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ABSTRACT 

Biopharmaceutical industry is booming and with the recent pandemic of COVID-19 and 

advancements in cell and gene therapy, recombinant protein production has come on the 

forefront of the industrial protein production. Apart from applications in various industries, 

recombinant proteins find applications as therapeutics, vaccines and diagnostics. Monoclonal 

antibodies and other biosimilars make up the largest products in the pipeline of most 

biotechnology industries. This review article consolidates the knowledge and advances in the 

process of expression, purification, characterization and formulation of recombinant proteins 

from various available literature resources. 
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1. INTRODUCTION 

The biopharmaceutical market is one of the 

fastest growing sector of pharmaceutical 

industry and is proposed to grow upto USD 

856.1 billion by 2030 with a CAGR of 
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12.5% from 2022 to 2030. 

Biopharmaceuticals include a product 

produced from biological systems either in 

vitro, ex vivo, or in vivo and find applications 

as therapeutics (anti-cancer monoclonal 

antibodies, gene therapy products), 

vaccines, diagnostics, etc. Various products 

have been approved for therapeutic use by 

European Medicines Agency (EMA) in 

European Union (EU) and Food and Drugs 

Administration of USA (FDA) over the 

period of 2018-2022. These include 

monoclonal antibodies (97 products), 

hormones (19 products), nucleic acid or 

gene therapy-based products (16 products), 

and vaccines (16 products). Additionally 

other products including biosimilars like 

colony-stimulating factors (12 products), 

nine cell-based products, eight enzymes, 

seven fusion products and six different 

clotting factors were given approval for 

human use [1]. While a lot of proteins are 

being purified from biological fluids and 

wastes even today, production of proteins 

using biological systems is being 

extensively exploited. With the advent of 

recombinant DNA (rDNA) technology 

while leveraging the vast understanding of 

biological systems, heterologous expression 

of recombinant proteins has become a 

promising biotechnological tool. 

Recombinant protein is a protein expressed 

from a foreign gene introduced into a 

biological host.  

Recombinant proteins are expressed using 

various different types of hosts like bacteria 

(Escherichia coli [E. coli]), fungi 

(Saccharomyces cerevisiae [S. cerevisiae]), 

insect cells (sf9) and mammalian cells 

(Chinese Hamster Ovarian [CHO] cells and 

Human Embryonic Kidney [HEK-293] 

cells) [2]. Downstream processing of the 

expressed proteins from the cellular milieu 

is carried out using various chromatographic 

methods and refolding of purified proteins 

[2]. Purified proteins are of use only when 

they are functional and have the correct 

conformational structure [3]. Stability of the 

expressed protein is due to optimum ionic 

strength of the buffers and the correct 

storage temperature. Thus, designing the 

optimal formulation and storage buffers for 

the expressed proteins renders them stable 

for longer periods of time and allows them 

to be used for various applications [4]. 

Figure 1 describes the process of 

recombinant protein synthesis starting from 

vector designing to final formulation and 

storage stage. 
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Figure 1: The overall process of recombinant protein expression 

 

This review will be a consolidated study 

discussing in detail the hosts for expression 

of proteins, their advantages and 

disadvantages, focusing mainly on bacterial 

cells as the expression host. Further, various 

purification methods, underlying chemistry 

for optimal process development and protein 

refolding will be described. The review will 

also include details regarding the different 

methods used for characterization of 

purified proteins. Furthermore, the 

importance of formulation and applications 

of recombinant proteins will be discussed at 

length.  

2. Hosts for heterologous protein 

expression 

Various different biological systems are 

being exploited for heterologous expression 

of proteins. The choice of expression host 

depends upon the protein of interest as well 

as the economic aspects for culturing and 

expression of the protein. Various hosts are 

being currently used like bacterial cells, 

fungi, insect cells and mammalian cells [5]. 

All the expressions hosts have their own 

advantages and disadvantages for use in 

protein expression and production at 

industrial scales. This section will provide 

insights into the various expression’s hosts 

used, their advantages and disadvantages. 

Furthermore, the section will focus on 

bacterial cells as expression host in details 

while also highlighting the various strategies 

to achieve optimal levels of expression and 

different techniques to monitor expression. 

2.1 Bacterial Cells 

Bacteria like Escherichia coli (E. coli), 

Bacillus subtilis (B. subtilis), Pseudomonas 
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Lactic acid bacteria (LAB)and others are 

one of the most favored hosts of expression 

and production of recombinant proteins [5].  

a. E. coli 

E. coli is the most widely used bacteria for 

recombinant protein expression [6]. E. coli 

and other bacteria as hosts for protein 

expression provide a lot of advantages over 

other expression hosts. The major 

advantages include rapid cell growth, easy 

genetic manipulation, well understood 

cellular mechanisms, ease of handling and 

scaling up for industrial purposes, use of 

simple and economic growth medium, and 

high production of recombinant proteins. In 

E. coli, the recombinant proteins could be 

produced as either insoluble inclusion 

bodies (IBs), or soluble or secretory proteins 

[4, 5]. However, bacterial hosts also have 

various disadvantages like non-functional 

protein production due to improper 

refolding or absence of post-translational 

modifications in bacteria. Drawbacks 

specific to E. coli include use of unsolicited 

inducers for gene expression, which would 

require extensive purification for clearing 

the inducers, ineffective secretion, high 

probability of sequestration of the protein of 

interest into IBs, increased metabolic stress 

due to production of large amounts of 

recombinant proteins and presence of 

endotoxins in the protein product [4, 5]. 

b. Other Bacteria 

B. subtilis is a Gram-positive bacterium and 

can be used to overcome the issues of 

endotoxin, although the protein expression 

levels could be lower than in E. coli. This 

bacterium is mostly used for meta-genomic 

library construction [7]. B. megaterium, 

another Gram-positive bacterium, has been 

systematically optimized for production and 

secretion of high levels of recombinant 

proteins. The strain uses plasmids carrying 

the gene of interest with specific origin of 

replication and regulatory elements to get 

optimum recombinant protein production. It 

can be used for production of individual 

proteins and also for coproduction of upto 

14 recombinant proteins [8]. Lactic acid 

bacteria like Lactococcus lactis, 

Lactobacillus have been used to safely 

deliver heterologous proteins like cytokines 

and antigens into the mucosa due to their 

food-grade properties [9, 10]. Other bacteria 

like Pseudomonas fluorescens and 

Pseudomonas putida have been shown to 

produce high levels of recombinant proteins 

in the soluble forms, indicating that they are 

a good alternative to E. coli [5]. Ralstonia 

eutropha has been shown to overcome the 

major drawback of E. coli, i.e. formation of 

IBs when high levels of recombinant 

proteins are produced. This bacterium can 

be used for high cell-density fermentation 

and can produce soluble recombinant 

proteins in amounts that are almost 100-
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folds greater than that observed in E. coli 

[11, 12]. 

