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Abstract: Protein drugs are often loaded on scaffolds with organic coatings to realize a spatiotemporal
controlled release. The stability or activity of protein drugs, however, is largely affected by the organic
coating, particularly with organic solvents, which can dramatically reduce their delivery efficiency
and limit their application scope. In spite of this, little attention has been paid to maintaining the
stability of protein drugs in organic coatings, to date. Here, we used catalase as a model protein drug
to exploit a kind of chemically cross-linked nanogel that can efficiently encapsulate protein drugs.
The polymeric shells of nanogels can maintain the surface hydration shell to endow them with a
protein protection ability against organic solvents. Furthermore, the protection efficiency of nanogels
is higher when the polymeric shell is more hydrophilic. In addition, nanogels can be dispersed in
polylactic acid (PLA) solution and subsequently coated on scaffolds to load catalase with high activity.
To the best of our knowledge, this is the first use of hydrophilic nanogels as a protection niche to load
protein drugs on scaffolds through an organic coating, potentially inspiring researchers to exploit
new methods for protein drug loading.

Keywords: protein drug; nanogel; organic solvent; organic coating; stability

1. Introduction

Protein drugs possessing high activity, high specificity, and low toxicity have been proven to be
powerful therapeutics [1,2]. Most protein drugs, such as monoclonal antibodies [3], are currently used
as injection formulations. However, the moderate bioavailability of protein drugs often results in their
low concentration in the lesion after systemic administration [4]. Therefore, many organic or inorganic
scaffolds are currently under investigation for the local controlled release of protein drugs [5,6]. To load
proteins on these scaffolds, organic coatings are often adopted [7,8]. Researchers respectively dissolve
proteins and polymers, such as polylactic acid (PLA), in the aqueous phase and an organic solvent to
create emulsions.

The protein-loaded organic coating can be formed on the scaffold after the extraction or evaporation
of the organic solvent. This emulsion method can increase the loading amount of proteins and realize
their controlled release through the degradation of polymers, enhancing the local concentration
of protein drugs. For example, bone morphogenetic protein-2 (BMP-2) can be encapsulated in
microspheres and distributed on the scaffolds to induce bone regeneration [9].
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Despite some occasional success with this preparation process, significant problems remain with
the stability of proteins. The fact that the water/organic solvent interface can denature proteins has been
proven. Marco van de Weert et al. have reported that emulsification of lysozyme-containing aqueous
solutions with methylene chloride causes incomplete protein recovery and the unrecovered lysozyme
is observed at the oil-water interface as a white precipitate [10]. Hongkee Sah demonstrates that protein
instability during emulsification is traced to the consequences of the adsorption and conformational
rearrangements of proteins at the water/methylene chloride interface [11]. The instability of proteins
would reduce their bioactivity and potentially cause serious immunoreactions [12]. It has been
shown that glucose oxidase (GOD) loses 28% of its activity during the water/oil emulsion process [13].
Therefore, it is necessary to maintain the stability of protein drugs during the process of emulsion and
surface loading.

In aqueous solutions, water molecules can attach to the protein surface to form a hydration
shell [14]. In a mixture of water and organic solvent, however, the organic solvent molecules tend
to displace the water molecules, both from the hydration shell and from the interior of the protein,
distorting the interaction responsible for maintaining the native conformation of the protein [15].
Therefore, the principle for maintaining the stability of a protein is in keeping the surface hydration
shell and fixing the conformation of the protein.

The most widely employed strategy for stabilization of proteins during the emulsion process is
the use of additives, such as sugars [16], certain salts [17], amino acids [18], other proteins [19], and
polyols [20]. In the presence of these additives, they preferentially interact with the organic solvent to
protect proteins. That is the so-called preferential hydration of proteins [21]. However, the protection
efficiency of additives depends on their types and concentration, and excess additives would result in
the in vivo side effects. For example, Trehalose and mannitol have a significant effect on the recovery
of soluble non-aggregated interferon-y (INF-y) and growth hormone (GH) after emulsification and
ultrasonication [22]; whereas, no or very little protecting effect on insulin-like growth factor-I (IGF-I) is
observed [19]. In addition, surface modifications, such as PEGylation, enhances protein stability [23,24].
The water-binding capacity of modifying agents helps to keep a layer of water around the modified
protein. However, as the modification is often random, surface chemical modification potentially
damages the bioactivity of proteins [25]. Hence, a broad-spectrum method that follows the principle of
maintaining the stability of proteins and simultaneously protects their function should be exploited.

