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Abstract 

Herein, we have synthesized different aromatic amino acid functionalized gold 

nanoparticles and studied their interaction with different lipid membranes. We 

used three aromatic amino acids, namely, Phenylalanine (Phe), Tryptophan (Trp), 

Tyrosine (Tyr) to synthesize the nanoparticles in an in situ method. The 

synthesized nanoparticles are of the size around 10-15 nm characterized by UV-

Visible absorption spectra, Transmission Electron Microscopy (TEM) and Zeta 

potential Measurements. The modulation of the size of the nanoparticles can be 

done by varying the concentration of the amino acids. The nanoparticles are fairly 

stable in the pH range from 10 to 6.5, however, at lower pH, the aggregation takes 

place due to protonation of COO-  group.  We find that the synthesized 

nanoparticles were fluorescent in nature and we confirm this by steady-state and 

time-resolved fluorescence spectroscopy. We studied the interaction of the 

nanoparticles with lipid membrane of different charges. It is observed that the 

amino acid functionalized nanoparticles bring in dehydration in the lipid bilayer 

by the expulsion of the surface water. The maximum interaction takes place in 

case of negatively charged lipid membrane while positively charged lipid 

membranes exhibit the least interaction with the nanoparticles and for tryptophan 

functionalized nanoparticles, aggregation is observed.  The extent of the 

interaction of nanoparticles with lipid membranes is governed by the bulkiness of 

the ligand. We find that the phenylalanine functionalized nanoparticles display 

maximum interaction to the lipid membrane. 

 

  

 

 

 



viii 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ix 
 

TABLE OF CONTENTS 

 

 LIST OF FIGURES                                              xi-xii                                                                                                         

 LIST OF TABLES                                                xiii                                                

 NOMENCLATURE                                              xiv  

 ACRONYMS                                                          xv  

   

 Chapter 1: Introduction                                        1-6  

      1.1 Gold nanoparticles                                          1 

     1.2 Amino acid functionalized                            1-2                           

      gold nanoparticles 

     1.3 Lipid Bilayers (Liposomes)                          2-4 

     1.4 Interaction of nanoparticles                           4-5  

     with lipid membrane 

     1.5 Fluorescent Probes                                        5-6 

Chapter 2: Experimental section                         7-9 

     2.1 Chemicals and Reagents                                7      

     2.2 Synthesis of amino acid                                 7 

     functionalized gold  nanoparticles           

     2.3 Preparation of three gold  nanoparticles       7-8 

     with  optimized condition 

     2.4 Fluorescence spectrum of Nanoparticles       8 

     2.5 Preparation of PRODAN  solution                8 

     2.6 Preparation of Lipid Vesicles                        8 

     2.7 Instrumentation                                            8-9 

 

 Chapter 3: Results and Discussion                     10-26  



x 
 

     3.1Optimization and characterization of                  10-14 

     differently functionalized gold nanoparticles. 

     3.2 Fluorescence Emission and Excitation              14-19 

     spectra of AuNPs. 

     3.3 Studying the interaction of AuNPs with           19-26 

     lipid vesicles using PRODAN 

 Chapter 4: Conclusion                                                  27 

REFERENCES                                                           28-37   

 

 

 

 

 

 

 



xi 
 

                          LIST OF FIGURES 

Figure 1: Phospholipid Bilayer. 

Figure 2: Molecular structure of the lipids ( DMPC,  DMPG, DOTAP). 

Figure 3: Molecular structure of PRODAN and ANS. 

Figure 4: Molecular structure of a) Phenylalanine b) Tryptophan c) Tyrosine. 

Figure 5: UV-Visible absorption spectrum of AuNPs at various concentration 

of Au3+, amino acid and NaOH  (a-i). 

Figure 6:  UV-visible spectrum of AuNPs without adding NaOH. 

Figure 7: (a) UV-Visible spectrum of AuNPs at pH=9, (b) Zeta potential of 

AuNPs at pH=9 and pH=7,  (c-e) TEM images of AuNPs at pH=9. 

Figure 8: Excitation-wavelength-dependent PL spectra of (a) Au-Phe NPs; (b) 

Au-Tyr NPs; and (c) Au-Trp NPs. Excitation and emission spectra of the amino 

acids and amino acid stabilized Au NPs at maximum emission wavelength for (d) 

Phe; (e) Tyr; and (f) Trp. (g-i) TCSPC spectra of the resultant Au-AA NPs (λex = 

330 nm; λem = maximum emission  wavelength, 25°C). 

Figure 9: Comparison in fluorescence emission and excitation spectra of amino 

acid functionalized AuNPs and the supernatant solutions of the AuNPs after 

replacing by MPA  (a) Au-Phe NP (b) Au-Tyr NP (c) Au-Trp NP. 

Figure 10: Steady-state normalized fluorescence spectra and corresponding area 

fraction plots for DMPC-PRODAN upon interaction with three AuNPs (a-f) at 

pH=7. 

Figure 11: (a) Relative steady-state normalized fluorescence spectra of DMPC-

PRODAN upon interaction with three AuNPs (b) Generalized Polarization data of 

the three AuNPs upon interaction with DMPC bilayer. 

Figure 12: Steady-state normalized fluorescence spectra and corresponding area 

fraction plots for DMPC-PRODAN upon interaction with three AuNPs (a-f) at 

pH=9. 