Multiple strategies to overcome the 

drawbacks pertaining to use of E. coli or 

other bacteria for large scale protein 

production have been taken up and will be 

discussed further. 

2.2 Yeasts 

Since E. coli does not have post-

translational mechanisms to produce 

functional mammalian proteins, eukaryotic 

hosts are used for production of mammalian 

proteins which require high amounts of 

glycosylation [13]. Yeasts have the 

advantages that they are unicellular 

organisms, and have lower nutrient 

requirements than insect and mammalian 

cells, making them more adaptable for 

industrial scale production of biologically 

active eukaryotic proteins. S. cerevisiae is 

being used for the commercial production of 

hormones like insulin and glucagon [13]. 

Other yeasts like Pichia pastoris 

(reclassified as Komagataella phaffii) are 

extensively used for the production of 

biologically active proteins due to their non-

dependence of Crab-tree cycle and 

production of high amounts of recombinant 

therapeutic proteins such as human insulin, 

human serum albumin, hepatitis B vaccine, 

interferon-alpha 2b, trypsin, and collagen. P. 

pastoris can use methanol as a carbon source 

and this property is being used for the 

designing of expression vectors under the 

control of the inducible AOX1 promoter 

[14–17]. Although useful, S. cerevisiae does 

not generate correct type of N- and O- linked 

glycosylations as present inhuman proteins, 

thus rendering the proteins not completely 

useful. P. pastoris also generates 

glycosylation patterns which differ from the 

native human forms, but these variations are 

trivial and do not affect the functionality of 

the protein. Thus P. pastoris is more 

favorable choice as an expression host for 

recombinant proteins. Another drawback 

includes codon biasness in S. cerevisiae, 

which increases the work and cost of 

designing the expression cassette for the 

gene of interest [5]. 

2.3 Filamentous Fungi 

High mannose dependent glycosylation is 

observed in yeasts, and hence the use of 

filamentous fungi can overcome this 

shortcoming in the production of 

recombinant proteins. The versatile 

metabolic ability of fungi makes them an 

attractive and outstanding cell factory. 

Filamentous fungi have a strong capacity for 

secretion due to which they are also 

considered one of the most promising 

expression systems for recombinant protein 

production. Filamentous fungi like 

Apsergillus niger, Trichoderma reesei are 

being developed into platforms for 

production of industrially important 
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enzymes and recombinant therapeutic 

proteins like IFN-2b [18–22]. 

2.4 Insect cells 

Insect cells are mainly used for the 

production of recombinant proteins to be 

used as vaccines or for diagnostic purposes. 

Insect cell lines are derived from the fall 

armyworm (Spodoptera frugiperda) or the 

cabbage looper, (Trichoplusiani). The 

commonly used cell lines include Sf9, Sf21 

and High FiveTM. These cell lines can be 

used for large scale, efficient and rapid 

recombinant protein production by 

baculovirus infections [23]. Baculoviruses 

infect hosts limited to specific invertebrate 

species, thus making them safe to work with 

[5]. Baculovirus expression system 

generates recombinant baculoviruses 

carrying the gene under compatible 

promoters for high expression of the protein 

of interest. These recombinant viruses upon 

infection of the insect host cell lines can 

produce the soluble form of protein of 

interest in bulk. Insect cell lines produce 

glycosylation patterns varying from those of 

the mammalian cells, thus providing a 

different epitope to the antigen. Also, 

secretory proteins are not completely 

processed after translation and secretion 

rendering the protein non-fucntional. 

Baculovirus expression vectors can carry 

large amounts of foreign DNA and are being 

modified to include elements and other 

supporting proteins in order to mitigate these 

flaws. For example, it was shown that co-

infection of a cell line with baculovirus 

expressing Activin A, a TGF-β family 

member, and Furin will allow high 

production of mature and functional Activin 

A. A modification to this was done by a 

group by incorporating both the genes into a 

single baculovirus expression vector, 

FlexiBAC, and obtaining similar levels of 

mature Activin A by a single infection [5, 

23–25]. Another drawback includes 

discontinuous production of recombinant 

proteins due to the death of infected cells 

and the need to infect new cells for every 

production cycle, thus making the system 

inferior to prokaryotic and yeast systems in 

terms of continuous fermentation.  

2.5 Mammalian cells 

Mammalian cell lines like Chinese Hamster 

Ovarian (CHO) cell line, Mouse myeloma 

cell line (NS0) and Human Embyronic 

Kidney cell line (HEK) are the hosts of 

choice for the production of recombinant 

therapeutic proteins. Most of the therapeutic 

proteins contain complex glycan moieties 

attached for their efficient functionality. 

Thus, having correct N- and O-linked 

glycans is important for the therapeutic 

activities of these proteins and mammalian 

cells would be the right choice of hosts for 

the production of therapeutic proteins [26]. 

CHO cells are the most extensively used for 

the production of many biopharmaceuticals; 
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most of these are monoclonal antibodies 

being used as cancer therapeutics. CHO 

cells were derived from Chinese hamster 

ovarian fibroblast cells and multiple variants 

of the CHO cells have been developed to 

ease the production of biopharmaceuticals. 

