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In this Article, we study the development of semiconductor nanocrystals (quantum dots of average diameter
less than 2 nm) directly conjugated to a transporter protein human serum albumin (HSA) as fluorescent
biological labels. Fster resonance energy transfer (FRET) from the amino acid tryptophan (Trp214) to quantum
dot in HSA is monitored to follow the local and global changes in the protein structure during thermal unfolding
and refolding processes. This study is likely to attract widespread attention as a powerful tool for the study
of protein folding.

Introduction synthesized by expanding supercritical solution into a liquid

In recent years, extensive experimental and theoretical efforts SOIvent>1® This procedure requires high temperature and high
are underway to integrate nanotechnology with biology and Pressure where the reteptlon of strgptural |ntegr|t.y of the .proteln
medicine for development in molecular diagnostics, therapeutics,’S N0t expected. Ambient condition synthesis of directly
molecular biology, and bioengineeritgd The efficacy of conjugated nanoparticle to protein has been attempted by the
nanoparticle for any application is strongly dependent upon their reduction of disulfide borfd with sodium borohydride (NaBk
physiochemical characteristics and their interactions with surface Because NaBhis a strong reducing ageftusage of this may
modifiers. A variety of different surface passivating agents such rupture any disulfide bond resulting in nonspecific binding of
as surfactants, amines, thiols, and phosphates have beeh usedanoparticle to the protein.
for the preparation of nanocrystals in the quantum size regime. In the present study, we have used a mild reducing agent
However, selection of suitable protecting agents for biological TCEP (tris (2-carboxyethyl)phosphine hydrochloride) to reduce
applications demands dimensional stability, good solubility, specifically3the solvent exposed disulfide bonds of a transporter
environment friendly nature, better sensitivity, minimum inva- protein human serum albumin (HSA) at pH 4.5. Semiconductor
siveness, good biocompatibility, and bioactive functionalities. nanocrystal CdS has been grown amid the reduced disulfide
Biosynthetic preparation technique involves incubation of |inkage of the protein. The whole reaction has been carried out
biomolecules (protein, DNA) with nanoparticle$in arecent  ,hqer an inert argon environment. Recently, such covalent
work, chemically modified protein has been used to coat th_e attachment of the nanocrystal to an enzymehymotrypsin,
surface of water-soluble quantum dots (QD), to re_store_thew has been reported from our grotfpModerate retardation of
fluorescence, and to provide functional groups for bioconjuga- . enzymatic activity and insignificant perturbation of structural

Sglr;n tYIztbteTilr? t%%henslq#; h?vse S;r:nesictjés-zd\eliir;r?gir?f%rnglglt%%ng? integrity of the enzyme upon attachment of the CdS nanocrystals
9 9 y P reveal the merit of the covalent synthesis to probe the

the biomolecules; (ii) the samples are generally stored at low functionality of a protein in a physiological environment. Here,

temperature to impart stability, but possibility of aggregation
increases at low temperature; and (iii) densely passivated surfacéhe c_ovalgntly bound Cqs quantum dot has been employed for
the first time as an optical Fster resonance energy transfer

does not allow any external species (e.g., drug molecule) to . . L .
interact with the p¥otected nalgopartic(le.gAn altgernative nc)m- (FRET) probe for the detection of protein-folding intermediates.
conventional route involves direct conjugation of nanoparticle N recent years, significant efforts have been made to explore
to biomolecules that provides an opportunity to study various Structural and dynamical evolution in the protein-folding
structural and functional aspects of the biomolecule using Pathway using FRET between organic dye molecules (see recent
nanoparticle as a probe/sensor. The covalent binding also'€Views>*9. One of the potential problems of using organic
eliminates the possibility of aggregation, the need of a linker fluorophores in the FRET experiments is that they finally fall
molecule that densely passivates the nanoparticle surface andictim to the unavoidable photobleachiffg\Moreover, conven-
hinders the particle to use as a biosensor. A few repdftare tional organic dyes having relatively faster excited-state lifetime
in the literature on the direct conjugation of nanoparticle to are inefficient to monitor slow protein-folding reactions. As
biomolecules. Recently, BSA-conjugated nanoparticle has beencompared to the conventional organic fluorophores/dyes, quan-
tum dots have several advantageous properties, for example,
:gomesggggif&gaggw;fb F;Ttir:%o?%i?gg gﬁgﬁci-?a“i skpal@bose.res.in. tynable emission, exceptional photostability, higher photolumi-

