ISSN : 0974 - 7494 Volume 9 Issue 1

Nano Science and Nano Technology

A Tndéian Journal
—= FUl| Peper

NSNTAIJ, 9(1), 2015 [029-037]

Selective binding of proteins on functional nanoparticles in
a binary protein solution

Goutam Ghosh', L ata Panicker?, Thomas J.Webster34
1UGC-DAE Consortium for Scientific Research, Mumbai Centre, Mumbai 400094, (INDIA)
2Solid Sate Physics Division, Bhabha Atomic Research Centre, Mumbai 400094, (INDIA)
*Department of Chemical Engineering, Northeastern University, Boston, MA 02115, (USA)
“Center of Excellence for Advanced Materials Research, King Abdulaziz University, Jeddah, (SAUDI ARABIA)
E-mail: ghoshg@csr.res.in; ghoshg@yahoo.com

ABSTRACT

The “reverse charge parity” model proposed by us establishes the selec-
tive el ectrostatic binding of charged proteinswith oppositely charged func-
tional iron oxide nanoparticles (IONP) in an aqueous solution [Ghosh et al
2014 Mater. Res. Express 1 015017]. Inthis paper, we have investigated the
selectivity in binding of charged proteins with oppositely charged func-
tional IONPin abinary protein solution. IONP was surface functionalized
both positively (e.g., coated with cetylpyridiniumiodide, or CPl) aswell as
negatively (e.g., coated with tri-lithium citrate, or TLC). Thebinary protein
solution was prepared by mixing al:1 weight ratio of hen egg whitelysozyme
(HEWL) and ovalbumin (OVA) inwater. HEWL (pl 11) ispositively charged
and OVA (pl 4.5) is negatively charged in water. The binding of proteins
with functional IONP was characterized using several techniques, like, cir-
cular dichroism (CD), ultraviolet-visible (UV-vis), and fluorescence spec-
troscopy, C-potential and DL S. The results confirm the application of “re-
verse charge parity” model for selective binding of proteins with func-
tional nanoparticles even in a mixed protein environment. The effect of
counterions (e.g., | and Li*) on the protein conformation has also been
discussed briefly. © 2015 Trade Sciencelnc. - INDIA
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INTRODUCTION create numerous possi bilitiesin medica applications,

such astargeted drug delivery!™-®, contrast enhancing

Protein-nanoparticleinteractionshavebeen anim-
portant research areain view of the numerous applica
tionsof nanoparticlesinmedicine, especidly, indiag-
nosticsand thergpeutics. Thesmal size, functiondized
surface, improved sol ubility, and multi-functionality of
nanoparticleswill continue to open many doorsand

agentsfor magnetic resonanceimaging*®, hyperther-
miatreatment of cancer®”, etc. In particul ar, consider-
ableresearchisbeing directed towardsdevel oping bio-
degradable polymersand polymeric (or polymer coated)
nanoparticlesfor drug delivery and tissueengineering®.
However, severa difficulties arise when using
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nanoparticlesfor invivo applicationspreclinically and
clinicaly®®, amongwhich arebiocompatibility, kinetics,
tumor targeting efficiency, acute and chronic toxicity,
ability to escapethereticuloendothdid sysem (RES),
and cost-effectiveness®. All of thesedifficultiesrdly on
initia proteininteractionssinceit isproteinsfromthe
body whichwill adsorb within milliseconds, well before
any cellular interactionstake place. Moreover, the se-
lectivity in binding of functiona nanoparticleswith pro-
teinsor any component of aliving organism hasbeen
one of themain focusareasin nanoparticleresearchto
circumvent such difficulties. However, few computa-
tiona or mathematical models, like, antibody-receptor
binding!*-*3, hydrophobic binding™-9, etc. havebeen
used, so far, for the targeted binding of functional
nanoparticlesto proteins. The gpplication of thesemod-
el sneeds specific knowledge about nanoparticletar-
geting of proteins, cells, etc. inside the body. On the
other hand, ageneral model, likeelectrostatic binding,
needs no such prior knowledge. Selective binding of
functional nanoparticlesto atargeted substrate (like
proteinsor cells) using el ectrostatic attraction has not
been explored e aborately, sofar, except for afew pub-
licationg"8l,

