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Room temperature biospecimen storage for prolonged periods is essential to eliminate energy

consumption by ultra-low freezing or refrigeration-based storage techniques. State of the art practices

that sufficiently minimize the direct or hidden costs associated with cold-chain logistics include ambient

temperature storage of biospecimens (i.e., DNA, RNA, proteins, lipids) in the dry state. However, the

biospecimens are still well-exposed to the stress associated with drying and reconstitution cycles, which

augments the pre-analytical degradation of biospecimens prior to their downstream processing. An

aqueous storage solution that can eliminate these stresses which are correlated to several cycles of

drying/rehydration or freezing of biospecimens, is yet to be achieved by any current technology. In our

study, we have addressed this room temperature biospecimen-protection challenge using aqueous

capture and release gels for optimized storage (Bio-CaRGOS) of biospecimens. Herein, we have

demonstrated a single-step �95% recovery of a metalloprotein hemoglobin at room temperature using

a cost-effective standard microwave-based aqueous formulation of Bio-CaRGOS. Although hemoglobin

samples are currently stored at sub-zero or under refrigeration (4 �C) conditions to avoid loss of integrity

and an unpredictable diagnosis during their downstream assays, our results have displayed an

unprecedented room temperature integrity preservation of hemoglobin. Bio-CaRGOS formulations

efficiently preserve hemoglobin in its native state, with single-step protein recovery of �95% at ambient

conditions (1 month) and �96% (7 months) under refrigeration conditions. In contrast, two-thirds of the

control samples degrade under ambient (1 month) and refrigeration (7 months) settings.
1. Introduction

Diagnosis of several ailments requires the extraction of whole
blood from patients and further requires transportation and
storage under refrigeration conditions (4 �C). This is specically
done to preserve the integrity of model proteins and specic
markers whose structure and concentration are used to diag-
nose an ailment. These refrigerated conditions, as well as
lyophilization, is also frequently used to ship immunotherapy
and other protein-based treatments to hospitals for treatment.
Considering how integrated refrigerated shipping has become
within transport protocols, it is necessary to explore cheaper
and more efficient alternative methods of preserving the
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integrity of proteins and other target compounds. In doing so,
the cost of patient diagnosis and treatment may be substantially
reduced.

The importance of hybrid organic–inorganic gels derived
from a silica precursor (e.g. tetraethoxysilane) for encapsulation
of biomolecules has been well recognized. Typically, a silane
molecule is hydrolyzed using catalysts such as acids or bases
and solvated using co-solvents such as alcohol, which results in
the formation of a sol. The resulting sol can be added to buffers
containing biomolecules and results in immobilization. The
process is nearly bio-compatible, allows for good control of pH
and ionic strength and is applicable to variety of biomole-
cules.1,2 Specically, nanostructured porous silica matrices are
well-known for their excellent payload capacity for proteins/
peptides,3–7 nucleic acids (DNA, RNA),8,9 nucleic acid aptamers10

and microRNA specimens.11 Despite the success over the last
three decades, the inherently complex nature of conventional
sol–gel methods makes them hardly applicable to clinical
setting. Second, most sol–gel techniques are marred with
a critical issue. i.e. the release of biospecimen from gels or
glasses aer long-term encapsulation. The primary reason for
the low recovery of biospecimen is due to the use of high
© 2021 The Author(s). Published by the Royal Society of Chemistry
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concentrations of silica precursor (typically 30–50%), as the
techniques always strived to obtain intact immobilization in
a glass like matrix, to restrict the motion of biomolecule. In the
past, we have developed several sol gel routes and demonstrated
their efficacy in biomolecule storage.12–15 Specically, we had
developed a novel CVD based sol gel route, where a solution
containing any biomolecule of choice is simply exposed to
vapors of silica precursor tetramethyl orthosilicate (TMOS) at
room temperature for 1 to 12 h in a simple Petri dish at room
temperature. During this process, TMOS evaporates and
hydrolyzes at the interface of aqueous solution, then diffuses
into the aqueous solution and results in encapsulation of the
biomolecule. This process was extremely successful and was
proven to work for a variety of proteins, chlorosomes, microbial
cells, and liposomes.16 Although we circumvented the issues of
utilization of alcohols and acids, several challenges still remain
including precise control of silica hydrolysis and condensation
reactions, lack of release of biomolecule upon immobilization,
incompatibility with clinical practices, as well as contamination
issues. However, a key observation was realized during the CVD
process, where results indicate that a low-concentration (<10%
silica) can preserve the biomolecule, and second, if the
concentration can be further decreased, then the release of the
biomolecule is possible. Therefore, this triggered research in
the direction of a process that is compatible with clinical
settings, requires minimal technical expertise, utilizes low
concentration of silica precursor and can be performed around
the globe in any environment.

