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Abstract Different shaped PbS nanoparticles are synthesized at room temperature
by using reagents, lead chloride (PbCl,), sulfur powder (S), and sodium borohy-
dride (NaBH,), in the ethylenediamine medium. NaBH, has acted as a reducing
agent, whereas ethylenediamine is used as a capping agent. The grown PbS nanopar-
ticles are spherical (7 nm size) for the reagent ratio of PbCl,, S, NaBHy as 1:1:1.
and grown PbS nanoparticles are cubical shape (13 nm size) for the reagent ratio of
PbCl,, S,NaBH, as 1:1:3. The grown PbS nanoparticles are characterized structurally
and optically. The interaction and formation of the bio-conjugate of bovine serum
albumin with PbS nanomaterials are studied for biomedical application. The interac-
tion, complexion process, and conformational changes of bovine serum albumin with
PbS nanomaterials are quantified by the photophysical and structural study. PbS nano-
materials enable the aggregation of bovine serum albumin by the way of unfolding.
The interaction and the bioconjugate formation of albumin with PbS nanoparticles
are investigated using optical spectroscopy, TEM. UV-VIS-NIR shows the binding
process that occurred between albumin and PbS samples.

6.1 Introduction

Now the recent trend of using nanotechnology increases more and more in the field
of agriculture, biomedicine, packaging, cosmetics, and also in textiles. There are
possibilities that these nanoparticles (NPs) are entering living organ cells through
various natural processes like the food chain, respiration, etc. NPs are not used for
biological imaging due to optical emission in the infrared region as many proteins
strongly absorb visible light, so there is a limitation in the depth of penetration around
few millimeters in the small wavelengths region. Another biological complex like
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water and lipids strongly absorbs infrared light [1, 2]. PbS semiconducting NPs are
an important [V-VI group due to their near-infrared (NIR) fluorescence property for
bio-imaging applications. PbS semiconducting quantum dots with diameters between
3 and 6 nm show an emission wavelength in the NIR region. So PbS NPs have been
projected as one of the best potential materials for application in various biomedical
detection of animal studies [3]. Only 10—15 proteins may take part in protein corona
formation from thousands of proteins in physiological conditions [4-8], that is, the
exchange of soft corona proteins by hard corona proteins [9—11]. This hard protein
corona helps the NPs in intracellular signaling due to longer life and also identi-
fies the role of NPs in biological fluid [12]. This nano-bio interaction of different
shaped PbS NPs is important in nanomedicine research due to physicochemical prop-
erties. The PbS NPs surface area surrounded by an assembly of proteins is known
as protein corona and their complex is called the protein-PbS NPs complex. The
protein corona formation process is playing a vital role in the functioning of PbS
NPs in the biological system. The native structure of protein shows conformational
change due to the interaction of PbS NPs with protein. This vibrant and driving
process changes the functioning of protein for cellular interaction with PbS NPs
[13, 14]. Yin et al. [15] evaluated the cytotoxic behavior of bared and protein-coated
ZnO NPs against human hepatocellular carcinoma (HepG2) cells and they found
that bare ZnO NPs at a concentration range of 20 mg L~'-100 mg L™' reduced
the cell viability by 90-15%, whereas for protein-coated ZnO NPs, cell viability
was reduced by only 5-15% even at 100 mg L~! concentration. They proposed that
the higher binding strength between protein and NPs prevented the generation of
reactive oxygen species (ROS) due to which protein-coated ZnO NPs showed less
cytotoxicity. Medina et al. [16] evaluated the role of protein concentration (BSA)
on the NPs toxicity, protein adsorption, and NPs accumulation. They compared the
intracellular uptake of gold nanorods coated with a cationic agent mercaptoundecyl-
trimethylammonium bromide (MUTAB-AuNRs) in MCF-7 cancer cells. They incu-
bated the MUTAB-AuNRs directly in 10% fetal bovine serum (FBS) and compared
it with MUTAB-AuNRs preincubated (1% BSA) with a low concentration of BSA
(1%) and reported that preincubation in 1% BSA increased the intracellular uptake
by three times. It could be due to the lower concentration of BSA (in comparison
to physiological conditions), which has increased the entry of AuNRs into MCF-7
cancer cells. Luminescence correlation spectroscopy and UV-visible spectroscopy
analysis suggested that the concentration of preincubation played an important role
in the correlation decay and the agglomeration of NPs. Hence, diagnostics tests
based on this corona analysis will become more efficient than the ordinary running
biochemical test. So different techniques can be applied for the analysis of protein
corona to get information on molecular consequence due to contact of PbS NPs.
C. Vidaurre-Agut et al. [17] found that diagnostic tests which performed depending
on proteomics analysis have more advantage than traditional biochemical tests. It is
difficult to identify protein biomarkers which have a low molecular weight (MW) by
standard mass spectrometer because these are normally at low concentrations and are
masked by actual abundant resident proteins. They showed that mesoporous silica
NPs were able to capture low MW protein comparatively better than the protein
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corona (PC) adsorbed onto dense silica NPs from serum. They further investigated
this effect using liquid chromatography — mass spectrometry (LC-MS) and ther-
mogravimetric analysis (TGA) and compared the MW of the proteins in the coronas
of mesoporous silica NPs with the same particle size but different pore diameters.
They also examined the process by which two proteins, one small and one large,
adsorb onto these mesoporous silica NPs to establish a theory of why the corona
became enriched in low MW proteins. They developed a novel system for the diag-
nosis of prostate cancer and this was applied to LC — MS protein coronas from
the serum of 22 cancer patients, identifying proteins specific to each patient group.
They explained why low MW proteins predominate in the coronas of mesoporous
silica NPs, and they illustrated the ability of this information to supplement more
traditional diagnostic tests.