Thesolid coreof nanoparticescontributesvery little
tointeractionswith proteins, whilesurfaceligandsyield
functiona groupswith apparent competencefor long-
range el ectrosgtati c and short-range hydrophobic or hy-
drogen bondinginteractions. Such ligand-coated gold
nanoparticles have been studied in the context of
biosensord¥, diagnostics??, bionanomateria 92, etc.
In our recent paperg?>-24, it was shown that charged
functiond iron oxidenanoparticles (IONP) sdlectively
bind oppositely charged proteins dueto the el ectro-
staticinteractions. We have a so shown that the pres-
enceof counterions(e.g., Li* of TLC-IONP) irrevers-
ibly modifies secondary conformations of bound pro-
teins. This effect was not seen in the absence of
counterions (in ‘aged’ ligand-IONP dispersions)
whereinthebound protein retained their native confor-
mations. Accordingly, we proposea‘“reverse charge
parity” model for the selective binding and denaturation
of proteinsby virtue of the protein-nanoparticle elec-
trostatic interactions, and the model hasbeen exam-
ined for variousproteing®,

It isimportant to note that thelong-rangeinterac-
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tions control the proximity between proteins and
nanoparticles, whiletheshort-rang hydrophobic inter-
actionsare evident when the hydrophobic group onthe
functional nanoparticles(or thed ectrolytes) can access
ahydrophobic domain on the protein?3. On the other
hand, thelong-ranged ectrogtaticinteractionisnot lim-
ited inthisway. When the net charge of proteinsisof
samesign asthat on thefunctional nanoparticles, al
short-rangeattractiveforcesmust beba anced by long-
range el ectrogtatic repulsion*”23, However, when pro-
tein charge is opposite to that of the functional
nanopartides, eectrostatic attractionwill cause proteins
to bind with nanoparticles. Thishindingisanindication
of aprotein “charge patch™?6-2, Such surface charge
anisotropy isprotein specific?,

Circular dichroism (CD) isan excdlent and sensi-
tivetechniquefor rgpidly eva uating the secondary struc-
ture, folding and binding propertiesof proteing**4, and
their structural changes due to interactions with
nanoparticles?. However, it does not give any resi-
due-specificinformation’®Y.

Inthiswork, we haveinvestigated the application
of “reverse charge parity”” model for “selective” binding
of charged proteinswith oppositely charged functiona
IONP in abinary protein solution of hen egg white
lysozyme, HEWL (pl~11), and ovalbumin, OVA
(pl~4.5). IONPwas surfacefunctionalized both posi-
tively (e.g., coated with cetyl pyridiniumiodide, or CPl)
aswell asnegatively (e.g., coated with tri-lithium cit-
rate, or TLC). Wehave used severd techniquesto char-
acterizeproteinbind, e.g., CD, UV-visibleand fluores-
cence spectroscopy, C-potential and DL Stechniques.
The present investigation is expected to add useful
knowledgetowardsin vivo physiological applications
of charged functional nanoparticles.

MATERIALSAND METHODS

Materials

FeCl.,, 6H,0 (98%) was purchased from Burgoyne
Burbidgesé& Co (India) and FeCl,, (anhydrous; 99.5%),
from AlfaAesar (USA). NH,OH (30% conc.) was
purchased from Merck (India). Cetylpyridiniumiodide
(CPI, M.W. =431.44 g.mol !, 98%), was purchased
from Sgma-Aldrich (Indig) andtri-lithiumcditrate(TLC,
M.W. =281.99g.mol ™!, 98.5%), from S.D. Fine Chem.
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Ltd., Mumbai, India. Hen egg whitelysozyme, HEWL
(<M,,> = 14,300 g.mol*, L-6876) and ovalbumin,
OVA (<M, > = 44,600 g.mol*, A-5503) were pur-
chased from Sigma. All chemical swereused without
any further purification. Themilli-Q water wasfirst ob-
tained from athree-stage purification sysem (Millipore,
USA) and then filtered again through a0.22 umfilter
and then autoclaved. ThepH andtheélectricd resstiv-
ity of thiswater were found to be 6.5 and 18.2 MQ2
cm’!, respectively. Thiswater wasused for al sample
preparation and measurements here.