In this article, we have engineered capture and release gels
for optimized biospecimen storage (CaRGOS) by hydrolysis of
TMOS using standard microwave. The key attributes of CaR-
GOS are (i) a clinically compatible �1 minute hydrolysis
process using a standard bench top microwave (ii) minimal
presence of methanol (byproduct) that is not deleterious to
biospecimen (iii) effective long-term storage of biospecimen
and (iv) ease of biospecimen recovery through CaRGOS matrix
using the biocompatible molecule PEG. We have specically
addressed the room-temperature stability and mechanical
handling of hemoglobin in nearly aqueous CaRGOS formula-
tions (less than 5%) that preserve metalloprotein's nativity,
homogeneity, activity and reproducibility over long-term
storage. Using CaRGOS of 5% TMOS, greater than 95% of
hemoglobin retained native structure at room temperature for
a period of 33 days at room temperature and up to 7 months in
refrigerator at 4 �C. Control groups (w/o CaRGOS) degraded
signicantly under similar conditions. The PEG release
protocol allowed for 91% of the Hb preserved in 1% gels to be
extracted via centrifuge. Such strong stability of the hemo-
globin content within CaRGOS formulations is strongly
correlated to the scientic premise of isoelectric pH (pI) of
proteins.17 Protein's solubility, stability, activity and net
charge [(+)ve or (�)ve] is heavily determined by the pI of the
proteins.18 Hemoglobin, for instance has pI of 6.8 and there-
fore incur (�)ve charge at pH 8.2 (used in study), therefore it
stays soluble and is stable within our (�)vely charged silica
formulations (pH 8.2). The hemoglobin stability in our CaR-
GOS formulations is therefore attributed to two factors. Firstly,
© 2021 The Author(s). Published by the Royal Society of Chemistry
the electrostatic repulsions between (�)vely charged hemo-
globin and silica is possibly driving the protein stability within
these colloidal dispersions. Secondly, the immobilization or
restricted rotation of biospecimens imparted by silica formu-
lations is stabilizing the hemoglobin content. Immobilization
is the result of either entrapping or collaterally depositing
themselves alongside the native conformation of biospeci-
men. This immobilization is unique due to their conformation
or shape recognizing capabilities, such that a congruent
coupling of silica nanostructures occurs alongside the bio-
specimens.3 Therefore, the CaRGOS formulation technique in
this article is remarkably valid for preservation of most
proteins and various biomarkers including nucleotides.
2. Experimental
2.1 Materials

Tetramethyl orthosilicate (TMOS, > 98% purity), freeze-dried
hemoglobin, polyethylene glycol (2 kDa), sodium phosphate
monobasic, sodium phosphate dibasic, 15.0 mL centrifuge
tubes and UV-vis cuvettes were purchased from Sigma Aldrich
(St. Louis, MO). UV-vis absorption spectra were collected using
a UV-vis spectrometer (Varian Cary 50 BIO UV, Agilent Tech-
nologies, Santa Clara, CA). Raman spectra were acquired on
Reva Educational Raman platform (Hellma, Plainview, NY).
2.2 CaRGOS synthesis

A 10.0 v/v % TMOS stock-solution was prepared in de-ionized
water and transferred to a 40.0 mL glass test tube, screw cap-
ped and hydrolyzed via microwave for thirty seconds. Post-
microwave, the screwcap was removed to evaporate the vola-
tile byproduct (i.e., methanol) of the CaRGOS synthesis. This
CaRGOS stock solution was allowed to cool to room tempera-
ture. Aer room temperature was reached, appropriate amounts
of CaRGOS were added to 4.0 mL cuvettes to create nal
concentrations (v/v %) of 0, 1, 2.5, 5 and 7.5 respectively.
Phosphate buffer (0.5 M pH 8.2) was added to constitute the
remainder of the 3 mL solution, as well as 0.03 mL of 1.0 w/v%
hemoglobin.
2.3 Storage of hemoglobin in CaRGOS