Experimental observation is carried out to understand the protein—PbS NPs
complex for well-suited NPs with surface characterization for better biological appli-
cation. The interaction of PbS NPs with bovine serum albumin (BSA) is studied and
the bio-safety of exposed PbS NPs is determined. The “hard” and “soft” protein PbS
NPs corona formation is represented by the interaction of PbS NPs with protein.

6.2 Experimental Section

The PbS NPs were synthesized by anhydrous lead chloride (PbCl,) (99.999%), sulfur
powder (99.999%), and an amount of sodium borohydride (NaBHy) (99%). The ratio
of a reagent was calculated assuming that all of the reagents are consumed but there
is no excess of reagents in reaction completion. The ratio was calculated by the
amount of mass multiplied by the molar mass of each reactant to the no of molecules
required for each reactant per mole of reaction. In this method, NaBH, is used as
a reducing agent to initiate the reaction between PbCl, and S at room temperature
(25 O). Ethylenediamine (EDA) was used as a solvent. At first, an amount of 2.78 g
PbCl, was dissolved in 50 ml of EDA. This solution was taken in a beaker and was
stirred vigorously by using a magnetic stirrer. After 30 min, 0.32 g of sulfur was
added to the above solution. Finally, 0.37 g and 1.11 g of NaBH, were added to
two beakers, respectively, by taking the same amount of the above mixture to get
grown PbS samples of different ratios. The solution was stirred for 4 h keeping the
particular speed for all samples. The solution was turned into a black color. This was
an indication of the formation of PbS NPs. The residue product of grown samples
was washed with distilled water several times. Finally, the product samples were
centrifuged and were kept for 2 weeks in a clean dry place at room temperature. The
chemical reaction for PbS NPs preparation is given below

PbCl, = Pb™ + 2CI-

NaBH4 4+ 2C1" = NaCl 4 B,Hg + 2H 4 2e™



54 A. K. Mishra et al.
2H+ S = H,S

H,S +Pb*? 4+ 2¢~ = PbS + H,

The grown PbS NPs were dispersed in deionized water by ultrasonication for
30 min. The PbS NPs concentration was varied from 0.01 mg/mL to 0.06 mg/mL.
Now for the PbS-BSA-mixed solutions preparation, 0.1 mg/mL BSA is mixed with
PbS NPs ranging from 0.01 to 0.06 mg/mL with proper ratio.

High-resolution Rigaku Mini Flex X-ray Diffractometer was used to get the
X-ray diffraction (XRD) pattern of powder PbS nanosamples. Transmission elec-
tron microscopy (TEM) was done by JEOL-JEM-2100. The carbon-coated copper
grid was taken and a solution sample of PbS NPs was dropped on it after properly
disperse in distilled water medium and dried in the dust-free region. Scanning elec-
tron microscopy (SEM) image of powder PbS nanosamples obtained by JEOL-JSM
5800. Agilent Technologies Cary 5000 Series UV-VIS—NIR Spectrophotometer is
used to obtain Optical absorption spectra of PbS nanosamples and conjugate solution
with BSA immediately after ultrasonication concerning deionized water.