Nanogels are nanometer-scale nanoparticles with polymeric networks that swell in a good
solvent [26,27]. Compared with conventional nanocarriers, such as nanospheres [28], nanogels contain
a large amount of water in the swollen state to exhibit chaperone-like activity by trapping proteins
inside their polymer network. These characteristics endow nanogels with the potential ability of
protein protection against organic solvents. To the best of our knowledge, however, there are no studies
taking advantage of nanogels and organic coatings to load protein drugs on scaffolds.

Here a kind of chemically cross-linked nanogel is developed to maintain the stability of proteins
during the emulsion and scaffold surface loading process, as physically cross-linked nanogels are
often unstable in organic solvents [29]. The preparation mechanism of the nanogel is as shown
in Scheme 1. When polymeric monomers, such as acrylamide (AAM), acrylic acid (AAC) and
2-methacryloxyloxyethyl phosphorylcholine (MPC), and crosslinkers are added to the protein solution,
they can be enriched around individual protein molecules by electrostatic and hydrogen bond
interaction. Then in situ free radical polymerization can be initiated by the introduction of ammonium
persulphate (APS) and N,N,N’,N’-tetramethylethylenediamine (TEMED). Finally, protein molecules
can be capsulated by a thin polymeric shell.

Catalase is used as the model protein to evaluate the protection efficiency of nanogels. Nanogel
using AAM or MPC as monomers is denoted as PAAM-n(catalase) or PMPC-n(catalase). The results
demonstrate that the preparation process does not affect the stability and activity of proteins.
In water-organic solvent mixtures, nanogels can maintain the structure of proteins to keep their
activity. Furthermore, the polymeric shell is more hydrophilic, and the protection efficiency of nanogels
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is higher, implying that nanogels can potentially keep the activity of proteins by maintaining their
surface hydration shell. In addition, nanogels can be dispersed in PLA solution and subsequently
coated on scaffolds to load catalase with high activity. The exploitation of this kind of nanogels could
dramatically expand the application scope of protein drugs and improve their delivery efficiency.

< x monomer Vf’“ crosslinker

Scheme 1. The preparation mechanism of nanogel. Step I: monomers and crosslinkers were enriched

around individual protein molecules by electrostatic and hydrogen bond interactions; step II: free
radical polymerization was initiated to form a thin polymeric shell around the protein.

2. Materials and Methods

2.1. Chemicals

All chemical reagents used were of analytical reagent grade and purchased from Sigma
(Beijing, China) unless otherwise indicated. Catalase and hydrogen peroxide (H,O;) solution (30%)
were purchased from Macklin Biochemical Co., Ltd (Shanghai, China). Acetone, ethyl acetate,
and dichloromethane were purchased from Zhengye chemical reagent Co., Ltd (Qingdao, China).
PLA (Mw =5 X 10°) was purchased from Daigang Co., Ltd (Jinan, China). The reactive oxygen species
(ROS) assay kit was purchased from Solarbio Science & Technology Co., Ltd (Beijing, China).

2.2. Synthesis and Characteristic of PAAM-n(catalase)

Catalase was solved using 20 mM phosphate buffers (PBS) under an ice-bath. AAM and
crosslinkers (N,N’-methylene-bis(acrylamide), BIS) were added sequentially to the catalase solution
with stirring. Free-radical polymerization was initiated by adding APS and TEMED into the reaction
solution. The final concentration of catalase was adjusted to 1 mg/mL with PBS. The polymerization
was allowed to proceed for 120 min in a nitrogen atmosphere at 4 °C. Synthesized nanogels were
purified by passing through a hydrophobic interaction column (Phenyl-Sepharose CL-4B) and dialyzed
against PBS. The preparation of PMPC-n(catalase) was similar to the above method except that AAM
was replaced by MPC.

