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Highlight: The different size and shape AuNMs were generated in the Pep-HAuCl4 system based on 

photochemical induce effect of alkaline luminol. 
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Photochemical induced formed Au nanomaterial with 

size and shape controlled by luminol-pepsin 

chemiluminescence reaction 

Kai Luo
a
, Xiaohui Zheng

b
 and Zhenghua Song

a 

Size and shape controlled Au nanomaterial (AuNMs) were 

generated in different alkaline luminol-pepsin (Pep) 

chemiluminescence (CL) reaction solution based on the 

photochemical induced effect of luminol. These finding showed 

that luminol photochemical intensity could be used as a major 

control parameter for metals NMs growth.  

Size and shape provides important and profound influence over 

many of the physical and chemical properties of nanomaterial 

(NMs), including luminescence1-5, conductivity6-8, and catalytic 

activity9-11. The preparation of the NMs with size and shape 

controlled is an attractive and paramount goal in developing and 

fabricating all sorts of biosensor and bioelectronics in the field of 

chemistry12, 13, materials14, biology15, and medicine16. The method 

for both size and shape controlled simultaneously remains an 

extremely difficult task which is always complicated and time 

consuming, only partially characterized interplay of kinetics and 

thermodynamics17. Recently, tremendous efforts have been put 

toward to regulate the properties of the NMs by controlling quantum 

confinement phenomena (QCP) in the process of NMs growth18-21. 

The nature of QCP for photochemical reaction is mainly from the 

considerable active free radical, which was associated with 

electronic transitions from excited state to ground state22-26. Based on 

this, photo-induced technology for forming NMs with size and shape 

controlled could shift the apparent thermodynamic equilibrium of 

redox reaction to favor room temperature catalysis process with mild 

reaction condition27-30. However, the nature of time-consume for 

NMs formation is no completely changed due to shortage of special 

endogenous power in wide spectral range. Photochemical induced 

technology31, 32 as one of photo-induced technology have the 

characterization of endogenous fluorescence and elimination of 

photo-bleaching, particularly, associated with strong QCP in the 

photochemical process. In view of the novel characterization for 

photochemical induced technology, it could explore the new way for 

forming NMs with size and shape controlled under room 

temperature with mild condition. 

Luminol, as one of common organic photochemical induced 

agent (Em = 425 nm), has the different quantum efficiency with 

alkaline medium-dependent nature in the luminol 

chemiluminescence (CL) reaction33. In the previous report, the 

HAuCl4 could be effectively catalysed to form the Au nucleation and 

eventually grown nanoparticles (AuNPs) 34, 35, which could 

accelerate electronic transition rate and enhance the luminol CL 

intensity in the luminol-HAuCl4 CL reaction34, 36. In our former 

work, we found that HAuCl4 and pepsin (Pep) could sharply enhance 

the CL intensity under the alkaline condition (pH = 10.5) (Support 

Fig. 1), and formed the Au nanoclusters (AuNCs), then, the colour of 

reaction solution rapidly changed from light yellow to light red. The 

possible mechanism might be attributed as the joint action of 

luminol photochemical induced effect and micro-change of Pep 

confirmation in the CL system under alkaline condition. 

With those thoughts in mind, here, we reported a native luminol 

photochemical induced method for forming mono-disperse Au 

Page 2 of 8RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



COMMUNICATION Journal Name 

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

nanomaterials (AuNMs) with size from 1 to 400 nm, like as 

spherical-like AuNCs, flower-like AuNPs and regular hexagonal-

like Au nanosheets (AuNSs) in CL reactions solution under different 

pH (Fig. 1). All above size AuNMs were rapidly formed in CL 

reaction solution in 30 min based on the luminol photochemical 

induce at Em = 425 nm. In this approach, according to the generation 

mechanism for protein protected AuNMs by Glomm’s group37, 

combined with instability conformation of Pepsin in alkaline 

solution38 and the different quantum efficiency with alkaline 

medium-dependent nature in luminol CL reaction33, the possible 

mechanism for size and shape controlled of AuNM in Pep-luminol 

alkaline solution with different pH might be attributed as following: 