The CHO cell lines present various 

advantages; they can be grown in suspension 

in serum-free medium and show high yields 

of production while being less susceptible to 

infection by human viruses. However, a 

major drawback of the CHO cell lines is the 

additions of potentially immunogenic 

glycan, which are non-human, although 

most of the glycans generated by CHO cells 

engineered for post-translational 

modificationsare “human-like”. Another 

drawback is the difficulty to formulate a 

different medium for each variant of the 

CHO cell lines, requiring good development 

strategies for commercial purposes instead 

of using a specific variant as a platform cell 

line. HEK293 cells form a good alternative 

for the development of biopharmaceuticals 

with completely human type glycan 

addition, thus increasing their efficiency. 

HEK293 cell line has been used to produce 

clotting factor VIII (FVIII). With the 

introduction of cell and gene therapy 

products, HEK293 cells has gained 

importance for the production for 

recombinant Adeno-associated virus (AAV) 

and Lentivirses (LV) for product 

development. HEK293 cell line is an 

adherent cell line which requires fetal 

bovine serum for its growth, thus making it 

difficult to scale up cultures for large scale 

virus production. To circumvent this 

shortcoming, suspension variants growing 

in serum free medium have been developed. 

Another drawback of using human cell lines 

for protein production includes risk of 

infection by human viruses [2, 5, 26–32].  

2.6 Cell Free Protein Synthesis  

Protein expression and synthesis in cell free 

systems have become one of the methods of 

choice. Cell free protein synthesis is an in 

vitro method for protein synthesis which 

removes then hindrances caused by cellular 

membranes. This method is scalable and 

results in high quantities of proteins being 

produced, with the advantages of being 

rapid and controllable. The cell free protein 

synthesis system could be of prokaryotic (E. 

coli or other bacteria like B. subtilis) or 

eukaryotic (yeast, wheat germ, rabbit 

reticulocytes and insect cell) origin. E. coli 

as the host species is the most preferred for 

most of the protein synthesis. In case of 

complex proteins requiring large amounts of 

post-translation modifications, eukaryotic 

cell free protein synthesis systems may be 

used. However, they could lead to lower 

protein yields. These systems use cell 

lysates of the host cells which provide the 

machinery for transcription and translation 

and plasmids which carry the gene of 

interest for protein. The whole process is 
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carried out in an appropriate vessel and the 

proteins are produced in the lysate mostly in 

the soluble form. The process or the system 

can be tweaked in order to avoid failures and 

hence is being extensively explored for 

industrial scale production of recombinant 

proteins. Cell free protein synthesis systems 

could also be explored to mix various 

components from different hosts and make 

an efficient one-stop system for complex 

protein production [33–35]. 

3. Strategies to optimize expression of 

recombinant protein in E. coli 

As discussed earlier, E. coli and other 

bacteria suffer from various shortcomings 

like absence of post-translational 

modifications, generation of IBs, incorrect 

disulfide bond formation, etc., despite 

having great advantages for use in industrial 

level production of recombinant therapeutic 

proteins. Over the years, a lot of research has 

been done to improvise the overall 

expression system in E. coli at different 

stages to obtain optimal production of the 

protein of interest.  

3.1 Plasmid design, promoters, and 

strain engineering  

With technical advancements and a better 

understanding of various bacterial 

processes, newer promoters and regulatory 

elements are being included in the plasmid 

design for efficient protein expression. 

Majority of expression systems in E. coli use 

the inducible lac promoter/operator system 

to regulate gene expression. The native lac 

promoter is induced in presence of lactose 

and cyclic AMP (cAMP) generated due to 

glucose metabolism, but remains partially 

active in the usual growth media used due to 

the presence of glucose. Thus, this system is 

modified with the lacUV5 mutation to 

reduce catabolite dependence and being 

completely active when lactose or lactose 

analog like isopropyl β-D-1-

thiogalactopyranoside (IPTG) is added to 

the medium. The lac promoter and the 

mutant version, lacUV5, are not strong 

promoters to produce large amounts of 

recombinant protein and also can show 

leaky expression, which is an issue when 

expressing toxic or complex proteins. To 

overcome this problem, dual expression 

controls and use of strains with lysozyme 

expression for controlled recombinant 

protein expression are being used. One such 

example is the use of the combination of 

pET expression vectors and E. coli BL21 

(DE3). The expression of gene of interest is 

regulated by a promoter recognized by T7 

phage RNA polymerase (high copy 

expression). The gene for T7 RNA 

polymerase is inserted in the E. coli gemone 

as a prophage (λDE3) and its expressionis 

driven by the lacUV5 promoter. Thus, 

induction by IPTG first leads to the 

expression of T7 RNA polymerase, which 

then drives the expression of the 

recombinant protein. The expression of 
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lacIQ or T7 Lysozyme inhibits extraneous 

expression of the gene of interest by T7 

RNA polymerase. For T7 lysozyme 

expression, special E. coli BL21 (DE3) 

strains have been developed, i.e.E. coli 

BL21 (DE3) pLysS and E. coli BL21 (DE3) 

pLysE. In these, the Lysozyme binds to T7 

RNA polymerase and inhibits it. When the 

levels of T7 RNA polymerase surpass those 

of lysozyme, the expression of the gene of 

interest is carried forward by T7 RNA 

polymerase [36, 37]. 

To overcome the issue of basal and leaky 

expression, another promoter with positive 

regulation has been exploited. The araPBAD 

promoter is present in the pBAD vector 

system, which is activated in the presence of 

arabinose through the fine regulation by the 

AraC protein. Another systems use the 

phage promoters like phage lambda 

leftwards promoter (pL), which is usually 

repressed by λcI protein during lysogenic 

cycle. Thus, a dual control system like 

trp/pL promoter system (λcI under control 

of trp promoter and gene of interest under 

pL) or a mutant of λcI gene which makes it 

sensitive to temperature or pH changes can 

be used. The trp/pL dual promoter system 

works on the principle that trp promoter is 

active in the absence of tryptophan, thus 

producing λcI, which represses expression 

of the gene of interest from pL. When 

tryptophan is added, trppromoter is 

repressed and λcI is ot produced, thus 

activating the expression of the gene of 

interest from Pl [36].  

