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When plasmonic nanoparticles (PNPs) enter a biofluid, the adsorbed biomolecules on the surface form 

a protein corona, which has direct consequences in biomedical applications. The binding in passive adsorp-
tion is nonspecific and is governed by ionic, van der Waals, and hydrophobic forces. We describe the results 
of deep LED (275-nm) interaction with bovine serum albumin (BSA) containing gold nanourchin (GNU) us-
ing dynamic beam view profiling and fluorescence spectroscopy. 800-nm diode laser-induced thermal effects 
on the bioplasmonic solution were investigated using probe beam monitoring and an IR camera. The results 
indicated a consistent nonlinear and oscillatory behavior of the GNU-BSA complex due to the adsorption 
and desorption process of protein. Tyrosine (Tyr) fluorescence enhancement and quenching were observed, 
which can provide some information about the binding kinetics and protein conformational changes. After 
10 min of laser heating, the Tyr fluorescence completely vanished and the He-Ne probe beam was broad-
ened by about 4 nm owing to molecular collisions and protein denaturation. The temperature variation due 
to protein unfolding and denaturation exhibited a similar nonlinear pattern at different GNU volumes. How-
ever, the temperature was lower at higher GNU concentrations, indicating a higher rate of protein adsorp-
tion, which effectively mitigated the localized surface plasmon resonance heating. 

Keywords: protein corona, gold nanourchin, bovine serum albumin, fluorescence spectroscopy, optical 
imaging, thermal effects. 
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Исследовано взаимодействие светодиодного глубинного УФ-излучения (275 нм) с бычьим сыво-

роточным альбумином (БСА), содержащим наночастицы золота (НЧЗ), с использованием динами-
ческого профилирования луча и флуоресцентной спектроскопии. Тепловое воздействие излучения ди-
одного лазера с  = 800 нм на биоплазмонный раствор исследовано с помощью мониторинга зонди-
рующего луча и ИК-камеры. Результаты показали последовательное нелинейное и колебательное 
поведение комплекса НЧЗ-БСА из-за процесса адсорбции и десорбции белка. Наблюдаемые усиление и 
тушение флуоресценции тирозина (Tyr) могут дать информацию о кинетике связывания и конфор-
мационных изменениях белка. После лазерного нагрева в течение 10 мин флуоресценция Tyr полно-
стью исчезает и зондирующий пучок He–Ne расширяется на 4 нм из-за столкновений молекул и де-
натурации белка. Изменение температуры вследствие разворачивания и денатурации белка демон-
стрирует аналогичную нелинейную картину при разных объемах НЧЗ. Однако температура ниже 
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при более высоких концентрациях НЧЗ, что указывает на более высокую скорость адсорбции белка, 
способствующую уменьшению локализованного поверхностного плазмонного резонанса посредством 
нагревания. 

Ключевые слова: корона белка, наночастица золота, бычий сывороточный альбумин, флуорес-
центная спектроскопия, оптическая визуализация, тепловой эффект. 

 
Introduction. During the last decade, nanotechnology has played a significant role in technological ad-

vancement and various applications in nanomedicine and biomedical engineering, including biology [1],  
diagnosis [2], imaging [3–5], photothermal therapy [6, 7], and pharmaceutical and drug delivery [8–10].  
In a number of papers, features of nanostructures (NS; their optical properties and surface chemistry, limita-
tions, and advantages) are investigated. It was found that certain critical criteria exist that ought to be con-
sidered before their use, namely, biocompatibility, noncytotoxicity, biodegradability, immunogenicity, sur-
face properties, drug loading capacities and release, drug stability, and storage of NS [11, 12]. Among the 
variety of NS, plasmonic nanoparticles such as gold nanoparticles (GNPs) meet the above requirements and 
exhibit unique physical properties compared with bulk counterparts, owing to their large surface area and 
high surface free energy. The main advantages of their optical properties include surface-enhanced scattering, 
nonlinear optical properties, tunable resonance in visible near-infrared (Vis-NIR) spectroscopy, and time-
dependent properties because of the adjustable nanoparticle size and shape [13–15]. It is known that during 
the interaction of the electromagnetic wave with GNPs, the conduction band electrons are excited, causing 
a coherent oscillation that exhibits strong optical absorption and scattering because of localized surface 
plasmon resonance (LSPR) [16]. Owing to plasmon oscillation, an induced dipole enhances the local electric 
field at the surface of the GNPs. Thus, strong light absorption and scattering occur at the SPR frequency, 
which is temperature dependent [15, 17]. However, in the case of the biomedical applications of NS, as soon 
as they enter a biological environment such as our body, their identity significantly changes owing to the 
formation of a biomolecular layer such as protein known as corona. Figure 1 is a schematic representation 
of corona formation on gold nanourchin (GNU). 