* Department of Chemistry, University of Durham. nescence lifetime, and higher quantum yi€ld FRET tech-
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0 10 20 30 Figure 2. (a) High-resolution transmission electron micrograph
Time (ns) (HRTEM) of CdS covalently bound to HSA. Inset shows selected area

electron diffraction pattern (SAED) of CdS attached to the globular

Figure 1. (a) MALDI-mass spectrum of HSA and CdS-labeled HSA. protein HSA. (b) Energy dispersive X-ray (EDAX) spectra of HSA-

(b) UV—Vis absorption and photoluminescence spectra of CdS in HSA-
CdS. (c) Picosecond-resolved photoluminescence transient of CdS in :

HSA (excitation wavelength 375 nm and detection wavelength 510 nm). reduction of disulfides was complete within 5 min. A degassed
aqueous C# solution (1 M) was then added to the above
solution (containing HSA and TCEP) and vigorously stirred for
30 min. This was followed by dropwise addition of aqueous
S~ solution (0.5 M) with vigorous stirring. The final concentra-
tion of Cc#* and S~ in the aqueous solution was maintained
Human serum albumin (HSA), anhydrous #8®H,0, Cd- to be 20 and 10 mM, respectively. The reaction was allowed to

(NO3)»+4H,0, and TCEP (tris (2-carboxyethyl)phosphine hy- proceed for 3 h, and the final solution was centrifuggd. The
drochloride)) were purchased from Sigma. The chemicals and resultant supernaotant was filtered and then dialyzed against water
the proteins were of highest commercially available purity and ©f PH = 4.5 at 4°C to remove any excess of salts and TCEP
were used as received. All sample solutions have been prepared€ft in the solution. The final dialyzed solution was collected
with deionized water (pH 4.5) and completely degassed by dry @nd stored at 4C prior to analysis. The donecceptor (B-
argon. The aqueous solution of HSA was exhaustively dialyzed A) distance () was measured by the following equatiéh:
against water of pH 4.5 at 4C to remove all additional salts 5 16
_ ’Roa - E)]
' E

unfolded states of HSA using this covalently attached new
biological nanoprobe.

Materials and Methods

from the protein. The disulfide bonds of HSA were reduced by
injecting TCEP solution into the dialyzed protein solution (200
uM) and vigorously stirring for 30 min. It is well know#that ) .
the reduction of solvent-exposed disulfides by TCEP proceeds Here;RoandE are the Fester distance and the donor efficiency

readily at low pH. The pH of HSA solution was maintained at ©f €nergy transfer, respectively. The details of experimental
4.5 because TCEP reduces disulfides rapidly and cleanly in t€Chniques used can be obtained from the Supporting Informa-
water at pH= 4.5 at room temperature. At these values of pH,

thiolate—disulfide interchange is effectively prevented because
only low levels of thiolate are present. It is therefore possible
to generate thiol from disulfide with kinetic selectivity under The covalent binding of CdS to HSA is confirmed by matrix-
conditions in which thiolatedisulfide interchange does not assisted laser desorption ionization (MALDI)-mass spectrometry
occur. At the TCEP concentration we have used (3 mM), the analysis (Figure 1a). A peak at 66 809.86 Da corresponding to

1)

