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Inter-protein interactions govern protein loading
into porous vaterite CaCO 3 crystals
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The fast development of protein therapeutics has resulted in a high demand for advanced delivery

carriers that can effectively host therapeutic proteins, preserve their bioactivity and release them on

demand. Accordingly, vaterite CaCO3 crystals have attracted special attention as sacrificial templates for

protein encapsulation in micro- and nanoparticles (capsules and beads, respectively) under mild

biofriendly conditions. This study aimed to better understand the mechanism of protein loading into

crystals as a primary step for protein encapsulation. The loading of three therapeutic proteins (250 kDa

catalase, 5.8 kDa insulin, and 6.5 kDa aprotinin) was investigated for crystals with different porosities.

However, unexpectedly, the protein loading capacity was not consistent with the protein molecular

weight. It solely depends on the inter-protein interactions in the bulk solution in the presence of crystals

and that inside the crystals. The smallest protein aprotinin aggregates in the bulk (its aggregate size is

about 100 nm), which prohibits its loading into the crystals. Insulin forms hexamers in the bulk, which

can diffuse into the crystal pores but tend to aggregate inside the pores, suppressing protein diffusion

inward. Catalase, the largest protein tested, does not form any aggregates in the bulk and diffuses freely

into the crystals; however, its diffusion into small pores is sterically restricted. These findings are

essential for the encapsulation of protein therapeutics by means of templating based on CaCO3 crystals

and for the engineering of protein-containing microparticles having desired architectures.

1. Introduction

Since the commercialisation of recombinant human insulin as
the first therapeutic protein in 1982, the market of protein-
based drugs has become one of the most rapidly growing areas
in the pharmaceutical industry.1 Nowadays, several therapeutic
proteins belonging to different classes (monoclonal antibodies,
hormones, enzymes, growth factors, antimicrobial peptides,
etc.) are indicated for the treatment of multiple disorders,
including various cancers, diabetes, haemophilia, asthma, and
plaque psoriasis.2 As natural biological products, proteins are
selective, non-toxic and generally possess much lower side
effects than that usually caused by small-molecular-weight
drugs. However, to date, the therapeutic potential and wide
clinical use of protein-based therapeutics are largely limited by

their (i) high fragility resulting from their labile and micro-
environment-sensitive 3D structure and (ii) short half-life in the
blood stream, which is mostly caused by their fast degradation
by proteases.3,4 These obstacles can be circumvented via the
encapsulation of therapeutic proteins into delivery carriers
designed to preserve the structure and bioactivity of protein
molecules, protect them against enzymatic degradation, and
optionally achieve controlled and targeted protein delivery.5

Despite the existence of numerous drug delivery carriers, the
majority of them have been designed for the delivery of small-
molecular-weight drugs and the encapsulation conditions are
inappropriate for protein loading. This is due to the harsh
formulation conditions, which are harmful for protein bio-
activity (e.g., exposure to organic solvents), surface modification
and low encapsulation capacities.6,7 This has stimulated a high
demand for the development of sustainable nano- and micro-
particulate containers suitable for the mild encapsulation of
proteins.6,8,9

Accordingly, inorganic crystals of vaterite calcium carbonate
have attracted special attention from researchers.10,11 CaCO3 is
a low-soluble mineral that is abundant in nature12 and can be
easily synthesized by mixing precursor salts containing Ca2+

and CO3
2+ ions.13 Structurally, vaterite crystals are comprised of

a multitude of spherical nanocrystallines,13 which aggregate
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and form a highly developed mesoporous structure with an
average pore size in the range of 10–60 nm.14,15 This pore size is
ideal for the entrapment of large macromolecules with similar
dimensions. These crystals can be formulated in a wide range
of sizes starting from tens of nm16,17 up to tens of mm.18 The
shape of the particles also can be tuned.19 Importantly, although
the synthesis of CaCO3 is commonly performed in the presence
of organic solvents20 and polymer additives21–23 and various
stimuli24 can be used to control its pore size,9 recently the mild
way to produce vaterite CaCO3 crystals in aqueous media at a
pH close to near neutral (7–8) and ionic strength close to
physiological values has been proposed.13 Additionally, CaCO3

