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ABSTRACT: Protein refolding is vital for protein produc-

tion; however, a scalable method has not yet been devel-

oped. We introduce an innovative refolding approach us-

ing a flow microreactor (FMR) that allows precise control 

of buffer pH and solvent content. Using interleukin-6 as 

a model, the system yielded an impressive 96% pure re-

folded protein and allowed gram-scale production. This 

FMR system allows flash changes in reaction conditions, 

effectively circumventing protein aggregation during re-

folding. To the best of our knowledge, this is the first 

study to use an FMR for protein refolding, which offers a 

more efficient and scalable method for protein produc-

tion . The study results highlight the utility of the FMR as 

a high-throughput screening tool for streamlined scale-up 

and emphasize the importance of understanding and con-

trolling intermediates in the refolding process. The nov-

elty of this approach is derived from the unique ability of 

the FMR to control both spatial and temporal aspects of 

protein refolding. 

 
Protein function depends on primary, secondary, and ter-

tiary structures.1 The tertiary structure, influenced by ex-

ternal factors such as pH, is crucial. In recombinant pro-

tein production, proper refolding is necessary to restore 

this structure.2 The major drawback of current refolding 

technologies is the formation of protein aggregates.3-5 

Optimization of folding conditions is a critical aspect of 

recombinant protein production and is typically achieved 

through laboratory experimentation and observation.6-9 

High-throughput screening methods are essential for 

streamlining the protein folding process. However, these 

methods are primarily used in early-stage research and 

have not been widely adopted by contract development 

and manufacturing organizations, making the develop-

ment of a high-throughput and scalable protein refolding 

screening system a challenging task. 

The continuous-mode flow reaction, which allows chem-

ical reactions to take place in dedicated systems consist-

ing of tubes, mixers, and pipes,10-12 holds promise for 

achieving high-throughput protein refolding. However, 

its application in the biotherapeutic field is limited. In 

2016, Rathore et al. demonstrated the viability of a con-

tinuous refolding system employing a coiled flow in-

verter13, which boosted protein yield, although the purity 

level paralleled that achieved by batch-mode refolding.  

To overcome the limitations of current technologies, we 

used a flow microreactor (FMR) system for protein re-

folding. We studied the conformational changes of the cy-

tokine interleukin (IL-)6 as a model,14 at different pH and 

in various organic solvents15, 16 to determine the most ef-

fective way to generate the optimal IL-6 conformation. 

IL-6 has a α-helix-rich structure and tends to dimerize and 

aggregate, making it a suitable model . 

In general, protein refolding involves intermediates that 

ultimately lead to the native-state protein structure.17 We 

hypothesized that during IL-6 refolding, “proper” and 

“improper” intermediates are formed, with only the for-

mer being converted into the monomer and the latter 

forming aggregates (Figure 1a, steps 1 and 2). For dena-

tured IL-6, specific conditions are required to yield the 

proper intermediates; otherwise, improper intermediates 

are formed and aggregate. The proper form was found to 

be unstable and could be converted into the improper 

form if not properly managed. To address these chal-

lenges, an FMR system (Figure 1c–e) was introduced 

with the aim of capturing the proper intermediate and fa-

cilitating its conversion into a monomer. Different flow 

reactors were compared to determine the most suitable 

mixing system (Figure 1b–e). The standard batch dilution 
refolding method (Figure 1b), in which denatured IL-6 is 

mixed with a buffer, was used as a reference and was 

compared with a two-channel system (Figure 1c), a three-

channel system (Figure 1d) allowing for varied mixing, 
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and a cascaded system (Figure 1e) designed for sequential 

mixing. All flow reactors achieved higher monomer 

yields than the batch method, with the three-channel setup 

yielding the best results (Figure 1f).  

 

Figure 1. FMR-mode refolding. (a) “Proper” vs. “improper” 

intermediates. (b) Batch-mode system. (c) Dual-channel mi-

croreactor. (d) Triple-channel microreactor. (e) Cascaded-

channel microreactor. (f) Feasibility study summary. 