Figure 13: Steady-state normalized fluorescence spectra and corresponding area 

fraction plots for DMPC-DMPG-PRODAN upon interaction with three AuNPs 

(a-f) at pH=7. 



xii 
 

Figure 14: (a) Relative steady state normalized fluorescence spectra of DMPC-

DMPG-PRODAN upon interaction with three AuNPs (b) Generalized 

Polarization data of the three AuNPs upon interaction with DMPC-DMPG 

bilayer. 

Figure 15: UV-Visible absorption spectra of AuNPs before and after incubation 

in DMPC-DMPG (a-c). 

Figure 16: Steady-state normalized fluorescence spectra and corresponding area 

fraction plots for DMPC-DOTAP-PRODAN upon interaction with three AuNPs 

(a-f) at pH=7. 

Figure 17: UV-Visible absorption spectra of AuNPs before and after incubation 

in DMPC-DOTAP (a-c). 

 

 

 

 

 

        

             

 

 

 

 

  



xiii 
 

LIST OF TABLES 

Table 1: Excitation-emission wavelength of the amino acids and amino acid 

stabilized AuNPs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xiv 
 

NOMENCLATURE 

                        nm                                               Nanometer 

                        nM                                               Nanomolar 

                        °C                                                Degree centigrade 

                         τi                                                 Lifetime of the ith component 

                         χ2                                                Reduced chi-square Amplitude  

                                                                             of the ith component 

                         ai                                                  Amplitude of the ith  component          

                                                                              in a multiexponential decay 

                         keV                                               Kilo electron volt 

                         D(t)                                               Normalized Fluorescence  

                                                                               Decay 

 

 

 

    

                                                                 

 

 

 

                 

 

 



xv 
 

ACRONYMS 

 AuNP                                                               Gold Nanoparticle 

 Phe                                                                   Phenylalanine 

 Tyr                                                                   Tyrosine 

 Trp                                                                   Tryptophan 

 MLV                                                                Multi-Lamellar Vesicle 

 LUV                                                                 Large Unilamellar Vesicle 

 GUV                                                                Giant Unilamellar Vesicle 

 SUV                                                                 Small Unilamellar Vesicle 

 DMPC                                                              1,2-dimyristoyl-sn-glycero-3-                                                                                                                                                                                                   

                                                 Phosphocholine 

 DMPG                                                             1,2-dimyristoyl-sn-glycero-3- 

                                                                         phospho-(1'-rac-glycerol) 

 DOTAP                                                            1,2-dioleoyl-3-  

                                                               trimethylammonium-propane 

 PRODAN                                                         6-Propionyl-2-                                                                                                                     

                                                               Dimethylaminonaphthalene      

 HAuCl4                                                            Tetrachloroauric(III) acid 

 NaOH                                                              Sodium Hydroxide 

 TEM                                                                Transmission Electron Microscopy 

 AA                                                                  Amino Acid 

 TCSPC                                                            Time-Correlated Single Photon           

                                                               Counting 

  MPA                                                              3-mercaptopropanic acid 

  SPR                                                                Surface Plasmon Resonance





1 
 

Chapter 1 

Introduction 

(1.1) Gold Nanoparticles: Gold nanoparticles are an emerging area of 

interest these days considering their wide variety of applications in 

nanotechnology, biology and catalysis because of their size-dependent optical, 

magnetic and electric properties [1-6]. They also display some unique surface 

properties which are quite unlike those of other metal atoms as well as a bulk 

matter [7-12]. Gold nanoparticles are synthesized in several ways, but the most 

convenient path for synthesis is the chemical reduction method which requires 

gold salt, reducing agent, solvent and stabilizing agent [13-16]. In this method, 

first gold salt dissolves in the solvent and then reducing agent is mixed to reduce 

the metal. However, the reduced metal is not stable which calls for the need of a 

stabilizing agent to stabilize the metal in that oxidation state. Sometimes reducing 

agents like citrate, amino acids, the block copolymer may act as both reducing as 

well as stabilizing agent [17-23]. Otherwise stabilizing agents like polymers or 

thiol ligands are added to form stable gold nanoparticles [24-26].  

(1.2) Amino acid functionalized gold nanoparticles: Generally, gold 

salts are reduced by borohydride/citrate followed by some organic molecule that 

contains SH or NH2 group as a capping agent or otherwise in the presence of 

capping agent gold salts are reduced to synthesize gold nanoparticles [27-28]. But 

during this ligand exchange or centrifugation to remove the by-products particle, 

gold nanoparticles can undergo aggregation which is one of the vital problems of 

the above method. So it is now very much necessary to prepare the gold 

nanoparticles in-situ in which reducing agents act as both reducing and stabilizing 

agent. It will diminish the chance of aggregation of the particle. Many researchers 

are looking forward to in-situ reductions by amine functionalized molecules; 

higher temperature is required for in-situ reductions [30-31]. Thus in-situ 

preparation of gold nanoparticles with ambient temperature is very helpful in 

biological systems. 
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Aromatic amino acids such as phenylalanine, tryptophan and tyrosine can be used 

to prepare the gold nanoparticles in-situ due to the presence of amine group in all 

three amino acids which act as both reducing and stabilizing agents. It is well 

reported that tryptophan and tyrosine can be used in electron/hydrogen transport 

via radical intermediates in biological systems [32-38]. So different types of 

ligands functionalized gold nanoparticles are prepared by using three different 

amino acid (phenylalanine, tryptophan, and tyrosine), gold salt and sodium 

hydroxide. First, we optimize the reaction condition by varying the concentration 

of gold salt, amino acid, sodium hydroxide to synthesize small size gold 

nanoparticles. There are very few reports in the literature that shows that these 

(tyrosine and tryptophan) amino acid-based peptides show fluorescence emission 

spectra which may be due to the oxidative derivatives of amino acids [39]. So 

fluorescence emission spectra of these three nanoparticles are to be studied in 

detail. Although peptide functionalized fluorescence gold nanoparticles have been 

synthesis successfully, these nanoparticles show unstable fluorescence properties 

[19, 39]. Surprisingly, we found simple aromatic amino acid functionalized gold 

nanoparticles can exhibit a stable wavelength-dependent photoluminescence 

property even after 3 months. The fluorescence properties of proteins are typically 

dominated by tryptophan along with minor fluorescence from tyrosine and 

phenylalanine. We found that among these nanoparticles Au-Tyro shows 

impressive photoluminescence than other nanoparticles. 

