is relatively much complicated to follow because of the
presence of Soret and Q-band of Cyc,c. UV-visible scans of Xcyc = 0.53 without and with gold
salt in the temperature range of 20 to 70 °C are depicted in Fig 4a and b, respectively. Three
prominent peaks (as indicated by arrows) at 280 nm (due to tryptophan, Tyr, or Phe), 400 nm
(Soret band of Cyc,c), and 520 nm (Q band of Cyc,c) are evident in Fig 4a which remain almost
unaffected. However, in the presence of gold salt (Fig 4b), all peaks are significantly affected
with the appearance of a new band at 540 nm due to the SPR of growing Au NPs which
overshadows the Q band of Cyc,c at 520 nm. Soret band at 400 nm blue shifts to 385 nm, while
280 nm peak bifurcates to generate a broader band around 310 nm again due to the LMCT
complex formation as observed previously in Fig 1a for zein + BSA mixture. The bifurcation of

280 nm peak is due to the involvement of zein or zein + Cyc,c in the LMCT complex formation
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(see Fig S7, for LMCT in pure zein) rather than Cyc,c, because Cyc,c does not show the LMCT
formation (Fig S7). This is probably due to the greater affinity of Cyc,c to involve in the electron
exchange reaction in comparison to zein which results in an instant reduction of Au(IIl) into
Au(0) without going through an LMCT formation. The variation in 310 nm, 385 nm, and 540 nm
peaks for Xcyc . = 0.53 from Fig 4b is illustrated in Fig 4c. Intensity of both 310 nm and 385 nm
peaks regularly decreases with the rise in temperature and eventually disappears around 36 °C,
where the absorbance due to the SPR of Au NPs becomes prominent. Therefore, 36 °C is the Nr,
where nucleation sets in among the nucleating centres to produce Au NPs and they are
simultaneously stabilized by the protein as demonstrated in Fig 1b for zein+tBSA mixture.
Disappearance of 310 nm peak clearly indicates the consumption of LMCT into Au NPs, while
that of 385 nm peak of Soret band is due to the heme degradation in the event of protein
unfolding and loss of tertiary structure.*® This happens due to the covalent interactions with the
NP surface, because the heme is covalently linked to the protein through thioether bridges
between the vinyl groups of the heme and the sulfur atoms of two cysteine side-chains. Thus,
surface adsorption not only leads to a change in the symmetry’® of the heme group but also

induces conformation changes with the result absorbance of the Soret band is eliminated.

UV-visible results have been further supplemented from the emission studies. Fig 4d
shows the emission spectrum of this reaction (i.e. Xcyce = 0.53). A prominent peak at 308 nm
traced by the dotted line is due to the emission of fluorescence active residues (tryptophan, Tyr,
or Phe) of zein + Cyc,c mixture in the absence of gold salt (blank). Addition of gold salt induces
significant quenching which further depends on the temperature variation. The same reaction
without gold salt also shows a prominent peak at 308 nm (Fig S8a). Again 308 nm peak is
mainly due to zein (see the emission spectrum of pure zein in Fig S2) because tryptophan
emission of pure Cyc,c occurs around 340 nm (Fig S8b) and is supposed to be blue shifted and
merged with 308 nm peak in the event of zein + Cyc,c complexation as observed for zein + BSA
mixture in Fig S3. The variation in the emission intensity of 308 nm peak in the presence and
absence of gold salt for zein + Cyc,c mixtures with Xcycc = 0.53 is shown in Fig 5a. In the
absence of gold salt, it shows a linear relation with temperature, as temperature aqueous exposes
the fluorescence active residues and hence converts the radiative decay into non-radiative decay

due to a successive increase in the intermolecular collisions, while in the presence of gold salt, it

10
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goes through a strong maximum much like the same way as observed for zein + BSA mixture in
Fig 1d. Again the maximum in the emission curve represents the unfolding temperature, Ur, of

zein + Cyc,c complex as discussed previously for Fig 1d.