The size and zeta potential of PAAM-n(catalase) were measured using dynamic light scattering
(DLS, BI-90Plus, Brookhaven Instruments Ltd., USA), and the samples were analyzed in triplicate.
Morphology was assessed using a high-resolution transmission electron microscope (TEM, Jem-2100F,
JEOL Ltd., Tokyo, Japan), and samples were stained with 2% phosphotungstic acid before observations.

2.3. The Measurement of the Catalase Activity

The activity of catalase and PAAM-n(catalase) was measured by UV-vis absorption spectroscopy.
Briefly, native catalase or PAAM-n(catalase) was respectively added to 3 mL of H,O; solution (0.1 mol/L),
and the final concentration of catalase was 5 pg/mL or 20 ug/mL. The absorbance at 240 nm was
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measured every 5 seconds for 30 s. The degradation kinetics of H,O, was used to indicate the activity
of catalase.

2.4. The Activity of Catalase treated with Acetone

Native catalase or PAAM-n(catalase) solution (1 mg/mL) was added to acetone, and the volume
ratio of the sample solution to acetone was 1:10. Then the mixing solution was stirred at 4 °C for 30 min.
After the treatment, a certain amount of mixing solution was added to 3 mL of H,O, solution to a
final concentration of native catalase or PAAM-n(catalase) of 20 ug/mL. The absorbance at 240 nm
was measured every 5 s for 30 s. The degradation kinetics of H,O, were used to indicate the activity
of catalase.

2.5. Characteristic of Catalase treated with Acetone

To test the structural integrity of catalase treated with acetone, the primary and secondary structures
of treated catalase or PAAM-n(catalase) were characterized. Native catalase, PAAM-n(catalase),
catalase treated with acetone, and PAAM-n(catalase) treated with acetone were heated for 5 min
at 95 °C and analyzed via sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
Gel electrophoresis was conducted for 2 h on 10% acrylamide gels with a 5% stacking gel at 120 V. The
gels were run until the tracking dye had just exited the gel and then were stained with Coomassie blue
brilliant R-250. In addition, circular dichroism (CD) analysis was performed on a spectrophotometer
(Model J-810, Jasco, Tokyo, Japan). Native catalase, catalase treated with acetone and PAAM-n(catalase)
treated with acetone were prepared at 0.2 mg/mL. Measurements were collected at 37 °C over the
wavelength range of 250-190 nm.

The morphologies of catalase treated with acetone and PAAM-n(catalase) treated with acetone
were assessed using a high-resolution transmission electron microscope (TEM, Jem-2100F, JEOL Ltd.,
Tokyo, Japan), and samples were stained with 2% phosphotungstic acid before observations.

2.6. The Activity of Catalase treated with Ethyl Acetate and Dichloromethane

Native catalase or PAAM-n(catalase) solution (Img/mL) was added to ethyl acetate or
dichloromethane, respectively, and the volume ratios of the sample solution to ethyl acetate or
dichloromethane were 1:10. Then, the mixing solution was stirred at 4 °C for 30 min. After the
treatment, a certain amount of mixing solution was added to 3 mL of H,O, solution and the final
concentration of native catalase or PAAM-n(catalase) was 20 ng/mL. The absorbance at 240 nm was
measured every 5 s for 30 s. The degradation kinetics of H,O, were used to indicate the activity
of catalase.

2.7. The Hydrophilicity of PAAM-n(catalase) and PMPC-n(catalase)

Native catalase, PAAM-n(catalase) and PMPC-n(catalase) solution were respectively freeze-dried
to obtain powder. The resulting powder was pressed into a film and the static contact angle was
measured using an automatic contact angle meter apparatus (Kyowa Interface Science Co., Tokyo,
Japan) at room temperature.

2.8. The Preparation of catalase/PLA-coated titanium dioxide plate

Catalase or PAAM-n(catalase) was dispersed into the PLA/acetone solution to load onto a titanium
dioxide plate. Briefly, native catalase or n(catalase) solution (1 mg/mL, 200 pL) was mixed with
PLA/acetone solution (0.5%, w/v) with volume ratio of 1:1. The mixing solution was stirred at 4 °C
for 2 h. Then the solution was uniformly dropped on a titanium dioxide plate (2 cm X 2 cm) and dried
at room temperature.