6.3 Result and Discussion

6.3.1 Absorption Study

The absorption spectra of tryptophan (TRY) of BSA with different concentrations
of the different shaped PbS NPs and pure PbS NPs.

The absorption peak for TRY of BSA is seen at 280 nm in Fig. 6.1. This transition
may correspond to w— * transition of aromatic amino acid residues [18, 19].

i 1- [0 mgimL] Pure TRP bj Cubical PbS 1- [1.0imgimL] Pure TR? | _
| (a) Spherical PbS I—:D.‘lm’;%‘n“llehS’:l (b) byt (c) PbS nanoparticles
16 3 .2mgimL] PbS +1 3 [b2mgim] PbS +1 121
' & [0Img/mL) PLS +1 & fadmginl] P15 +f
5 PAmg/mL] PbS +1 5 fudmgiml] PS +1

& [05mgimL] PbS +1 10 7 £ [RSmgnL] PLS 1
7- 0 SmgimL] PbS 1 - Ruingiml| Pb§ +1

Absorption
=
=
Absorption
Absorption

04

113

00 : - - - { - -

200 300 400 500 600 700 200 300 400 500 B0 800 1000 1200 1400 1600 1800
wavelength (nm) wavelength (nm) wavelength (nm)

0.0

Fig. 6.1 Shows the absorption spectra of (a) tryptophan (TRY) of BSA with spherical PbS, (b)
tryptophan (TRY) of BSA with cubical PbS, and (c) pure PbS NPs
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Fig. 6.2 Shows the plots of (A) Cpps vs change in wavelength (AX) and (B) Cpps vs change in
absorbance (AA) for different shaped PbS NPs

The effect of binding of PbS NPs with concentrations (Cpps = 0.01-0.06 mg/ml)
with BSA (Cpssa = 0.1 mg/mL) is shown in Fig. 6.2.

These results show that the absorbance of TRY of BSA increases with the incre-
ment of Cppg in Fig. 6.1. This intensity of absorbance of BSA gradually increases
with Cpyg, due to the binding of BSA with PbS NPs and the formation of the ground
state complex [20]. The absorption band of BSA is red-shifted gradually with an
increment of Cpps. This also confirms that PbS NPs interact with BSA through TRY
and induces the conformational change of BSA [21]. The plots of Cpps Vs change in
wavelength (AX) and Cppg vs change in absorbance (AA) is shown in Fig. 6.2.

The plots of Cpys vs change in wavelength (AX) are linear fit and Cppg Vs change
in absorbance (AA) is shown that the interaction of BSA with PbS NPs increases
with the increase of Cpys.

In the equilibrium condition, the complex formation between PbS NPs and protein
is given by the equation, where K., is the apparent association constant.

Kapp
Tryptophan (Protein) 4+ PbS nanoparticles = Protein........ PbS nanoparticles

[Protein........ PbS nanoparticles]
[Protein][PbS nanoparticles |

Kapp =

These K,pp values are obtained using Benassi and Hildebrand method [19] and
the equation is also given as

Jobsz(l_a)A0+aAc

Where Ay is the value of absorbance of TRY (Protein) solution with different
concentrations of PbS NPs and « is the degree of association between TRY (Protein)
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solution with PbS NPs. Here, Aj and A, are the absorbances of TRY (Protein) and
complex of Protein and PbS NPs. This equation also can be written as

1 1 1
Aobs — A0 Ac— A0 + (Ac — A0)Kapp[CPbS]

Therefore, the plot of —— YT, b AO versus 1/Cpypg is linear fit with the slope m

and intercept to the axis is AF +o- From these data, K,p, is also calculated.

The plot of ——
Fig. 6.3.

The absorption spectra show peaks at NIR and UV region for PbS NPs and BSA
solution, respectively. The photoluminescence spectra of different shaped PbS NPs
show emission in the NIR region. whereas the UV region for BSA protein [15].

PbS NPs come in contact with BSA and are surrounded by protein molecules. PbS
NPs form a dynamic layer of proteins on the surface after getting associated with the
BSA. Hence, “NPs — protein corona” is formed by this conjugated system[13, 22].
The change in absorbance intensity (AA) of BSA with Cps4 = 0.1 mg/mL is shown
in Fig. 6.2(B) to detect the corona formation, and conformational changes of BSA
are seen in the presence of PbS NPs. The change in absorbance intensity of BSA
increases with PbS NP concentrations as well as decreases with the increase of PbS
NP size.