Preparation of functional |ONP dispersion

Iron oxide nanoparticles (IONP) were synthesized
by achemical co-precipitation reaction between Fe**
and Fe?* sadlts (Fe**:Fe?* = 3:2) in basic aqueous me-
di um,. Detail sof the synthesisprocedure may be seen
inoneof our earlier papers?). The black precipitate
was separated out using a strong permanent magnet
underneath and the supernatant was discarded. The
precipitate waswashed severd timesusing milli-Qwa
ter until the supernatant becameneutrd. Findly, thepre-
cipitate waswashed with acetone and was| eft at room
temperature for drying. The stoichiometry of the
nanoparticlessynthesized through thisprotocol hasbeen
reported to be Fe,0,%4. The nanoparticle surfacewas
functionalized (i.e., coated) with CPl and TLC follow-
ing proceduresreported earlier?? and hasbeen named
asCPI-IONPand TLC-IONPhere, respectively. They
weredispersed inwater at aconcentration of 2.0 wt%.

Prepar ation of binary protein solution and itsin-
cubation with functional |ONP

A 0.1 wt% stock solution of abinary mixture of
HEWL and OVA at aweight ratio of 1.1 was prepared
inwater. Therewasno changein solution pH after the
mixing of proteins. Aqueousdispersionsof CPI-IONP
and TLC-IONP, each at a concentration of 0.1 wt%,
were prepared fromtheinitial (i.e., 2.0 wt%) disper-
sions. Theprotein solution wasfurther diluted (seebe-
low) to match the scale for CD measurements. Pro-
teinsand ligand-IONP weremixed at variable weight
ratios of 1:x (for x = 0.5, 1.0, 1.5, and 2.0), as de-
scribed below:

(i) 100 ul 0.1 wt% protein solution + 200 ul H,O
(i1) 100 pl 0.1 wt% protein solution + v ul 0.1 wt%
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ligand-IONP + (200 —v) pl H,O

where v = 50, 100, 150 and 200. These dispersions
were left on ashaker at 4°C for 48 hi?2-24, Theinter-
action of two proteins (e.g., Proteinl and Protein2)
with functional IONP (i.e., ligand-IONP) in the bi-
nary solution can be described by the following re-
|ationships:

(a) Proteinl + Protein2 + ligand-IONP’! Protein1
(interacted) + Protein2 (uninteracted) + Pro-
teinl-ligand-IONP

and,

(b) Proteinl + Protein2 + ligand-IONP ’! Protein1
(uninteracted) + Protein2 (interacted) + Pro-
tein2-ligand-IONP

‘Proteinl’ and ‘Protein2’ on the left hand side

of these relationships are in their native state. Pro-
teins with ‘interacted’ and ‘uninteracted’ within
bracketsindicate those specific proteinswhich have
interacted and have not interacted with ligand-IONP,
respectively. ‘Protein-ligand-IONP’ corresponds to
the conjugates of protein and ligand-IONP. In the
above relations, we have assumed that ‘Proteinl’
and ‘Protein2’ do not interact with each other. The
‘Protein-ligand-IONP’ conjugates eventually ag-
glomerate and precipitate. Precipitates were sepa-
rated out using the magnet and the supernatants have
been used for the investigation of binding of selec-
tive proteinswith ligand-IONP, asthe concentration
of proteinsin the supernatant islessthan that of the
un-incubated binary solution. The above relation-
shipsindicatethat ‘ligand-IONP’ conjugates develop
adynamic ‘corona’ of proteins whose number var-
iesover time dueto continuous association and dis-
sociationin equilibrium.