First was the nucleation stage. Pep surface contain massive negative 

charges under the weak acid or neutral condition (above Pep’s pKa),  

and charge density matching between Au3+ and negatively charged 

amino acid residues yields high metal concentrations, forming the 

Pep-Au3+ complex on the surface of Pep39. This step might provide 

the necessary microenvironment for triggering the Au nucleation 

growth with high redox potential. Second was initialization and 

growth stage. Based on the property of high quantum efficiency of 

luminol at alkaline solution, the electron transferring rate between 

Pep-Au3+ complex could be accelerated by excited 3-

aminophthalate, which given rise to free radical with light emission 

at different pH luminol alkaline solution. It was worth noting that 

Pep as an acidic protein, have the instability conformation and 

construction at the alkaline solution. It was ascribed the interaction 

of Asp11 and Asp159 in Pep construction, which showed 

abnormally high pKa values compared with other amino acid 

residues, like Glu4, Glu13 and Asp118 with an abnormally low pKa 

value39. For the spherical-like AuNCs, The Au3+ on the surface of 

Pep were flowed into the vicinity of negatively charged amino acid 

residues on the principle of charge density matching, and eventually 

formed pepsin protected AuNCs with the bond of Au-S in the cavity 

of pepsin at the pH of 10.5. At the pH of 12.0, Pep had the instability 

conformation at the alkaline solution. The instability conformation 

and partial unfolding of the polypeptide chain of Pep resulted in 

close contact between adjacent Au nucleation and subsequent 

aggregation on the Pep surface, eventually formed AuNPs with 

irregular shape, named as flower-like AuNPs. While the pH reached 

to 14.0, it was the instability conformation of Pep increased and the 

collision between Peps further exacerbated that leaded to high 

contact probability between Peps exposed. Under this situation, the 

conformation flexibility of polypeptide chain, the charge density 

surrounding nucleation sites and the proximity of the nucleation to 

the surrounding aqueous environment could induce Au nucleation to 

orderly aggregate with luminol photochemistry, and eventually 

formed hexagonal-like AuNSs. The last was the termination stage. 

Termination could be occur via depletion of quantum efficiency of 

luminol produced by QCP, redox potential decreasing (dynamics) 

and Au3+ concentration equilibrium between the bulk phase and Pep 

surface (electrostatic and steric). At this stage, the colour of solution 

remained almost unchanged, the electrostatic barrier for bringing Au 

atom into close proximity becomes too large to overcome, thus 

preventing further growth. For above process, the micro-change of 

Pep confirmation acted as the template, which could provide the 

micro-environment for Au nucleation accumulation and aggregation, 

then ultimately accelerate the growth tendency of Au nanocrystals in 

CL reaction for forming different size and shape AuNMs in alkaline 

solution. With the joint action of the QCP by the photochemical 

induced and the micro-change of Pep conformation mediated by the 

nature of alkaline condition, the different AuNMs were eventually 

formed with different CL intensity. As a control experiment, there 

were only unified and mono-disperse quasi-spherical structure 

AuNPs formed with average diameters of 55 ± 4.2 nm for different 

pH at the absent of Pep (Support Fig. 2). Throughout the entire 

process, we could speculate that pH as the key factor, it was not only 

influenced the CL intensity, which promoted rapid reaction by 

photochemical induced mechanism, but also induce the instability 

conformation or construction of Pep in alkaline solution, which 

could provide the effective template or microenvironment for Au 

atom accumulating and aggregating, form with the different size and 

shape controlled AuNMs in alkaline solution. 

(Fig.1) 

 

The different size and shape AuNMs could be controlled by the 

sideway of different CL intensity with the different pH value. 

Interesting, with the pH increasing, the CL intensity showed the 

decreasing tendency, on the contrary, the average particle size was 

the increasing tendency. For example (Fig. 2a), injecting luminol 

solution with pH of 10.5 obtained 1-2 nm spherical-like AuNCs 

associated with CL intensity of 1150, with 12.0 yielded 35 ± 5.6 nm  

flower-like AuNPs for CL of 125, whereas with 14.0 produced 400 ± 

25 nm regular hexagonal-like AuNSs for CL of 32. The above 

results fitted the hypothesis that alkaline luminol solution not only 

influenced the QCP, but also induce the instability conformation of 

Pep. In addition, with the pH increasing of alkaline solution, the CL 
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intensity measured by PMT showed the exponential decay trends. 