 

Next, we attempted to identify the critical factors for us-

ing FMR as a high-throughput system. The cascade-lined 

FMR system consisted of two T-shaped mixers and two 

reactors, as previously reported (Figure 1e).18 The reactor 

details are: lengths, reactor 1, 0.25 m, reactor 2, 0.25 m; 

diameter, 1 × 10–3 m; volumes, reactor 1, 0.196 mL, reac-

tor 2, 0.196 mL; flow rate, 0.2 mL/min (IL-6), 1.8 

mL/min (buffer A), and 2.0 mL/min (buffer B); total res-

idence time, 8.83 s = 0.196 (mL)/2.0 (mL/min) + 0.196 

(mL)/4.0 (mL/min). Refolding was completed in 8.83 s 

(residence time in reactors 1 and 2). This rapid reaction 

mode theoretically enabled screening more than 100 re-

action conditions within 20 min.  

To identify critical factors for refolding denatured IL-6, 

we conducted a feasibility study using an FMR system, 

exploring various parameters and conditions (Tables 1 

and S1). Since various factors contribute to protein aggre-

gation, we focused our investigation on pH and organic 

solvent content. Structural analysis of IL-6 revealed sig-

nificant disorder (Figure S1), primarily due to its ten-

dency to dimerize.19 However, neutral pH stabilized re-

folded IL-6.  Surprisingly, aggregation increased when 

denatured IL-6 was neutralized in step 1, indicating im-

proper intermediate formation (entries 1–3). These results 

suggest that neutral pH can stabilize refolded IL-6, but 

does not necessarily induce proper intermediate for-

mation. To determine the IL-6 aggregation ratio, we em-

ployed size exclusion chromatography (SEC) using a Su-

perdex® 75 column composed of highly cross-linked aga-

rose, using published analytical conditions.20 To mini-

mize potential adsorption to the column surface and en-

sure reproducible measurements, we added arginine to the 

mobile phase.21 This allowed us to achieve improved sep-

aration with high recovery and to obtain accurate and re-

liable measurements of IL-6 aggregation. We explored 

various analytical conditions to identify the combination 

that provided the best resolution. 

Analysis of entries 4 and 5 revealed that final buffer pH 

increased formation of monomers. Previous studies21 on 

IL-6 has a narrow ionization window, making it particu-

larly sensitive to pH conditions. Based on this under-

standing, we conclude that a pH of approximately 4.5 

avoids protonation of the imidazole group of histidine res-

idues and deprotonation of carboxylic residues,22 stabi-

lizes the proper intermediate of IL-6, and facilitates selec-

tive monomer formation. 

To further improve monomer selectivity, we tested ways 

to reduce the organic solvent content in step 1. We found 

that dilution to pH 2.0 in step 1, followed by pH adjust-

ment to 4.3 in step 2, was optimal, resulting in >81% 

monomer selectivity (entry 8). The type of dilution buffer 

employed and the counter ions used in step 1 had no note-

worthy effects (entries 10, 11). We inferred that the mon-
omer yield could be enhanced by reducing the acetonitrile 

(ACN) concentration while maintaining a pH of 2.0–3.0 
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during step 1 and elevating the pH to around 4.0–4.5 dur-

ing step 2 (Figure S2). 

 

Table 1. Feasibility study of FMR-mode refolding 
En-
try 

Step-1 Step-2 Re-
sults 

In-
i-

tial 
pH 

Dilution 
buffer-A 

Mixer-
1 

pH 

Mixer-1 
ACN 
conc. 
(%) 

Dilution 
buffer-B 

Mixer-
2 

pH 

Mixer-2 
ACN 
conc. 
(%) 

Mon-
o-

mer 
(%) 

1 2.5 50 mM 
Citrate-

ACN (pH 
3.0) 

2.9 30 500 mM 
Acetate 
(pH 4.5) 

4.3 1.5 53 

2 2.5 50 mM 
Citrate-

ACN (pH 
4.5) 

4.3 30 500 mM 
Acetate 
(pH 4.5) 

4.5 1.5 42 

3 2.5 50 mM 
Citrate-

ACN (pH 
6.0) 

5.8 30 500 mM 
Acetate 
(pH 4.5) 