It is confirmed from the exponential association mechanism that the “PbS NPs-
BSA” corona formation starts just after incorporation of PbS NPs into BSA, whereas
it is continued for a very long time to unfold the BSA. Hence, the BSA takes a long
time to shield the PbS NPs surface with confirmation change and the BSA is unfolded
[23-25]. The hard corona [22] is formed. The change of absorption intensity of BSA

e bs <o versus 1/Cpys for different shaped PbS NPs are shown in



6 Comparison of Protein Interaction with Different Shaped PbS ... 57

(AA) in interaction with PbS NPs (Cpps = 0.1 mg/mL to 0.6 mg/mL (Fig. 6.2(B))
shows a linear fit. The PbS NPs—BSA corona is formed at an inner layer of unfolded
BSA using a slow exchange rate with free BSA (hard corona) whereas an outer layer
of weakly bound BSA which follows linear kinetics and regarded as a faster exchange
rate with free BSA (soft corona) [26-29].

6.3.2 XRD Study

The XRD pattern of the different shaped PbS NPs is shown in Fig. 6.4.

The X-Ray diffraction pattern is used to study the structural phase of the grown
PbS NPs. The X-ray diffraction is taken with an angular range (26) from 20 to 80
degrees. The prominent diffraction peaks are (111), (2 00), (22 0), (311), (222), (400),
(331), (420) correspond to pure face-centered cubic (FCC) phase (JCPDS # 05-0592)
of the unit cell of PbS NPs. These planes are well matched with the standard crystal
planes (111), (2 00), (22 0), (311), (222), (400), (331), (420) for diffraction angle
20-80° according to JCPDS no. 05-0592 [30, 31]. The highest intensity and sharp
peak prove the well crystalline nature of grown PbS NPs. The size of PbS samples
obtained from the Debye—Scherrer equation [31], D = 0.9 \ /( § COS6O), where D
is particle size in nm, X is the X-ray wavelength in nm, 6 is, the diffraction angle in
degrees, and B is the maximum peak width in half-height. The grown spherical PbS
NPs are 7 nm in size and grown cubical shape PbS NPs are 13 nm in size.
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Fig. 6.4 Shows the XRD pictures of (a) spherical-shaped PbS NPs, (b) cubical PbS NPs
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6.3.3 TEM Study

TEM pictures of spherical-shaped PbS NPs, corona formation with BSA, and SAED
pattern are shown in Fig. 6.5.

There are shown in the figure the hard and soft corona structures formed by
spherical-shaped PbS NPs under experimental conditions. The hard corona is repre-
sented by the inner blackish core. The soft corona” formation is represented by the
outer fractal layer of BSA which is loosely bound with “hard corona”. The hard
coronas that almost spherical PbS NPs with a diameter of 260 nm are strongly
attached to BSA. The image of a hard corona is shown by the arrow mark. This
image represents that the core PbS NPs are fully covered with BSA along with a
shell thickness of 7.5 nm which is matched with a dimension of BSA with 8 nm,
calculated from protein data bank [6].

Fig. 6.5 Shows the TEM pictures of (a) spherical-shaped PbS NPs, (b) corona formation with BSA,
and (c) SAED pattern
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The SAED pattern of PbS NPs confirms the single crystalline nature. PbS samples
have a face center cubic structure. The diffraction planes in the SAED pattern are
equivalent to the diffraction planes of the XRD pattern.

TEM pictures of cubic-shaped PbS NPs, corona formation with BSA, and SAED
pattern are shown in Fig. 6.6.

The TEM picture shows the formation of BSA—cubical PbS NPs hard and soft
corona.

A large number of PbS NPs with a hard corona of BSA forms a “colony” with
280 nm x 290 nm dimensions. The soft corona also forms in this colony. The
TEM picture supports the findings which are observed from absorption kinetics.
The dimension of the BSA monomer matched with the shell thickness of BSA on
the core of PbS NPs confirms the attachment of BSA with PbS NPs.

Fig. 6.6 Shows the TEM pictures of (a) cubic-shaped PbS NPs, (b, ¢) corona formation with BSA,
and (d) SAED pattern
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Fig. 6.7 Shows the emission spectra of tryptophan (TRY) of BSA with different concentrations of
the (a) spherical PbS and (b) cubical PbS NPs

6.3.4 Emission Study

The emission spectra of TRY of BSA with different concentrations of the different
shaped PbS NPs are shown in Fig. 6.7.