(1.3) Lipid Bilayers(Liposomes): The composition of a cell membrane is 

mainly phospholipid and membrane proteins [40]. The lipid bilayer is very 

important because different structural compounds impact the barrier that 

surrounds the boundaries of a cell [41]. Lipids are composed of two important 

parts which form the lipid bilayer. The first part is the hydrophilic part which is 

also known as the polar head group and the other is the hydrophobic part which 

consists of the long hydrocarbon chain, known as the nonpolar tail. When the 

lipid molecules are injected in polar solvents like water they arrange themselves 

to form a lipid bilayer. Due to the formation of lipid bilayer hydrophilic parts 
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expose to polar solvents while hydrophobic parts hide their face from water 

molecules [41].  

 

Figure 1: Phospholipid bilayer [42] 

The phospholipids form the lipid bilayer through binding at the long hydrocarbon 

chain group of each other. Therefore the liposome which is formed from 

phospholipid is called the PC liposomes. In recent past, lipid bilayer membranes 

have drawn our attention to their interaction with metal ions, amino acids, 

polymer, nanoparticles [43-50]. Lipid bilayers are prepared from lipid by several 

methods (i) thin film hydration [51] (ii) reverse phase evaporation [52] (iii) 

solvent injection [53]. In terms of their size lipid bilayers can be classified as 

MLV- Multi-Lamellar Vesicle (>0.5µm), GUV- Giant Unilamellar Vesicle 

(>1µm), LUV- Large Unilamellar Vesicle (> 100 nm), SUV- Small Unilamellar 

Vesicle (20-100 nm).  

Three differently surface charged lipids are commercially available. DMPC (1,2-

dimyristoyl-sn-glycero-3- phosphocholine) is zwitterionic lipid molecule in which 

phosphate and choline groups are present i.e zwitterionic lipid, DMPG (1,2-
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dimyristoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (sodium salt) is negatively 

charged lipid in which only phosphate groups are present, DOTAP(1,2-dioleoyl-

3-trimethylammonium-propane (chloride salt) is positively charged lipid in which 

only choline groups are present. Figure 2 shows the structure of the three lipids. 

:  

Figure 2: Molecular structure of the lipids (DMPC,  DMPG, DOTAP). 

(1.4) Studying the interaction of nanoparticles with lipid 

membrane: The interaction of metal nanoparticles and lipid bilayer is an 

exploring field as they usually give biocompatible systems [54-59]. Interaction of 

metal nanoparticles with three different surfaces charged lipid are very few in 

literature. Some of the nanoparticles dehydrate the bilayer [57]. The interaction 

between inorganic nanoparticle and lipid bilayer has been well reported in the 
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literature [60-63]. The Phosphate group in the lipid head group is responsible for 

the interaction of metal oxide nanoparticles with lipid bilayer [64-66].  

Interaction of nanoparticles with zwitterionic lipid bilayer is very well known. 

Gold nanoparticles are of great interest among different types of nanoparticles. 

The surface morphology of gold nanoparticles can be easily changed by 

introducing different capping agents [17, 25]. Surface Plasmon coupling is 

responsible for gold nanoparticles to display distance dependent color [67-68]. 

When the surface of the lipid bilayer is coated with adsorbed high charged density 

nanoparticles, they stay more intact even 25% of the surface is covered [69]. So 

Interaction of different surface charged and different size ligand capped gold 

nanoparticles with different surface charged lipid bilayer will be very interesting. 

Hence we have taken three different aromatic amino acids which are different in 

size to synthesize the gold nanoparticles. Then we have studied the interaction of 

these nanoparticles with different surface charged lipid bilayer. 

(1.5) Fluorescent Probes: Even though numerous studies on the interaction 

of lipid bilayer and gold nanoparticles have been explored, the literature demands 

more studies based on the spectroscope. For this context, fluorescence molecular 

probes can be used to study the changes in the fluorescence parameter of the 

bilayer membrane. Membrane polarity sensitive fluorescence probes are thus 

taken for this purpose. The emission wavelength, intensity can be monitored by 

using the fluorescence probe. PRODAN (6-Propionyl-2- 

Dimethylaminonaphthalene) and ANS (8-anilino-1- naphthalenesulphonate) are 

particularly used because these two are sensitive to the polarity of the surrounding 

medium [70-79]. Figure 3 shows the structure of the PRODAN and ANS. In 

aqueous media, these two probe shows less intensity fluorescence but in 

membrane medium, they show large intensity fluorescence which is well studied 

in the literature [70-79]. When the solvent polarity is increased a large amount of 

redshift in the PRODAN emission spectra is noticed due to the dipolar relaxation 

phenomenon [71-72]. Charge transfer state for ANS in a polar medium is 

responsible for the quenching of fluorescence because it occurs via an electron 
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transfer process. The intense fluorescence for ANS in the hydrophobic 

environment is observed because the phenylamino group of ANS is restricted for 

rotational motion [70].  