This trends would be partly relative to the pH influenced to the CL 

intensity, but mainly subject to reducing the quantum effect and 

enhancing scatter effect, while the AuNMs particle size increasing. 

The stability of AuNMs colloid solution formed in the luminol-Pep 

CL reaction was investigated too. With time elapsed, protein 

protected AuNCs have the good stability for 48 days, the flower-like 

AuNPs have the moderate stability for 15 days and hexagonal-like 

AuNSs have the relative poor stability only for 7 days. The stability 

of AuNMs in colloid solution mainly depended on factor of particle 

size, adulterating degree and surface ligand40, 41. The XRD spectrum 

(Fig.2b) showed that AuNMs prepared in luminol-Pep CL reaction 

had virtually no adulterating element only with Au, Na, C, O and Cl. 

From the point of particle size and surface ligand, different size and 

shape AuNMs had the different stability in alkaline solution. For 

spherical-like AuNCs, it was capped into the Pep construction with 

the bond of Au-S with hydrophilic surface. This characterization of 

AuNCs endowed it had good stability in alkaline solution. For 

flower-like AuNPs, it had larger specific surface area due to the 

conformation instability and partial unfolding of the polypeptide 

chain, which could provide the site for Au nucleation aggregating on 

the surface of Pep. It was the particle size increasing and hydrophilic 

group decreasing that made AuNPs had the moderate stability in 

alkaline solution compared with the long stability of AuNCs. For the 

regular hexagonal-like AuNSs, its shape and size mainly depended 

on the collisions of inter-Peps and polypeptide chain folding. The 

relative poor stability was ascribed to the maximum of particle size 

and surface tension of strong alkaline solution.  

(Fig.2) 

This reported herein indicated that luminol as the 

photochemical induced agent could rapidly induce Au3+ to form Au 

nucleation, and eventually grown of different size and shape 

AuNMs. The UV-Vis results (Fig.3a) showed, as expected, the 

absorption peak of Pep and HAuCl4 were 265 nm and 280nm, 

respectively, which was smothering by the characterization 

absorption peak of luminol at 285 nm and 325 nm. The characteristic 

absorption peak of luminol took on the decreasing tendency, while 

the pH increased from 10.5 to 14.0. A produced absorption peak in 

the 525-560 nm was the characteristic absorption peak of Au with 

the tendency of blue shift in the pH of 10.5-14.0, which would be 

attributed to that more luminol derived, 3-AP absorbed on the Au 

surface with the bond of Au-N. But interesting, the colour of AuNCs 

solution was light red, while the pH set at 10.5. If pH set at 12.0, the 

solution was red, then, turned to dark red when it was 14.0 (Fig. 3b), 

this results of solution colour corresponded with the UV-Vis results.  

(Fig.3) 

In conclusion, we found that, with the joint action of the QCP 

by the photochemical induced and the micro-change of Pep 

conformation mediated alkaline luminol solution, the different 

AuNMs with size and shape controlled could be formed in the CL 

reaction solution. It demonstrated that alkaline luminol solution not 

only influence the QCP of CL reaction, but also act as the micro-

environment of Pep confirmation under room temperature. Further 

study this unusual and intriguing feature would help to clarify some 

the photo-induced mechanism of AuNMs formation in different CL 

reaction, which remained obscure at present. For practical purpose, 

this procedure opened a simple and fast way to tailor the properties 

of photochemical prepared metal NMs to the need of a specific use, 

by their size and shape in the fields of biosensor and bioelectronics. 