Both Nt (from Fig 4¢) and Ur (from Fig 5a) values thus evaluated from the UV-visible
and fluorescence studies, respectively, have been collectively plotted in Fig 5b over the entire
mole fraction range of zein + Cyc,c mixtures. Nt values show negative deviation from the ideal
behavior and it is minimum around Xcyc = 0.53. In other words, this mole fraction is possessing
maximum reduction potential to initiate the reaction at lowest temperature in comparison to other
mole fractions. Maximum reduction potential is obviously demonstrated by the maximum
unfolding due to stronger interactions between the components of zein + Cyc,c mixture.
Likewise, the Ut values especially in the zein rich region of the mixture show good correlation
with the Nt because unfolding essentially triggers the nucleation of Au NPs. However, no
correlation is observed in the Cyc,c rich region, where Ut departs from Nt and decreases linearly
with the increase in the amount of Cyc,c in zein + Cyc,c mixtures. It seems that there is

3941in the Cyc,c rich region where the excessive amount of unfolded Cyc,c which is not

demixing
involved in the complexation with zein, remains in the solution. This is also evident from the
bifurcated UV peaks at 280 nm and 310 nm representing the tryptophan from mainly
uncomplexed Cyc,c and LMCT from zein + Cyc,c complex absorptions (Fig 4b), respectively.

3941 can be attributed to the predominantly highly hydrophilic nature of

The origin of demixing
Cyc,c and also its tendency to undergo self-aggregation* leading to the formation of micelle like
assemblies'®. In the Cyc,c rich region, once the zein is complexed to form a stable zein + Cyc,c
complex, the extra amount of Cyc,c follows the self-aggregation and hence its unfolding

behavior does not follow the nucleation of Au NPs.
Microscopic studies (Au NPs + Zein + Cyc,c)

TEM images of Au NPs produced in the presence of binary mixtures of zein + Cyc,c are
shown in Fig 6, which show contrasting differences from that of Fig 3. Fig 6a represents the
TEM micrograph of a sample prepared with Xcyc. = 0.16. Most of the NPs are flat triangle of
83+17 nm size along with much smaller faceted NPs of different shapes, and no protein coating

is visible, while corresponding mixture of zein+tBSA (Fig 3b) produced mostly roughly spherical

11
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shapes of much smaller size with substantial surface coating. However, increase in the mole
fraction (Xcyee = 0.53) induces some degree of anisotropy that leads to the shape deformation
(Fig 6b), but as it shifts to the Cyc,c rich region of the mixture (Xcyc = 0.73), substantial

anisotropic growth is observed and NPs acquire dendritic shapes®**

indicating significant
decrease in the shape control behavior of this mixture (Fig 6¢,d). Further increase in the mole
fraction (Xcycc = 0.87) even produces larger aggregates of dendritic growth with practically no
shape control effects (Fig 6e,f). This is in contrast to much smaller NPs produced in the BSA
rich region of the mixture (Fig 3e,f). Thus, the unfolded form of Cyc,c rich region of the
mixtures completely lack the surface adsorption as demonstrated by Fig 5b with no correlation
between the Ut and N, and hence no shape control effects are observed. It further supports our
earlier conclusion that extra amount of Cyc,c remains in the solution due to the self aggregation'*
tendency of Cyc,c which is considered to be the driving force for keeping the uncomplexed

Cyc,c in the aqueous phase. Thus, uncomplexed Cyc,c is not involved in the NPs stabilization or

shape controlled effects with the results highly anisotropic morphologies emerge.
Mechanism of protein — protein interactions

Above results help us to understand that zein has stronger interactions with BSA rather
than Cyc,c and that too in the zein rich region of both mixtures (Fig 2a and 5b). Such
interactions® are driven by the electrostatic (hydrogen bonds, ionic interactions) as well as non-
electrostatic (Van der Waals forces or hydrophobic bonds) forces and further related to the size,
shape, complementarity between surfaces, and conformational changes on complex formation
between different proteins. Since the unfolded forms of different proteins in present mixtures are
involved in the complexation, therefore, the complex formation is the consequence of highly
stable and non-transient interactions. Because of highly hydrophobic nature of zein, it is
solubilized in the aqueous SDS solution which allows the zein to acquire a net negative charge”
(see the displacement of protein coated NPs towards the +ive terminal of the battery, Fig S9).
The extent of solubilization is related to the amount of SDS used. Greater amount of SDS
induces greater solublization and hence greater unfolding of the zein.”* Thus, total amount of
SDS used in this study is expected to exist only in the complexed state with zein. Therefore,

there is little possibility of its monomeric form to interact with BSA or Cyc,c to induce any

12
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significant amount of conformation changes. Thus, the negative charge acquired by the zein due
to its complexation with SDS predominantly drives the electrostatic interactions with hydrophilic
domains of BSA and Cyc,c. On the other hand, acidic reaction pH (~ 2.5, due to the presence of
H' ions from the dissociation of HAuCls) induces the net positive global charge on the BSA
(isoelectric point, pI = 4.7) and Cyc,c (pI = 10) macromolecules which triggers the electrostatic
interactions with negatively charged zein (Fig 7a,b). The resulting complex in both mixtures is
still predominantly negatively charged because all negative sites of zein are not neutralized by
BSA or Cyc,c even in their respective rich regions of the mixtures (see Fig S9 and S10, where
NPs of all samples move toward +ive terminal), and hence the complexation is also driven by

other non-electrostatic interactions which arise from the non-polar domains of different proteins.