 

 

 

 

Figure 3: Molecular structure of PRODAN and ANS. 
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Chapter2 

EXPERIMENTAL SECTION 

(2.1) Chemicals and Reagents: All the three lipids DMPC ( 1,2-

dimyristoyl-sn-glycero-3-phosphocholine) , DMPG ( 1,2-dimyristoyl-sn-glycero-

3-phospho-(1'-rac-glycerol) (sodium salt), DOTAP ( 1,2-dioleoyl-3-

trimethylammonium-propane(chloride salt) were purchased from Sigma-Aldrich. 

Chloroauric acid ( HAuCl4.3H2O), Phenyl Alanine, Tryptophan, Tyrosine, 

PRODAN, ANS, HEPES were also purchased from Sigma-Aldrich whereas 

Sodium Hydroxide( NaOH) was purchased from Merck. We use all these 

chemicals as received. Milli-Q water was used to prepare all the solutions.  

(2.2) Synthesis of amino acid functionalized Gold nanoparticles: 

Gold nanoparticles (Au NPs) were prepared by reducing gold ions using amino 

acids as reported earlier with slight modifications. Amino acids mediated 

synthesis of Au NPs was carried out at 80 C while varying the concentration of 

the precursors. To optimize the reaction condition, different concentration of 

aqueous metal ion (1×10-4 to 7.5×10-4 M) solution was added to different 

concentrations of amino acids (0.5 × 10-3 to 5 ×10-3 M). Briefly, 0.25 mL of 

required concentration of Chloroauric acid was added to 3.75 mL of Mili-Q water 

and the solution was heated up to 80 C. Then required concentration of 1 mL 

amino acid and followed by NaOH was added in the previous solution under the 

vigorous stirring condition for 1 hour. The changes were found in the color of the 

solution, which was from colorless to pink for the formation of AuNPs.To remove 

the unreacted metal ions and amino acids we dialysis the gold nanoparticle 

solution by a polycarbonate membrane (M.W cut off 12000 kD). 

(2.3) Preparation of three Gold Nanoparticles with the optimized 

condition:  All these three AuNPs were prepared by using three Amino acids 

namely Phenyl Alanine, Tryptophan, Tyrosine in the same procedure. 0.25 ml of 

Chloroauric solution (0.75 mM) was added in 3.75 ml of Mill Q and then the 
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solution was heated at 80 C. After a few minutes, 1ml of 1mM Amino acid 

solution was added in boiling HAuCl4 solution followed by 20 mM NaOH. The 

resultant solution was kept under vigorous stirring for 1 hour until the ruby red 

solution was observed from a colorless solution. After 1 hour, the solution was 

kept at room temperature and then stored at 4 °C for further use. 

(2.4) Fluorescence spectrum of Nanoparticles: To study the 

fluorescence emission and excitation spectrum of these three amino acids 

functionalized gold nanoparticles we diluted 10 times of the stock solution. Then 

we excited all these three nanoparticles in the range 280nm to 400nm and 

emission spectrum recorded. Similarly, we excited all these blank amino acids 

with the same concentration in the range 280 nm to 400 nm.  

(2.5) Preparation of PRODAN  solution: A stock solution of PRODAN 

was prepared in methanol. Then the required amount of stock solution of 

PRODAN was taken in a volumetric flask and dried under vacuum for a few 

minutes. An appropriate amount of Milli Q was then added to the volumetric flask 

to obtain a 2 µM PRODAN solution. 

(2.6) Preparation of Lipid Vesicles: Lipid vesicles were prepared in 

HEPES buffer solution (pH=7.0 ). First PRODAN solution was heated above the 

phase transition temperature of a particular lipid. Then the specific lipid was 

dissolved in ethanol (0.01% of the hydrating solution) and injected in the 

preheated PRODAN solution. After 1 hour stirring of the solution heating was 

stopped and also cooled for an hour before performing any studies. The lipid 

concentration was fixed at 0.1mM while the PRODAN  concentration ware fixed 

2µM.  

(2.7) Instrumentation: Varian UV-vis spectrophotometer (Cary 100 Bio ) in 

a quartz cuvette (10 × 10 mm2) was used to record the absorption spectra of 

AuNPs. The morphology of the synthesized amino acid functionalized gold 

nanoparticles were studied by Transmission Electron Microscope( TEM), was 
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conducted using a Tecnai T20 transmission electron microscope with an operating 

voltage of 200 keV. ζ potential of the synthesized AuNps was measured using 

NanoPlus ζ/particle size analyzer (NanoPlus-3 model). FluoroMax-4p 

spectrofluorometer from Horiba Jobin Yvon (model: FM100) was used to record 

the steady-state fluorescence spectra. OriginPro 8.1 software was also used to 

analyze all the emission spectra. We varied the gold nanoparticles concentration ( 

0-10 nM) while the lipid (0.1mM) and PRODAN (2µM) concentration remain 

fixed to investigate the interaction of lipid vesicle and different Amino acid 

functionalized gold nanoparticles. All the samples were excited at 375nm. We use 

2/2 nm slit for excitation and emission spectra for all emission spectra of 

PRODAN. The temperature (25 °C), pH (7.0), were always kept constant 

throughout all measurements. Picosecond TCSPC machine from Horiba 

(FluoroCube- 01-NL) was used for lifetime measurements. Here we excited the 

samples at 375nm using a picosecond diode laser (model: Pico Brite-375L) and 

collected decays of the sample at 440nm and 490 nm. A filter on the emission side 

was also placed to eliminate the scattered light. The signals were collected at a 

magic angle (54.75°) polarization using a photomultiplier tube (TBX-07C) as the 

detector. The full width at half-maximum of the instrument response function of 

our setup was ∼140 ps. The data analysis was performed using IBH DAS version 

6 decay analysis software. We fixed the temperature at 25 C throughout all 

titration experiments. The decays were fitted with a multiexponential function.  