4.6 1.5 35 

4 2.5 50 mM 
Citrate-

ACN (pH 
3.0) 

2.9 30 500 mM 
Citrate 

 (pH 3.0) 

3.0 1.5 42 

5 2.5 50 mM 
Citrate-

ACN (pH 
3.0) 

2.9 30 500 mM 
Acetate 
(pH 5.5) 

5.1 1.5 38 

6 2.5 0.1 % TFA 
in ACN-

water (pH 
2.0) 

2.3 30 500 mM 
Acetate  
(pH 4.5) 

4.3 1.5 54 

7 2.5 0.1% TFA 
(pH 2.0) 

2.2 1.5 500 mM 
Acetate 
(pH 3.0) 

2.8 < 0.1% 69 

8 2.5 0.1% TFA 
(pH 2.0) 

2.2 1.5 500 mM 
Acetate 
(pH 4.5) 

4.3 < 0.1% 81 

9 2.5 0.1% TFA 
(pH 2.0) 

2.2 1.5 500 mM 
Acetate 
(pH 5.5) 

5.1 < 0.1% 60 

10 2.5 50 mM 
Glycine-

HCl  
(pH 2.2) 

2.3 1.5 500 mM 
Acetate 
(pH 4.5) 

4.3 < 0.1% 75 

11 2.5 50 mM 
Citrate 

(pH 2.2) 

2.3 1.5 500 mM 
Acetate  
(pH 4.5) 

4.3 < 0.1% 75 

 

Our initial assays showed that the refolding of suitable in-

termediates for IL-6 is delicate, with even subtle changes 

in conditions significantly altering aggregation. These 

findings led us to hypothesize that the lifetime of appro-

priate intermediates is extremely short and emphasized 

the need for rapid pH and organic solvent changes, using 

flash-change buffers) to obtain high-purity IL-6 mono-

mers. 

We determined that the FMR system is the most viable 

solution to address these challenges as it allows for easy 

adjustment of flow rates for flash changes and of the res-

idence time in the FMR unit. We conducted additional 

screening studies to identify the optimal flow rate and res-

idence time and generated a more comprehensive dataset 

(Table 2) to inform future process optimization efforts. 

The residence time in step 1 was the most critical factor 

for forming IL-6 monomer, indicating that the appropriate 
intermediate is unstable and readily converts to the im-

proper intermediate (entries 1–3). The flow rate to realize 

flash changes in the buffer was the most significant factor 

for improving monomer selectivity. Notably, the 

maximum flow rate required to maintain mixability, as as-

sessed by the Villermaux–Dushman reaction,23 resulted in 

>95% monomer selectivity (entry 8), representing a sig-

nificant improvement. The flash buffer changes achieved 

by the cascade mixing system allowed for precise control 

of steps 1 and 2, which had suggested the existence of 

proper but unstable intermediates.24  

Table 2. Exploration of flash-change buffer conditions 

En-
try 

Step-1 Step-2 
Re-

sults 

Flow 
rate 

of IL-6 

Flow 
rate 

of dilu-
tion 

buffer-
A 

Reac-
tor-1 

length 

Resi-
dence 
time 

Flow 
rate 

of dilu-
tion 

buffer-
B 

Reac-
tor-2 

length 

Resi-
dence 
time 

Mon-
o-

mer 
(%) 

1 
0.2 

mL/min 
1.8 

mL/min 
5 cm 1.2 S 

2.0 
mL/min 

25 cm 
2.94 

S 
54 

2 
0.2 

mL/min 
1.8 

mL/min 
25 cm 5.9 S 

2.0 
mL/min 

25 cm 
2.94 

S 
81 

3 
0.2 

mL/min 
1.8 

mL/min 
50 cm 

11.8 
S 

2.0 
mL/min 

25 cm 
2.94 

S 
55 

4 
0.4 

mL/min 
3.6 

mL/min 
100 
cm 

11.8 
S 

4.0 
mL/min 

25 cm 
2.94 

S 
80 

5 
1.0 

mL/min 
9.0 

mL/min 
100 
cm 

4.7 S 
10.0 

mL/min 
25 cm 1.2 S 66 

6 
1.0 

mL/min 
9.0 

mL/min 
50 cm 2.4 S 

10.0 
mL/min 

25 cm 
0.59 

S 
84 

7 
1.0 

mL/min 
9.0 

mL/min 
25 cm 1.2 S 

10.0 
mL/min 

25 cm 
0.59 

S 
86 

8 
1.0 

mL/min 
9.0 

mL/min 
5 cm 0.2 S 

10.0 
mL/min 

25 cm 
0.59 

S 
96 

 