 

 

Fig. 1. Schematic representation of protein corona around gold nanourchin. 
 
This affects the size, charge, or aggregation of the nanocarriers, hence the fate of payload, which in turn 

determines the efficacy of drug delivery, cellular uptake, toxicity, and in vivo distribution. It is suggested 
that if proteins are smaller than the NS, they may be stretched to cover the surface, and if they are larger, 
then the NS may decrease the mutual interaction causing fewer structural changes [18]. Moreover, the pro-
tein adsorption is strongly dependent on the shape of the nanoparticles [19]. The corona is characterized by 
the density, thickness, composition, and relative abundance of each protein. In this research, bovine serum 
albumin (BSA) is used as the protein, which is the most abundant plasma protein. It consists of a single 
chain of 583 amino acid residues. It is a negatively charged, nonglycosylated globular protein with a single 
polypeptide chain containing three -helical domains with a diameter of ~10 nm. Another interesting type of 
nanostructure is GNU, with a spiky uneven surface, which causes a redshift in the surface plasmon peak. 
This nanostructure possesses a larger surface, an enhancement of the electromagnetic field at the sharp tips, 
and thus higher heat generation compared with spherical GNPs [20]. Spectroscopic techniques such as ab-
sorption and fluorescence can monitor the changes in optical signals and the surface density of BSA on GNP 
and in addition study multiple adsorbate molecules. The goals of this research are to (a) investigate the time-
resolved corona conformational changes on GNU in PBS using a wavefront sensor, UV-Vis, and fluores-

BSA

GNU
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cence spectroscopy; (b) study dynamic laser-induced heating effects on the fluorescence emission and the 
GNU-BSA complex using an 800-nm diode laser at various powers. 

Materials. 20 mL of citrated GNUs with a 100-nm diameter dispersed in 0.1 mM phosphate-buffered 
saline were purchased from Cytodiagnostics (GU-100-20; Burlington, ON, Canada). The corresponding par-
ticle and weight concentrations are 3.84×109 NP/mL, and 3.89×10−2 mg/mL, respectively. Phosphate buffer 
saline (PBS, pH 7.4, Gibco) and bovine serum albumin (BSA, A2153-10G, Sigma-Aldrich) with an isoelec-
tric point between 4.5 and 4.9 were used as the matrix solution and the protein source. For UV-Vis spectros-
copy, a concentration of 4 g/L (i.e., 1.5 mL PBS and 6 mg BSA) was prepared, and for fluorescence spec-
troscopy three concentrations were prepared: two samples with a concentration of 4 g/L (with and without 
0.1 mL of GNU), and the third sample with a concentration of 4.7 g/L with 0.1 mL of GNU.  