D(t) =∑aiexp(
−t

τi

n

i=1

) 

where D(t) denotes normalized fluorescence decay and ai is the normalized 

amplitude of decay component τi. The average lifetime was obtained from the 

equation  

˂𝜏˃ = ∑ 𝑎𝑛
𝑖=1 iτi 

The quality of fit was judged by reduced χ2 values and corresponding residual 

distribution. The acceptable fit has a χ2 near unity.  
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Chapter 3 

RESULTS AND DISCUSSION 

(3.1) Optimization and Characterization of differently 

functionalized AuNPs: 

Herein, we synthesized three different amino acid capped gold nanoparticles by 

using three aromatic amino acids namely a) Phenylalanine b) Tryptophan c) 

Tyrosine [80-82]. Figure 4 (a-c) shows the structure of the three amino acids.  

 

Figure 4: Molecular structure of a) Phenylalanine b) Tryptophan c) Tyrosine. 

As mentioned in the materials and methods section, the reaction was 

demonstrated by addition of 1.0 × 10−4 M to 7.5 × 10-4 M of HAuCl4 ions to 

various concentrations of amino acids ranging from 0.5 × 10−3 M to 5 × 10−3 M in 

aqueous medium under 80°C and vigorous stirring. The colorless solution 

gradually changed to intense pink during the formation of Au-AA NPs depending 

on the concentration of amino acids used in the reaction mixture. The reaction 

was completed within 1 hour, and no further change in the color was noted, 

indicating the formation of Au-AA NPs, where amino acids act as a reducing as 

well as a stabilizing agent. The formation of Au-AA NPs was confirmed by the 

appearance of surface plasmon resonance (SPR) peak from UV−visible spectra. 

Effect of Au3+, NaOH and amino acids concentration on the formation of Au-AA 

NPs were summarized in figure 5 (a-i). Sharp SPR peak at ~520 nm was 

observed for amino acids capped Au NPs when the concentration of HAuCl4, 

amino acids, and sodium hydroxide was 7.5 × 10-4 M, 1× 10-3 M and 20 mM 

respectively, as shown in figure 7 (a). Figure 6  gives one important observation 

is that Tyr and Phe are unable to form NPs in absence of NaOH but Trp residue 

results in an instantaneous formation of NPs with slight broadness in SPR peak. 

Which lead us to conclude that the secondary amine group in the indole ring in 
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Tryptophan can also reduce the Au3+to Au NPs.We also found that excess NaOH 

or the addition of NaOH prior to amino acids in the HAuCl4 solution prevents the 

formation of Au NPs by forming Au(OH)3.  
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Figure 5: UV-Visible absorption spectrum of AuNPs at various concentration 

of Au3+, amino acid and NaOH  (a-i). 
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Figure 6:  UV-visible spectrum of AuNPs without adding NaOH. 

With increasing concentration of amino acids broadening of the SPR peak of the 

gold nanoparticle was found which indicates the formation of larger size Au-AA 

NPs in the case of Phe and Trp. Interestingly, we did not observe the broadening 

of the SPR peak of Au-Tyr NPs even in the presence of a high concentration of 

Tyrosine. We believe that the intramolecular hydrogen bonding of Tyr plays a 

crucial role in such deviation. Tyr is less soluble in water than Phe and Tyr 

because of its intramolecular hydrogen bonding. We assume that the nucleation 

process involves a fixed number of Tyr molecule and at high concentration excess 

Tyr did not involve in the nucleation process and did not affect the size (or SPR 

peak) of the AuNPs. Figure 7 (c) demonstrate the zeta potential of the 

phenylalanine, tyrosine and tryptophan functionalized Au-AA NPs were found -

34mV, -37mV and -32mV respectively in experimental pH (i,e pH~ 10).So, 

inhibition of nanoparticle formation in absence of NaOH and negatively charged 

zeta potential leads us to conclude that the amine group forms a covalent bond 

with AuNPs, and the deprotonated state of carboxyl group inhibits the aggregation 

of NPs by electrostatic repulsions between the NPs surface. Aggregations of NPs 

are effectively depending on the pH of the medium and water-dispersible NPs 

even in physiological pH have important implications in the biological context. 
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To evaluate the pH-dependent stability of colloidal nanoparticle solution we 

change the pH of the solution by the addition of HCl. Upon the addition of HCl to 

the Au-AA NPs solution from basic pH to neutral pH, we found a marginal shift 

of the SPR peak for all of these AuNPs in figure 7(a) and 7(b). The surface 

charge of these corresponding NPs also found to negative which indicates that 

Au-AA NPs are very stable in neutral to basic pH range. TEM images of the Au-

Phe, Au-Tyr, and Au-Trp were shown in Figure 7(d-f). The average diameter of 

the Au-AA NPs was found 16.0±0.7 nm (Au-Phe), 17.6±1.2 nm (Au-Tyr) and 

7.9±0.3 nm (Au-Trp) from TEM measurements. 

 

Figure 7: (a) UV-Visible spectrum of AuNPs at pH=9, (b) Zeta potential of 

AuNPs at pH=9 and pH=7,  (c-e) TEM images of AuNPs at pH=9.   