Next, the system’s scalability was assessed. Triplicate 

tests conducted at three scales (10 mg, 100 mg, and 500 

mg) consistently produced a stable monomer yield of 

>95% and a deviation <1% (Table S3). A gram-scale 

preparation (starting from 1.3 g denatured IL-6) was ex-

plored with the aim of producing highly monomeric IL6 

matching or surpassing the purity of commercial stand-

ards (>95%). The optimal residence time for this proce-

dure was 0.79 s, allowing for the processing of the entire 

1.3 g denatured IL-6 in approximately 4 h if the system 

was operated continuously. Post-refolding, tangential 

flow filtration and SEC purification were employed to 

eliminate contaminants, yielding >1.25 g IL-6 with >99% 

monomer purity, which is in line with commercial grade 

requirements (Table 3 and Figure 2). Moreover, minimal 

endotoxin presence was detected in the purified IL-6, sug-

gesting that the closed reactor configuration consisting of 

tubes and pump may be effective in reducing endotoxin 

contamination risks and underlining the viability of the 

refolding system for potential application in pharmaceu-

tical protein production. 
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Figure 2. SEC-high-performance liquid chromatography 

analysis of refolded IL-6. (a) Batch-mode production (51% 

monomer). (b) Cascade-mode, without flash change (Table 

1, entry 8: 81% monomer). (c) Gram-scale, cascade-mode 

with flash change (Table 2, entry 8: 96% monomer). (d) 

Gram-scale post-SEC purification (Table 2, entry 8: 99% 

monomer). 

Table 3. Summary of gram-scale IL-6 production 

Quan-
tity 

Resi-
dence 
time 
(Reac-
tor-1 and 
-2) 

Mono-
mer % 
After 
Flow re-
actor 

Mono-
mer % 
Final 
product 

Endotoxin conc. 

1.25 g 0.79 S 96% 99% <0.100 EU/mL 

 

This study of the efficacy of the FMR system in refolding 

IL-6 highlighted the critical factors for refolding and re-

vealed the existence of a proper but unstable intermediate. 

Effective management of this intermediate necessitates a 

flash-change tandem mixing system. A scaled-down man-

ufacturing model combining the FMR refolding system 

with SEC purification yielded 1 g IL-6 with 95% mono-

meric purity. The success of the FMR system in refolding 

IL-6 underscores its potential applicability to diverse pro-

teins. The system’s high-throughput screening capacity 

can expedite the scale-up phase of protein production, 

conserving both time and resources. As it allows concur-

rent spatial and temporal control during refolding, the 

FMR system stands poised to revolutionize protein man-

ufacturing, advancing protein therapeutic innovations and 

deepening our understanding of protein folding dynamics. 

The most important study finding may be the identifica-

tion of intermediates pivotal in the transformation of pro-

teins and the newfound capability to regulate them. 

  

 

ASSOCIATED CONTENT  

Supporting Information. A listing of the contents of each 

file supplied as Supporting Information should be included. 

For instructions on what should be included in the Support-

ing Information as well as how to prepare this material for 

publication, refer to the journal’s Instructions for Authors. 

 

The Supporting Information is available free of charge on 

the ACS Publications website. 

 

(file type, PDF) 

 

AUTHOR INFORMATION 

Corresponding Author 

takahiro.okasora.g6n@asv.ajinomoto.com (TO); 
Yutaka.Matsuda@us.ajibio-pharma.com (YM); 
anagaki@sci.hokudai.ac.jp (AN) 

 

Funding Sources 

No competing financial interests have been declared. 

