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Long-term functional storage of therapeutic proteins at room
temperature has been an eternal challenge. Inspired by the cellular
cooperativity of proteins, we have taken a step forward to address
this challenge by cohabitating Immunoglobulin G (IgG1) with a food
protein gelatin in the solid-state at room temperature. Interestingly,
IgG1 remained functionally active for a record 14 months revealed
from the western-blot assay. Further quantification by HP-LC
analysis showed 100% structural integrity of IgG1 with no degrada-
tion in the gelatin matrix during this period. The developed for-
mulation has a direct application in oral medical nutrition therapy
to cure gastrointestinal microbial infections. Also the strategy
provides a robust energy economic alternative to the protein
engineering methods for long-term functional storage of thera-
peutic proteins at room temperature.

Immunoglobulin G (IgG1) is a 150 kDa antibody that is a major
contributor to the humoral immunity of humans.'*? IgG1 is
produced as a monomer by plasma B cells in the lymph,
followed by secretion into the blood and extracellular fluid
where it acts against microbial infections (viruses, bacteria, and
fungi).” IgG1 has a Y shape structure comprising a pair of
identical heavy and small chains linked to each other by
disulfide bonds (Fig. 1a). Each end of the two arms of IgG1l
contain antigen-binding sites at the variable domain of both
the heavy (VH) and light chain (VL) and hence IgG1 has a dual
antigen-binding site to counter pathogens (Fig. 1a).>*”

Other than their biological role in neutralizing pathogens,' ™
oral immunoglobulin formulations have attracted a lot of
interest in oral medical nutrition therapy.* Historically, the
plasma formulation of immunoglobulin has been part of
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animal feed to tackle intestinal microbial disorders.
ever, in the past 50 years, successful human trials of the oral
formulations of immunoglobulins with human and bovine
serums (lyophilized powder or liquid) against gastrointestinal
microbial infections have also been performed.®*™ These stu-
dies are mainly focused on the pharmacokinetics of IgG in the
gastrointestinal tract of healthy and microbially infected people
of various age groups.®*”

In addition to the in vivo pharmacokinetics of IgG formula-
tions, their poor ex vivo stability has been a key challenge for
long-term storage and transportation.” This is due to the time-
dependent structural alterations at room temperature, which
ultimately affect their functional activity.® Being a globular
protein, immunoglobulins are susceptible to time-dependent
aggregation-induced unfolding in an aqueous medium at room
temperature and hence are stored at around —70 °C (for long-
term usages) and 4 °C (for short-term usages).’®” The time-
dependent circular dichroism spectra of the aqueous solution
of IgG1 at room temperature showing alterations in the sec-
ondary structure are shown in Fig. S1 (ESIt). This is due to the
small Gibbs free energy of unfolding of globular proteins at
room temperature (AGy = 5-15 kecal mol *).'°“? In addition to
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Fig. 1 Structure of (a) IgGl, and (b) gelatin. (c) Illustration of the protein
cohabitation of IgG1 and gelatin for long-term stability. LC = light chain,
HC = heavy chain, ABS = antigen-binding site, Fab = fragment antigen
binding, G = glycosylation site, Fc = fragment crystallizable.