The PbS NPs-BSA-binding kinetics and conformational change of BSA are
analyzed by fluorescence quenching measurements. The different concentrations
of different shaped PbS NPs (Cpps = 0.01-0.06 mg/mL) are added to BSA (Cpsa
= 0.1 mg/mL) at room temperature and a change in the maximum intensity ()
of the fluorescence emission spectrum is observed. It is proved that the fluorescence
quenching process has occurred. It also shows a maximum blue shift of about 5 nm
is found with Cpps = 0.06 mg/ml and Cpsy = 0.1 mg/mL due to hydrophobic inter-
action with PbS NPs. The binding of BSA with PbS NPs is analyzed by the popular
Stern—Volmer equation [16].

Fo_g 1
= sv[O] +

Fyand F arerepresented by the steady-state fluorescence intensities of fluorophore
in the absence and presence of PbS NPs, respectively. Ky is known as the Stern—
Volmer quenching constant and [Q] represents the concentration of PbS NPs. The
values of K gy for different shaped PbS NPs are summarized in Table-1. The decrease
of Kgy with increasing particle size signifies that the quenching mechanism of BSA is
a dynamic quenching process in presence of PbS NPs and the strength of interaction
increases with a decrease in particle size.

The plots of Fy/F versus [ Q(Cpps)] and In [@] versus In[ Q (CPbS] for different
shaped PbS NPs is shown in Fig. 6.8.

The binding constant K and the number of binding sites (n) between BSA and
different shaped PbS NPs are calculated using the following equation [16]:

Fo—F
ln|: } =1InK + nln[Q(CPbS)] 6.1)
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Fig. 6.8 Shows the plot of (A) Fo/F versus Q(Cpps), and (B) ln[F‘)F_F] versus In[Q(CPbS] for

different shaped PbS NPs

Table 6.1 Comparison of parameters derived from bioconjugate analysis of BSA with PbS NPs

Kapp KSV K n
Spherical PbS NPs 7.9 19.9 23.6 1.28
Cubical PbS NPs 7.5 17.3 13.4 0.85

The plot of / n[ F U;F ] versus [n[ Q (CPbS)] is a linear fit and the number of binding
sites (n) is calculated from the slope of this graph.

The intercept of the straight line on the Y-axis determines the value of In K.

The different characteristics values of bioconjugate analysis of BSA with different
shaped PbS NPs are summarized in Table 6.1 and compared.

In favor of positive cooperative reaction, n > 1, reveals that once one protein
molecule is bound to the NPs, its affinity for the NPs gradually increases in a super-
linear fashion. However, in the case of a negative cooperative reaction, n < 1, the
binding strength of the protein with the NPs becomes weaker as further proteins
adsorb also for a non-cooperative reaction, n = 1 [17-22]. In the case of cubic PbS
NPs, the negative cooperative reaction with BSA is found. However, for spherical
PbS NPs, a positive cooperative reaction with BSA is found. Therefore, the affinity of
BSA to the PbS NPs gradually increases in a superlinear fashion, which also supports
the observation obtained from HRTEM images.

The interaction PbS NPs with TRY is studied to investigate the probable binding
sites of BSA with PbS NPs. The value of n in case of interaction of PbS NPs with TRY
for spherical PbS NPs almost matched with the PbS NPs—BSA complex. Therefore,
TRY are the probable binding sites of BSA with PbS NPs as well as its affinity to
PbS NPs increases with the decrease of NP size.
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6.4 Conclusion

Simple chemically synthesized PbS NPs show the lowest energy excitonic band
edge transition and emission in the NIR region. This formation of “hard” and “soft”
corona is studied by the UV-VIS-NIR absorption along with TEM. The exponential
association mechanism is followed for “PbS NPs-BSA” corona formation and corona
formation starts immediately after incorporation of PbS NPs into BSA as well as the
unfolding of BSA continues for a very long time. The enlarged image of a hard
corona represents that the core PbS NPs are fully covered with BSA with a shell
thickness of 7.5 nm, matched with a dimension of BSA (~8 nm). A large number of
PbS NPs with a hard corona of BSA forms a ““ colony” with diameters in the range of
260 nm. The “soft corona” also grows on this colony. The fluorescence study reveals
that the quenching of fluorescence BSA in presence of PbS NPs follows the dynamic
quenching process and TRY is the major binding site. Nearest to spherical PbS NPs,
the positive cooperative reaction between PbS NPs and BSA is found and the affinity
of BSA to the PbS NPs gradually increases in a superlinear fashion.
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