crystals are fully degradable and can be easily hydrolysed under
slightly acidic pH and in the presence of Ca2+-binding agents,
or recrystallised into more stable calcite polymorphs, changing
their porous structure to a non-porous one and releasing
encapsulated drugs.25,26 Recent studies also demonstrated the
high cellular uptake of CaCO3.27,28 In addition, CaCO3 crystals
can be used as sacrificial templates for the formulation of
porous protein29 and polymer beads,30,31 and layer-by-layer
assemblies to produce multilayer capsules.32–35 All these findings
indicate that CaCO3 crystals are promising carriers for the encapsu-
lation of protein-based therapeutics for oral,36–38 intravenous,17

intratumoral,39 intranasal,40 and mucosal drug delivery;41,42 tissue
engineering43,44 and regeneration;45,46 and diagnostics.47,48 This
diversity of administration routes enabled by CaCO3 for protein
delivery is especially important because in current medical practice,
protein drugs are predominantly available in injectable formulations,
but the demand for non-invasive drug delivery systems for
therapeutic proteins is high.49

Despite the apparent potential of CaCO3 crystals for the
delivery of protein-based drugs, the inclusion of proteins inside
crystals largely remains unexplored. The two main approaches for
the inclusion of the proteins in the solid matrix of CaCO3 are
co-synthesis (protein entrapment in CaCO3 during the formation
of the crystals) and adsorption (physisorption of proteins onto
pre-formed crystals).50 It is encouraging that regardless of the
loading approach, CaCO3 crystals have shown enormous loading
capacities for many therapeutic proteins, and furthermore the
bioactivity of the proteins after their release from CaCO3 crystals
remains high.51,52 Notably, co-synthesis often results in higher
loading efficiencies but lower residual protein activities.51,53

Nowadays it is widely believed that the adsorption of macromo-
lecules onto the porous surface of CaCO3 crystals is presumably
governed by electrostatic protein–CaCO3 interactions, which has
been proposed for polyelectrolytes,54,55 DNA56 and globular
proteins.57,58 Modulation of the strength of electrostatic inter-
actions via the doping of CaCO3 crystals with highly charged
polymer matrices has been reported to enhance protein
entrapment.59 Additionally, the impact of intermolecular inter-
actions on the adsorption and retention of macromolecules
inside the crystal pores has been clearly identified, but to date
this remains poorly understood.60 This is indicated by the number
of contradictory findings. For instance, the co-synthesis of catalase
into vaterite crystals resulted in the entrapment of a large amount
of this protein, which greatly exceeded the maximum possible

values calculated theoretically. This has been explained by protein
aggregation in the presence of Ca2+.53 Another demonstrative
example is the adsorption of the linear polymer poly(acrylic acid)
on the CaCO3 surface, which has been characterized by drastically
different Gibbs energies ranging from �45 kJ mol�1 61 up to
+395 kJ mol�1 62 in the corresponding studies. Importantly,
some studies report a direct correlation57 between the protein
net charge and adsorption capacities, while others report no
evidence of the correlations.50 Thus, the overall mechanism of
macromolecular loading in crystals remains unclear.