Several samples of CaRGOS–hemoglobin [(0.0–7.5) v/v % TMOS;
0.01 w/v % hemoglobin; 0.5 M phosphate buffer, pH 8.2; 3.0 mL]
solutions were formulated in 4.0 mL UV-vis cuvettes, capped
and stored for a desired amount of time. The UV-vis spectra of
stored CaRGOS–hemoglobin [(0.0–7.5) v/v % TMOS; 0.01 w/v %
hemoglobin; 0.5 M PB, pH 8.2; 3.0 mL] solutions were measured
on 0, 2, 6, 9, 13, 18, 20, 24, 27, 31, 33 days at room-temperature,
to validate integrity of hemoglobin in the CaRGOS. For long-
term studies, we used optimized CaRGOS concentration [i.e.,
5.0 v/v % TMOS], while keeping rest of formulation parameter
xed [0.01 w/v % hemoglobin; 0.5 M PB, pH 8.2; 3.0 mL] and
were measured over a period of 210 days, to validate integrity of
hemoglobin over the prolonged room-temperature and refrig-
erated storage conditions.
RSC Adv., 2021, 11, 13034–13039 | 13035
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2.4 Release of hemoglobin from CaRGOS

Polyethylene glycol (65.0 mM, 1.0 mL) was added to 3 mL CaR-
GOS containing hemoglobin for facile re-dissolution of the
silica-dispersions. Aer vortexing the sample for 30 seconds,
1.0 mL of the resulting solution was pipetted to a 15.0 mL
centrifuge tube. This process was completed until a total of
5.0 mL PEG had been added to each sample, aer which the
remainder of the dissolved CaRGOS was pipetted into the
15.0 mL centrifuge tube. 3.0 mL of the dissolved CaRGOS was
transferred to two 1.5 mL centrifuge tubes for each sample, aer
which they were centrifuged for 13 minutes at 10 000 rpm. The
supernatant hemoglobin solution at the top of each tube was
pipetted into the corresponding UV-vis cuvette, where UV-vis
spectroscopy was used to determine the concentration and
structure of native hemoglobin.

2.5 Evaluation of CaRGOS evolution using Raman
spectroscopy

The Raman spectra was performed on CaRGOS [(0.0–10.0) v/v %
TMOS], CaRGOS with buffer [(0.0–10.0) v/v % TMOS; 0.5 M PB,
pH 8.2; 3.0 mL] and CaRGOS with hemoglobin/buffer [(0.0–7.5)
v/v % TMOS; 0.01 w/v % hemoglobin; 0.5 M PB, pH 8.2; 3.0 mL]
using a Reva Educational Raman platform (Hellma, Plainview,
NY, USA). The laser power of 450.0 mW and current 959.0 mA
was optimized to analyze the samples. The laser temperatures
[diode ¼ 30 �C; case ¼ 24.4 �C] and spectrometer temperature
[23.1 �C] were optimized for collecting the Raman spectra.

2.6 Evaluation of gel formation using IR spectroscopy

FT-IR spectra were measured with an FT-IR spectrometer (Per-
kinElmer Spectrum 100) with universal attenuated total reec-
tance (ATR) sample accessory. The CaRGOS samples with
different concentration were placed on diamond/ZnSe crystal
and the spectra were recorded over the wavenumber range
4000–500 cm�1.