Methods

Theparticlesize(i.e., hydrodynamic diameter, D)
and the {-potentia of theligand-IONPin dispersion
before and after incubation with the binary protein so-
lution [seerelationships () and (b)] were measured
usingtheZetasi zer Nano ZS (Mavern, UK) instrument.
Ultra-violet (UV) absorption spectraof thebinary pro-
tein solution, before and after incubation with ligand-
IONP, weremeasured inthewavel ength range of 190
400 nm using a Shimadzu (model : UV-1800, Japan)
UV-visible spectrometer. Fluorescence absorption
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Figure1: CD spectrum of thebinary solution of HEWL and
OVA, mixed at theweight ratioof 1:1 (—) and CD spectrum
(—) generated by averaging the sum of the CD spectra ob-
tained from HEWL and OVA solutions(seetext for details)

spectrawere measured inthewavel ength range of 250
to 450 nm using aJASCO (model: FP-8500, Japan)
fluorescence spectrophotometer. The excitation wave-
length (2, ) used was 280 nm. CD spectrawere mea-
sured using aJASCO (model: J-815, Japan) instru-
ment inthewave ength rangeof 195-260 nm, and three
runs per sample were taken for better statistics. All
measurementswere carried out at 25°C.

RESULTS

Circular dichroism spectroscopy

Far ultraviolet circular dichroism (CD) spectros-
copy was used for characterizing the secondary con-
formationsof proteinsinasingle(unitary) protein solu-
tion. Inthe CD spectrum of aprotein, £-helical confor-
mations have negative bandsat 222 and 208 nm and a
positiveband at 193 nmi*. Proteinswith well-defined
anti-parallel 2-pleated sheets have anegative band at
218 nm and positiveband at 195 nm4, while disor-
dered proteinshave very low dlipticity above210 nm
and negative bands near 195 nm®!, Deconvol ution of
the CD spectrum givesrelative contents of different
secondary conformationsof the protein. Inthe present
investigation, we have used the CD techniqueto char-
acterizethebinary protein solution of HEWL and OVA
beforeand after incubation (i.e., interaction) withthe
charged ligand-IONP. HEWL and OVA areknownto
be + and 2 proteins, respectively. Therefore, HEWL
showsastronger absorbance minimum at 208 nmand
aweak broad (overlapping of two minimadueto +-
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Figure2: CD spectra of thebinary solutionsof HEWL and

OVA before(—) and after incubation with (a) CPI-IONP; (b)

TKC-IONP at weight ratiosof 1:1 (—) and 1:2 (**>”**).

helix and ?-sheet conformeations) absorbance minimum
between 218 and 222 nm?2, On the other hand, OVA
shows astrong broad absorbance minimum between
218 and 222 nm, with aweaker absorbance minimum
at 208 nm#1, Sincethebinary solution containsamix-
tureof two different proteins, deconvol ution of thecor-
responding CD spectrum isdifficult. Hence, we have
reported the changes appeared inthe CD spectrabe-
foreand after incubation with charged ligand-IONP.
The CD spectrum from thebinary solution (solid line)
beforeincubationwithligand-IONPisshownin Figure
1. Thedashed line spectrum isgenerated by averag-
ing the sum of the CD spectraobtained from HEWL
and OVA solutions (for example, reference 23), both
at aconcentration of 0.033 wt%. A reasonably good
agreement between thetwo spectraindicatesthat the
interaction between HEWL and OVA wasnegligible
and the secondary conformationsof HEWL and OVA
in the binary solution were similar to that observed
in the individual protein solution. We have calcu-
lated the ratio, R, ,, of the intensities of minima at
208 nm (i.e., AA)) and at 222 nm (i.e., AA,,) for
HEWL and OVA solutionsand their binary solution,
and thevaluesare 1.31, 0.85 and 1.07, respectively.