 

 

ACKNOWLEDGMENT  

The authors would like to express their gratitude to their col-

leagues at Ajinomoto Co., Inc. for their invaluable contribu-

tions. Specifically, we extend our thanks to Mayumi 

Watanabe, Yutaka Sato, Naoyuki Yamada, Yoshiyuki Taka-

hara, Yoshimi Kikuchi, Teruhisa Mannen, Chieko Ejima, 

Akira Okano, Fumihiko Takatsuki, Yuko Miyasaka, Toshio 

Hirano, Tadamitsu Kishimoto, Yukio Akiyama, Hideki Su-

zuki, Yuzuru Eto, Kunio Ono, and Atsushi Konishi for their 

technical assistance with protein refolding and analysis; We 

also acknowledge the valuable discussions and suggestions 

in manuscript preparation from Akito Chinen and Hiroshi 

Itaya. 

 

 

REFERENCES 

1. Beygmoradi, A.;  Homaei, A.;  Hemmati, R.; Fernandes, P., 
Recombinant protein expression: Challenges in production and folding 
related matters. Int J Biol Macromol 2023, 233, 123407. 
2. Buscajoni, L.;  Martinetz, M. C.;  Berkemeyer, M.; Brocard, C., 
Refolding in the modern biopharmaceutical industry. Biotechnol Adv 
2022, 61, 108050. 
3. Nabiel, A.;  Yosua, Y.;  Sriwidodo, S.; Maksum, I. P., Overview 
of refolding methods on misfolded recombinant proteins from 
Escherichia coli inclusion bodies. Journal of Applied Biology & 
Biotechnology 2022. 
4. Singh, A.;  Upadhyay, V.;  Upadhyay, A. K.;  Singh, S. M.; Panda, 
A. K., Protein recovery from inclusion bodies of Escherichia coli using 
mild solubilization process. Microb Cell Fact 2015, 14, 41. 

https://doi.org/10.26434/chemrxiv-2023-xt99k ORCID: https://orcid.org/0000-0003-2801-4706 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

mailto:Yutaka.Matsuda@us.ajibio-pharma.com
mailto:anagaki@sci.hokudai.ac.jp
https://doi.org/10.26434/chemrxiv-2023-xt99k
https://orcid.org/0000-0003-2801-4706
https://creativecommons.org/licenses/by-nc-nd/4.0/


 

5. Yamaguchi, H.; Miyazaki, M., Refolding techniques for 
recovering biologically active recombinant proteins from inclusion 
bodies. Biomolecules 2014, 4 (1), 235-51. 
6. Samuel, D.;  Kumar, T. K.;  Ganesh, G.;  Jayaraman, G.;  Yang, P. 
W.;  Chang, M. M.;  Trivedi, V. D.;  Wang, S. L.;  Hwang, K. C.;  Chang, D. K.; 
Yu, C., Proline inhibits aggregation during protein refolding. Protein Sci 
2000, 9 (2), 344-52. 
7. Kudou, M.;  Yumioka, R.;  Ejima, D.;  Arakawa, T.; Tsumoto, K., 
A novel protein refolding system using lauroyl-l-glutamate as a 
solubilizing detergent and arginine as a folding assisting agent. Protein 
Expr Purif 2011, 75 (1), 46-54. 
8. Yamaguchi, S.;  Yamamoto, E.;  Mannen, T.;  Nagamune, T.; 
Nagamune, T., Protein refolding using chemical refolding additives. 
Biotechnol J 2013, 8 (1), 17-31. 
9. Otzen, D. E.;  Pedersen, J. N.;  Rasmussen, H. O.; Pedersen, J. S., 
How do surfactants unfold and refold proteins? Adv Colloid Interface Sci 
2022, 308, 102754. 
10. Porta, R.;  Benaglia, M.; Puglisi, A., Flow Chemistry: Recent 
Developments in the Synthesis of Pharmaceutical Products. Organic 
Process Research & Development 2015, 20 (1), 2-25. 
11. Baumann, M.;  Moody, T. S.;  Smyth, M.; Wharry, S., A 
Perspective on Continuous Flow Chemistry in the Pharmaceutical 
Industry. Organic Process Research & Development 2020, 24 (10), 1802-
1813. 
12. Al Azri, N.;  Patel, R.;  Ozbuyukkaya, G.;  Kowall, C.;  Cormack, 
G.;  Proust, N.;  Enick, R.; Veser, G., Batch-to-Continuous transition in the 
specialty chemicals Industry: Impact of operational differences on the 
production of dispersants. Chemical Engineering Journal 2022, 445. 
13. Sharma, A. K.;  Agarwal, H.;  Pathak, M.;  Nigam, K. D. P.; 
Rathore, A. S., Continuous refolding of a biotech therapeutic in a novel 
Coiled Flow Inverter Reactor. Chemical Engineering Science 2016, 140, 
153-160. 
14. Van Snick, J., Interleukin-6: an overview. Annu Rev Immunol 
1990, 8, 253-78. 
15. Ahmed, N.;  Abbas, R.;  Khan, M. A.;  Bashir, H.;  Tahir, S.; Zafar, 
A. U., Enhancing recombinant interleukin-6 production yield by 
fermentation optimization, two-step denaturing, and one-step 
purification. Biotechnol Appl Biochem 2018, 65 (3), 490-496. 