3. Results and discussions
3.1 Long-term UV-vis analysis of hemoglobin content within
the CaRGOS formulations

Hemoglobin binds and transport analytes (i.e., oxygen, nitric
oxide, carbon monoxide) and plays signicant role in the
regulation of the blood pressure. Hemoglobin is a model
protein of our choice for investigating the preservation of
structural integrity under environmental stimuli (heat,
mechanical excursions, nuclease/protease/microbial contami-
nation), due to its complex four protein-chain frameworks, with
each chain having heme group and metal center (i.e., iron) in
the central cavity. Puried proteins in their native state are
known to be slightly disordered and for having certain sections
in their unfolded state.19 Therefore, instead of investigating
secondary structures (i.e., a-helix), our thermal stability (�25
�C) and mechanical handling (mixing, vortexing, shaking)
investigations with CaRGOS–hemoglobin formulations are
focused on the analysis of heme groups of the four-polypeptide
chain network of hemoglobin. UV-vis spectra, can detect loss or
13036 | RSC Adv., 2021, 11, 13034–13039
alterations in heme and is an effective indicator of changes in
primary and secondary structure.20,21 In addition, losses in
heme and the resulting change in the secondary structure are
indicative of alteration of tertiary structure conformation, as
each of the subunits are integral to the tertiary structure of the
molecule.21 Therefore, in this manuscript, we have utilized
hemoglobin as a model protein for our studies, however the
process is compatible with any nucleotide or protein of choice.
Fig. 1a shows the schematic of our CaRGOS process developed
for encapsulation of a biomolecule such as hemoglobin. Typi-
cally, TMOS is hydrolyzed in an aqueous solution by imparting
energy from a benchtop microwave for 30 s. The key hydrolysis
reaction is highlighted in Fig. 1b. TMOS has 4 hydrolysable
groups and the reaction with water results in the formation of
silicic acid and methanol. The resulting solution is allowed to
rest for 5 minutes to reach equilibrium at room temperature
and to vent methanol, which is a byproduct of the hydrolysis
reaction. A known concentration of CaRGOS is added to
hemoglobin (in buffer), resulting in the condensation of
hydrolyzed silica precursor as shown in Fig. 1b. Fig. 1c shows
the Raman spectra of 5% silica precursor (TMOS): pre-
hydrolysis, aer hydrolysis (microwave for 30 s), and aer
condensation (addition of buffer). The theoretical peak posi-
tions of TMOS precursor, intermediates, silicic acid/dimers and
methanol are expected at 640–650 cm�1, 673–725 cm�1, 750–
780 cm�1 and 1020 cm�1.22 Experimentally, we observe a peak at
646 cm�1 for 10% TMOS/water solution prior to hydrolysis
indicating the presence of intact Si(OCH3)4. Upon �30 s
microwave exposure, the Si(OCH3)4 peak at 646 cm�1 disap-
pears and an increase in Si(OH)4 and methanol peak was
observed at 750 cm�1 and 1020 cm�1. Absence of intermediate
peaks for partially hydrolyzed TMOS species at 673 cm�1,
697 cm�1, and 725 cm�1 indicate completed hydrolysis of
Si(OCH3)4.22 Fig. S1–S3† display Raman spectra of serial-diluted
TMOS (0.1–5.0) v/v % solutions, before and aer the TMOS
hydrolysis under microwave exposure. Upon addition of the
buffer containing Hb, the intensity of methanol peak decreases
due to dilution and we also observe emergence of a peak at
980 cm�1, which arises due to the presence of phosphate buffer,
Fig. S4.† The resulting solution, undergoes gelation depending
upon the concentration of the precursor, were stored for further
analysis. We further performed IR analysis to monitor the
formation of Si–O–SI and Si–OH bonds in the gels. IR spectra of
the silica gels 0.5, 1, 2.5, 5 and 7.5 v/v% CARGOS are shown in
Fig. ESI S5.† The wide band at 1100 cm�1 (to �1250 cm�1) is
generated by contribution of the vibrational modes of –Si–O–Si–
and –Si–OCH3. At 1015 cm�1 the formation of CH3OH and Si–
OH are also observed. Peak intensity increases as the concen-
tration of silica precursor is increased thus determining the
extent of gelation.

This complete self-sterile immobilization of any biospeci-
men can be achieved in less than 10 minutes utilizing only one
chemical and a benchtop microwave. The process is extremely
compatible with clinical settings and even for on-eld opera-
tions. The integrity of hemoglobin in CaRGOS was evaluated
using UV-vis spectroscopy. UV-vis spectroscopy is a rapid and
routinely used method to validate structural stability of
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Synthesis and Raman characterization of CaRGOS formula-
tions. (a and b) Schematic of CaRGOS formulations and encapsulation
of hemoglobin for long-term room-temperature storage and (c)
complete hydrolysis of 5.0 v/v % tetramethyl orthosilicate (TMOS) was
demonstrated by Raman spectra with an elimination of TMOS peak
(646 cm�1) and formation of methanol peak (1030 cm�1) after a stan-
dard microwave synthesis.

Fig. 2 UV-vis analysis of hemoglobin content within CaRGOS
formulations. (a) Incremental increase in the hemoglobin stability with
incremental increase in CaRGOS concentrations (0–5.0) v/v %. An
unaltered UV-vis absorbance band (406 nm) of heme group of
hemoglobin framework is observed in CaRGOS formulations (5.0 v/
v%). (b) Hemoglobin stability with incremental increase in CaRGOS
concentrations (0–7.5) v/v %. An unaltered UV-vis absorbance band
(406 nm) of heme group in hemoglobin framework is observed in
CaRGOS formulations (5.0 and 7.5 v/v%).