this they are also prone to digestion by proteases.” Attempts
have been made to address such issues in liquid formulations
by adding excipients such as sugars,'’ polyols,’> peptides,"
buffers,"*“* and bacteriostatic agents."”” For example, en-
hanced folding stability and reduced aggregation of IgG1 have
been reported in 0.5 M sucrose.'* A >5 °C enhancement in
thermal stability of IgG1-kappa (1 mg mL~" or 50 mg mL™")
against aggregation has been reported at pH. 4.5 in aqueous
solution of 20% glucose, 20% sorbitol, and 5% glucose + 10%
sorbitol.'* Enhanced time-dependent thermal stability (at 55 °C
for 7 days) of the IgG1 monomer has been reported in a 1:1
aqueous formulation with lysine dendron L6 peptide."®
Buffers,'** on the other hand, can just stabilize proteins at
4 °C for a day or a few weeks. Recently Kuzman et al.'® have
developed a long-term stability prediction method using
Arrhenius-based kinetics for antibody storage in solution at
5 °C for up to three years.'® Schaefer et al'” studied the
mechanism of the kinetic stability of IgG in the presence
of various salts (NaClO,, NaCl, and Na,SO,), and osmolytes
(Arginine, betaine, sarcosine, TMAO, sorbitol, sucrose, and
trehalose) and concluded that the kinetic stability of IgGs
depends, in a complex manner, both on the intrinsic properties
of an IgG, particularly the stability of the Fabs with respect to
the other domains, and on the nature of interactions between
the protein and additives."”” Beyond aqueous formulations,
enhanced stability of antibody/antibody fragments using
chemical engineering through covalent conjugation®®*
or ionic liquefaction'® has also been reported. However, the
maximum aqueous stability of such conjugates has been
reported to be 8 months at 4 °C in phosphate buffer solu-
tion."®* Hence the low shelf-life of the aqueous formulations of
immunoglobulins at room temperature or even at 4 °C remains
a key challenge. That is why they are commercially sold as
lyophilized powders in combination with cryoprotectants and
need to be stored at —20 °C for long-term stability.'>*°*¢ But
the multiple freeze-thaw cycles of lyophilized antibodies can
affect their structure and performance during long-term
storage and use.>’ Hence, there is a need to develop strategies
for long-term functional storage of antibodies in a solid-state at
room temperature. An interesting example of work in this
direction is IgG1 and IgM dried on cellulose filter paper that

This journal is © The Royal Society of Chemistry 2023

View Article Online

Journal of Materials Chemistry B

have been reported to remain functionally stable for a month at
room temperature®” and for more than a year at —20 °C.>* But
the long-term functional stability at room temperature in the
solid-state remains a key challenge that we are addressing
through this work.

Herein, inspired by the biological cooperativity of proteins
to remain stable and execute a specific function***? we are
proposing the protein cohabitation'®® phenomenon for long-
term functional storage of IgG1 in the solid matrix of a food
protein gelatin (Fig. 1). Gelatin is a commercial food protein®®
that is a hydrolyzed form of collagen. Upon dehydration of the
aqueous solution of gelatin, it undergoes interchain cross-
linking®® resulting in the formation of a stable three-
dimensional semi-crystalline structure comprising crystalline
triple-helices and amorphous inter-helix regions.>” Due to its
long-term room temperature stability in the solid-state’” and
food-grade properties, gelatin is a suitable cohabitation partner
for IgG1 when considering its application in medical nutrition
therapy.*** Interestingly IgG1 remained functionally active
with the retention of its original structure even after 14 months
of cohabitation with gelatin in the solid-state at room tempera-
ture. Hence through this proof-of-concept demonstration we have
overcome a key challenge of poor long-term stability of protein
therapeutics at room temperature by developing a cheap and
robust fabrication approach resulting in a biocompatible solid-
state formulation. The model structure of IgG1 and molecular
structure of gelatin and illustration of IgG1-gelatin protein coha-
bitation is presented in Fig. 1a-c. The IgG1l-gelatin cohabitation
films were prepared by air drying an aqueous solution of IgG1-
gelatin in 0.1 M NaCl (see Method section and Fig. S2 (ESIT) for
the detailed procedure). The final solid formulation contains
1.2 wt% of IgG1 and 98.8 wt% of gelatin.

The prepared IgGil-gelatin solid formulation was then
allowed to cohabitate at room temperature for 14 months. After
14 months of cohabitation, the IgG1-gelatin formulation was
redissolved in phosphate buffer pH 7.4 and characterized using
circular dichroism (CD) spectroscopy,”® and SDS-PAGE*® for
secondary structure, molecular weight analysis, and hyperfine
liquid chromatography (HPLC) and western blot (WB) assay’°
to confirm the structural stability and functional activity of the
incubated IgG1 in comparison to the freshly prepared unfor-
mulated 1gG1 sample.

The CD spectra of fresh and 14 months incubated gelatin-
IgG1 samples are shown in Fig. 2 and the corresponding HT [V]
plots demonstrating the accuracy of the data are shown in
Fig. S3 (ESIt). The CD spectrum of fresh IgG1 (Fig. 2a, black
symbol) shows a fingerprint B-sheet conformation with a
negative absorption band at an ellipticity minimum of 217 nm
(=0 = 217 nm) and a positive absorption band at an ellipticity
maximum of 202 nm (+0 = 202 nm).>® Whereas the CD spectrum
of fresh gelatin (Fig. 2a, red symbol) shows a fingerprint random
coil conformation with a negative absorption band at the ellipti-
city minimum of 198 nm (—6 = 198 nm).>!

