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CHAPTER 5. CONCLUSIONS AND FUTURE DIRECTIONS 

From this research, I was able to identify several formulation parameters that have 

profound effects on the release of protein from biodegradable microparticles.  It is clear 

that properties of the polymer had the most profound effect.  The burst release was 

primarily controlled by the polymer type (PLLA, PDLLA, PLGA) with PLLA polymers having 

the lowest release on average. Release rate during the plateau phase seemed to be 

controlled, also, by the polymer type with PLLA having the lowest average.  For PLGA 

polymers, high L:G ratios (85:15) had lower burst and linear plateau phase.  It was 

observed that there is a molecular weight sweet spot (30-100kDa) in which burst release 

and release rate are optimized.  Overall, the BSA release study identified a new set of 

tools that can be used to customize release profiles for protein drugs.   

A new micronization method for lyophilized proteins was also identified.  This 

grinding method provides a low-cost effective option for obtaining active sub-10µm 

protein particles.  It was also possible to load these particles successfully into 

microspheres by coacervation. With nearly 100% encapsulation efficiency, this 

experiment identified coacervation as a feasible protein encapsulation method and 

validated the micronization method.
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 In summary, the results from this work will, hopefully, act as a starting point for 

future research in protein therapeutics.  Future studies should expand upon the 

conclusions drawn here and should try to identify crystal structure and organization of 

biodegradable polymers to better understand their effect on release.  In addition, the 

methods used in this research should also be applied to more proteins in order to 

assess its broad applicability.  It should be emphasized that not all protein encapsulation 

techniques will yield the same results and that post fabrication processing should be 

optimized to minimize burst release, maximize encapsulation, and increase control.   



 

 

 

 

 

 

 

 

 

REFERENCES



54 

 

REFERENCES   

1. Carter, P. J., Introduction to current and future protein therapeutics: a protein 
engineering perspective. Exp Cell Res 2011, 317 (9), 1261-9. 

2. Leader, B.; Baca, Q. J.; Golan, D. E., Protein therapeutics: a summary and 
pharmacological classification. Nat Rev Drug Discov 2008, 7 (1), 21-39. 

3. Huggett, B., Public Biotech 2012-the Numbers. Nat Biotech 2013, 31 (8), 697-703. 
4. Ledford, H., Biotechs go generic: The same but different. Nature 2007, 449 (7160), 

274-276. 
5. Zuñiga, L.; Calvo, B., Biosimilars approval process. Regulatory Toxicology and 

Pharmacology 2010, 56 (3), 374-377. 
6. Roger, S. D.; Goldsmith, D., Biosimilars: It's not as simple as cost alone. Journal of 

Clinical Pharmacy and Therapeutics 2008, 33 (5), 459-464. 
7. Mellstedt, H.; Niederwieser, D.; Ludwig, H., The challenge of biosimilars. Annals of 

Oncology 2008, 19 (3), 411-419. 
8. Lindsley, C. W., The Top Prescription Drugs of 2012 Globally: Biologics Dominate, But 

Small Molecule CNS Drugs Hold on to Top Spots. ACS Chemical Neuroscience 2013, 4 
(6), 905-907. 

9. Khechinashvili, N. N.; Janin, J.; Rodier, F., Thermodynamics of the temperature-
induced unfolding of globular proteins. Protein Sci 1995, 4 (7), 1315-24. 

10. Zhai, J. l.; Day, L.; Aguilar, M.-I.; Wooster, T. J., Protein folding at emulsion oil/water 
interfaces. Current Opinion in Colloid & Interface Science 2013, 18 (4), 257-271. 

11. Bosshard, H. R.; Marti, D. N.; Jelesarov, I., Protein stabilization by salt bridges: 
concepts, experimental approaches and clarification of some misunderstandings. J 
Mol Recognit 2004, 17 (1), 1-16; Bhattacharjya, S.; Balaram, P., Effects of organic 
solvents on protein structures: observation of a structured helical core in hen egg-
white lysozyme in aqueous dimethylsulfoxide. Proteins 1997, 29 (4), 492-507. 

12. George, D. F.; Bilek, M. M.; McKenzie, D. R., Non-thermal effects in the microwave 
induced unfolding of proteins observed by chaperone binding. Bioelectromagnetics 
2008, 29 (4), 324-30. 

13. Shaji, J.; Patole, V., Protein and Peptide drug delivery: oral approaches. Indian J 
Pharm Sci 2008, 70 (3), 269-77. 

14. Pisal, D. S.; Kosloski, M. P.; Balu-Iyer, S. V., Delivery of therapeutic proteins. Journal 
of Pharmaceutical Sciences 2010, 99 (6), 2557-2575. 

15. Su, J.; Mazzeo, J.; Subbarao, N.; Jin, T., Pharmaceutical development of biologics: 
fundamentals, challenges and recent advances. Ther Deliv 2011, 2 (7), 865-71.