Zein is predominantly hydrophobic in nature, hence participation of its hydrophobic
domains in the complexation cannot be ruled out. However, much larger size (see molar masses
in the experimental section), shape, and surface area of unfolded BSA in comparison to unfolded
Cyc,c possesses a non-polar domain of greater hydrophobic potential which is expected to trigger
the hydrophobic interactions with the hydrophobic domains of zein. This is evident from Fig 2a,d
with minimum lying in the zein rich region (xgsa = 0.24) where smaller sized zein in comparison
to BSA has greater amount to have maximum hydrophobic interactions in the form of 2:1
complex as shown in Fig 7c. This complex brings down the Nt to minimum value due to better
surface adsorption with stronger amphiphilic nature in comparison to other stochiometries. The
reason of attaining this stoichiometry can be related to several factors such as complementarity,
conformational changes, and steric compulsions which allow achieving the maximum stability in
the form of 2:1 stoichiometry in order to satisfy both the hydrophilic as well as hydrophobic
interactions. In contrast, much smaller predominantly hydrophilic Cyc,c shows mainly
electrostatic interactions with almost double sized predominantly hydrophobic zein in the zein
rich region of the mixture (Fig 5b), and promotes the self-aggregation*” (Fig 7d) and resulting
demixing in the Cyc,c rich region. A large charge disparity between Cyc,c and zein is considered
to be the main reason for 1:1 complexation in contrast to 2:1 for zein and BSA, and hence
primarily responsible for the promotion of self — aggregation of Cyc,c in its rich region of the

mixture.

13
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Hemolysis

Here, we want to explore the possibility of protein complex coated NPs as drug release
vehicles in systemic circulations and hence their hemolytic assay is important to understand.
Uncoated Au NPs have been found to have significant interactions with the cell wall of the blood
cell which causes hemolysis.* While, small mesoporous silica NPs (~100 nm) cause little
hemolysis in comparison to larger ones which induce a strong local membrane deformation
leading to hemolysis.*® However, protein coated Au NPs significantly reduce the hemolytic
effect in comparison to uncoated NPs.'® Thus, the degree of hemolysis can be directly related to

the protein coating of NPs.

Results of hemolysis of Au NPs prepared over the entire mole fraction range of both
mixtures were tested and are presented in percentage hemolysis = (sample absorbance - negative
control absorbance)/(positive control absorbance-negative control absorbance) x 100. Fig 8a
shows typical absorbance profiles of different doses of a purified sample along with the positive
and negative controls. The absorbance profile in each case is typical of hemoglobin with no
interference from Cyc,c which does not show such a symmetric patter close to 540 and 575 nm
(see Fig S7). Fig 8b illustrates the variation in the hemolysis of all samples of both mixtures. A
clear difference between the sets of data for zein + BSA and zein + Cyc,c is evident. Three doses
of zein + BSA conjugated NPs (i.e. 25, 50, and 100 pg/ml) show almost insignificant hemolysis
with little difference, whereas zein + Cyc,c coated Au NPs show pronounced hemolysis in the
Cyc,c rich region of the mixture which further depends on the dose of NPs. Significant

. 46,4
hemolysis is the consequence of several factors***’

which include highly anisotropic dendritic
growth with large surface area and practically little protein coating (Fig 6). This allows the
hemolysis by the dendritic NPs a thermodynamic favorable process to interact with the cell
membrane through predominantly naked metal surface (Fig 8c). Thus, greater number of NPs as
of 100 pg/ml with least protein coating shows maximum hemolysis in comparison to smaller
doses. This proves the close correlation between the NP stabilization by the protein surface
adsorption and hemolysis. Complexation of BSA with zein renders the hydrophobic interactions

of zein ineffective to disrupt the blood cell membrane through non-polar interactions and that is

why little hemolysis is observed for zein + BSA mixtures. Thus, zein + BSA coated NPs is