(3.2) Fluorescence Emission and Excitation spectra of AuNPs: 

Surprisingly, excitation wavelength-dependent photoluminescence properties of 

aromatic amino acid functionalized Au NPs were observed in figure 8(a-c). 

Maximum emission of the Au-Phe found at 425 nm upon excitation at 370 nm, 

whereas upon excitation at 320 nm, maximum emission intensity was found at 

395 nm and 408 nm for Au-Trp and Au-Tyr respectively. The fluorescence of 

these aromatic amino acids is well reported in the literature. Phenylalanine and 
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tyrosine show an emission around ~300 nm whereas tryptophan shows emission 

maxima at 350 nm at water medium and tryptophan is much more fluorescent 

than either tyrosine or phenylalanine. So, it is very clear that the fluorescence 

properties of Au-AA NPs were very different from the blank amino acids. Further 

upon excitation at 310 nm none of this amino acid show any fluorescence spectra 

at the same concentration level present at Au-AA NPs solution, which confirms 

that individual fluorescence of blank amino acids does not responsible for the 

photoluminescence property of the Au-AA NPs. Excitation spectra of the 

corresponding fluorescence emission spectra of blank amino acids and Au-AA 

NPs were collected. The excitation spectra of the Phe, Tyr, and Trp were found 

268 nm, 275 nm, and 273 nm respectively whereas, the spectra were red shifted in 

the case of all three Au-AA NPs. The excitation spectra of these Au-AA NPs 

were summarized in Table 1. The red-shifted excitation spectra indicate that the 

amino acids have a tendency to get aggregation in the surface of the gold 

nanoparticles. The fluorescence emission and excitation spectra of aromatic 

amino acids functionalized AuNPs and blank amino acids are shown in figure 8 

(d-f). 

Table1: Excitation-emission wavelength of the amino acids and amino acid 

stabilized Au NPs. 

 Excitation 

(nm) 

Emission 

(nm) 

 Excitation 

(nm) 

Emission 

(nm) 

Phe 268 302 Au-

Phe 

298 & 371 425 

Tyr 274 298 Au-

Tyr 

314 407 

Trp 273 348 Au-

Trp 

279 & 320 395 

 

Tyrosine functionalized Au NPs show a complete shift of its excitation spectra to 

314 nm from 274 nm corresponding to blank tyrosine. On the other hand, 
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tryptophan functionalized Au NPs show a new excitation peak at 320 nm along 

with the peak corresponding to blank tryptophan (~ 273 nm). Synthesis of Au NPs 

by tyrosine and tryptophan-containing oligopeptides at the C-terminus were 

previously reported. Mandal et al [19,39] reported that the tyrosine/tryptophan 

residue of the peptide donates an electron to the metal ion and is itself converted 

to a transient tyrosyl/tryptophyl radical, which eventually transforms to the highly 

fluorescent dityrosine/ditryptophan form of the peptide. Eventually, we also found 

that the Tyrosine functionalized Au NPs are highly fluorescent than Tryptophan 

functionalized Au NPs which is opposite fluorescence property of the blank 

amino acids. This observation can be explained from the complete shift of the 

excitation spectra at 314 nm of the Au-Tyr from blank tyrosine whereas the 

generation of a low-intensity new peak at 320 nm in case of tryptophan. We 

hypothesize that the tyrosine molecules are forming a complete conjugated 

structure (maybe di or poly tyrosine) due to the greater stability of tyrosyl radicals 

whereas fewer part of the tryptophan with less stable tryptophyl radical forming a 

di/poly tryptophan along with bare tryptophan. The greater conjugation of 

tyrosine than tryptophan is responsible for better fluorescence of Au-Tyr than Au-

Trp NPs. Interestingly, a marginal peak shift (~100 nm) of the excitation spectra 

is observed in the case of Au-Phe. Unlike tyrosine and tryptophan, Phenylalanine 

does not have the opportunity to form a polymeric or dimeric form via radical 

formation. We hypothesize that Phe forms an aggregated structure between 

themselves without forming any bond via pia-pia stacking. The lifetime data of 

the AuNPs are shown in figure 8 (g-i).   
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Figure 8: Excitation-wavelength-dependent PL spectra of (a) Au-Phe NPs; (b) 

Au-Tyr NPs; and (c) Au-Trp NPs. Excitation and emission spectra of the amino 

acids and amino acid stabilized Au NPs at maximum emission wavelength for (d) 

Phe; (e) Tyr; and (f) Trp. (g-i) TCSPC spectra of the resultant Au-AA NPs (λex = 

330 nm; λem = maximum emission  wavelength, 25°C). 

To evaluate our hypothesis and to detect the properties of the oxidation product of 

amino acids on the AuNPs surface, we exchange the Au NPs surface by a better 

ligand. We chose 3-mercaptopropanoic acid (MPA), which was added in excess 

to the Au-AA NPs and stirred for 24 hours. The interaction between -SH and Au 

surface is much stronger which replaces the weaker –NH/-NH2 of an oxidation 

product of amino acids from the gold surface. After exchange by MPA, the 

mixture was centrifuged to separate the MPA-capped Au NPs, and the supernatant 

containing the oxidation product of amino acids were collected for fluorescence 

measurement. Figure 9(b-d) shows that the emission spectra from the supernatant 

appear in the same wavelength as for Au NPs solution. These results suggest that 
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the fluorescence from the Au-AA NPs completely driven by the oxidation product 

of the amino acids. The excitation spectra of the supernatant from Au-Tyr and 

Au-Trp remain unchanged as for AuNPs, i.e., the aggregation of tyrosine and 

tryptophan is irreversible which suggest the formation of di/poly amino acids. 