55 

 

16. Hirenkumar, M.; Siegel, S., Poly Lactic-co-Glycolic Acid (PLGA) as Biodegradable 
Controlled Drug Delivery Carrier. Polymers 2011, 3 (3), 1377-1397. 

17. Mahboubian, A.; Hashemein, S. K.; Moghadam, S.; Atyabi, F.; Dinarvand, R., 
Preparation and In-vitro Evaluation of Controlled Release PLGA Microparticles 
Containing Triptoreline. Iran J Pharm Res 2010, 9 (4), 369-78. 

18. Blanco, D.; Alonso, M. J., Protein encapsulation and release from poly(lactide-co-
glycolide) microspheres: effect of the protein and polymer properties and of the co-
encapsulation of surfactants. Eur J Pharm Biopharm 1998, 45 (3), 285-94. 

19. Ravi, S.; Peh, K. K.; Darwis, Y.; Murthy, B. K.; Singh, T. R.; Mallikarjun, C., 
Development and characterization of polymeric microspheres for controlled release 
protein loaded drug delivery system. Indian J Pharm Sci 2008, 70 (3), 303-9. 

20. Zhu, G.; Mallery, S. R.; Schwendeman, S. P., Stabilization of proteins encapsulated in 
injectable poly (lactide- co-glycolide). Nat Biotechnol 2000, 18 (1), 52-7. 

21. Castellanos, I. J.; Carrasquillo, K. G.; Lopez, J. D.; Alvarez, M.; Griebenow, K., 
Encapsulation of bovine serum albumin in poly(lactide-co-glycolide) microspheres by 
the solid-in-oil-in-water technique. J Pharm Pharmacol 2001, 53 (2), 167-78. 

22. Zhou, X. L.; He, J. T.; Zhou, Z. T.; Ma, S. F.; Jiang, Y.; Wang, Y., [Effect of NaCl in outer 
water phase on the characteristics of BSA-loaded PLGA sustained-release 
microspheres fabricated by a solid-in-oil-in-water emulsion technique]. Yao Xue Xue 
Bao 2010, 45 (8), 1057-63. 

23. Maa, Y.-F.; Sellers, S. P., Solid-State Protein Formulation. In Therapeutic Proteins, 
2005; Vol. 308, pp 265-285. 

24. Lee, M. J.; Kwon, J. H.; Shin, J. S.; Kim, C. W., Microcrystallization of α-lactalbumin. 
Journal of Crystal Growth 2005, 282 (3-4), 434-437. 

25. Bittner, B.; Ronneberger, B.; Zange, R.; Volland, C.; Anderson, J. M.; Kissel, T., Bovine 
serum albumin loaded poly(lactide-co-glycolide) microspheres: the influence of 
polymer purity on particle characteristics. J Microencapsul 1998, 15 (4), 495-514. 

26. Andya, J.; Maa, Y.-F.; Costantino, H.; Nguyen, P.-A.; Dasovich, N.; Sweeney, T.; Hsu, 
C.; Shire, S., The Effect of Formulation Excipients on Protein Stability and Aerosol 
Performance of Spray-Dried Powders of a Recombinant Humanized Anti-IgE 
Monoclonal Antibody1. Pharmaceutical Research 1999, 16 (3), 350-358. 

27. Tandya, A.; Dehghani, F.; Foster, N. R., Micronization of cyclosporine using dense gas 
techniques. The Journal of Supercritical Fluids 2006, 37 (3), 272-278. 

28. Herceg, Z.; Lelas, V.; Kresic, G., Influence of tribomechanical micronization on the 
physical and functional properties of whey proteins. International Journal of Dairy 
Technology 2005, 58 (4), 225-232. 

29. Maschke, A.; Cali, N.; Appel, B.; Kiermaier, J.; Blunk, T.; Gopferich, A., Micronization 
of insulin by high pressure homogenization. Pharm Res 2006, 23 (9), 2220-9. 

30. Acharya, G.; Shin, C. S.; McDermott, M.; Mishra, H.; Park, H.; Kwon, I. C.; Park, K., 
The hydrogel template method for fabrication of homogeneous 
nano/microparticles. J Control Release 2010, 141 (3), 314-9. 

31. Park, K.; Acharya, G.; Park, H., Sol-Gel phase-reversible hydrogel templates and uses 
thereof. Google Patents: 2009



56 

 

32. Dechy-Cabaret, O.; Martin-Vaca, B.; Bourissou, D., Controlled Ring-Opening 
Polymerization of Lactide and Glycolide. Chemical Reviews 2004, 104 (12), 6147-
6176. 