14
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considered to be the better model for its role as drug release vehicles in comparison to zein +
Cyc,c coated NPs. Likewise, other protein combinations where more than one protein is required

for biomedical applications can be tested and implemented in biological formulations.
Antimicrobial studies

Wide applicability of zein in food and pharmaceutical industry prompted us to investigate
the antimicrobial activities of the present protein coated NPs. This is mainly to improve the shelf
life of the pharmaceutical formulations of such NPs. Four kinds of strains (see experimental)
have been selected for this study. Aspergillus niger is a common contaminant of food and is
usually present in indoor environments. If its spores are inhaled in large amount, it causes serious
lung disease. Interestingly, it plays a vital role in the solubilization of heavy metal sulfides*®
where metal ions interact with its cell wall. Geotrichum candidum is a plant pathogen which is
found in many different sources from dairy products to soils. Candida albicans is a kind of
yeast which causes oral and genital infections in humans,” and is normally present in the gut
flora as a symbiotic agent. Its overgrowth results in yeast infection. Candida tropicalisis a
common medical yeast pathogen, which has been implicated in infections of patients with
neutropenia. We tested our Au NPs samples prepared over the entire mole fraction of zein +
BSA and zein + Cyc,c mixtures for their antimicrobial activities against these four strains and
the results are presented in Fig 9a and b, respectively. A dotted red line in both figures represents

minimum inhibitory concentration (MIC)***!

of an antifungal (fluconazole) as control.
Fluconazole is a drug used in the treatment and prevention of superficial and systemic fungal
infections. In comparison to this drug though all the samples of protein conjugated NPs need
much higher MIC, the concentration range in micrograms allows us to put them in the category
of moderately antifungal agents. This is certainly an advantage in addition to their role in the
pharmaceutical formulations where antimicrobial activities help us to improve their

functionalities against the common yeast infections as well as their shelf life.
Conclusions

The present results conclude that zein demonstrates strong interactions with BSA

throughout the mole fraction range whereas such interactions are limited to the zein rich region

15
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with Cyc,c. BSA interacts with zein through both electrostatic as well as hydrophobic
interactions whereas Cyc,c predominantly demonstrate electrostatic interactions. Both zein +
BSA as well as zein + Cyc,c complexes simultaneously adsorb on the growing Au NPs and
hence they control their shape evolution with the result mostly spherical NPs are produced in the
former case while poor coating of the latter generated large dendritic NPs. Since zein is industrial
protein, therefore its complexes with BSA and Cyc,c coated NPs have been explored for
pharmaceutical as well as food applications. The Au NPs coated with zein + BSA complex prove
to be fine vehicles for drug release in systemic circulation because of their negligible hemolysis
almost throughout the whole mole fraction range. This is not the case with zein + Cyc,c complex
coated NPs, which show significant hemolysis in the Cyc,c rich region. Interestingly, NPs coated
with the complexes of both mixtures show almost same degree of antimicrobial activities against
four prominent strains which are frequently available in the food products and cause yeast
infections. Hence, the formulations made of such protein coated NPs have dual advantages as
drug release vehicles and antimicrobial activities which is usually a rare combination for a

formulation for biological applications.
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Figure Caption

Fig 1. (a) UV-visible scans of a reaction of aqueous zein + BSA (xgsa = 0.24) with HAuCl, = 1
mM under the effect of temperature variation from 20 — 70 °C showing three prominent
absorptions at 280 nm, 310 nm, and 540 nm. Inset represents the same reaction without HAuCly
with temperature independent effect. (b) Shows the variation in intensity of peaks 310 nm and
540 nm, along with the variation in the wavelength of 540 nm peak. (c) Steady state fluorescence
of the same reaction with and without (inset) HAuCly = 0.25 mM when excited at 280 nm with
emission at 308 nm. (d) Depicts the variation in the emission intensity of proteins of different
reactions of xgsa = 0.24 with and without gold salt and compared with that of the reactions of

pure protein components.