To characterize the catalase/PLA-coated titanium dioxide plate, the surface morphology was
assessed using a scanning electron microscopy (SEM, Jsm-7800F, JEOL Ltd., Tokyo, Japan).
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2.9. The Release of Catalase from the PLA-Coated Titanium Dioxide Plate

To test the release kinetics of native catalase or PAAM-n(catalase), PLA-coated titanium dioxide
plate was placed in PBS solution (pH 7.4). The soak solution was changed every 5 days with fresh
PBS for 2 months. The concentration of native catalase or PAAM-n(catalase) was measured by an
ELISA assay. In addition, the activity of released native catalase or PAAM-n(catalase) was also tested
in accordance with the above-mentioned method.

2.10. The Determination of Intracellular ROS Concentration

The intracellular ROS concentrations were assessed using an ROS assay kit. In brief, 4T1 cells (4 x
10%) were grown on the glass coverslips of a six-well plate, and were incubated with serum-free medium
containing 10 umol/L of a 2’,7’-dichlorodihydrofluorescin diacetate (DCFH-DA) probe for 30 min. At
the end of this period, the medium was removed and cells were rinsed three times with PBS. Then, the
cells were incubated with complete medium containing H,O,, catalase/PLA-coated titanium dioxide
plate/H>O,, and PAAM-n(catalase)/PLA-coated titanium dioxide plate/H,O;. The initial concentration
of H,O, was ~10 uM and cells were further incubated for 30 min. After the treatment, the fluorescence
signal was visualized using confocal microscopy with identical settings for each confocal study.

3. Results and Discussion

3.1. The Characteristics of Nanogels

The preparation of PAAM-n(catalase) was characterized first. AAM was chosen as the model
monomer, and N-(3-aminopropyl) methacrylamide (APM) was introduced to the polymeric shell to
adjust the surface zeta potential of the nanogels. The mean diameter of PAAM-n(catalase) was ~35 nm
which was much higher than that of native catalase (~10 nm) [30] (Figure 1A). The zeta potential of
native catalase in PBS solution was negative (~—14 mV) as the isoelectric point was at ~pH 5.4 [31].
Due to the shielding effect of the polymeric shell and the existence of poly(APM), the zeta potential of
PA AM-n(catalase) was positive (~10 mV). The zeta potential of PAAM-n(catalase) could be adjusted
to neutral by decreasing the proportion of APM in the polymeric shell. However, the positive zeta
potential could endow nanogels with high stability due to the electrical opposition. Figure 1C shows
the representative TEM images of native catalase and PAAM-n(catalase).
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Figure 1. (A) The size distribution of native catalase and PAAM-n(catalase); (B) the zeta potential
of native catalase and PAAM-n(catalase); (C) the representative TEM images of native catalase and
PAAM-n(catalase).



Pharmaceutics 2020, 12, 115 6 of 12

The nanogels showed a spherical morphology with a diameter of 2040 nm, which is consistent
with the DLS measurement. In addition, compared with native catalase, the dispersibility of
PAAM-n(catalase) was improved. During the process of TEM sample preparation, many elements,
such as high salinity and the drying process, would potentially damage the structure of catalase
resulting in their aggregation [32]. The improvement of PAAM-n(catalase) dispersibility implied the
protection effect of nanogels on proteins.

3.2. The Activity of Native Catalase and PAAM-n(catalase)

To test the influence of the preparation process on the activity of catalase, the degradation kinetics
of H,O, were quantified. In the presence of catalase, the concentration of H,O, was quickly decreased
(Figure 2A), and the reduction rate was dependent on the amount of catalase. PAAM-n(catalase)
possessed similar degradation efficiency on H,O,, demonstrating the activity of proteins was well
maintained during the preparation of nanogels. The mild conditions of nanogels formation, such as
low temperature, were the main reason for their low damage.

The protection of catalase against organic solvents by nanogels was also measured. At 20 pg/mlL,
catalase treated with acetone had a lower catalytic capacity of H,O, compared with the native catalase
(Figure 2B), while PAAM-n(catalase) treated with acetone did not show an obvious reduction of activity.
This result indicated that nanogels could protect proteins from organic solvent damage.