The mutant λcI repressor protein (λcI857) is 

temperature-sensitive and loses its activity 

at temperature above 37ºC. Thus, when the 

cultures are grown at 40-42ºC, the 

repression is lost and the expression of the 

gene of interest from pL is driven. Another 

temperature-sensitive system is the pCold 

vectors, which use cspA promoter (cold 

shock protein A promoter) to regulate gene 

expression. This promoter is active at 

temperature below 15ºC and produce large 

quantities of correctly folded recombinant 

protein. Using temperature sensitive 

expression systems can be advantageous 

industrially as it allows driving of 

expression by changing the temperature 

during fermentation and no inducing agent 

addition is required, decreasing the 

probability of contamination [36, 37]. For 

efficient expression of heterologous proteins 

in E. coli, codon optimization to avoid 

ribosome slippage due to rare human codons 

is done [2]. 

In terms of strain engineering, E. coli has 

been engineered to carry out post-

translational modifications like 

glycosylation, disulfide bond formation, 

phosphorylation, proteolytic cleavage and 

others. An E. coli host has been engineered 

specifically to produce glycosylated 

antibodies, while another strain has been 

developed for correct disulfide bond 
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formation in the periplasmic space. Shuffle 

is an E. coli strain developed for cytoplasmic 

disulfide bond formation and has been 

successfully used for IgG production. To 

overcome the issue of IBs, E. coli 

‘TatExpress’ strain allows periplasmic 

delivery of the recombinant proteins and has 

been shown to produce large amounts of 

correctly folded, and active human growth 

hormone in the periplasmic space in fed-

batch fermentation cycle [36–45].  

3.2 Use of fusion tags and proteins 

Fusion tags and proteins are of great 

importance as they allow easier downstream 

purification of the protein of interest and 

also increase the solubility of the protein 

expressed. Some of the commonly used 

fusion tags include His-tag, FLAG-tag, and 

Streptavidin-tag. These tags allow detection 

of the expressed proteins using antibodies 

against them, most of which are 

commercially available and also allow 

purification using affinity chromatography. 

Over time, a lot of new fusion proteins like 

Glutathione-S-transferase (GST), maltose 

binding protein (MBP), and members of the 

small ubiquitin-like modifier (SUMO) 

family of proteins have been explored as 

they have been shown to increase the 

solubility of the proteins and decrease the 

probability of IBs formation. The pET 

vector series uses the concept of 6x 

Histidine tag, wherein the gene for protein 

of interest is cloned with the His-tag either 

at the N- or the C-terminus and it allows 

expression of protein in the soluble form and 

its purification by metal-affinity column. 

Recently, multiple research groups have 

discovered new fusion partners and affinity 

tags like serine-lysine-isoleucine-lysine 

(SKIK tag) after the initial N-terminal 

Methionine, heparin-binding affinity tag 

(HB tag), truncated maltotriose-binding 

protein from Pyrococcus furiosus (MBP-

Pyr), and small (<10 kDa) metal-binding 

proteins as fusion tags (SmbP and CusF). 

These tags were shown to enhance the 

solubility of the proteins and also allow ease 

of downstream processing of the expressed 

protein [37, 46–53]. 

4. Purification of Recombinant Proteins 

Recombinant proteins are expressed in the 

cellular milieu and hence require 

purification from other cellular proteins to 

be used as therapeutics, vaccines or for 

diagnostics. The first choice for purification 

of proteins are chromatographic methods, 

which could be either ion-exchange, 

affinity-based or hydrophobic interactions-

based. For further purity levels, advanced 

methods of ultra-filtration, ultra-

centrifugation and size exclusion 

chromatography are used. This section of 

the review will cover details of various 

methods used for the purification of 

recombinant proteins including their 

principles and different ways to optimize the 

processes to achieve maximum purity of the 
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protein of interest. This section will also 

include the different methods employed for 

refolding of proteins from IBs.  

4.1 Cell Lysis 

Recombinant proteins are produced in the 

cytoplasm of the host cells and thus cell lysis 

is required for releasing the protein of 

interest into solution for downstream 

processes. Usual industrial cell lysis 

processes include high-pressure 

homogenizers and bead mills. For 

purification of secreted proteins, 

concentration of the spent medium is 

required and is usually done using tangential 

flow-filtration (TFF). TFF uses a membrane 

system which allows concentration of the 

protein of interest while removing proteins 

and other cellular material of sizes below the 

pore size of the membrane used. For proteins 

which are sequestered into IBs, cell lysis is 

the most important step, followed by 

washing of IBs and refolding of the protein 

of interest [2, 6, 41]. 

4.2 Chromatographic techniques for 

purification 

4.2.1 Affinity Chromatography 

Affinity chromatography is the preferred 

first step of protein purification wherein the 

property of the protein having affinity 

towards another protein, ligand or metal ion 

is exploited. It is selected for purification of 

antibodies, tagged proteins, DNA-based 

biologics, viral vectors, and viruses [2]. For 

example, C-reactive protein has a strong 

affinity to phospho-choline and hence 

agarose beads with immobilized phospho-

choline are used to purify functional 

pentameric C-reactive protein [54, 55]. 

Similarly, metal-affinity of proteins is used 

when they carry His-tag, which has high 

affinity for Ni2+ ions. The imidazolium ring 

of the histidine residues forms coordinate 

bonds with the Ni2+ ions through which the 

protein binds to the resin. Increasing 

concentrations of imidazole replaces the 

protein, leading to its elution [56, 57]. 

Monoclonal antibodies (mAbs), which are 

the major biopharmaceuticals produced, are 

also purified employing their affinity to 

Protein A (mAbs with Fab fragment) and 

Protein L (mAbs with scFv and kappa light 

chain) resins. However, Protein A resins 

suffer from drawbacks like leaching and 

non-specific binding of host cell DNA and 

proteins, which could get eluted along with 

the mAbs of interest [2, 41, 57]. Other 

examples of affinity based purification 

methods use GST-tags, MBP-tags and 

heparin binding proteins [41, 53]. Recent 

advances in cell and gene therapy field have 

led to the development of affinity resins for 

AAV and LV for affinity based purification 

of viral vectors to be used for further 

therapeutic purposes [57]. 