Results and Discussion
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@ The location of tryptophan 214 (Trp) is indicated. The possible
sites for CdS attachment, sites A and B, essentially indicate the positions ,ll
of the Cys316-Cys361 and Cys3660Cys369 disulfide bonds, respec- 1 4= ' T : T T T T 1
tively. Nucleation of the nanocrystal is likely to occur in site A (see ] 2 4 6 8 10 12 14 16

text). The solvent-accessible surface area (SASA) of site A is also
shown. Balt-stick models are used to indicate other disulfide bonds
of the protein. The coordinates of HSA structure were downloaded from Figure 3. (a) Spectral overlap between the donor (tryptophan in HSA,

the Protein Data Bank (PDB code 1UOR) and processed with the Trp214) emission and acceptor (CdS tagged with HSA) excitation. (b)
WebLab Viewer Lite program. Picosecond-resolved fluorescence transients of Trp214 in HSA (excita-

. tion wavelength 299 nm and detection wavelength 360 nm) in the
the molecular mass of unlabelgd HSA shifts to 67 888.38 Da absence andgpresence of CdS quantum dots in agqueous soll)Jtion.
for the CdS-labeled HSA. The increase of the mass of HSA-

CdS nanocomposites of 1078.52 Da is equivalent to 7.5 CdSsize of 1.5+ 0.3 nm. The selected area electron diffraction
(formula weight 144) molecules (15 atoms) in the nanocrystal (SAED) pattern (inset of Figure 2a) suggests single crystalline
conjugated to HSA. Theoretical estimatféof the diameter of structure. The pattern shows diffraction spotsl ajpacings of
the CdS nanocrystals of 15 atoms reveals a valuelohm on 2.44,2.02, and 1.35 A, which are assignable to diffractions from
considering the crystal structure to be wurzite (see below). The (102), (110), and (203) planes of a hexagonal crystal structure
absorption spectrum of HSA-CdS exhibits a ban870 nm of CdS? respectively. Energy dispersive X-ray analysis (EDAX)
(Figure 1b), which indicates the presence of a quantized stateof HSA-CdS (Figure 2b) confirms the presence of Cd and S
of CdS nanoparticles. The blue-shifted absorption band with with an atomic ratio of 2:1. The observation of relatively higher
respect to the bulk CdS~615 nm) is indicative of quantum  diameter of the CdS particles as revealed from absorption, TEM,
confinement effect in the nanoparticles. The particle diameter and EDAX studies as compared to that of the estimated value
and band gap are estimated to be 1.26 nm and 3.38 eV,from mass spectroscopy may suggest that exce$siGds are
respectivel\?223The observed photoluminescence band (Figure noncovalently attached to the surface of the CdS nanocrystal.
1b) centered at 528 nm is attributed to the recombination of The stereoview of HSA is shown in Scheme 1. HSA, the
charge carriers within surface states, which is also observed inmost abundant protein of blood plasma, is formed from a single
the picosecond-resolved fluorescence transients (Figure 1c). Thepolypeptide chain of 585 residues, and the whole structure is
quantum vyield of HSA-CdS at 23C is 0.49. When the divided into three similar globular domains—(lll), each of
temperature increases to 76, the quantum yield changes to  which contains two (A, B) subdomaifd&The single tryptophan
0.37. The time-resolved transient (laser excitat®r375 nm, Trp214 of HSA resides in domain IIA. One of the 17 disulfide
detection at 510 nm) is multiexponential in nature with four bonds of HSA is supposed to react with the reducing agent
decay time components with various pre-exponential values of TCEP to host CdS, as the molar ratio of protein:CdS is estimated
56 ps (73%), 420 ps (19%), 3.61 ns (6%), and 30.77 ns (2%).to be 1:1 from UV-Vis absorption studies. To locate the
The faster lifetime is due to nonradiative carrier relaxation from disulfide bond/bonds responsible to host CdS nanocrystal,
intrinsic to underlying trap stat@$:26 The relatively slower time Trp214 to CdS nanocrystal resonance energy transfer is
constants ¥ 100 ps) may have some relevance to the phonon examined. The huge spectral overlap of Trp214 emission with
bottleneck effect® On the other hand, the slowest component the absorption of CdS nanocrystal is expected to reveal inter-
associated with band edge emisgfaexceeds the time window  probe distance, when they are in a close proximity. Figure 3a
of our experimental setup. shows the spectral overlap between the tryptophan emission
A high-resolution transmission electron microscopy (HR- (donor D, emission maximum at 332 nm) and CdS excitation
TEM) image of HSA-CdS is presented in Figure 2a. A statistical (acceptor A, excitation maximum at 370 nm) spectra in HSA
analysis 0f~200 particles (by hand) yields an average particle at room temperature. The quenching of donor emission is