This study aimed to reveal the main factors responsible for
the protein loading in vaterite crystals, and therefore decipher
the mechanism of this type of protein loading. The role of the
inter-molecular interaction between three model globular proteins,
namely the enzyme catalase (CAT), the hormone insulin (INS), and
the proteinase inhibitor aprotinin (APR), was evaluated for protein
adsorption on vaterite crystals of different porosity, i.e. average
pore sizes of 10 and 15 nm. This was done by analysing the protein
diffusion in the crystals, protein distribution inside the crystals,
and protein aggregation state in solution. The chosen proteins
have different molecular masses and isoelectric points (pI),
allowing the impact of the physical–chemical characteristics of
the proteins on their loading into the crystals to be assessed as a
key to understand the loading mechanism. Besides, nowadays,
these proteins are widely used in medicine. Specifically, CAT is
an active component of gels applied for the healing of skin
ulcers and burns, INS is used to control blood sugar in diabetic
patients, and APR is used to decrease bleeding during surgeries
and treat some disorders. This makes them favorable candidates
for studying the protein interactions with vaterite carriers.

2. Experimental
2.1. Materials

Calcium chloride dihydrate CaCl2�2H2O, sodium carbonate
(Na2CO3, anhydrous), and fluorescein isothiocyanate isomer I
(FITC) were purchased from Sigma-Aldrich (Germany); aprotinin
from bovine lung: preparation ‘‘Ingiprol’’ (60% active centre)
from RUE Belmedpreparaty (Belarus); insulin, zinc salt from
Human Biosynthetic, IBCh RAS, Russia; and catalase from bovine
liver (C-1345) from Sigma, Germany. The water used in all
experiments was prepared using a Millipore Milli-Q purification
system and had a resistivity higher than 18.2 MO cm.

2.2. Synthesis of CaCO3 microcrystals

Porous vaterite CaCO3 microcrystals were prepared by rapidly
mixing an equal volume of aqueous solutions of CaCl2 and
Na2CO3 at two different temperatures according to the protocols
described elsewhere.13 Briefly, 3 mL of 1 M CaCl2 was added to
9 mL of water with constant stirring at a temperature of 22 1C or
45 1C. Then 3 mL of 1 M Na2CO3 (1 M) was rapidly added to this
solution at 22 1C or 45 1C, respectively. After vigorous agitation
with a magnetic stirrer (30 s, 160 rpm) and incubation for 15 min
at the corresponding temperature, the precipitate was filtered,
washed with water and dried at 80 1C.
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(ii) pseudo-second order adsorption models and (iii) pore diffusion
model. The adjusted R2 coefficient that considers the number of
parameters and the number of experimental points was used
for the validation of the models. Table 1 lists the fitting
parameters obtained for CAT, INS and APR. The best fitting
of the CAT adsorption kinetics to the PSO equation indicates
that CAT adsorbs on the vaterite surface via chemisorption. The
adsorption of INS is significantly slower, which may be related
to the lower affinity of INS to the crystal surface in comparison
with that of CAT (DG of �27 and �36 kJ mol�1, respectively).51

This obeys the PFO equation, and therefore is driven by
physisorption.71

The low R2 coefficients obtained for both CAT and INS
indicate that pore diffusion is not the limiting step and the
proteins diffuse sufficiently fast inside the pores of the vaterite
crystals, causing the adsorption of the crystals to be the slowest
and rate-limiting step.

Interestingly, recently it has been shown that in contrast to
these proteins, the adsorption of mucin is controlled by its
retarded diffusion inside the pores of vaterite crystals.42 This
comparison indicates that the spreading dynamics of compact
globular proteins is less affected by their interaction with the
walls of the CaCO3 pores when compared to the large and non-
globular mucin, which is known for its strong adhesiveness.
Although accurate evaluation of the impact of the protein–wall
interactions on the actual law of diffusion of these proteins is
challengeable and has not been performed thus far (as has
been shown for the diffusion of other molecules in crowded
and non-inert matrices72,73), it can be assumed that these
specific interactions are not strong enough to be determinative
for the overall adsorption kinetics.

Moreover, considering the very similar pI of CAT and INS, it
may be assumed that the binding of CAT to the vaterite surface
is not electrostatic nature and is driven more by hydrophobic
and/or other specific interaction with CaCO3. Interestingly, it

has recently been demonstrated that the impact of van der
Waals forces is prevalent over electrostatic binding of CAT to
CaCO3 crystals.74 Here, we demonstrate that the adsorption of
INS, which has a similar surface charge to that of CAT, is non-
specific, indicating that the electrostatic attraction of INS to
vaterite may not play a significant role.