16. Ji, B.-J.;  Song, G.;  Zhang, Z.; Guo, Z.-Y., Efficient 
overexpression of human interleukin-6 in Escherichia coli using 
nanoluciferase as a fusion partner. Process Biochemistry 2015, 50 (10), 
1618-1622. 
17. Tsumoto, K.;  Ejima, D.;  Kumagai, I.; Arakawa, T., Practical 
considerations in refolding proteins from inclusion bodies. Protein Expr 
Purif 2003, 28 (1), 1-8. 
18. Nakahara, Y.;  Mendelsohn, B. A.; Matsuda, Y., Antibody–Drug 
Conjugate Synthesis Using Continuous Flow Microreactor Technology. 
Organic Process Research & Development 2022, 26 (9), 2766-2770. 
19. Somers, W.;  Stahl, M.; Seehra, J. S., 1.9 A crystal structure of 
interleukin 6: implications for a novel mode of receptor dimerization 
and signaling. EMBO J 1997, 16 (5), 989-97. 
20. Fujii, T.;  Reiling, C.;  Quinn, C.;  Kliman, M.;  Mendelsohn, B. 
A.; Matsuda, Y., Physical characteristics comparison between 
maytansinoid-based and auristatin-based antibody-drug conjugates. 
Explor Target Antitumor Ther 2021, 2 (6), 576-585. 
21. Ejima, D.;  Watanabe, M.;  Sato, Y.;  Date, M.;  Yamada, N.; 
Takahara, Y., High yield refolding and purification process for 
recombinant human interleukin-6 expressed inEscherichia coli. 
Biotechnology and Bioengineering 1999, 62 (3), 301-310. 
22. Sumikawa, H.; Suzuki, E., Tertiary structural models of 
human interleukin-6 and evaluation by comparison with X-ray and 
NMR structures. Chem Pharm Bull (Tokyo) 1998, 46 (1), 136-8. 
23. Reckamp, J. M.;  Bindels, A.;  Duffield, S.;  Liu, Y. C.;  Bradford, 
E.;  Ricci, E.;  Susanne, F.; Rutter, A., Mixing Performance Evaluation for 
Commercially Available Micromixers Using Villermaux–Dushman 
Reaction Scheme with the Interaction by Exchange with the Mean 
Model. Organic Process Research & Development 2017, 21 (6), 816-820. 

24. To establish these monomer-selective conditions, our research 
group evaluated over 100 reaction conditions, including mixing system, 
pH, organic solvent ratio, ionic strength, and additives, as outlined in 
Table S1-S3 in the Supplementary Information. 

 

 

https://doi.org/10.26434/chemrxiv-2023-xt99k ORCID: https://orcid.org/0000-0003-2801-4706 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-xt99k
https://orcid.org/0000-0003-2801-4706
https://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

6 

 

 

https://doi.org/10.26434/chemrxiv-2023-xt99k ORCID: https://orcid.org/0000-0003-2801-4706 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-xt99k
https://orcid.org/0000-0003-2801-4706
https://creativecommons.org/licenses/by-nc-nd/4.0/