Time (ns)
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1.0e+6 @ After characterizing the attachment of CdS to HSA using
CD Spectra of HSA-CdS FRET technique, which essentially probes the inter subdomain
5.0e+5 at various temperatures distance between IIA (Trp214 position) and IIB (CdS position),

we have used the distance as a marker of various temperature-

s
5
g 0.0 induced folded states of the protein. Temperature-induced
> unfolded states of the protein avoid complications due to
T -50e+5 chemical denaturation. As evidenced from Table 1 with the
;‘3 increase in temperature from 25 to 60 and finally to°T5 the
8 -1.0e+6 1 average D-A distance changes, which is the signature of
w swelling of the protein. Refolding of the protein upon subsequent
5 15646 cooling to 25°C that resulted in the recovery of-PA distances
= - : - - does not follow a similar trend. These observations are consistent
200 210 220 230 240 250 with one of our dynamic light scattering (DLS) studies on the
Wavelength (nm) protein HSA?® The unfolding of a protein is marked by the
80 alteration of secondary structure of the protein. The conforma-
HSA-CdS at Various Temperatures (b) tional transition of HSA® and HSA-CdS with temperature
Z 70 follows a similar pathway. Circular dichroism (CD) spectro-
3; scopic measurements show the change in the mean residue
E ellipticity of the HSA-CdS at temperatures of 25, 60, and
L 60 1 75 °C, respectively (Figure 4a). The percentagendielix in
E the CdS tagged HSA, indicated by the negative peaks at 208
2 50 and 220 nm, decreases from 76.4% in the native state &€25
E —e— Reverse direction to 66.9% at 60°C and 58.8% at 78C (Figure 4b). The helix
S 40 —e— Forward direction content changes from 69.7% at 26 to 58.4% at 60°C to
e 45.9% at 75°C for unlabeled HSA at pH 4.5 (Supporting
20 Information Figure S1). This shows that the protein loses a

0 30 40 5 80 70 80 considerable fraction of the secondary structure in thermal
denaturation. The decrease in the percentageladlix of HSA-
CdS is shown as a function of temperature in Figure 4b, which
is consistent with an earlier repétThe plots reveal that the
increase in percentage helicity upon thermal cooling from
75 °C to 25 °C is not fully reversible. The existence of
intermediate states in the thermal unfolding pathway also
becomes evident from the changes in secondary structure.

Temperature (°C)

Figure 4. (a) Circular dichroism (CD) spectra of HSA-CdS in water
(pH 4.5) at three temperatures. (b) Percentage-bklix content in
CdS tagged HSA as a function of temperature.