Experimental. The absorbance of PBS+BSA and PBS+BSA+GNU was measured by a UV-Vis spec-
trometer (Jenway 205-Cole-Parmer, Montreal, QC, Canada) within the 198–1000 nm spectral range. 
A quartz cuvette 1 cm in width (Cole-Parmer, Montreal, QC, Canada) containing the medium was irradiated 
by a deep UV 275-nm LED (CUD7GF1BCT-ND; Digi-Key, Thief River Fall, MN, USA). A CMOS-based 
Shack-Hartmann wavefront sensor (WFS; 150-50C; Thorlabs, Newton, NJ, USA) with 300–1100 nm spec-
tral sensitivity was used to investigate the corona changes as a function of intensity distribution in the optical 
beam. The WFS was placed behind the cuvette directly facing the LED so that the micro-lens array of the 
sensor produces a matrix of focal spots on the camera. The unwanted back reflections into the source were 
reduced by slightly tilting the WFS. The off-center beam was measured after the full beam had been con-
tained within the active sensor area. This was checked by verifying that the power density distribution was 
displayed in the beam view panel. The image acquisition was controlled by the WFS software, which also 
analyzed the centroid locations of the focal spots. The beam views were then saved and analyzed by the 
computer. The induced fluorescence was guided by a 400-μm optical fiber to the UV-Vis spectrometer 
(FLAME-T-XR1-ES, Ocean Optics) equipped with a 2048-pixel linear silicon CCD array (14×200 μm) with 
a detector range of 200–1050 nm and an optical resolution of 1.5 nm full width half maximum (FWHM). 
The output of the spectrometer was analyzed by a laptop computer. A four-channel fiber-coupled laser 
(MCLs1; Thorlabs, Newton, NJ, USA) with a stable, low-noise, and 20 mW output operated at 808 nm as 
the pump beam. For delivery of this beam, a silica fused optical cable with a 0.39 numerical aperture 
(Thorlabs, Newton, NJ, USA) and a 400-μm core diameter was used. This beam was applied to study the 
thermal effects on the fluorescence of PBS+BSA, studying the probe beam (a 632-nm He-Ne,  
5-mW laser [R-36602; Newport, Irvine, CA, USA]), passing through the sample containing 0.1 mL GNU  
(the output was detected by a UV-Vis spectrometer [Flame-T-XRI-ES; Ocean Optics, Orlando, FL, USA]), 
and measuring the temperature changes in the solution with 0.1 and 0.3 mL of GNU. The temperature was 
measured by a thermal camera (Fluke-PTi-120).  

Results and discussion. The behavior of BSA in an aqueous medium is dependent on various interac-
tions, including electrostatic, hydrogen bonding hydrophobic, and van der Waals. The response of free thiol 
to the outer surface of globular BSA with the GNU surface can weaken or change the secondary or tertiary 
structure of the BSA molecules, which can lead to their unfolding from the globular structure [21]. The 
BSA-GNU conjugates are obtained by passive adsorption where they have stabilized through electrostatic 
interaction between negatively charged GNU and the positively charged positions of amino acids in the pro-
tein such as lysine and histidine (i.e., dipole–dipole attraction) and the hydrophobic interaction between pro-
tein and the gold surface. It is thought that once the proteins are adsorbed on the surface of NS, it is possible 
to undergo a conformational change to a more energetically favorable position to enhance its interaction with 
the surface. Figure 2a shows an absorption peak of BSA in PBS at 275 nm, which corresponds to Tyr. Figure 2b 
is the magnified section indicating the two broad bands between 520 and 600 nm with a maximum around 
580 nm and the other between 700 and 800 nm respectively. In the former case, the small peak at about 
525 nm can correspond to sodium chloride in PBS or other amino acids such as arginine and histidine around 
520 nm, which overlap considerably. Moreover, within this range, valine and cystine have close absorbance 
at 550 nm, and isoleucine has an absorptive peak at 580 nm. The second band originates from the PBS com-
position, possibly corresponding to disodium phosphate. Figure 2c represents the absorbance for combined 
BSA and 0.1/0.3 mL GNU. As is seen, the absorptive intensity is reduced compared with BSA only because 
of the adsorption at the surface of GNU. Hence, the transmission increases because of less free available 
BSA in the solution. By the same argument, the intensity is decreased at a higher GNU concentration. It is 
noteworthy that at 0.1 mL, the two peaks observed in Fig. 2d are identical to those in Fig. 2b. However, at 
0.3 mL a peak at about 680 nm also appears. It corresponds to the SPR of GNU. 
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Fig. 2. (a)  UV-Vis  absorbance  of  BSA  in  PBS  with  a sharp peak  at  275 nm  corresponding  to Tyr,  
(b) magnified of (a) with two peaks between  520–600 and 700–800 nm, (c) the absorbance of combined 
BSA and GNU using 0.1 and 0.3 mL, and (d) magnified of (c) with an extra peak corresponding to GNU. 

 
The spatial intensity distribution of a 275-nm LED probe beam due to changes of the corona is repre-

sented in Fig. 3. Here, the sample is irradiated during the 600 s. The beam view panel provides an overview 
of the intensity distribution within the active camera sensor area. Different colors in the spectrum represent 
the intensity distribution in the beam caused by the interaction region observed by the WFS. For example, 
green shows the medium distortion, and the red and white represent the highest distorted parts. The probe 
beam intensity (the size of the red central beam) exhibits an oscillatory nonlinear behavior of the corona that 
corresponds to adsorption (decreasing) and desorption (increasing). Indeed, desorption due to dipole-dipole 
repulsive forces indicates the conformational changes and the change in positions (orientation of dipoles 
within the protein molecules). Therefore, the corona is not a fixed layer but is constantly changing and its 
composition is determined by the kinetics rate of desorption and the desorption of proteins. 