Fig. 3 Excellent long-term stability of hemoglobin in CaRGOS
formulations (5.0 v/v % TMOS; 0.01 w/v % hemoglobin; 0.15 M PB, pH
8.2) against control hemoglobin solutions (0.01 w/v % hemoglobin;
0.15 M PB, pH 8.2). (a) Refrigeration (5 �C) and (b) room-temperature
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hemoglobin (l ¼ 406 nm; heme group) Fig. 2a shows a sharp
UV-vis band (l ¼ 406 nm) of the prosthetic heme group
(C34H32O4N4Fe) in aqueous hemoglobin solutions (0.01 w/v %;
0.5 M PB; pH 8.2) and in the CaRGOS (1.0–7.5) v/v % formula-
tions immediately aer immobilization. This absorbance band
indicates the excellent initial stability of hemoglobin in both the
CaRGOS and control samples. The intact absorbance band
shown in Fig. 2a also supports that silica condensation and the
presence of the methanol by product do not affect hemoglobin
nativity.

While maintaining constant hemoglobin concentration
(0.01 w/v%) and buffer environment (0.5 M PB, pH 8.2), the
CaRGOS concentration (0.0–7.5) v/v % range were observed over
a period of month. Relative to the control-group hemoglobin
solutions (i.e., w/o CaRGOS), Fig. 2b shows a two-fold [CaRGOS
(1.0 v/v %)] and three-fold [CaRGOS (2.5 v/v %)] hemoglobin
stability in CaRGOS formulations. This demonstrates
© 2021 The Author(s). Published by the Royal Society of Chemistry
a CaRGOS-concentration dependent trend in determining the
physical and chemical stability of hemoglobin. Fig. 2b shows
that CaRGOS (5.0 and 7.5) v/v % solutions retained nearly
�100% hemoglobin-stability up to 3 weeks and �95% stability
for 33 days. Relatively high CaRGOS concentrations (5.0–7.5) v/
v%, were, therefore, ideal for storing hemoglobin under room-
temperature and mechanical-handling (i.e., mixing, vortexing)
based conditions. Fig. 2b also shows that control samples (i.e.,
w/o CaRGOS) at room-temperature had a signicant decrease in
UV-vis absorbance: �10% in 1 week, �20% in 3 weeks and
�63% in four weeks respectively.

Prolonged storage at refrigerated temperature and room-
temperature of proteins is highly desirable for numerous
medical applications. We performed prolonged storage (several
months) studies in a similar format to the 33 day hemoglobin
storage, described above. As shown in Fig. 2b, CaRGOS formu-
lations (5.0 & 7.5 v/v %) had demonstrated exceptional hemo-
globin storage capabilities over 1 month storage interval.
However, the 5.0 v/v % formulation was preferentially chosen
over 7.5 v/v % formulation towards investigating hemoglobin
integrity over 210 days (7 month), attributing to an easier bio-
specimen passage/recovery through CaRGOS matrices, and less
cost per sample. As shown in the Fig. 3a, our optimized CaRGOS
(23 C) conditions.

RSC Adv., 2021, 11, 13034–13039 | 13037

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra00987g


Fig. 5 Raman spectra of CaRGOS. An unaltered Raman spectrum of
CaRGOS (5.0 v/v %) formulations (with and without hemoglobin) over
21 days.
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[(5.0 v/v %) TMOS; 0.01 w/v % hemoglobin; 0.15 M PB, pH 8.2;
3.0 mL] solutions had demonstrated an unprecedented
hemoglobin-stability (�96%) up to 7 month period at 4 �C,
under the non-sterile, room-temperature storage conditions.
During prolonged refrigeration, the control group hemoglobin
solutions (0.01 w/v %; 0.15 M PB; pH 8.2) also displayed robust
stability (�96%) up to the 40 day period, demonstrating the
short-term stabilizing effect of refrigeration as well as the
phosphate buffer environment on control group hemoglobin
solutions. However, Fig. 3a shows escalated hemoglobin
degradation over the long-term refrigeration period for control
samples, with a signicant loss of heme group (406 nm)
absorbance (�70%). Under room temperature conditions,
Fig. 3b shows that 5% CaRGOS samples retained 47% absor-
bance over the 210 day time period, while control samples
retained 3% absorbance under the same conditions. This
supports the long-term storage capabilities of 5% CaRGOS
under both ambient room temperature and refrigerated
conditions.
3.2 Polyethylene glycol (PEG) induced hemoglobin release in
CaRGOS formulations