evident from the faster lifetime (excitation souree299 nm)
associated with the doneacceptor pair (HSA labeled with CdS
nanocrystal) as compared to that in the donor alone (unlabeled .
HSA) (Figure 3b and Table 1). The-PA distancest) obtained One of the early studiéson the cova]ently labeled acrylodan
from FRET experiments with varying temperature are sum- {© HSA reveals that thermal unfolding of the protein HSA
marized in Table 1. The average—-B distance at room follows at least three distinct steps: nativextendee
temperature is found to be 26.1 A. The measured distanceintermediate-unfolded state. The study shows that, by increas-
indicates that the possible locations of CdS are close to eithering the temperature to less than 50, reversible separation of
Cys316-Cys361 (distance from Trp214 27.4 A) or Cys366- domain | and Il results. At temperature above®@) irreversible
Cys369 (distance from Trp214 27.5 A), which are in unfolding/melting of domain Il happens, whereas domain |
subdomain 11B and significantly exposed to the solvent environ- remains intact. In the present study, emission of Trp214 is used
ment28 as indicated by sites A and B of Scheme 1. We have to examine domain IIA. The observed results are consistent with
further estimated the solvent-accessible surface area (SASA)the above temperature-dependent protein-folding stddi@sr

of the two sites of HSA using the WebLab viewer Lite program, study of thermal unfolding of HSA using CdS nanocrystal is
which was found to have values of 184.6 and 1792 A also in agreement with the circular dichroism study of HSA
respectively. Higher value of SASA of the site A as compared and the study by Wetzel et #lthat revealsx-helical content

to that of the site B makes the former site more favorable for of HSA upon thermal unfolding to 7%C following cooling to
CdS attachment. 25 °C is unable to refold into the native form.

TABLE 1: Helix Content, Picosecond-Resolved Transients, and Energy-Transfer Parameters of HSA before and after Labeling
with CdS Nanocrystak

o-helix

systems temperature content (%) 71in ns (%) 72 in ns (%) 73in ns (%) Qo Ro (A) r (A)

HSA 25°C 69.7 0.23(18.1) 1.65(23.6) 5.99(58.3)
60°C 58.4 0.15(29.4) 1.46(31.3) 4.56(39.3)
75°C 45.9 0.11(40.8) 1.15(32.6) 3.82(26.6)
60°C (reverse) 49.4 0.09(45.5) 1.08(30.3) 3.69(24.2)
25°C (reverse) 60.5 0.13(36.7) 1.23(30.0) 4.63(33.3)

HSA-CdS 25°C 76.4 0.08(73.8) 1.45(16.6) 5.99(9.6) 0.097 32.1 26.1
60°C 66.9 0.08(72.4) 1.12(20.6) 4.56(7.0) 0.092 32.9 27.7
75°C 58.8 0.07(69.8) 0.92(24.0) 3.82(6.2) 0.087 31.6 28.6
60°C (reverse) 55.2 0.06(72.9) 0.89(20.0) 3.69(7.1) 0.091 33.0 30.4
25°C (reverse) 60.4 0.05(75.9) 1.02(15.3) 4.63(8.8) 0.091 33.0 28.8

aHere, Qp, Ry, andr denote quantum yield of the donor in the absence of the acceptateFdistance, and BA distance, respectively.
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Conclusions (7) Mirkin, C. A.; Letsinger, R. L.; Mucic, R. C.; Storhoff, J. Nature
) ) _ _ 1996 382 607—609.

In conclusion, we have synthesized luminescent semiconduc-  (8) Gao, X.; Chan, W. C. W.; Nie, S. Biomed. Opt2002, 7, 532—
tor nanocrystals covalently attached to a transporter protein 537. o
HSA, and the fluorescent dots are found to be an efficient probe, P(9|)_a"r<'gerﬂ3i’:'éo'\(")532-ilP;ggg'fvzgi?lHafoﬁ' B. A.. Hurezeanu, R.; Sun,
to monltor_the mtermedlat_es of protein fol_dlng. It has to be noted (10) Meziani, M. J.: Sun, Y.-PJ. Am. Chem. So@003 125 8015-
that the size of the QD in our studiesisl nm (15 atoms), 8018.
which is similar to that of the conventional organic dyes. The  (11) Burt, J. L.; Gutierrez-Wing, C.; Miki-Yoshida, M.; Jose-Yacaman,
interference of the larger sized QD motion with protein folding M. Langmuir2004 20, 11778-11783.
is thus avoided. The FRET technique used in the present study (12) Haugland, R. PHandbook of Fluorescent Probes and Research