 
Fig. 3. The beam profile of the sensor showing the time-resolved spatial intensity distribution  

of LED inside the solution demonstrating the oscillatory behavior of BSA. 

I, a. u.                                        a                                                                     b 

y, mm
1.57

–1.57

CMOS only    Cuvette  PBS+BSA 

                                                     c                                                                    d 

200           400             600           800         200             400           600            800   , nm 

2.0

1.0

0

1.2

0.8

0.4

0

0.10

0.08

0.06

0.04

0.02

0
0.10

0.08

0.06

0.04

0.02

0

–1.57      1.57  x, mm 
         PBS+BSA+GNU (0.1)

   t = 0            2               4              6               8              10 

      120          180          240           245           250          255 

     260          265          270           275          280           285 

     300          360          420           480           540           600 

0.1 mL 
 
0.3 mL 



KHOSROSHAHI M. E., WOLL-MORISON V. 
 

214 

The changes in the corresponding peak-to-valley (PV) amplitude represented in Fig. 4a are caused by 
wave front distortion because of aberration fluctuation owing to the changes in the corona thickness. There 
are three distinct zones denoted I, II, and III representing the corresponding changes between 0 and 250, 250, 
and 300, and 300 and 600 s, respectively. Figure 4b shows the enlarged version of zone I with a sharp de-
crease, i.e., a deep valley between 4 and 8 s. The enlarged form of this section is seen in Fig. 4c as zone II. It 
is interesting to note the sharp rise between 255 and 260 s in Fig. 4d, beyond which it remains almost con-
stant for 15 s, followed by a dip for 5 s, and then it rises again.  

 

 
Fig. 4. Variation  of the corresponding  peak-to-valley  amplitudes  of  the beam profiles in Fig. 4,  
(b) the enlarged version  of  zone  I  with  a  sharp  decrease  i.e.,  a  deep  valley  between  4–8  s,  
(c) the enlarged form of (b) seen as zone II, and (d) a sharp rise between 255–260 s beyond which  

it relatively remains constant for 15 s and followed by a dip for 5 s then it rises again. 
 

The fluorescence of a folded protein is due to a mixture of individual aromatic residues. The intrinsic 
fluorophores of BSA mainly include tyrosine (Tyr), tryptophan (Trp), phenylalanine (Phe), and disulfide 
bonds that can be excited to an upper electronic state, during which they undergo a conformational change. 
Within nanoseconds, they return to the ground state via vibrational relaxation emitting a characteristic wave-
length, which can be used as a diagnostic of the conformational state of a protein. Figure 5a, calculated  
for 4 g/L of BSA without GNU and the excitation wavelength at 275 nm, demonstrates two emission peaks 
(one of them at 300 nm corresponds to Tyr and another weaker one at 380 nm likely indicates the presence 
of Trp or L-alanine acid). Figure 5b is the time-resolved spectra for the sample with 0.1 mL of GNU studied 
for 13 min. Here, the initial peak gradually increases from blue (1) to green (2), and red (3). The increase in 
fluorescence emission represents the protein unfolding, particularly Tyr, which can be exploited for probing 
structural rearrangements of proteins in addition to the extensively used Trp emission. However, when the 
experiment was repeated with 4.7 g/L (i.e., an extra 1 mg of BSA), in Fig. 5c, we observed that the main 
peak corresponding to Tyr at about 300 nm quenched step-wise from purple (1) to light blue (5) with a rela-
tively larger decrease from (4) to (5). At this stage, the peak increased from (5) to red (6) and then decreased 
again to yellow (7). Clearly, such an oscillatory response demonstrates the folding and unfolding of the mo-
lecular structure due to quenching and enhancement. Other varying influencing factors include quantum 
yield, corona thickness due to adsorption and desorption, turbidity, and optical path length. The fluorescence 
of amino acids is strongly dependent on the polarity of its local environment. In fact, the fluorescence of 
a folded protein is a mixture of the fluorescence from individual aromatic residues. Most of the intrinsic flu-
orescence emissions of a folded protein are due to the excitation of Tyr, Trp, and, to a lesser extent, Phe.  
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Fig. 5.  (a)  The  fluorescence  of  BSA  without  GNU  with  the  excitation  wavelength  at  275  nm  and  
two  emission  peaks  at 300  and  380  nm  likely  corresponding  to  Try  or  L-Alani  acid, respectively,  
(b)  the time-resolved  spectra  for the sample using  4 g/L  with 0.1 mL  of GNU studied for 13 min with  
enlarged section seen as inset. Note the increasing trend of peaks, (c) using 4.7 g/L, the intensity of peaks 