The development of a biocompatible release protocol is desir-
able as it allows lab technicians to run diagnostics on the
extracted proteins. Post-encapsulation of hemoglobin within
CaRGOS matrices, PEG was systematically added to all CaRGOS
formulations, Fig. 4a. A quick re-dissolution of low-to-high
viscous CaRGOS–hemoglobin formulations [(1.0–7.5) v/v %
TMOS; 0.01 w/v % hemoglobin; 0.5 M PB, pH 8.2; 3.0 mL] was
observed upon addition of polyethylene glycol [PEG (65 mM, 2
kDa)]. Upon centrifuging the dissolved CaRGOS samples and
extracting the supinated solution, a three to ve-fold increase in
hemoglobin's UV-vis absorbance (406 nm) was observed in the
resulting solution Fig. 4b. This large increment in the absor-
bance intensity of heme group [406 nm] is attributed to
a synergistic hydrophilicity imparted by PEG (260 nm) to the
CaRGOS formulations, indicating a facile passage and release of
hemoglobin throughout the CaRGOS matrices without any loss
of protein nativity as shown in Fig. 4. Particularly, an ideal
ensilication matrix allows efficient bioanalyte immobilization
(i.e., encapsulation entrapment or collaterally depositing) and
a facile passage without any physical rupture. Therefore, our
highly porous and moderately viscous CaRGOS formulations
Fig. 4 Polyethylene glycol (PEG) induced hemoglobin content
release. (a) Schematic of PEG addition to the CaRGOS formulation for
facile hemoglobin extraction and (b) significant hemoglobin release in
CaRGOS formulations (1.0–7.5) v/v% upon PEGylation.
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meets these standards, due to the long-term storage capabilities
of CaRGOS as shown in Fig. 2b, and the biocompatible PEG
release protocol as shown in Fig. 4.
3.3 Raman analysis of CaRGOS formulations

Fig. 5 shows analogous Raman spectra of the CaRGOS formu-
lations (5.0 v/v % TMOS; PB pH 8.0) with and w/o hemoglobin at
days 7, 14 and 21 respectively. The Raman peaks of TMOS
solution was assigned to 646 cm�1, dimerized silica or silicic
acid to 830 cm�1 and the intense methanol C–O stretch to
1030 cm�1 respectively.22 Similar peak intensities over 21 days is
attributed to the robust physio-chemical stability of CaRGOS
dispersions under room-temperature and mechanical handling
(i.e., mixing, shaking, vortexing) conditions. Also, the unaltered
peak intensities of CaRGOS formulations, with and without
hemoglobin are tentatively attributed to the unique shape-
recognition capabilities of silica nanostructures. Notably, the
CaRGOS nanoformulations could potentially deposit around
hemoglobin and match its shape/conformation, resulting in
similar rotational and vibrational ngerprints of the CaRGOS
formulations, with and without hemoglobin.3
4. Conclusions

We developed a technologically and clinically relevant TMOS
based sol gels called CaRGOS using a standard bench top
microwave. These gels were utilized to demonstrate effective
protein storage over long durations of time. The model protein
used in the study was hemoglobin and its stability was moni-
tored using UV-vis measurements. In addition, stability of sol
was determined using Raman Spectroscopy. Up to 5.0 v/v %,
CaRGOS enhance the shelf life as compared to control samples
but lose their efficacy over time. High concentration CaRGOS
(5.0 & 7.5) v/v % formulations, displayed excellent stability of
hemoglobin protein over 33 days at room temperature and 7
months at 4 �C. Furthermore, we developed a biocompatible
PEG based protocol to release the proteins from the CaRGOS
© 2021 The Author(s). Published by the Royal Society of Chemistry
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with extremely high yields. Based on our ndings, we propose
that the nal optimal protein storage condition is utilization of
(5.0 v/v %) TMOS; 0.01 w/v % hemoglobin; 0.15 M PB, pH 8.2;
3.0 mL, that had demonstrated an unprecedented protein
integrity of �95% at ambient (1 month) and �96% (7 months)
under refrigeration conditions. Using current PEG protocol, the
release efficiency is 75%, which can be further optimized.

The results indicate that CaRGOS have enormous potential
to stabilize biomolecules. The scientic insight gained in the
study suggests that if the pI of the protein in below the pH of the
CaRGOS, it will achieve stabilization and would be amenable to
extraction. This robust storage, transport, and extraction are the
keystone of this innovation, and present a technology that can
encapsulate a plethora of biospecimens including proteins and
nucleotides as most of them exhibit a pI of less than 7. Thus, the
clinical applications of CaRGOS are vast when compared to its
predecessors and present a feasible alternative to conventional
cryopreservation platforms.
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