Interestingly the excitation spectra of the supernatant from Au-Phe were partly 

blue shifted corresponding to the peak for blank Phenylalanine. Summarized of 

these results suggest that the tyrosine and tryptophan forming a di/poly amino 

acid via free radical formation whereas phenylalanine forming an aggregation via 

pi-pi stacking on the surface of Au NPs. 

 

Figure 9: Comparison in fluorescence emission and excitation spectra of amino 

acid functionalized AuNPs and the supernatant solutions of the AuNPs after 

replacing by MPA. a) Au-Phe NP (b) Au-Tyr NP c) Au-Trp NP. 
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(3.3) Studying the interaction of AuNPs with lipid vesicles using 

PRODAN:  

PRODAN exhibits high sensitivity towards solvent polarity. PRODAN has been 

very useful for studies of model membranes due to its high recognition of the 

different phase state of the membrane. In aqueous medium, it shows emission 

spectra at 520nm which is due to the internal charge-transfer state (ICT). In some 

reports, this state has been assigned as a twisted internal charge transfer state ( 

TICT). However, in a lipid bilayer, it exhibits two emission peaks. One emission 

peak is at 490 nm due to the TICT state and another emission peak is at the 

440nm due to the locally excited (LE) state. This emission spectra designate that 

PRODAN is partitioned in the lipid bilayer. Here we have taken three differently 

charged lipid- a) zwitterionic lipid (DMPC) b) positively charged lipid (DOTAP) 

c) negatively charged lipid (DMPG) to study the interactions with different AA 

functionalized gold nanoparticles.  

 

Figure 10: Steady-state normalized fluorescence spectra and corresponding area 

fraction plots for DMPC-PRODAN upon interaction with three AuNPs (a-f) at 

pH=7. 

Initially, we study the interaction of different AA functionalized gold 

nanoparticles with zwitterionic lipid bilayer at pH 7. Figure 10(a-e) showed that 

the emission spectra of PRODAN is shifted to the lower wavelength due to the 

interaction of these three anionic gold nanoparticles with DMPC.  The intensity 
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fraction plot also shows that the band corresponding to the LE state of PRODAN 

increases with the increase of the concentration of all these three AuNPs. The 

observed blue shift in the emission spectra indicates the dehydration of the lipid 

bilayer. The lipid undergoes a fluid-to-gel phase (Lα to Lβ) transition due to the 

adsorption of nanoparticles on the bilayer surface. This transition, however, takes 

place locally at the point of contact of the nanoparticles. Initially, the head group 

of the zwitterionic lipid is roughly parallel to the bilayer surface. However, upon 

addition of the nanoparticles, the head group tends to tilt so as to favor the 

interactions with the negatively charged AuNPs via the positively charged choline 

group. The maximum blue shift was observed for phenylalanine functionalized 

AuNP, followed by tyrosine and tryptophan functionalized AuNP. This 

observation is also clarified from the relative plot and generalized polarization 

plot of the intensity fraction in Figure 11(a-b). 

 

Figure 11: (a) Relative steady-state normalized fluorescence spectra of DMPC-

PRODAN upon interaction with three AuNPs (b) Generalized Polarization data of 

the three AuNPs upon interaction with DMPC bilayer. 

These data reveal that the lipid bilayer is more dehydrated upon interaction with 

Phenylalanine functionalized gold nanoparticle than the other two AuNPs. It is 

reported that chemisorption does not take place in the present case as a chemical 

reaction does not take place between lipid head groups and ligands or 

nanoparticles. The AuNPs undergo physisorption on the surface of the lipid 

vesicles that exert a strong van der Waals force. The interaction decreases with 

the increase of the bulkiness of the ligands, exerting lesser Van der Waals force. 
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The core distance of the AuNP from the bilayer phosphate group depends on the 

bulkiness of the ligands. Adsorption strength of any surface ligand depends on the 

small separation from the AuNP core. So the phenylalanine functionalized AuNP 

affect the packing of the bilayer which brings to a stronger gel phase. The 

bulkiness of the ligands follows the order: Phenylalanine> Tyrosine>Tryptophan. 

So the effectiveness of the ligand for lipid bilayer dehydration also follows the 

same order. Interestingly, Figure 12(a-f) revealed that the interaction of the 

AuNPs with lipid bilayer at pH=7 is stronger than that of pH=9.  This may be due 

to the fact that at pH=7, the NH2 groups of the amino acids present as NH3
+ which 

interacts with the negatively charged phosphate group of the lipid bilayer. So, the 

electrostatic interactions also have some contribution to lipid bilayer –AuNPs 

interactions. 

 

Figure 12: Steady-state normalized fluorescence spectra and corresponding area 

fraction plots for DMPC-PRODAN upon interaction with three AuNPs (a-f) at 

pH=9. 

Now, we look into the interaction of the AuNPs with overall negative charged 

lipid membrane composed of DMPC: DMPG(7:3). Here also Phenylalanine 

functionalized AuNP shows more dehydration of the lipid bilayer, followed by 

tyrosine functionalized AuNP, least tryptophan functionalized AuNP. Figure 

13(a-f) shows the binding affinity of the AuNPs with the lipid bilayer. Intensity 
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fraction plot reveals the LE state of PRODAN and the increment of the LE state is 

less for tryptophan functionalized AuNP. The relative plot and Generalized 

Polarization data support these observations in figure 14(a-b). 