first decreased from (1) to (5), then increased from (5) to (6) and finally decreased from (6) to (7). 
 

It is noteworthy that plasmon-enhanced fluorescence, which originates from the local field enhancement 
of the incident light, can also play a role in fluorescence enhancement. Upon interaction of light with plas-
monic nanoparticles, local surface plasmon oscillations are formed, which are collective oscillations of con-
duction band electrons that produce an intense electromagnetic local field in the vicinity of nanoparticles 
with exponential spatial variation, known as near-field nE  [22]: 
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whereEo andEl  are the amplitudes of the incident and local enhanced fields in the position of the molecule,  
x is the nanoparticle-emitter distance, and ep is the emitter’s orientation. The coupling ofEn enhances the in-
cident field and consequently improves the absorption and the quantum yield of the fluorophore. Thus, the 
enhanced emission of the excited molecule is proportional to (|E 2P0)Qcl, where Q is the number of pho-
tons emitted/number of photons absorbed is the quantum yield,  is the molar absorption coefficient 
(M−1  cm−1), c is the molar concentration of the analyte (g/L), l is the optical path length, and P0 is the initial 
excitation power. Despite the dynamic state between GNU and the molecules, if the molecules become very 
close (<10 nm) or directly attached to the surface of GNU, then quenching occurs [23]. This is thought to 
represent the changes that occur in the structure of BSA, such as unfolding, during the interaction with GNU 
[24–26]. In addition, the decrease in fluorescence intensity (Fig. 5c) is related to the hydrodynamic diameter 
of GNU. Therefore, measurements of fluorescence quenching can provide some information about the pro-
tein-particle binding kinetics, protein conformational changes, and absorbance, as well as the relative acces-
sibility of GNU to protein chromophore groups [27, 28]. 

The NIR laser-induced heating effect on the fluorescence is shown in Fig. 6, where shows the initial 
state of PBS+BSA with peaks at 300 and 380 nm, and then a gradual decrease until they completely disap-
pear after 3 min of exposure. It is suggested that dynamic temperature quenching is accompanied by an en-
ergy transfer from Tyr to Trp, which is related to the mobility changes of groups within the protein molecule 
structure [29, 30] and to thermal unfolding transitions of proteins [29]. 

Figure 7a shows no probe beam broadening in the PBS+BSA solution for 1 h of irradiation. But when  
0.1 mL of GNU was added, the width began to change and was broadened by 2 nm at FWHM after 10 min  
(Fig. 7b). The beam was further broadened by 4 nm after 40 min of heating, as shown in Fig. 7c. Two major 
factors can  explain  this  effect:  thermal  collision,  and  protein  unfolding,  i.e.,  geometrical   shape   factor.   
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Fig. 6. NIR laser-induced heating effect on the fluorescence (a) shows the initial state of PBS+BSA  
with peaks at 300 and 380 nm, and (b) the peaks disappear after three minutes of laser exposure. 

 

 
Fig. 7.  (a)   No  probe  beam  broadening   in  PBS+BSA   solution   during   an  hour   of  irradiation,  
(b) the width of beam was broadened by 2 nm when 0.1 mL of GNU was added and heated for 10 min 

and (c) 40 min. 
 