Figure 2 showsthe CD spectraof the binary so-
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Figure3: UV absorption spectra of the binary solutions of
HEWL and OVA before(—) and after incubation with CPI -
IONP (—) and TKC-IONP (>>»>*) at aweight ratio of 1:2

Absorbance (a.u.)

|utions before (—) and after incubation with (a) CPI-
IONP and (b) TLC-IONP at theweight ratiosof 1.1
(—)and 1:2 (’*). From Figure 2(a) we observe
that after incubation theintensity of the minimum be-
tween 218 and 222 nm decreased more significantly
than that at 208 nm and the R, , was measured to be
1.12 and 1.20, respectively, for the 1:1 and 1:2 spec-
tra Thesmall changein R, , may be confused with ex-
perimentd error. Therefore, wemeasured thisratiofrom
severa CD spectraand confirmed thetrend of R, , with
the CPI-IONP concentrationinthebinary solution. This
trend indicatesthat the OVA bound with the positively
charged CPI-IONP. Similarly in Figure 2(b), R, , de-
creases with increasing concentration of TLC-IONP,
indicating the binding of HEWL with TLC-IONP.

UV-visible spectroscopy

Figure 3 shows the ultraviolet (UV) absorption
band at 280 nm for the binary solutions of HEWL
and OVA before (—) and after incubation with CPI-
IONP (—) and TLC-IONP (*”*”)Jat a weight
ratio of 1:2. The UV band intensity was seen to de-
crease from the un-incubated solution towards the
solutionsincubated with CPI-IONPand TLC-IONP,
respectively. Thisresult indicatesthat more number
of HEWL, compared to OVA, binds with the oppo-
sitely charged ligand-IONP in the binary solution.
Thisisin agreement with the CD results.

Fluor escence spectr oscopy

Fluorescence quenchingisfrequently employed
to study interactionswith proteins. Any processwhich
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Figure4: Fluorescence emission spectra of the binary solu-

tionsof HEWL and OVA before(—) and after incubation with

CPI-IONP (—) and TKC-IONP (>>***), at aweight ratio of

1:2. Theexcitation wavelength, A, =280 nm.

decreasesthefluorescenceemissonintendty of asample
istermed quenching. Thequenching occursthrough ei-
ther static or dynamic mechanism. In static mechanism,
when aprotein bindswith substrateformsanon-fluo-
rescence complex. Asaresult, thefluorescence band
quenches. Inthe present investigation, the binding of
proteinswithligand-IONP hasbeeninvestigated through
thefluorescence quenching experiment. Figure4 shows
thefluorescence emission bandsat around 340 nmfrom
thebinary protein solutionsof HEWL and OVA (1:1)be-
fore(—) and after incubation with CPI-IONP (—) and
TLC-IONP (°”’”’”’)] at a weight ratio of
protein:ligand-IONP= 1:2. The quenching of thefluo-
rescence band of protein after incubation of the binary
withligand-IONPindicatesformation of ‘protein-ligand-
IONP’ non-fluorescence complexes. The binding of
protein with ligand-IONP must be dueto electrostatic
attraction and astronger attraction was observed with
TLC-IONPthan CPI-IONP.

C-potential and DL Smeasurements

The -potential and DLS measurements of the
ligand-1ONP conjugates were carried out before and
after incubationwith thebinary protein solution. Figure
5 showsthe C-potentid distributions corresponding to
the: (@) TLC-IONPsolution, (b) CPI-IONP solution,
(c) binary solution of HEWL and OVA (at 1:1), (d) the
binary solution after incubation with CPI-IONP (et 1:2),
and (e) the binary solution after incubation with TLC-
IONP (at 1:2). Figure 5(c) shows the double distri-
bution at around -8.0 mV and +1.0 mV correspond-
ingto OVA and HEWL, respectively. Figure5(d) shows
the absenceof OVA indicating the“selective” binding
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Figureb5: ¢-potential distributionsof thedisper sionsof (a)
TLC-IONP, (b) CPI-IONP, (c) mixtureof HEWL and OVA at a
1:1 weight ratio, (d) HEWL and OVA after incubation with
CPI-IONP, and () HEWL and OVA after incubationwith TL C-
IONP.