The CD spectrum of IgG1-gelatin cohabitated for 14 months
in dilute solution is shown in Fig. 2b. Due to the mixed protein
solution with very low IgG1 concentration, we could not see the
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Fig. 2 Circular dichroism spectra of (a) fresh IgGl and gelatin in the
phosphate buffer solution pH 7.4, and (b) diluted gelatin-IgG1 solution
after 14 months of solid-state cohabitation at room temperature.

IgG1 bands in low concentration solution. But we observed the
random coil band corresponding to gelatin (Fig. 2b). This data
confirms the stability of the secondary structure of gelatin
during cohabitation. Since the post-incubation CD spectrum
of IgG1 and gelatin were recorded in their mutual presence, we
tried to find the IgG1 bands by increasing the concentration of
IgG1-gelatin solution (Fig. S4, ESIt). We found a red shifted
band showing positive and negative ellipticity just like IgG1,
but it could also be due to the triple-helix structure of gelatin at
high concentration that also shows similar spectra. The com-
bined spectrum of IgG1-gelatin shows saturation of the gelatin
peak due to high concentration confirmed from HT[V] data
(Fig. S5, ESIt). Therefore, CD spectra could not confirm the
post-incubation secondary structural stability of IgG1 in its
mixture with gelatin due to spectral interference. Hence, we
used SDS-PAGE to analyse the structural integrity of IgG1.

The structural integrity of IgG1l during cohabitation has
been confirmed by comparing its molecular weights with the
fresh IgG1 using SDS-PAGE (see Methods section of the ESIT for
the detailed experimental procedure).”® IgG1 has a molecular
weight of 150 kDa, corresponding to 50 kDa for a pair of heavy
chains and 25 kDa for a pair of light chains (Fig. 3a)."*? The
IgG1 in gelatin solution cohabitated for 14 months in the solid-
state shows a band at 150 kDa in SDS-PAGE (Fig. 3b), which
is the same as that of the fresh IgG1 solution. Hence, the
SDS-PAGE images confirm the retention of the structural
integrity of IgG1l without any fragmentation of its various
domains during cohabitation.

To quantify the % of IgG1 retaining its structural integrity
after 14 months, we performed HPLC analysis. Therefore, the
14 month old sample was cut into two halves (named sample I
and sample II), dissolved in buffer (phosphate, 10 mM, pH 7.2)
and then analysed separately.

So far, we were able to separate the gelatin from IgG1,
yielding a peak at 2.5 and 3.2 min, which corresponds to gelatin
and IgG1, respectively (Fig. 4, yellow line and Fig. S7, ESI{). To
quantify IgG1 in the 14 month-old sample, both samples were
spiked with two different amounts of an IgG1l reference
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Fig. 3 SDS-PAGE gel image of (a) fresh IgGl solution and (b) IgGl in
gelatin solution after 14 months of solid-state cohabitation at room
temperature in the solid-state. The protein ladder or molecular weight
marker (M) on the gel with IgG1 bands is shown in Fig. S6 (ESI¥).

solution. The original IgG1 content of the gelatin-IgG1 sample
was calculated from the average increase of the integral of
the IgG1 peak at 3.2 min (Fig. 4, red and violet lines) after
addition of the IgG1 reference (Table S1, ESIT). The experimen-
tally determined IgG1 content was slightly higher (3.12 mg +
0.8 mg and 5.2 mg + 1.2 mg) than the original IgG1 content
(2.4 mg) in the sample. However, it should be noted that the
IgG1l-gelatin samples were still much more viscous than a
normal aqueous sample (although the samples were handled
at 40 to 45 °C), which might partly explain the high error and
discrepancy compared to the original IgG1 content. Neverthe-
less, the reference IgG1 coelutes with the IgG1, which was
stored for 14 months in the gelatin suggesting that the IgG1
is still intact and structurally preserved.