It is known that the atoms and molecules of the liquids and gases are in continuous motion and collide fre-
quently, and it is further enhanced by thermal excitation governed by the Maxwell–Boltzmann distribution. 
Heat can disrupt hydrogen bonds and nonpolar hydrophobic interactions. This occurs because heat increases 
the kinetic energy and causes the molecules to vibrate so rapidly and violently that the bonds are disrupted. 
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Therefore, some deformation of the particles can perturb the energies of the outer electrons and hence the line 
width: 

0

2 ( )B c
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P


  ,                                                                 (2) 

where m is the line width at FWHM, kB is the Boltzmann constant, T is the temperature, P0 is the laser 
power, and c = 1/2c, where c is photon decay time. In addition, the effect of unfolding of the protein 
structure can enhance the beam broadening via optical scattering, as BSA is an orientation-dependent struc-
ture and, therefore, the scattering intensity distribution depends on the angle of incidence. In this case, if we as-
sume that c(X) represents the cross-sectional area of BSA molecules per unit volume, which in fact indicates 
the geometric attenuation coefficient in the beam direction , then this parameter can be resolved into two differ-
ent components given as an integral over all possible orientations of the BSAs in the PBS volume [31]: 

( ) ( ) ( , )
u

c cn d  X u u X u .                                                            (3) 

Here, n(u) indicates the number of BSAs per unit volume with orientation u, and c(u,X) corresponds to the 
cross-sectional area of BSA when exposed to light in the (X) direction. The value of c(u,X) mainly depends 
on the geometrical shape of the molecules interacting with light, i.e., the shape or structure factor S(q) quan-
tifies the effect of the spatial random organization of the scatterers on the backscattering coefficient   [32]: 

( ) ( )n S   u q ,                                                                      (4) 

where  is the backscattering cross-section of a single scatterer. As the hydrodynamic diameter of GNUs 
becomes larger, the condition 2Rp/ > 1 is fulfilled, where Rp is the radius of GNU. Thus, the intensity dis-
tribution of light increases in the forward direction and the cosine of scattering phase function for small an-
gles is much larger than for all other angles. Figure 8a indicates the variation of the temperature of the solu-
tion with exposure time at different concentrations of GNU. It is interesting to note that: 

1. The temperature variation within the experimental error exhibits a nonlinear and stochastic response, 
which, in turn, demonstrates the random nature of the results due to the non-uniform distribution of GNU. 

2. The oscillatory behavior of adsorption and desorption of proteins can directly affect the results, as in 
the case of fluorescence spectroscopy. 

3. Data represent the density and distribution of GNUs at that particular instant of time and position dur-
ing the interaction. For longer time periods, the temperature of a spatially localized volume element may be 
different owing to some agglomeration and possible thermal overlapping of a larger fraction of GNUs and 
clustering at that element [5, 33]. 

4. There is a pattern similarity between the results at both concentrations, particularly the peaks and val-
leys, which may correspond to desorption (i.e., higher plasmonic temperature) and adsorption (i.e., lower 
plasmonic temperature) respectively.  

5. The temperature at a lower concentration is higher, which indicates that a higher volume fractional 
heat is generated.  

The thermal images of the samples heated by a laser for 20 s show the lowest temperature rise of 24°C 
for PBS+BSA only (Fig. 8b). When 0.1 mL of GNU was added, the temperature increased to 26°C 
(Fig. 8c), but using 0.3 mL of GNU caused the temperature to decrease again to 25°C (Fig. 8d). 

For a single GNU exposed to a laser beam the generated power is P = I0, where I0 and  are the ini-
tial power density and absorption cross-section respectively given by [34, 35]: 

            
2

3
( )8

( ) 2

g m
g

g m

R

  
 

   

 
 
 

,                                                            (5) 

where g, m = g/2 are permittivity of GNU and the surrounding medium respectively, and Rg is the GNU 
radius. The heat, produced per unit volume, is Qg = P/Vg, where Vg is the volume of the GNU, and the heat 

source, derived from the heat power density, is 3( )
v

Q Q r d r   , where the integral is over the GNU volume. 