Finally, the adsorption of APR corresponds to an S-shaped
curve, which indicates a much more complex mechanism of
adsorption involving surface clustering.69 Since the peculiar
S-shape of the APR loading kinetics could not be easily fitted to
any known kinetic models that have a solid mechanistic basis
(some of these models exist but require complex numerical
solutions),69 APR adsorption was fitted to the well-known
Hill equation.70 This equation is commonly applied for dose–
response curves, and therefore allows only some parameters to
be extracted, but not the rate constants (Table 1).

Remarkably, the inflection point for the APR adsorption
kinetics (8 min) corresponds well to the time needed for the
formation of APR aggregates (also about 8 min, Fig. 2). Specifically,
while APR is non-aggregated, it can diffuse inside the crystals.
Afterwards, APR heavily aggregates in the bulk solution and cannot
enter the pores of CaCO3 due to steric limitations. Meanwhile, the
large APR aggregates are not anchored to the external surface of
the crystals, and therefore do not block the pores (as confirmed
by the homogeneous APR distribution, as shown in Fig. 4). At
this stage (after inflection point in the kinetic curve), the
remaining single APR molecules continue to diffuse inside the
crystals until equilibrium between the single molecules, and
small and large aggregates of APR is reached in both the
solution and the crystal interior.

3.5. Mechanism of protein diffusion

Together with the state of the proteins and protein distribution
in the crystals assessed above, the characteristic kinetics for the
saturation of the crystal internal surface with the tested proteins

Table 1 Parameters of the mathematical fitting of the kinetics of APR, INS and CAT adsorption into the vaterite CaCO3 crystals (crystals have average
pore diameter of 10 nm) for four kinetic equations (eqn (1)–(4)): PFO, PSO, pore diffusion and Hill models

Protein Model Parameter Adj. R2 Insight to mechanism

CAT PFO k 0.90 min�1 0.984 PSO chemisorption
PSO k 3.5 � 10�4%�1 s�1 0.994
Pore diffusion a 0.06 0.891

K 80.1
m/C0 0.011

Hill K 0.13; n 0.5 0.992

INS PFO k 0.14 min�1 0.994 PFO physisorption
PSO k 4.3 � 10�5%�1 s�1 0.953
Pore diffusion a 0.4 0.507

K 25.6
m/C0 0.014

Hill K 10.5; n 1.5 0.980

APR PFO k 0.11 min�1 0.881 Hill, S-shaped protein clustering
PSO k 3.0 � 10�5%�1 s�1 0.794
Pore diffusion a 0.6 0.301

K 16.5
m/C0 0.016

Hill K 3.7 � 105; n 6.5 0.994
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strongly supports the mechanism of the adsorption of the three
therapeutic proteins, as illustrated in Fig. 6.

CAT diffuses in the pores of the crystals without significant
steric limitations and strongly binds to the entire surface of
CaCO3 via chemisorption. The equilibrium is strongly shifted
towards the crystal volume (Fig. 6a).

INS does not aggregate in solution but tends to cluster at the
surface of the crystals, where it predominantly adsorbs on the
external surface of the CaCO3 crystals. The equilibrium is
shifted towards the formation of surface aggregates (Fig. 6b),
and thus its affinity to CaCO3 is much lower in comparison to
that of CAT.