of OVA with CPI-IONPin the binary solution. Simi-
larly from Figure5(e), we caninfer that HEWL selec-
tively bound with TLC-IONPin the binary solution.
Thisresult again proved the validity of the “reverse
chargeparity” model in a binary solution. The protein
binding with the oppositely charged ligand-IONPis
also confirmed by measuring the size (i.e., hydrody-
namic diameter) of CPI-IONP and TLC-IONP con-
jugatesin the corresponding dispersions, using the
DL Stechnique, before and after incubation with the
binary protein solution (figure not shown). Thesize of
both CPI-IONP and TLC-IONP conjugates was
measured to be around 40 nm beforeincubation with
the binary solution. After incubation the sizewas ob-
served to be around 500 nm, indicating aggregation
dueto surface charge neutralization after binding of
charged proteinswith charged ligand-1ONP support-
ing the “reverse charge parity”” model.
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Figure®6: Bar diagramsof calculated amountsof HEWL and
OVAinthebinary solutions, before (‘native’) and after incu-
bationwith TLC-IONPand CPI-IONP, at aweight ratioof 1:2.
Thebarswith brown, green and black colorsrepresent the
valuesobtained from fluor escence, UV and CD spectra, re-
spectively. Thegrey narrow barsat ‘TL C-IONP’and ‘CPI -
IONP’represent 100% presenceof OVAand HEWL , respec-
tively, in thebinary solution after incubation with thecorre-
sponding ligand-IONP

DISCUSSION

The percentage of protein binding (i.e., either
HEWL or OVA) with the oppositely charged ligand-
IONPinthebinary solutionwasqudlitatively ca culated
fromthedecreasein integrated intensitiesof CD, UV
absorption and fluorescence emission spectraof binary
solutions after incubation with ligand-IONP at a1:2
welght ratio. The percentagebinding of OVA and HEWL
were cal culated to be approximately 16.0 + 2.0 and
22+4.0, respectively, from CD spectra. Similarly, from
UV absorption and fluorescence emission spectrathe
percentage binding of OVA and HEWL with CPI-IONP
and TLC-IONP was calculated to be 7.0 + 2.0 and
50.8+ 5.0, and 9.6 + 2.0 and 42 + 1.0, respectively.
Morebinding of HEWL with ligand-IONP may corre-
spond to thefact that HEWL isasmaller protein, and
therefore, diffusesfaster than OVA inthebinary solu-
tion; eventual ly causing more binding with theligand-
IONP. In Figure 6, we have shown thebar diagram to
represent the percentage contents (100 ““ calculated %
binding) of HEWL and OVA in the binary solution
before (‘native’) and after incubation with TLC-
IONP and CPI-IONP at aweight ratio of 1:2. The
barswith brown, green and black colorsrepresent the
va ues obtai ned from fluorescence, UV and CD spec-
tra, respectively. Thegrey narrow barsat ‘TLC-IONP’
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Figure7: UV absor ption spectra of thebinary solutionsA: (—
), B: (—-) and C: (), seetext for details.

and ‘CPI-IONP’ represent unabsorbed ‘native’ OVA
and HEWL, respectively, inthebinary solution.

To verify above calculated val ues, we prepared
three binary solutionsof HEWL and OVA at three dif-
ferent wei ght reti os corresponding to the mean percent-
age contentsof proteins, asrepresented in Figure 6, as
described below,