If all the absorbed optical energy is converted to nanoparticle heating, the temperature increase can be evaluated 
using [35]: 

max / g gP c mT   ,                                                                     (6) 
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where mg is the mass, and cg is the specific heat capacity of GNU. Assuming that there are no phase trans-
formations at a given power, heat transfer in a system with GNU thermal sources is described by the heat 
conduction equation:  

2( , )
( ) ( ) ( , ) ( , )g g m s

T r t
r c r K T r t Q r t

T


   


,                                       (7) 

where T(r,t) is the temperature, g(r) is the density and specific heat of GNU respectively, Km is the thermal 
conductivity of the surrounding medium, and Qs(r,t) is the heat source. The physical significance of 
Km2T(r,t) is observed as 3-D heating of the surrounding (Fig. 8c), where heat is conducted well beyond the 
cylindrical beam geometry. The optical interaction and the photothermal effects under the plasmon reso-
nance conditions are strongly dependent on the size and shape of the nanoparticle. Also, the clusters can re-
sult in enhanced thermal effects as heat flow from individual NPs can be added [36]: 

           ( , ) ( ) ( )
n

n nQ r t q t r r   ,                                                              (8) 

where qn(t) represents the heat produced by n-GNU, r is the coordinate position, i.e., the distance from the 
center of GNU, and the heat generated by the ensemble per unit time is [34]: 

          * 31 ( ) 1
( , ) Re ( ) ( )

2 4
P

n
Q r t i E r E r d r

       
   .                                           (9) 

 

 

Fig. 8. (a) Variation of solution temperature  with exposure time  at different  concentrations of GNU.  
The thermal images of samples heated by laser for 20 s (b) temperature rises to 24°C for PBS+BSA,  
(c) to 26°C  when 0.1 mL  of GNU was added,  (d) with 0.3 mL of GNU, the temperature decreased  

again to 25°C. 
 

Finally, the interaction of PNPs with a biomolecular environment (such as protein) can be studied theo-
retically by modeling the protein coverage  and hydrodynamic diameter h of GNU [37]:  

         3
0 1  h      ,                                                                 (10) 

where 0 is the GNU diameter, = VP/VNP is the scaling constant (volume ratio of protein molecules to GNU) 
[38], VP = Mw/pNA 8.310−29 m3 is the volume of protein, the molecular weight Mw of BSA 66.5 g/mol, 
P = 1320 kg/m3 is the density of the protein, NA = 6.0221023 mol−1 is Avogadro’s number, and  

T, C                                          a 

28 
 
 

26 
 
 

24 
 
 

22 
   0          20         40         60        80        100    texp, s 

           b                       c                      d 

0.1 mL 
 
 
 
0.3 mL 

 

PBS+BSA        PBS+BSA         PBS+BSA 
                    –0.1 mL GNU –0.3 mL GNU



DEEP UV LED DYNAMIC OPTICAL IMAGING AND FLUORESCENCE SPECTROSCOPY 
 

219

VNP = (4/3)RNP
3    5.210–22 m3 is the volume of GNU. Thus,   1.610–7. The protein coverage  (the 

maximum number of adsorbed molecules per GNU) is described by the Hill equation [39, 40]:   

          
( )

( ) ( )

n
c

n n
c d

P

P K
 


,                                                                 (11) 

where Pc is the free protein concentration. So, the molarity M  0.06 and 0.071 mol/L for 4 and 4.7 g/L re-
spectively, n is the Hill coefficient representing the number of binding sites/particles, Kd = 1/Kb is the disso-
ciation constant, and Kb is the binding constant. Assuming the values of n 0.8 and Kd  10–6 M for BSA ad-
sorption on citrated-stabilized GNU [40], then by substituting the values in Eq. (11) and modeling using 
MATLAB-R202a-9.8, it is shown that  increases asymptotically and soon approaches unity at higher con-
centration values (Fig. 9a). This is equivalent to about 3.5-nm protein coverage at the above protein concen-
trations using Eq. (10), as shown in Fig. 9b. 
 

 

Fig. 9. Modeling (a)  the  hydrodynamic  diameter d of  GNU+BSA  complex  
and (b) the protein coverage at the surface of GNU using MATLAB software. 

 
Conclusions. We demonstrate that beam view imaging and fluorescence spectroscopy can provide use-

ful information regarding the protein interaction with the gold nanourchin ensemble, and bovine serum al-
bumin conformational changes. Oscillatory behavior of the corona and nonlinear fluorescence variation was 
observed. The thermal heating caused the fluorescence quenching and the nonlinear (in type) temperature 
changes at different concentrations of gold nanourchin. However, at a higher concentration the temperature 
decreased, probably because of a thicker layer of the corona shielding effect. Modeling showed a hydrody-
namic change of about 3 nm and that about 85% of the gold nanourchin surface was covered under our con-
ditions. 
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