4.2.2 Ion-Exchange Chromatography 

Ion exchange chromatographic techniques 

exploit the fact that proteins are charged 

molecules, especially in salt solutions of 
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different ionic strengths and pH away from 

their isoelectric point. Thus, a positively 

charged protein (cationic) can strongly or 

weakly adsorb onto negatively charged resin 

like carboxy-methyl cellulose (CMC) and 

can be eluted using increasing 

concentrations of salt solution; usually 

increasing concentrations of sodium ions 

(Na+) is used, wherein Na+ ions replace the 

positively charged protein adsorbed onto the 

resin. Similarly, a negatively charged 

protein (anion) adsorbs onto a positively 

charged resin carrying diethyl-amino-ethyl 

(DEAE) group. The bound protein is eluted 

by a gradient of pH, which causes the 

change in surface charge of the protein [2, 6, 

58]. These can also be used for polishing 

steps after affinity chromatography to 

reduce the load of host cell DNA in the 

protein of interest. Various recombinant 

proteins such as human growth hormone, 

human pro-renin, Japanese encephalitis (JE) 

virus domain III protein, malaria vaccine, 

and others have been purified using ion 

exchange chromatography [6]. 

4.2.3 Hydrophobic Interaction 

Chromatography 

Hydrophobic interaction (HI) 

chromatography purifies proteins on the 

basis of their relative hydrophobicity. The 

recombinant proteins are usually captured 

onto the matrix with immobilized 

hydrophobic groups at high ionic strengths 

of approximately 1 to 1.5 M. Such high ionic 

strengths cause the hydrophobic patches of 

the proteins to open, facilitating the 

adsorption of the protein onto matrix. 

Elution is carried out by decreasing the ionic 

strength. HIC is used at analytical, 

preparatory and production scales to purify 

a variety of recombinant proteins, 

hormones, and enzymes [6, 59–61]. 

4.2.4 Size-exclusion Chromatography 

Size-exclusion chromatography (SEC) 

works on the basis of differences in sizes of 

the proteins to be separated. Mostly used for 

the final steps of purification, this 

chromatographic technique uses beads with 

pore sizes above or below the size of protein 

of interest and the impurities. If the protein 

of interest is a small sized molecule with 

large molecular weight impurities, gel 

matrix with pores sizes just above the 

protein size is used. During the flow of 

solution, the protein of interest is captured in 

the stationary phase, while the impurities are 

first ones to be eluted followed by the 

protein of interest. SEC has been 

successfully used to purify IgE-

hyporeactive molecule and single chain 

variable fragment against type 1 insulinlike 

growth factor receptor, which were 

expressed in E. coli [6]. 

4.3 Refolding of proteins from 

Inclusion Bodies 

A number of recombinant proteins form 

insoluble inclusion bodies when expressed 

in E. coli. Inclusion bodies are protein 
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aggregates in non-native conformation. 

While inclusion bodies provide the 

advantage of presence of fewer amounts of 

contaminating proteins, the major 

shortcoming is the tedious process of 

refolding of proteins to achieve the native 

conformation and biologically active 

proteins. Various methods for protein 

refolding are used when faced with the 

issues of formation of IBs. The traditional 

method involves denaturation of proteins 

using high concentrations (6-8 M) of 

chaotropic agents like ammonium sulphate, 

urea, guanidinium hydrochloride or ionic 

detergents like sodium dodecyl sulfate 

(SDS), etc. Reducing agents like 

dithiothreitol (DTT) or 2-mercaptoethanol 

(β-ME) are added to reduce unwanted 

disulfide bonds formed in the protein 

aggregates. Once denatured, the proteins are 

refolded by dialysis into a compatible buffer 

to obtain correctly re-folded and active 

protein and removal of the high 

concentrations of denaturing agents. 

However, this method leads to a loss of large 

amount of protein as aggregates are formed 

during the dialysis process and hence the 

yield of biologically active protein is very 

low. Addition of different chemicals, such as 

sugars, polyethylene glygol (PEG), DMSO, 

Arginine, etc. in the refolding buffer has 

been shown to have a beneficial effect in the 

refolding of proteins. Diluting the 

solubilized protein to low concentrations in 

the refolding buffer also facilitates gradual 

refolding and results in high yields of active 

protein. Nevertheless, dilution method can 

be used for only small amounts of proteins 

and not large bulk amounts due to the 

requirements of large vessels and further 

concentration steps, which can increase the 

cost of protein production. For proteins with 

a lot of disulfide bonds, addition of 

glutathione (GSH)-oxidized glutathione 

(GSSG), DTT/GSSG or cysteine-cystine 

combinations prevent atmospheric oxidation 

of the protein cysteine residues and facilitate 

correct disulfide bond formation [62–64].  

Improved methods of protein refolding from 

IBs have been developed like pulse 

refolding method, size exclusion 

chromatography, adsorption 

chromatography and chaperone mediated 

refolding. In Pulse refolding method, small 

amounts of solubilized protein is added to 

the renaturation buffer at intervals to prevent 

aggregation of the protein and allow 

refolding of the small amount of protein 

added. This method helps in using the same 

tank for refolding a large amount of protein 

and thus brings down the requirement of 

buffer for refolding and improves the overall 

process. SEC separates large aggregates of 

proteins and the contaminating partners 

from the native form of the active protein, 

when used before addition of denaturing 

agents. This process can also be used to 

remove denaturing agents and refolding the 
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protein on the column simultaneously. The 

correct pore size of the matrix should be 

selected to separate intermediate folding 

variants of the proteins. SEC allows the 

separation of the refolded protein, partially 

refolded and denatured species and also 

prevents the interaction between various 

forms, decreasing the chances of 

aggregation. Thus, it is one of the methods 

for efficient separation and purification of 

refolded proteins. Lysozyme and carbonic 

anhydrase have been successfully refolded 

in large quantities using SEC via the 

sephacryl S-100 column. Adsorption 

chromatography in terms of ion exchange 

can be used for simultaneous buffer 

exchange, refolding and purification of 

proteins in IBs. The ion exchange columns 

allow removal of denaturing agents, while 

maintaining the protein solubility and 

preventing aggregation. Addition of 

refolding buffer allows the formation of 

native conformation of the protein and 

optimization of the elution buffer will 

provide a pure and active form of the 

recombinant protein. Chaperone mediated 

refolding method involves the use of 

chaperonins, GroES and GroEL, for the 

refolding of denatured proteins [62–64]. 