Actually, many kinds of nanoparticles, such as liposomes [33] and inorganic nanoparticles [34],
have been exploited for the entrapment of protein drugs in the past several decades. However, the
majority of these nanoparticles cannot protect protein drugs against organic solvents. For example,
liposomes may be disintegrated as the organic solvent can interact with the hydrophilic-hydrophobic
bilayer [35]. In addition, most of the inorganic nanoparticles load protein drugs through their porosity
characteristics [36].

An organic solvent can also enter into these holes resulting in the inactivation of protein drugs.
Compared with these nanoparticles, chemically cross-linked nanogels possessing high stability can
work as the molecular chaperones to protect protein drugs. In addition, we have proven that proteins
are not modified during polymerization. As an example, bone morphogenetic protein-2 (BMP-2) can
be released from nanogels without any damage [4]. Therefore, this kind of nanogels is an excellent
alternative for protein encapsulation.
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Figure 2. (A) The degradation kinetics of HyO, which were respectively treated with native catalase
and PAAM-n(catalase); (B) native catalase and PAAM-n(catalase) were treated with acetone and their
activities were tested by the degradation kinetics of HyO,.
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3.3. The Protection Mechanism of Nanogels

To explore the protection mechanism of nanogels, the structure change of catalase was tested.
The result of the SDS-PAGE analysis showed that the molecular weight of catalase treated with acetone
was similar to that of native catalase (inset picture in Figure 3A). This indicated that the organic solvent
did not damage the primary structure of proteins. Due to the introduction of the polymeric shells,
nanogels had a much higher molecular weight than native catalase. Figure 3A showed the result of
circular dichroism (CD) of the proteins. The secondary structure of catalase treated with acetone was
destroyed. On the contrary, the secondary structure could be well stabilized by nanogels.

These results indicated that nanogels fixed the structure of protein leading to the maintenance
of their activity. The results of TEM observation further supported this conclusion (Figure 3B).
Compared with native catalase, catalase treated with acetone showed obvious aggregation that was
often irreversible [37]. This may be because acetone damaged the structure of catalase resulting in the
exposure of hydrophobic areas. PAAM-n(catalase) treated with acetone still maintained the spherical
morphology, as nanogels could efficiently protect catalase against organic solvents.
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Figure 3. (A) Circular dichroism (CD) analysis of native catalase, PAAM-n(catalase), acetone-treated
catalase and acetone-treated PAAM-n(catalase); the inset picture shows the SDS-PAGE analysis; (B) the
representative TEM images of acetone-treated catalase and acetone-treated PAAM-n(catalase).

3.4. The Protective Effects of Nanogels

To further prove the protective effects of nanogels, native catalase and PAAM-n(catalase) were
treated with different organic solvents and their activities were tested. As shown in Figure 4A, catalase
treated with ethyl acetate or dichloromethane had low activity. On the contrary, PAAM-n(catalase)
treated with ethyl acetate or dichloromethane could still efficiently degrade H,O,. It should be noted
that dichloromethane caused greater damage to both native catalase and PAAM-n(catalase) than ethyl
acetate. This may be because once dichloromethane molecules were bound to the hydrophobic part of
a protein chain, they were harder to dissociate. Therefore, we deduced that the protection efficiency of
nanogels could be adjusted by changing the surface hydration shell.

MPC was a type of biomimetic molecules with a super-hydrophilic ability [38]. We used MPC
as the polymeric monomer to prepare PMPC-n(catalase). Then native catalase, PAAM-n(catalase),
and PMPC-n(catalase) were pressed into films. The contact angle of PMPC-n(catalase) film was 17.3°
which was much lower than that of PAAM-n(catalase) film (36.8°) (Figure 4B). This result implied
that PMPC-n(catalase) potentially had a more complete hydration shell. The activity test showed
that PMPC-n(catalase) treated with acetone had the most rapid degradation rate of H,O, (Figure 4C),
thus indicating that the PMPC polymeric shell showed better protection against organic solvents than
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the PAAM polymeric shell. These results indicated that nanogels take advantage of their hydrous
polymeric shell to protect proteins against organic solvents.