After ascertaining the structural integrity of IgG1 after 14
months of cohabitation in gelatin, we analyzed its functional
activity using a western blot assay (see Methods section of the
ESIf for the detailed experimental procedure).*® For the wes-
tern blot assay, we used recombinant protein G for IgG1l
binding as the primary antibody (fresh or 14 months incu-
bated), and mouse anti-human IgG1-horseradish peroxidase
(anti-IgG1-HRP) conjugate as a secondary antibody for binding
with the primary antibody. Protein G is a ~60 kDa cell surface
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Fig. 4 HP-LC-chromatograms of IgGl stored in gelatin for 14 months at
room temperature (yellow line) and spiked with two different amounts of
reference 1gG1.
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Fig. 5 (a) Model structures of protein G and mouse anti-human IgG-HRP
conjugate and molecular structure of tetramethylbenzidine. (b) Image of
the nitrocellulose blotted paper showing protein G mediated binding of
14 months incubated IgG1 to anti-IgG1 (1, 2, 3) and direct binding of anti-
IgG1 to fresh IgGl (4), and 14 months incubated IgGl (5, 6). (c) and (d)
Schematic presentation of IgG1 binding to anti-IgG1; (c) via direct binding,
and (d) via protein G anchored binding.

protein expressed in group G of Streptococcal bacteria.* It is a
type III Fc receptor that has a high binding affinity for the Fc
fragment of IgG1 compared to the Fab fragment.** The mouse
anti-human IgG1-HRP conjugate is a secondary antibody where
anti-IgG1 is conjugated with the enzyme horseradish peroxi-
dase (HRP). It primarily binds to the Fc fragment of the heavy
chain of IgG1.>* The HRP conjugated to the anti-IgG1 catalyzes
the oxidation of colorless tetramethylbenzidine (TMB) to
colored tetramethylbenzidine diimine (TMBD) that acts as a
signal of anti-IgG1 binding to IgG1.*®

Fig. 5a shows the ribbon and model structures of the protein G
and mouse anti-human IgG-HRP conjugate and molecular struc-
ture of tetramethylbenzidine. The western blot assay was per-
formed at different concentrations of protein G (0.25 mg mL ™" to
1 mg mL™") and 14 months incubated IgG1 (0.5 mg mL " and
1 mg mL~") and a single concentration of fresh IgG1 (1 mg mL %),
as shown in Fig. 5b. To confirm the binding ability of the
14 months incubated IgG1 with protein G, we also did a control
experiment where fresh IgG1 was used as the primary antibody
(Fig. S8, ESIf). The detection of chemiluminescence signals in
samples 1 to 6 on the nitrocellulose blotted paper (Fig. 5b)
confirmed the functional activity of both Fc and Fab fragments
of the IgG1l incubated with gelatin for 14 months at room
temperature.

This is because chemiluminescence signals could be devel-
oped only if anti-IgG1-HRP binds to IgG1, which catalyzes the
oxidation of TMB to TMBD. The anti-IgG1-HRP either binds to
IgG1 attached directly to the nitrocellulose paper (Fig. 5c) or
through protein G attached to the nitrocellulose paper (Fig. 5d).
We detected strong chemiluminescence signals for the protein
G mediated binding (Fig. 5b, 1-3 and Fig. 5d). This could be
due to the poor transfer of high molecular weight IgG1 from
SDS-PAGE gel to nitrocellulose paper during blotting, which is

This journal is © The Royal Society of Chemistry 2023
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further masked by the presence of the high concentration of
gelatin. This is a common issue with the high molecular weight
proteins during nitrocellulose paper blotting. However, the
obtained signals in sample 5, and 6 (Fig. 5b and c) are quite
clear to ascertain the IgG1 binding to anti-IgG1-HRP.

Conclusion

In conclusion we have developed a simple method of solid-state
protein cohabitation to address an outstanding issue of poor long-
term functional storage of antibodies at room temperature. The
IgG1 cohabitated in the solid-state with a food protein gelatin for
14 months at room temperature retained both structural and
functional stability confirmed by SDS-PAGE, HP-LC, and western
blot assay. The IgG1-gelatin solid-state formulation has a direct
application in oral medical nutrition therapy for treating gastro-
intestinal microbial infections. Moreover, the developed approach
gives new directions for long-term room temperature stability of
protein/peptide therapeutics and other commercial globular pro-
teins, thus providing a robust energy economic alternative to the
protein engineering methods.
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