4.4 Strategies to improve and optimize 

purification  

The major parameter to keep in mind while 

purifying the recombinant protein is the 

chemistry of the protein. Depending on the 

various properties of the protein like 

isoelectric pH, hydrophobicity, presence of 

tags and co-factors and size, the method of 

purification may be selected. In all types of 

chromatographic separation of the protein, 

the pH of the buffers and their ionic strength 

are of utmost importance. Other major 

considerations are the type of resin used, the 

pore size of the matrix in case of SEC, 

binding capacities of the affinity resins, the 

load of protein and the flow rate of the 

column for optimal purification of the 

recombinant protein [6].  

5. Strategies for Characterization of 

Recombinant Proteins 

The use of recombinant proteins as 

therapeutics, vaccines or in diagnostics 

purposes requirescharacterization of the 

protein at each step of the process of 

expression and purification. Furthermore, 

the identity, conformation and biological 

activity of final purified protein has to be 

determined to confirm that the process of 

expression and purification is optimal and 

the batch of protein produced conform to the 

required guidelines for biopharmaceuticals. 

Various techniques are used for monitoring 

the expression of recombinant proteins in 

the host cells like gel electrophoresis (SDS-

PAGE), and dot-blot. Once expression 

levels are determined, purity of the 

recombinant proteins is determined. This 

section of the review will give insights into 

the different methods employed to monitor 
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the purity of the proteins at various levels of 

purification. Additionally this section will 

also provide an overview about the various 

techniques used for physicochemical and 

functional characterization of the 

recombinant proteins. 

5.1 Strategies to monitor expression 

levels of recombinant proteins  

Various pharmacopeia guidelines lay down 

the importance of gel electrophoresis for the 

preliminary purity check of the proteins. 

SDS-PAGE can be used to monitor the 

levels of expression of the recombinant 

protein in host cells. Though a qualitative 

method, the samples of whole cell lysates 

from different time points and conditions 

can be run on a SDS-PAGE followed by 

staining the gel with coomassie brilliant 

blue. This allows one to determine which 

condition is the best for optimal protein 

expression. Dot-blot is a quick method 

whichuses antibodies against the protein of 

interest or the tag. This method can be used 

the same way as SDS-PAGE and is a 

qualitative way to determine the optimal 

condition for recombinant protein 

expression [65].  

5.2 Strategies to determine the purity of 

recombinant proteins  

Purity of biopharmaceutical products is of 

utmost importance for further use. Various 

methods are used for determining the level 

of purity of the recombinant proteins. SDS-

PAGE and Western blotting are the 

qualitative methods for purity check of a 

protein. Denatured proteins samples are run 

on SDS-PAGE gels and hence, they are 

useful to estimate molecular weight of the 

purified protein. Silver staining of SDS-

PAGE gels allows the detection of protein 

contaminants up to ~10 ng, thus being a 

handy and quick tool to check the purity. 

Isoelectric focusing helps in determining the 

presence of any charge variants in the 

purified proteins. Western blotting uses 

antibodies against the protein of interest or a 

tag to determine if the correct epitopes are 

present on the purified protein and if the 

protein preparation has any higher 

molecular weight forms of the protein of 

interest [65, 66].  

UV-visible spectroscopy is normally used to 

check for nucleic acid contamination in the 

protein. A ratio of absorbance at 260 nm and 

280 nm should be ~0.57 or lower, a higher 

ratio indicates presence of nucleic acid 

contamination [66]. Endotoxin levels have 

to be controlled for most of the therapeutic 

proteins. Various conventional methods and 

newer methods have been put in place to 

determine the levels of endotoxins, which 

have been reviewed elsewhere [67]. 

Furthermore, protein homogeneity, i.e. the 

absence of aggregates and the presence of 

the same type of protein molecule in a batch, 

is usually measured using UV-visible and 

fluorescence spectroscopy, differential light 

scattering (DLS) and SEC. DLS is a reliable, 
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sensitive and rapid technique to determine 

the presence of higher-order structures and 

aggregates and also study protein-protein 

and protein-nucleic acid interactions. SEC is 

normally used to remove contaminating 

proteins and protein aggregates in a batch of 

recombinant proteins [66].  

5.3 Strategies for structural 

characterization of recombinant 

proteins  

Heterologously expressed proteins have to 

be characterized for their molecular weight, 

primary structure, presence and identity of 

glycans and structural conformity for further 

use. Molecular weight analysis can be done 

using SDS-PAGE and mass spectrometry 

(MS). Using advanced MS techniques like 

matrix-assisted laser desorption ionization 

time-of-flight (MALDI-TOF) and/or 

electrospray ionization quadrupole time-of-

flight (ESI-QTOF) MS, the amino acid 

sequence and hence identity of the protein 

can be determined. Protein samples are 

digested to smaller peptides using proteases 

and these resulting peptides are separated by 

HPLC and analyzed by MS. MS allows 

determination of the amino acid sequence, 

estimation of disulfide bonds and the type of 

post-translational modifications that have 

occurred on the protein. For glycoprotein 

based biopharmaceuticals, the identity of 

glycans have to be determined. The usual 

technique for monosaccharide 

determination is gas chromatography mass 

spectrometry (GC-MS), while 

oligosaccharide patterns can be studied 

using LC/MS, or MADI-TOF MS. 

Structural conformation of the protein is 

studied using techniques like nuclear 

magnetic resonance (NMR) and X-ray 

diffraction. While NMR can determine the 

tertiary and quaternary structures of proteins 

in solution, X-ray diffraction requires 

crystallization of proteins before analysis. 