However, it should be particularly emphasized that the encapsulation efficiency of protein drugs
with MPC was lower than that with AAM. Through the protein concentration test, we quantified the
encapsulation efficiency of catalase with AAM was at ~85%, while the encapsulation efficiency with
MPC was only ~30%. The super-hydrophilicity of MPC endowed nanogels with excellent protein
protection ability. The super-hydrophilicity, however, also hindered the enrichment of MPC around
individual protein molecules as they possessed a strong interaction with water molecules, such as the
strong hydrogen bonds [39]. Therefore, we still chose AAM as the optimal monomer in view of the
encapsulation efficiency and protection ability.
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Figure 4. (A) Native catalase and PAAM-n(catalase) were treated with organic solvents and their
activities were tested by the degradation kinetics of HyOy; (B) native catalase, PAAM-n(catalase),
and PMPC-n(catalase) were pressed as films and their contact angles were tested; the magnification
was 5 times; (C) native catalase, PAAM-n(catalase), and PMPC-n(catalase) were treated with acetone
and their activities were tested by the degradation kinetics of H,O5.

3.5. The Characteristics of Nanogels Loaded on Titanium Dioxide Plate by PLA Coating

We further loaded native catalase and PAAM-(catalase) on a titanium dioxide plate using PLA
coating. The representative SEM images are shown in Figure 5A. The surface holes of the titanium
dioxide plate became smaller with the coating of PLA. The release kinetics of native catalase and
PAAM-(catalase) from a PLA coating were also tested. As shown in Figure 5B, a burst release
phase within the first few days was observed. This might be due to the initial release being
diffusion-controlled [40]. After 60 days, ~80% of PAAM-(catalase) was shown to be released from
the PLA coating, while ~60% of native catalase was released. The delayed release of native catalase
might be associated with the non-specific adsorption to the PLA matrix or non-covalent aggregation of
catalase [40].
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Nanogels could reduce the potential adsorption or aggregation of proteins, facilitating their efficient
release. In addition, nanogels efficiently maintained the activity of released proteins. Compared with
native catalase released from a PLA coating, PAAM-n(catalase) released from a PLA coating showed a
faster HyO, degradation rate. On one hand, the organic solvent could damage the proteins during the
loading process. On the other hand, protein instability during release should be attributed to a local
pH drop, as the degradation of the PLA results in the acidification of the medium [41]. These results
demonstrated that nanogels could efficiently protect proteins when they were loaded into the organic
coating and subsequently released from: it.
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Figure 5. (A) The representative SEM images of a titanium dioxide plate and a PLA-coated titanium
dioxide plate; the bar was 500 nm; (B) the release profiles of native catalase and PAAM-n(catalase) from
the PLA coating; (C) the activity of released catalase was tested by the degradation kinetics of HyO,.

3.6. The Detection of the ROS Concentration in 4T1 Cells

To further prove the activity of native catalase and PAAM-n(catalase) loaded on a titanium dioxide
plate with PLA coating, we detected the ROS concentration in 4T1 cells, which were respectively
co-cultured with H,O, and a PLA-coated titanium dioxide plate. As shown in Figure 6, normal 4T1
cells contained a small amount of ROS, which was quantified with green fluorescence. When treated
with HyO,, the ROS concentration in live cells was dramatically increased, proving that extracellular
H,0; had an effect on intracellular ROS concentration. Native catalase-loaded titanium dioxide plate
could partially degrade H,O,, decreasing the ROS concentration in live cells to a certain extent. On the
contrary, a PAAM-n(catalase)-loaded titanium dioxide plate could efficiently reduce the in vivo ROS
content. These results further verified the protection ability of nanogels.
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Control

catalase+H,0, PAAM-n(catalase)+H,0,

Figure 6. The reactive oxygen species (ROS) concentration in 4T1 cells that were treated with H,O5,
catalase/PLA-coated titanium dioxide plate/H,;O,, and PAAM-n(catalase)/PLA-coated titanium dioxide
plate/H,O,. The bar was 20 um.