A 100 pl 0.1 wt% protein solution (HEWL:OVA
=1:1)+200ul H,O

B 100 ul 0.1 wt% protein solution (HEWL:OVA
=1:0.89) + 200 pl H,0

C 100 pl 0.1 wt% protein solution (HEWL:OVA
=0.62:1) + 200 ul H,O

WhereA, B and C represent the binary sol utions be-

fore (un-incubated) and after incubation with CPI-IONP

and TLC-IONP, respectively. We have measured the

UV absorption spectra of these solutions which are

shown in Figure 7. Solid, dashed and dotted curves

represent thesolutionsA,

B and C, respectively. These spectramatch well
withthe UV absorption spectraof binary solutionstaken
before and after incubation with ligand-IONP (Figure
3). Thisresult reved sthat our binding cal culation based
onthe“reverse charge parity” model was more or less
correct. Therefore, we caninfer herethat the“reverse
charge parity” model can be used for “selective” bind-
ing of charged proteinswith oppositely charged func-
tiona nanoparticlesin any mixed protein solutionlike
thephysiologica environment.

Asdescribed earlier, theR , indicatesthat HEWL
or OVA sdlectivey bindswith the oppositely charged
ligand-IONPinthebinary protein solution. Thishasbeen
demonstrated by Figure 8. Figure 8(a) showsthe CD
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Figure8: CD spectraof thebinary solution after incubation
with (a) TLC-IONP (o) and (b) TK C-IONP (), at a 1: 1 weight
ratio. Thered spectrumin (a) isobtained by averaging the
sum of the CD spectra of un-incubated OVA solution, and
HEWL solution after incubation with TLC-IONP at aweight
ratioof 1: 1. Thegreen spectrumin (b) isobtained by aver ag-
ing the sum of the CD spectra of theun-incubated HEWL
solution, and OVA solution after incubation with CPI-|ONPat
al:lweightratio

spectrum (0) of thebinary solution after incubationwith
TLC-IONP at a 1:1 weight ratio. The red spectrum
was obtai ned by averaging the sum of the CD spectra
of theun-incubated OVA sol ution®!, and HEWL solu-
tion after incubation with TLC-IONP at theweight ra-
tioof 1:1[24]. A good agreement between thetwo CD
spectra clearly suggests that the positively charged
HEWL bindswith the negatively charged TLC-IONP
inthebinary solution. Similarly, Figure8(b) showsthe
CD spectrum (A) of thebinary solution after incubation
with CPI-IONP (A) at a1:1 weight ratio. The green
spectrum was obtai ned by averaging the sum of the
CD spectraof the un-incubated HEWL solution, and
OVA solution after incubationwith CPI-IONPatal:1
welght ratio. Again, agood agreement between thetwo
indicatesthe binding of the negatively charged OVA
withthepositively charged CPI-IONPinthebinary so-
lution. Thisresult again provesthevaidity of the“re-
verse charge parity” model in the binary protein solu-
tion. Figure 8 also revealsthe fact that the effect of
counterions, namely, Li* and |, on the secondary struc-
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tureof proteinsinthebinary protein solution wassimi-
lar tothat reported previoudy in unitary solutiong?24,
Though theinteraction between proteinsand ligand-
IONPwill usudly belessinabinary solutionthanina
unitary solution dueto the effect of screening, never-
theless, the“reverse charge parity” model is seen to be
vaidinthebinary proteinsolution.

CONCLUSIONS

Inthis paper, we haveinvestigated the application
of the““reverse charge parity” model in a binary protein
solution. Thebinding of proteinswith functiona IONP
has been characterized by different spectroscopy tech-
niques, aswell asby C-potentia and particlesizemea:
surement techniques. Our resultsshowed that charged
proteinsinthebinary solution “selectively” bind with
the oppositdy charged functiond IONP establishing the
validity of the“reverse charge parity” model in selec-
tive protein-nanoparticlebinding gpplications. A smdler
protein (e.g., HEWL) bindsmorethanalarger protein
(e.g., OVA), inthebinary solution, dueto morediffu-
sion coefficient. The effect of counterionson the sec-
ondary structureof the ‘selectively’ bound protein was
sameasobserved inaunitary protein/ligand-lONP so-
[ution. Though the physiologica environmentismore
compound thanabinary protein solution, still asmple
model of selectivebinding of proteinswith functional
nanoparticlesfor medica applicationscould beestab-
lished throughthisinvestigationwhichisnovel.
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