mol ne of the intrinsic fluor nt amin ids Trp214 of Chemicals 7th ed.; Molecular Probes: Eugene, OR, 1996.
employs one ot the . sic UQ e??e amino acias 1rp ,0 (13) Burns, A. J.; Butler, J. C.; Moran, J.; Whitesides, G. MOrg.
HSA as a donor, which has significant spectral overlap with chem.1991 56, 2648-2650.
that of the acceptor, CdS nanocrystal, at the Cys31¥s361 (14) Narayanan, S. S.; Sarkar, R.; Pal, S.JKPhys. Chem. Q007,
site. However, the methodology can be used for other extrinsic 111 11539-11543. _ S
fluorophores including luminescent QDs of variable sizes as 83 "L@errv] M.; NG"' EM We'ss'ISg_mte'_”2(;5(‘)36'3-260%%7155230_646-
: . : . lenhaus, G. acromol. BIoscCl. : — .
energy don.ors' The study is eXpec.ted to op(_en '?e"" insight into (17) Michalet, X.; Pinaud, F. F.; Bentolila, L. A.; Tsay, J. M.; Doose,
material science resear_ch to the d|_rect appllcatlon of quantums '\ 3. 3.; Sundaresan, G.; Wu, A. M.; Gambhir, S. S.; WeisSc&nce
dots to the field of medicinal chemistry and biology. 2005 307, 538-544.
(18) Lakowicz, J. R.; Gryczynski, I.; Gryczynski, Z.; Nowaczyk, K.;
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Steady State Measurements (S1): Temperature dependent steady-state absorption and
emission are measured with Shimadzu Model UV-2450 spectrophotometer and Jobin
Yvon Fluoromax-3 fluorimeter respectively with a temperature controller attachment
from Julabo (Model: F32). A JEOL JEM-2100 high-resolution transmission electron
microscope (HRTEM) equipped with an energy dispersive X-ray (EDAX) spectrometer
is used to characterize the microscopic structures of samples and to analyze their
elemental composition. The size of the nanoparticles is determined from the TEM images
obtained at 200 kV. Sample for TEM is prepared by placing a drop of the HSA-CdS
solution on a carbon-coated copper grid and then allowing it to evaporate overnight at
room temperature. Matrix-assisted laser desorption ionization (MALDI) mass spectra are
obtained using an Applied Biosystem Voyager-DE PRO mass spectrometer. The circular
dichroism (CD) measurements are done in a JASCO 815 spectropolarimeter with a
temperature controller attachment (Peltier). For CD experiments, the protein
concentration and cell path-length are maintained at 1.0 uM and 1 cm respectively. The
secondary structural data of the CD spectra are analyzed using CDNN software. CD
spectrum of HSA without CdS is attached (figure S1) to show any alteration of the
protein secondary structure due to conjugation of the CdS nanocrystal.

Time resolved measurements (S2): All fluorescence transients are measured and have
been fitted by using commercially available picosecond diode laser-pumped (LifeSpec-ps)
time-resolved fluorescence spectrophotometer from Edinburgh Instruments, U.K. with a
temperature controller attachment for temperature dependent studies. The picosecond
excitation pulse from the picoquant diode laser was used at 375 nm (instrument response

function, IRF of 80 ps) in order to excite CdS QD. For the excitation of tryptophan in