In this study, an enzyme was chosen as the model protein drug. Hence, we exploited a kind of
non-degradable nanogel as substrates of enzymes are often small molecules. The protection ability
of nanogels was mainly dependent on the polymeric shells formed by monomers [42,43]. Therefore,
through changing the crosslinkers, we could also design the responsive-release nanogels with high
protection ability to load other functional protein drugs, such as monoclonal antibodies [44] and growth
factors [4], on scaffolds with organic coatings. In other words, we exploited a platform for the loading
of protein drugs on scaffolds using organic coatings.

4. Conclusions

We developed a type of chemically cross-linked nanogel to maintain the stability of protein drugs.
These nanogels take advantage of their hydrous polymeric shell to protect protein drugs against
organic solvents. Furthermore, nanogels could efficiently protect proteins when they were loaded on
scaffolds using organic coatings and released from them. To the best of our knowledge, this is the first
use of hydrophilic nanogels as a protection niche to load protein drugs on scaffolds through an organic
coating. The exploitation of this kind of nanogels could dramatically expand the application scope of
protein drugs and improve their delivery efficiency.

Author Contributions: Data curation, L.Y. and S.Z.; Formal analysis, P.S. and S.Z.; Investigation, L.Y.; Methodology,
L.Y,, PS. and H.D.; Project administration, P.L. and H.Q.; Resources, Y.W.; Software, P.S. and S.X.; Supervision, X.Y.
and P.L.; Writing—original draft, L.Y.; Writing-review & editing, H.Q. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by the Major Research Program of the National Natural Science Foundation
of China (N0.91849209), the Nature Science Foundation of Shandong Province (Grant Nos. ZR2019BC020) and
Medical and Health Technology Development Program of Shandong Province (2017WSB25010).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Yu,M.; Wu,],; Shi, J.; Farokhzad, O.C. Nanotechnology for protein delivery: Overview and perspectives. J.
Control. Release 2016, 240, 24-37. [CrossRef]

2. Lagassé, H.D.; Alexaki, A.; Simhadri, V.L.; Katagiri, N.H.; Jankowski, W.; Sauna, Z.E.; Kimchi-Sarfaty, C.
Recent advances in (therapeutic protein) drug development. F1000Res 2017, 6, 1-17. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.jconrel.2015.10.012
http://dx.doi.org/10.12688/f1000research.9970.1
http://www.ncbi.nlm.nih.gov/pubmed/28232867

Pharmaceutics 2020, 12, 115 11 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Gautam, R; Nishimura, Y.; Pegu, A.; Nason, M.C.; Klein, F.; Gazumyan, A.; Golijanin, ].; Buckler-White, A.;
Sadjadpour, R.; Wang, K.; et al. A single injection of anti-HIV-1 antibodies protects against repeated SHIV
challenges. Nature 2016, 533, 105-109. [CrossRef] [PubMed]

Qi, H,; Yang, L.; Li, X,; Sun, X.; Zhao, J.; Hou, X,; Li, Z.; Yuan, X.; Cui, Z.; Yang, X. Systemic administration of
enzyme-responsive growth factor nanocapsules for promoting bone repair. Biomater. Sci. 2019, 7, 1675-1685.
[CrossRef] [PubMed]

Wang, Q.; Li, H; Xiao, Y.; Li, S.; Li, B.; Zhao, X.; Ye, L.; Guo, B.; Chen, X,; Ding, Y.; et al. Locally controlled
delivery of TNF«x antibody from a novel glucose-sensitive scaffold enhances alveolar bone healing in diabetic
conditions. J. Control. Release 2015, 206, 232-242. [CrossRef] [PubMed]

Bayer, E.A.; Jordan, J.; Roy, A.; Gottardi, R.; Fedorchak, M.V,; Kumta, P.N.; Little, S.R. Programmed
Platelet-Derived Growth Factor-BB and Bone Morphogenetic Protein-2 Delivery from a Hybrid Calcium
Phosphate/Alginate Scaffold. Tissue Eng. Part A 2017, 23, 1382-1393. [CrossRef] [PubMed]

Kim, B.S.; Yang, S.S.; Kim, C.S. Incorporation of BMP-2 nanoparticles on the surface of a 3D-printed
hydroxyapatite scaffold using an e-polycaprolactone polymer emulsion coating method for bone tissue
engineering. Colloids Surf. B Biointerfaces 2018, 170, 421-429. [CrossRef]