Notes and references 

a Key Laboratory of Synthetic and Natural Functional Molecule Chemistry of 

Ministry of Education, College of Chemistry & Material Science, Northwest 

University, Xi’an, 710069, China 

b Key Laboratory of Resource Biology and Biotechnology in Western China, 

College of Life Sciences, Northwest University, Xi’an 710069, China 

This work was supported by the National Natural Science 

Foundation of China (No. 21275118) and the Open Fund from Key 

Laboratory of Synthetic and Natural Functional Molecule Chemistry of 

Ministry of Education. 

1. X. Peng, L. Manna, W. Yang, J. Wickham, E. Scher, A. Kadavanich, 

and A. P. Alivisatos, Nature, 2000, 404, 59-61. 

2. M. Monge, M. L. Kahn, A. Maisonnat, and B. Chaudret, Angew. 

Chem., Int. Ed., 2003, 42, 5321-5324. 

3. H. Deng, S. Yang, S. Xiao, H. M. Gong, and Q. Q. Wang, J.Am. 

Chem. Soc., 2008, 130, 2032-2040. 

4. T. T. Tan, S. T. Selvan, L. Zhao, S. Gao, and J. Y. Ying, Chem. 

Mater., 2007, 19, 3112-3117. 

5. T. D. Nguyen, C. T. Dinh, and T. O. Do, ACS nano, 2010, 4, 2263-

2273. 

6. Y. W. Jun, J. S. Choi, and J. Cheon, Angew. Chem., Int. Ed., 2006, 

45, 3414-3439. 

7. K. R. Brown, L. A. Lyon, A. P. Fox, B. D. Reiss, and M. J. Natan, 

Chem. Mater., 2000, 12, 314-323. 

8. K. H. Roh, D. C. Martin, and J. Lahann, Nat. Mater., 2005, 4, 759-

763. 

Page 4 of 8RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



COMMUNICATION Journal Name 

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

9. C. K. Tsung, J. N. Kuhn, W. Huang, C. Aliaga, L. I. Hung, G. A. 

Somorjai, and P. Yang, J. Am. Chem. Soc., 2009, 131, 5816-

5822. 

10. C. Wang, H. Daimon, T. Onodera, T. Koda, and S. Sun, Angew. 

Chem., Int. Ed., 2008, 47, 3588-3591. 

11. M. C. Daniel, and D. Astruc, Chem. Rev., 2004, 104, 293-346. 

12. M. L. Kahn, M. Monge, V. Collière, F. Senocq, A. Maisonnat, and B. 

Chaudret, Adv. Funct. Mater., 2005, 15, 458-468. 

13. M. P. Pileni, Nat. Mater., 2003, 2, 145-150. 

14. D. Alloyeau, C. Ricolleau, C. Mottet, T. Oikawa, C. Langlois, Y. Le 

Bouar, N. Braidy, and A. Loiseau, Nat. Mater., 2009, 8, 940-

946. 

15. A. Albanese, P. S. Tang, and W. C. Chan, Annu. Rev. Biomed. Eng., 

2012, 14, 1-16. 

16. P. Decuzzi, B. Godin, T. Tanaka, S. Y. Lee, C. Chiappini, X. Liu, and 

M. Ferrari, J. Control. Release, 2010, 141, 320-327. 

17. X. Lang, X. Chen, and J. Zhao, Chem. Soc. Rev., 2014, 43, 473-486. 

18. Z. Li and X. Peng, J. Am. Chem. Soc., 2011, 133, 6578-6586. 

19. K. Trivedi, H. Yuk, H. C. Floresca, M. J. Kim, and W. Hu, Nano 

Lett., 2011, 11, 1412-1417. 

20. K. Takei, H. Fang, S. B. Kumar, R. Kapadia, Q. Gao, M. Madsen, H. 

S. Kim, C. H. Liu, Y. L. Chueh, and E. Plis, Nano Lett., 2011, 

11, 5008-5012. 

21. H. Zhong, Z. Wang, E. Bovero, Z. Lu, F. C. van Veggel, and G. D. 

Scholes, J. Phys. Chem. C, 2011, 115, 12396-12402. 

22. M. R. Waller, T. K. Townsend, J. Zhao, E. M. Sabio, R. L. 

Chamousis, N. D. Browning, and F. E. Osterloh, Chem. 