HSA (Trp214) we have used excitation wavelength 299 nm. The excitation source
(299nm) consisted of a mode-locked cavity dumped (APE™ Pulse switch) Ti:Saphire
laser (MIRA™, Coherent). Near infrared optical pulses with a temporal width of ~200 fs
(FWHM) was used to generate the 3rd harmonic generation UV pulses at wavelength of
~299 nm with an Inrad™ (Model 5-050) harmonic generator. The fluorescence was
detected using a photomultiplier tube (id Qunatic™ Model id 100-50) linked to a time-
to-amplitude converter (Ortec™ 567) and multichannel analyzer (E.G. & G™. Trump
Card and Maestro for Windows v. 5.10). The IRF of the apparatus was measured from
the Rayleigh scattered light, giving an IRF with a duration of 60 ps FWHM. All
fluorescence decays were recorded to a minimum of 5,000 counts in the peak channel of

the pulse height analyzer. The observed fluorescence transients are fitted by using a

nonlinear least square fitting procedure to a function (X(t)= J' E(t)R(t —t")dt")
0

comprising of convolution of the IRF (E(t)) with a sum of exponentials

N
(R(1) =A+ZBie"“i) with pre-exponential factors (B;), characteristic lifetimes (t;) and a
i=1

background (A). Relative concentration in a multi-exponential decay is finally expressed

n

as; ¢, = ———X100. The quality of the curve fitting is evaluated by reduced chi-square

)
i=1
and residual data.
Donor-Acceptor distance Measurement from FRET (S3): In order to estimate the

Forster resonance energy transfer efficiency (FRET) of the donor (amino acid tryptophan

of HSA) to the acceptor (CdS nanocrystal in HSA) and hence to determine distances of



donor—acceptor pairs, we have followed the methodology described in chapter 13 of
reference ' and reference *. The Forster distance (Ro) is given by,
Ro=0211[K*n* QpJ W1 (inA)....oooeii, (1)

where 1 is a factor describing the relative orientation in space of the transition dipoles of
the donor and acceptor. For donor and acceptors that randomize by rotational diffusion
prior to energy transfer, the magnitude of k” is assumed to be 2/3. In the present study the
same assumption has been made. The refractive index (n) of the medium is assumed to be
1.4. Qp is the the quantum yield of the donor in the absence of acceptor. J (L), the overlap
integral, which expresses the degree of spectral overlap between the donor emission and

the acceptor absorption, is given by,

TFD (e dA
J(M)= 2 (2)

TFD (A)dA
0

where Fp(A) is the fluorescence intensity of the donor in the wavelength range of A to

A+d\ and is dimensionless. €(A) is the extinction coefficient (in M cm™) of the acceptor

1.4 .
nm". Once the value of R, is known,

at . If A is in nm, then J(X) is in units of M"' cm®
the donor—acceptor distance (r) can easily be calculated using the formula,
1° = [R,"(1-E)/E. 3)
Here E is the efficiency of energy transfer. The transfer efficiency (E) is measured using
the relative lifetime of the donor in the absence (tp) and presence (1pa) of the acceptor.
E = 1-(tpa/tp). “4)

In order to obtain lifetime of the donor tryptophan (Trp214) in absence of acceptor, we

have measured tryptophan excited state lifetime of HSA (without CdS labeling). In the



HSA-CdS complexes the time constants remain nearly similar to those of the protein
without nanocrystals and have been made fixed during numerical fitting to avoid
complicacy in the FRET analysis. The goodness of the fitting ()°) has also been checked

for both the fixed and free fitting cases and it lies in the range of 0.93-1.08. The average

time constants (Zcirij of Trp214 in the absence and presence of acceptor CdS
nanocrystal are regarded as tp and tpa.
Estimation of nanocrystal size (S4):

The effective diameter, d, of the nanocrystal is calculated assuming that the particles are

spherical in shape using the formula 3

d:(SNa cj 5)

2
where a and c are the bulk lattice parameters and N is the number of atoms in the

nanocrystal. Selected area electron diffraction (SAED) measurement of HSA-CdS
nanocrystal reveals the structure is hexagonal (wurtzite) and as CdS binds covalently to
the protein, number of CdS atoms per nanocrystal is 15 and the diameter is calculated to

be 9.32 A considering a=4.12 A, ¢=6.65 A.
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