 

Figure 13: Steady-state normalized fluorescence spectra and corresponding area 

fraction plots for DMPC-DMPG-PRODAN upon interaction with three AuNPs 

(a-f) at pH=7. 

 

 

Figure 14: (a) Relative steady state normalized fluorescence spectra of DMPC-

DMPG-PRODAN upon interaction with three AuNPs (b) Generalized 

Polarization data of the three AuNPs upon interaction with DMPC-DMPG 

bilayer. 

In this case, we also found the same order of interaction of the AuNPs with 

DMPG lipid bilayer as like DMPC lipid bilayer. Interestingly, the interaction of 
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these AuNPs with the negatively charged lipid membrane is found to be a greater 

extent than the zwitterionic lipid membrane. We mentioned previously that Van 

der Waal's force is responsible for the interaction irrespective of the surface 

charge of the AuNPs. Greater interaction with the negatively charged lipid bilayer 

leads us to conclude that the NH3
+ group of the amino acids may interact with the 

negatively charged phosphate group at pH=7. So, both the Van der Waal's force 

and electrostatic forces are responsible for greater interaction of amino acid 

functionalized gold nanoparticles with the negatively charged lipid bilayer. We 

also look into the possible aggregation of AuNPs with the DMPC:DMPG lipid 

bilayer. For this purpose, we take the UV-Visible spectrum of AuNPs before and 

after incubation. Figure 15(a-c) suggests that there is a negligible peak shift of 

the SPR band after incubation of the AuNPs. 

 

Figure 15: UV-Visible absorption spectra of AuNPs before and after incubation 

in DMPC-DMPG (a-c). 

Now as the interaction between amino acid functionalized AuNPs was 

investigated with the zwitterionic and negatively charged lipid bilayer, it is very 
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important to do the same with the positively charged lipid bilayer to get a 

complete view of the nature of interactions. Therefore, we conduct the 

experiments with positively charged lipid membrane composed of DMPC: 

DOTAP(7:3) at pH=7. Interestingly, from Figure 16(a-f) we found significant 

changes which indicate the interaction of the AuNPs with a positively charged 

lipid membrane. 

 

Figure 16: Steady-state normalized fluorescence spectra and corresponding area 

fraction plots for DMPC-DOTAP-PRODAN upon interaction with three AuNPs 

(a-f) at pH=7. 

Contradictory to our previous observation, this data reveals that tryptophan 

functionalized AuNP induce hydration to the lipid bilayer whereas tyrosine 

functionalized AuNP remains unchanged and phenylalanine functionalized AuNP 

induces dehydration of the lipid membrane which is in accordance with our 

previous results. Incubation of the AuNPs into liposomes, the ruby red color of 

the tryptophan functionalized   AuNP turns into colorless whereas the ruby red 

color of the tyrosine and phenylalanine functionalized AuNPs remain unchanged. 

Figure 17(a-c) is the UV data, before and after incubation of the AuNPs into 

DMPC: DOTAP lipid which shows the broadening of the SPR band with a 

significant peak shift in case of tryptophan functionalized AuNP whereas in case 

of phenylalanine and tyrosine functionalized AuNP there is a marginal peak shift. 

This data suggests that tryptophan functionalized AuNP undergo aggregation 

upon interaction with a positively charged lipid.  
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Our result suggests that the aggregation of the tryptophan functionalized AuNP 

may be responsible for the fluidization of the lipid membrane. It is reported that 

the larger size of the nanoparticles has the ability to fluidized the lipid bilayer 

compare to the smaller one. Our result also in accordance with the previous 

reports. The difference in the aggregation behavior in the presence of positively 

charged lipid may be due to the difference in the surface charge of the AuNPs. 

The Tryptophan functionalized AuNPs have zeta potential -8 mV. So with 

incubation of the tryptophan functionalized AuNP into liposomes the surface 

charges are possibly neutralized and undergo aggregation y changing the ruby red 

color of the AuNP. Figure 17(a-c) is the UV data before and after incubation of 

the AuNPs into DMPC: DOTAP lipid, also supports our result. But in the case of 

Phenylalanine functionalized AuNP the surface charge is -35 that prevents the 

neutralization of surface charge.  So Van der Waal's force dominates over charge 

neutralization, causing gelation of the lipid membrane.  

 

Figure 17: UV-Visible absorption spectra of AuNPs before and after incubation 

in DMPC-DOTAP (a-c). 
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Conclusion 

In summary, we synthesized different amino acid functionalized gold 

nanoparticles and studied the interaction of these nanoparticles with zwitterionic, 

negatively and positively charged lipid bilayer. From the above studies, we 

summarized the following important  observations: 

(1) The concentration of Au3+, amino acid and NaOH pay a significant 

role in the formation of AuNPs and the size of the AuNPs. Size of the 

nanoparticle can be easily tuned by the varying the concentration of 

amino acids. 

(2)  All the aromatic amino acid functionalized AuNPs showed the 

excitation wavelength-dependent photoluminescence properties. 

Among these nanoparticles, tyrosine functionalized gold nanoparticles 

are highly fluorescent than the other two.  

(3) The bulkiness of the surface ligands is a  crucial factor  in the extent of 

gelation of the lipid membranes and the minimum gelation is observed 

when the ligand is bulky. 

(4) Although the interaction of the nanoparticle- zwitterionic lipid bilayer 

is mainly driven by the van der Waals forces, electrostatic interaction 

between the –NH3
+ and –PO4

3- also has an important role in case of 

nanoparticle-negatively charged lipid bilayer interaction. 
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