All the advanced methods require long time 

for analysis and final read-outs [65, 66]. 

5.4 Strategies for functional 

characterization of recombinant 

proteins  

The recombinant proteins can be used as 

therapeutics, vaccines or diagnostic material 

only if they are functionally active. Various 

methods are used to determine if the protein 

is biologically active. The effector functions 

of the mAbs are investigated to confirm their 

biological activity through tests like 

antibody-dependent cellular cytotoxicity. 

Biological activity of the protein could be 

studied using protein-protein interactions in 

vitro and protein interactions with the 

cellular receptors using techniques like 

ligand binding assay, enzymatic reaction 

rates, surface plasmon resonance (SPR), etc. 

Zymography is another method to study the 

activity of enzymes while running native 

PAGE gels, which contain the substrate for 

the enzyme. Another method for functional 

characterization of mAbs and proteins to be 
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used as vaccines is Enzyme linked 

immunosorbent assay (ELISA). ELISA is a 

quantitative method which uses the 

antibody-antigen interactions. mAbs could 

be used as coating antibodies while the 

candidate vaccine proteins can be used as 

the antigen [65, 66].  

ELISA is of three different types [68] 

a. Direct ELISA: antigen is coated and 

antibody binds directly to the 

antigen. Detection could be through 

primary antibody, which is enzyme 

tagged for colorimetric estimation.  

b. Indirect ELISA: antigen is coated 

and antibody binds directly to the 

antigen. A primary antibody binds to 

the antigen and then the detection is 

done using an enzyme tagged 

secondary antibody againstthe 

primary antibody. 

c. Sandwich ELISA: Primary antigen 

is coated on the plate, and it captures 

the antigen. The detection is through 

tagged antibody against the same or 

different epitope of the antigen.  

d. Competitive ELISA: test for the 

presence of antibodies in a test 

sample. The method utilizes mixing 

of antigen, an enzyme tagged 

antibody and the test sample to check 

for the antibodies present in the test 

sample. Presence of antibodies in 

test sample decreases the 

colorimetric read-out, while its 

absence shows high read-out. 

5.5 Strategies for studying the stability 

and degradation of recombinant 

proteins  

Long term storage is the key to making the 

production of recombinant proteins 

economical. Thus, high stability of protein 

at its storage temperature is a must. One of 

the methods to monitor the stability of 

proteins is to measure the functional activity 

of the protein. Furthermore circular 

dichroism (CD) spectroscopy is a method to 

determine the stability of the structural 

conformation of the protein. Advanced 

methods using fluorescence dyes have been 

developed, wherein the fluorescent dyes 

intercalate with the hydrophobic patches of 

the protein and fluoresce. In case of 

degradation, the fluorescence of the dye 

increase, while stable proteins do not show 

any change in fluorescence. Real time 

analysis using these dyes can be done as it is 

usually done in a qPCR assay [66].  

6. Formulation of Recombinant 

Proteins 

Safety and efficacy of the recombinant 

proteins depend on its structure and hence to 

maintain the protein structure, the optimal 

formulation of the protein is necessary to be 

developed. The biopharmaceutical industry 

suffers from various challenges for 

formulating the recombinant proteins for 

their long term stability. This section of the 
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article reviews the challenges in the 

formulation of biopharmaceuticals, the 

methods employed to formulate therapeutics 

and various strategies to optimize 

formulation buffers for long term stability of 

the products. 

6.1 Challenges in formulation of 

recombinant proteins  

Biopharmaceuticals are macromolecules 

with complex structures which render them 

difficult to formulate for delivery and long 

term storage. The structural changes in these 

macromolecules and hence loss of activity 

could occur due to changes in physical 

conditions (moisture or temperature or 

viscosity) or their chemical environment 

(pH or ionic strength). Long term stability of 

the biopharmaceutical products is important 

for the safety and efficacy of these products. 

The major parameters to be considered for 

the formulation of a recombinant protein are 

the structure, physicochemical properties, 

the overall buffer composition and the type 

of excipients used [69].  

6.2 Strategies for formulation of 

recombinant proteins  

As discussed earlier, to maintain the 

structural conformation and activity of the 

recombinant protein, optimal composition 

of the formulation buffer is a must. Various 

different components are present in the 

formulation buffer to facilitate stability of 

the recombinant protein. The following 

table provides an insight into the various 

components used for formulation of 

recombinant proteins, and their roles in the 

formulation [4, 69]. 

 
Table 1: List of different components of formulation buffers 

Sr. 
No. 

Component Chemicals used Role 

1 Buffers 

Salts (Sodium hydroxide, Hydrochloric 
acid), amino acids (arginine, Histidine, 

glycine), acids like phosphoric acid, citric 
acid 

Maintenance of pH slightly above or below 
the isoelectric pH of the protein to prevent 

aggregation. 
Usually maintained around physiological 
pH (7.35-7.45) to avoid any issues of pain 

or acidity while administration. 

2 
Osmotic 
agents 

Salts like Sodium chloride and potassium 
chloride 

Maintain isotonicity to avoid any tissue 
damage. 

Agents not added to proteins eign 
lyophilized to avoid salt concentration, 

instead added to diluents or reconstitution 
buffer. 

3 
Bulking 
agents 

Sugars like sucrose, mannose, mannitol, and 
amino acids like glycine, arginine 

Usually added to proteins being 
lyophilized to stabilize protein structural 

conformity. 

4 Surfactants 
Ionic and non-ionic detergents like SDS, 

Tween 20 and Tween 80 

Prevent protein aggregation by 
intermolecular interactions and enhance 

solubility of proteins. 

5 Preservatives Benzyl alcohol, phenol 
reduce the probability of bacterial 

contamination. 
6 Anti-oxidants GSH, acetylcysteine, ascorbic acid Avoid degradation due to oxidative stress. 

7 Adjuvants 
Aluminum salts, squalene-based oil-in-water 

emulsions, monophosphoryl lipid A 
Modification of immune response to the 

therapeutic proteins. 
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6.3 Techniques for formulation of 

recombinant proteins  

Recombinant proteins are formulated either 

as liquid solutions or as lyophilized product. 