In contrast, APR forms aggregates immediately in solution,
but these aggregates have a lower affinity to the crystal surface,
do not anchor the surface of the CaCO3 crystals, and do not
block the crystal pores, and therefore do not hinder the protein
diffusion inside the crystals. APR diffusion into the crystals
strongly depends on the aggregation kinetics, where the major
portion of APR fills the crystal pores when APR is not yet heavily
aggregated. Further adsorption results in more single APR
molecules and the formation of small APR aggregates (with
dh below the pore diameter) until equilibrium is reached
between the APR aggregates and single molecules in solution
and inside the crystals. Although the negative Gibbs free energy
value indicates favourable adsorption, its equilibrium constant
is much lower than that for CAT and INS adsorption, indicating
that most of the APR remains in the bulk solution (schemati-
cally shown with a double arrow in Fig. 6c).

4. Conclusions

Herein, the main factors responsible for protein loading into pre-
formed vaterite CaCO3 crystals were revealed. The mechanism of
the adsorption of three model therapeutic proteins of various
molecular masses and pI, i.e. CAT, INS, and APR, was proposed.
The protein loading does not directly correlate with the size and
the net charge of the proteins. For instance, the largest protein
CAT (250 kDa) showed better diffusion into the crystal pores;
however, the diffusion of the much smaller INS and APR (6 kDa)
was restricted by steric limitations. These limitations are caused

by Ca2+-mediated inter-protein aggregation in the presence of the
crystals, either in solution (APR) or on crystal surface (INS). For
the proteins that are prone to aggregation, molecular diffusion
into the pores is governed by the equilibrium constant of the
protein aggregation. In case of strong aggregation (INS) that
occurs only at the crystal surface, protein diffusion through the
crystal pores is sterically hindered. APR forms large aggregates of
ca. 80 nm initially in solution, but these aggregates do not anchor
to the crystal surface, and therefore do not block the pores and
hinder further diffusion. Single molecules of APR that are present
in equilibrium with the APR aggregates can freely diffuse into the
pores. Once the protein molecules penetrate the pores of the
vaterite crystals, they diffuse through the porous matrix quite
fast; however, the methods were used in this study did not allow
the estimation of the effective diffusion coefficients of the
proteins. Nevertheless, it was concluded that self-diffusion does
not determine the overall rate of protein adsorption. Instead,
protein adsorption is limited by surface processes. This study
strongly supports the pivotal role of inter-protein interaction in
solution and on the crystal surface in protein adsorption in
vaterite CaCO3. Thus, aggregation should be carefully considered
when encapsulating therapeutic proteins inside vaterite crystals.
Specifically, it may have a significant impact not only on the loading
but also on the release and preservation of the activity of the
therapeutics, which play a crucial role in drug delivery applications.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The work was performed within the framework of the M. V.
Lomonosov Moscow State University state task (government
grant AAAA-A16-116052010081-5). This work was supported by
the Alexander von Humboldt Foundation in the framework of
the Sofja Kovalevskaja program. AGS thanks the special research
fund BOF UGent (BOF14/IOP/003, BAS094-18, 01IO3618) and
FWO (G043219) for support. D. V. acknowledges QR Fund 2018–
2019 and SPF 2019-2020 from Nottingham Trent University.

Fig. 6 Schematic illustration of protein adsorption in CaCO3 microcrystals prepared at 22 1C: catalase (a), insulin – hexamer (b), and aprotinin –
aggregate (c). Red arrows indicate that (a) adsorption equilibrium is shifted towards crystal interior for CAT; (b) crystal external surface for INS, wherein
INS aggregates and its further diffusion into the crystal pores is blocked and (c) single APR molecules are equilibrated between the solution and crystal
interior (adsorption constant is low, which is shown by the double red arrow); and single APR molecules are in equilibrium with the APR aggregates (blue
arrows).
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D. Schaubroeck, V. Bliznuk, P. van der Voort, H. A. Declercq,
J.d. van Bulcke, S. K. Samal, D. Khalenkow, B. V. Parakhonskiy,
J. van Acker, T. Coenye, M. Lewandowska-Szumieł, E. Pamuła
and A. G. Skirtach, Biomed. Mater., 2017, 12(2), 25015.

47 A. M. Yashchenok, D. Borisova, B. V. Parakhonskiy, A. Masic,
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