Mater., 2012, 24, 698-704. 

23. N. Amdursky, M. Molotskii, D. Aronov, L. Adler-Abramovich, E. 

Gazit, and G. Rosenman, Nano Lett., 2009, 9, 3111-3115. 

24. D. K. Harris, P. M. Allen, H. S. Han, B. J. Walker, J. Lee, and M. G. 

Bawendi, J. Am. Chem. Soc., 2011, 133, 4676-4679. 

25. C. L. Choi, H. Li, A. C. Olson, P. K. Jain, S. Sivasankar, and A. P. 

Alivisatos, Nano Lett., 2011, 11, 2358-2362. 

26. R. Jin, Y. Cao, C. A. Mirkin, K. Kelly, G. C. Schatz, and J. Zheng, 

Science, 2001, 294, 1901-1903. 

27. R. Long, N. J. English, and O. V. Prezhdo, J. Am. Chem. Soc., 2012, 

134, 14238-14248. 

28. J. C. Colmenares, and R. Luque, Chem. Soc. Rev., 2014, 43, 765-778. 

29. C.D. Chen, Y.T. Yeh and C.R.C. Wang, J. Phys. Chem. Solids, 2001, 

62, 1587-1597. 

30. K. Ariga, T. Mori, and J. P. Hill, Adv. Mater., 2012, 24, 158-176. 

31. H. Zeng, X. W. Du, S. C. Singh, S. A. Kulinich, S. Yang, J. He, and 

W. Cai, Adv. Funct.Mater., 2012, 22, 1333-1353. 

32. K. G. Stamplecoskie and J. C. Scaiano, Photochem.Photobio., 2012, 

88, 762768. 

33. H. Z. Albrecht, Phys. Chem. Chem. Phys. , 1928, 136, 321-330. 

34. M. Iranifam, Trac Trend Anal. Chem., 2013,51, 51-70. 

35. Q. Q. Li, L. J. Zhang, J. G. Li, and C. Lu, Trac Trend Anal. Chem., 

2011, 30, 401-413. 

36. Z. F. Zhang, H. Cui, C. Z. Lai, and L. J. Liu, Anal. Chem., 2005, 77, 

3324-3329. 

37. S. Volden,  S.M. Lystvet, Ø. Halskaub and W.R. Glomm, RSC Adv., 

2012, 2, 11704-11711. 

38. H. Kawasaki, K. Hamaguchi, I. Osaka, and R. Arakawa, Adv. Funct. 

Mater., 2011, 21, 3508-3515. 

39. X.L. Cao, H.W. Li, Y. Yue and Y.Q. Wu, Vib. Spectrosc., 2013, 65, 

186-192. 

40. G. Mohamedi, M. Azmin, I. Pastoriza-Santos, V. Huang, J. Pérez-

Juste, L. M. Liz-Marzán, M. Edirisinghe, and E. Stride, 

Langmuir, 2012, 28, 13808-13815. 

41.  Z. Cai,  Y. Kuang,  L, Luo, L.R. Wang, X.M. Sun, Acta Chim. 

Sinica., 2013, 71, 1265-1269 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Page 5 of 8 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



Fig.1 The scheme of different size and shape AuNMs 

formed in luminol-Pep CL system with photo-chemical 

induced with Em = 425 nm. 
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(a) 

(b) 

Fig.2 (a) The TEM imagine of AuCNs (1-2 nm), AuNPs (35 ± 

5.6 nm) and AuNSs (400 ± 25 nm). (b) The EDX energy 
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Fig.3 (a) The UV-Vis spectrum of luminol-HAuCl4-pepsin 

reaction with pH from 10.0 to 14.0. The corresponding 

concentrations of pepsin (1), HAuCl4 (2) and luminol (3) 

were 1.0×10-5, 2.5×10-5 and 2.5×10-4 mol·L-1, (4-9) were the 

different pH of 10.5, 11.0, 11.5, 12.0, 12.5, 13.0, 13.5 and 

14.0, respectively. (b) The different color of AuNMs 

produced with different pH from14.0 to 9.0 (A-I) in 30 min. 
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