Liquid solutions have been used for 

recombinant insulin, Peg-filgrastim and 

mAbs like adalimumab and aflibercept. 

However, liquid formulation suffers from 

the drawback of lower stability over longer 

periods of storage. To overcome this 

shortcoming, lyophilization of the proteins 

has been explored. Lyophilization is a three 

step process of freezing, primary drying, and 

secondary drying. During the freezing step, 

the water gets crystallized at a temperature 

below the freezing point of each component 

of the buffer (eutectic temperature). In the 

primary drying, crystallized water and all 

the water molecules not bound to the protein 

are lost due to sublimation under reduced 

pressure. During secondary drying stage, the 

water molecules bound to the protein 

molecules and Excipients are removed. The 

resulting dry powder has protein and all the 

salts and other components, which could be 

easily reconstituted. The drawback of using 

lyophilized powders is the possibility of a 

change in the pH which could lead to change 

in protein structure when reconstituted for 

administration [4]. Spray drying is used to 

prepare dry powder from liquid solution, 

and then fabricating the powder into tablets, 

capsule or other forms for oral usage. 

Usually bulking agents like mannitol are 

used for spray drying process. One of the 

examples where spray drying was 

successfully used  is the thyrotropin 

releasing hormone [69]. 

7. Application of Recombinant Proteins 

Recombinant proteins are being widely used 

as therapeutics, vaccines, in developing 

diagnostic kits and even in industries. 

Industries employ recombinant enzymes 

and biopolymers for various purposes.  

7.1 Recombinant proteins as 

therapeutics and vaccines 

One of the oldest examples of a recombinant 

protein therapeutic is insulin. Currently, a lot 

of different recombinant proteins like 

erythropoietin, clotting factors, hormones, 

etc. are being used as therapeutics. The 

biopharmaceutical industries are thriving on 

the production and sales of various 

monoclonal antibodies, which are being 

used as a therapy for a lot of life-threatening 

diseases like cancer. Furthermore, with the 

advancement in the field of cell and gene 

therapy, recombinant virus-like protein 

(AAV and LV) generation from large scale 

cultures has seen a major boost in the 

technology. These will be used for curing 

genetic disorders and cancers [1]. 

Recombinant growth factors and cytokines 

like GCSF, IL-2, and IL-15 etc. are being 

used for in vitro cell cultures, which can be 

then used for cell based therapies. 

Recombinant proteins are being used as 

vaccines. Recombinant protein vaccines 
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against Hepatitis B virus (HBV), human 

papilloma virus (HPV) are already available. 

The recent pandemic of COVID-19 called 

for prompt and speedy research and 

development of a large number of 

recombinant protein based vaccine 

candidates across the globe [70, 71]. A lot of 

recombinant proteins like HBsAg, HCG, 

CRP, etc. are used for the development of in 

vitro diagnostic kits and point-of-care 

diagnostics.  

7.2 Application of recombinant 

proteins in industries 

Recombinant proteins like enzymes are used 

in various industries like food industry 

(amylases, pectinase), biofuel industry 

(cellulose, xylanase, pectinase), leather 

industry (proteases and lipases) and 

biopharmaceutical industry (recombinant 

endonucleases, PCR enzymes, etc.) [72, 73].  

Another avenue is the biopolymers, which 

may be naturally or synthetically obtained. 

Biopolymers could be proteins, nucleic 

acids, carbohydrates and other derivatives 

which are naturally present in living 

organisms like plants, animals, insects and 

micro-organisms [74]. Biopolymers are 

finding applications in various fields like 

food packaging, medicines, drug delivery, 

biomedical device coatings, etc. [75]. Algae 

are the most commonly used biomass for the 

production of biopolymers. Various bacteria 

can be metabolically engineered to produce 

biopolymers of choice to prevent the burden 

on natural resources, viz. E. coli, Akaligenes 

eurrophus and Bacillus megaterium [76, 

77]. One of the studies have developed a 

fermentation based production system for 

Poly(3-hydroxybutyrate-co-3-

hydroxyvalerate) (PHBV), a biodegradable 

plastic polymer, using genetically 

engineered Bacillus megaterium [76]. 

7.3 Application of recombinant 

proteins in agriculture 

Transgenic plants have been developed over 

years for better yields of crops and fruits or 

vegetables and making them resistant to 

different stress like heat, drought, pests, etc. 

The classic example of transgenic plants for 

agriculture is the Bt cotton, where in the 

cotton seeds carry the Cry toxin gene of 

Bacillus thuringiensis (Bt). When grown, 

the cotton plants are resistant to cotton pests, 

like Helicoverpa armigera [78]. Apart from 

agriculture, plants are also used for 

recombinant production of 

biopharmaceuticals on large scale as they 

are easy to handle and can be grown in large 

amounts in a field, a practice called 

molecular farming [79]. Genetically 

engineered tobacco plants were used for the 

expression of three monoclonal antibodies 

(c13C6, c2G4, and c4G7) which were a part 

of the experimental Ebola drug cocktail, 

ZMapp [80].   

8. CONCLUSION 

The review provides and in depth insight 

into the various aspects of recombinant 
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protein production process. The major 

considerations that impact the choice of host 

for expression with a major focus on E. coli 

as the expression host were discussed. The 

downstream processes employed for 

purification of the recombinant protein and 

their characterization at each step of 

purification was reviewed in detail. Further 

the review also shed light on the challenges 

of formulation and the various strategies 

employed for formulation and storage of 

recombinant proteins. Lastly, the review 

enlisted the different applicatiosn of 

recombinant proteins in medicine and 

industries. While a lot of advances have 

been made in the field of recombinant 

protein production, there are countless 

avenues where further research and 

development could facilitate the whole 

process making it more economical. Also, 

the use of genetically modified organisms 

involves regulatory hurdles, especially 

plants systems. The challenges need proper 

investigation and action from researchers, 

industries and regulatory bodies for a 

sustainable, eco-friendly, economic and 

quick system for recombinant protein 

production. 
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