Fig 2. (a) Plots of nucleation temperature (Nt) and unfolding temperature (Ut) for various mole
fractions of zein + BSA covering the whole mole fraction range in the presence of HAuCl,.
Dotted line indicates the ideal mixing. (b) UV-visible scans of a reaction of aqueous zein + BSA
(xgsa = 0.24) with HAuCl; = 1 mM under the effect of reaction time at constant 70 °C with
prominent peak at 540 nm due to the formation of Au NPs. “Blank” scan indicated by the dotted
line represents the absorbance of aqueous protein solution before adding gold salt. (¢c) Shows the
variation in the intensity of 540 nm peak of Au NPs with reaction time for various zein + BSA
mixtures over the entire mole fraction range. Breaks in the few plots represent the time where
540 nm peak intensity tends to constant suggesting the completion of the reaction. (d) The latter
time for each mole fraction of this mixture is plotted against the mole fraction to demonstrate its

dependence on their entire mixing range.

Fig 3. (a) TEM images of the purified Au NPs coated with zein prepared from aqueous zein +
HAuCls; = 1 mM reaction. (b) Image of protein coated NPs prepared from aqueous zein + BSA
(xgsa = 0.1) with HAuCly = 1 mM reaction. (¢) and (d), TEM images of NPs prepared with mole
fraction xgsa = 0.24, and (e) and (f) of xgsa = 0.56. Block arrows indicate thick protein coating

on the NPs.

Fig 4. (a) UV-visible scans of an aqueous mixture of zein + Cyc,¢ (Xcycc = 0.53) without HAuCly
under the effect of temperature variation from 20 — 70 °C showing three prominent absorptions at

280 nm, 400 nm, and 520 nm. (b) Same reaction in the presence of HAuCls = 1 mM with several
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prominent peaks whose detail is provided in the text. (c) Depicts the variation in intensity of 310
nm, 385 nm, and 540 nm absorbances of reaction (b) with temperature. (d) Steady state
fluorescence of zein + Cyc,c (Xcyee = 0.53) with HAuCly = 0.25 mM under the effect of

temperature variation from 20 — 70 °C when excited at 280 nm with emission at 308 nm.

Fig 5. (a) Plots of the variation in the protein emission intensity of reactions of zein + Cyc,c
(Xcye,e = 0.53) with HAuCly = 0.25 mM and without HAuCly. Protein adsorption on the Au NPs
in the former case depicts the non-linear variation in contrast to the latter in the absence of Au
NPs. (b) Variation of the nucleation temperature (Nt) evaluated from 310 nm, 385 nm, and 540
nm absorbance peaks and unfolding temperature (Ut) from 308 nm emission peak for various

mole fractions of zein + Cyc,c covering the whole mole fraction range in the presence of

HAuC 14.

Fig 6. (a) TEM images of Au NPs prepared from aqueous zein + Cyc,c (Xcyee = 0.16) with
HAuCl4 = 1 mM reaction. (b) NPs prepared with mole fraction Xcycc = 0.53. (c), (d) Images of
mole fraction Xcycc = 0.72, and (e), (f) of Xcyc,c = 0.87. Dendritic nature of the NPs increases with
the increase in the amount of Cyc,c in the zein + Cyc,c mixtures due to the poor shape control

effects.

Fig 7. Schematic representation of possible complex formation in zein + BSA (a) and zein +
Cyc,c (b) mixtures based on Fig 2 and 5, respectively, due to electrostatic interactions between
the hydrophilic domains of respective components. (¢) The complex formation in zein + BSA
driven by the hydrophobic interactions operating between the hydrophobic domains. (d) Depicts
the self — aggregation in Cyc,c.

Fig 8. (a) Absorbance profiles of hemolysis exhibited by different doses of Au NPs prepared
with a reaction of mole fraction Xcyc = 0.53. Photos show the extent of hemolysis for these
samples with +ive and -ive controls. (b) Variation in the percentage hemolysis by Au NPs with
different doses prepared over the entire mole fraction of zein + BSA (empty symbols) and zein +
Cyc,c (filled symbols) mixtures. (c) Schematic depiction of the effect of shape, size, and protein
coating on the hemolysis. Roughly spherical small NPs coated with protein cannot induce

hemolysis in comparison to large dendritic NPs without protein coating. See text for details.
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Fig 9. Plots of minimum inhibitory concentration (MIC) of protein coated Au NPs of zein + BSA
(a) and zein + Cyc,c (b) mixtures over the whole mole fraction range for Asperagillus niger (B),
Candidum geotrichum (C), Candida albicans (D) and Candida tropicalis (E). Dotted lines in both

figures represent the MIC for antifungal drug “Fluconazole” as control.
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Protein Interactions through Biomaterials Synthesis, Hemolysis, and their

Antimicrobial Activities
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domain

Protein — protein interactions through biomaterials synthesis for biological applications.