33. Nihant, N.; Stassen, S.; Grandfils, C.; Jérǒme, R.; Teyssié, P., Microencapsulation by 
coacervation of poly(lactide-co-glycolide)—II: Encapsulation of a dispersed aqueous 
phase. Polymer International 1993, 32 (2), 171-176. 

34. Nihant, N.; Stassen, S.; Grandfils, C.; Jérome, R.; Teyssié, P.; Goffinet, G., 
Microencapsulation by coacervation of poly(lactide-co-glycolide). III. 
Characterization of the final microspheres. Polymer International 1994, 34 (3), 289-
299. 

35. Tan, M. X. L.; Danquah, M. K., Drug and Protein Encapsulation by Emulsification: 
Technology Enhancement Using Foam Formulations. Chemical Engineering & 
Technology 2012, 35 (4), 618-626. 

36. Niwa, T.; Takeuchi, H.; Hino, T.; Nohara, Y.; Kawashima, Y., Biodegradable submicron 
carriers for peptide drugs: Preparations of DL-Lactide/glycolide copolymer (PLGA) 
nanospheres with nafarelin acetate by a novel emulsion-phase separation method in 
an oil system. International Journal of Pharmaceutics 1994, 121, 45-54. 

37. Xia, Y.; Ribeiro, P. F.; Pack, D. W., Controlled protein release from monodisperse 
biodegradable double-wall microspheres of controllable shell thickness. Journal of 
Controlled Release 2013, 172 (3), 707-714. 

38. Lee, E. S.; Kwon, M. J.; Lee, H.; Na, K.; Kim, J. J., In vitro study of lysozyme in 
poly(lactide-co-glycolide) microspheres with sucrose acetate isobutyrate. European 
Journal of Pharmaceutical Sciences 2006, 29 (5), 435-441. 

39. Yuan, Y.; Chesnutt, B. M.; Utturkar, G.; Haggard, W. O.; Yang, Y.; Ong, J. L.; 
Bumgardner, J. D., The effect of cross-linking of chitosan microspheres with genipin 
on protein release. Carbohydrate Polymers 2007, 68 (3), 561-567. 

40. Crow, B. B.; Borneman, A. F.; Hawkins, D. L.; Smith, G. M.; Nelson, K. D., Evaluation 
of in vitro drug release, pH change, and molecular weight degradation of poly(L-
lactic acid) and poly(D,L-lactide-co-glycolide) fibers. Tissue Eng 2005, 11 (7-8), 1077-
84; Körber, M., PLGA erosion: Solubility- or diffusion-controlled? Pharmaceutical 
Research 2010, 27 (11), 2414-2420. 

41. Sandor, M.; Enscore, D.; Weston, P.; Mathiowitz, E., Effect of protein molecular 
weight on release from micron-sized PLGA microspheres. Journal of Controlled 
Release 2001, 76 (3), 297-311. 

42. Hayakawa, I.; Yamada, Y.; Fujio, Y., Microparticulation by Jet Mill Grinding of Protein 
Powders and Effects on Hydrophobicity. Journal of Food Science 1993, 58 (5), 1026-
1029. 

43. Mallardé, D.; Boutignon, F.; Moine, F.; Barré, E.; David, S.; Touchet, H.; Ferruti, P.; 
Deghenghi, R., PLGA-PEG microspheres of teverelix: Influence of polymer type on 
microsphere characteristics and on teverelix in vitro release. International Journal of 
Pharmaceutics 2003, 261 (1-2), 69-80.

 
 



57 

 

44. Sunitha, S.; Amareshwar, P.; Santhosh Kumar, M.; Chakravarti, P., Preparation and 
evaluation of tramadol hydrochloride microspheres by coacervation phase 
separation technique using various solvents and non-solvents. Journal of Global 
Pharma Technology 2011, 3 (4), 33-41. 

45. Jain, R. A.; Rhodes, C. T.; Railkar, A. M.; Malick, A. W.; Shah, N. H., Controlled 
delivery of drugs from a novel injectable in situ formed biodegradable PLGA 
microsphere system. Journal of Microencapsulation 2000, 17 (3), 343-362. 

46. Mao, S.; Xu, J.; Cai, C.; Germershaus, O.; Schaper, A.; Kissel, T., Effect of WOW 
process parameters on morphology and burst release of FITC-dextran loaded PLGA 
microspheres. International Journal of Pharmaceutics 2007, 334 (1-2), 137-148. 

47. Schnieders, J.; Gbureck, U.; Vorndran, E.; Schossig, M.; Kissel, T., The effect of 
porosity on drug release kinetics from vancomycin microsphere/calcium phosphate 
cement composites. J Biomed Mater Res B Appl Biomater 2011, 99 (2), 391-8. 

48. Kyekyoon, K.; Pack, D., Microspheres for Drug Delivery. Springer: 2006; Vol. 1, p 520. 

 

 

 

 

 