Sohier, ].; Haan, R.; De Groot, K.; Bezemer, ]. A novel method to obtain protein release from porous polymer
scaffolds: emulsion coating. J. Control. Release 2003, 87, 57-68. [CrossRef]

Suliman, S.; Xing, Z.; Wu, X.; Xue, Y.; Pedersen, T.O.; Sun, Y.; Daskeland, A.P,; Nickel, ].; Waag, T.; Lygre, H.;
et al. Release and bioactivity of bone morphogenetic protein-2 are affected by scaffold binding techniques
in vitro and in vivo. J. Control. Release 2015, 197, 148-157. [CrossRef]

van de Weert, M.; Hoechstetter, J.; Hennink, W.E.; Crommelin, D.J. The effect of a water/organic solvent
interface on the structural stability of lysozyme. J. Control. Release 2000, 68, 351-359. [CrossRef]

Sah, H. Protein behavior at the water/methylene chloride interface. J. Pharm. Sci. 1999, 88, 1320-1325.
[CrossRef] [PubMed]

Diwan, M,; Park, T.G. Pegylation enhances protein stability during encapsulation in PLGA microspheres. J.
Control. Release 2001, 73, 233-244. [CrossRef]

Li, X.; Zhang, Y.; Yan, R.; Jia, W.; Yuan, M.; Deng, X.; Huang, Z. Influence of process parameters on the
protein stability encapsulated in poly-DL-lactide-poly (ethylene glycol) microspheres. J. Control. Release
2000, 68, 41-52. [CrossRef]

Raschke, T.M. Water structure and interactions with protein surfaces. Curr. Opin. Struct. Biol. 2006, 16,
152-159. [CrossRef]

Khabiri, M.; Minofar, B.; Brezovsky, J.; Damborsky, J.; Ettrich, R. Interaction of organic solvents with protein
structures at protein-solvent interface. . Mol. Model. 2013, 19, 4701-4711. [CrossRef]

Evans, M.; Ratcliffe, I.; Williams, P.A. Emulsion stabilisation using polysaccharide-protein complexes. Curr.
Opin. Colloid Interface Sci. 2013, 18, 272-282. [CrossRef]

Pistel, K.; Kissel, T. Effects of salt addition on the microencapsulation of proteins using W/O/W double
emulsion technique. J. Microencapsul. 2000, 17, 467-483.

Morlock, M.; Koll, H.; Winter, G.; Kissel, T. Microencapsulation of rh-erythropoietin, using biodegradable
poly (D,L-lactide-co-glycolide): protein stability and the effects of stabilizing excipients. Eur. ]. Pharm.
Biopharm. 1997, 43, 29-36. [CrossRef]

Meinel, L,; Illi, O.E.; Zapf, J.; Malfanti, M.; Merkle, H.P; Gander, B. Stabilizing insulin-like growth factor-I in
poly (D,L-lactide-co-glycolide) microspheres. |. Control. Release 2001, 70, 193—-202. [CrossRef]

Wolf, M.; Wirth, M.; Pittner, F.; Gabor, F. Stabilisation and determination of the biological activity of
L-asparaginase in poly (D,L-lactide-co-glycolide) nanospheres. Int. |. Pharm. 2003, 256, 141-152. [CrossRef]
Bilati, U.; Allémann, E.; Doelker, E. Strategic approaches for overcoming peptide and protein instability
within biodegradable nano-and microparticles. Eur. ]. Pharm. Biopharm. 2005, 59, 375-388. [CrossRef]
[PubMed]

Cleland, ].L.; Jones, A.]. Stable formulations of recombinant human growth hormone and interferon-y for
microencapsulation in biodegradable mircospheres. Pharm. Res. 1996, 13, 1464-1475. [CrossRef] [PubMed]
Kim, TH.; Lee, H.; Park, T.G. Pegylated recombinant human epidermal growth factor (thEGF) for sustained
release from biodegradable PLGA microspheres. Biomaterials 2002, 23, 2311-2317. [CrossRef]


http://dx.doi.org/10.1038/nature17677
http://www.ncbi.nlm.nih.gov/pubmed/27120156
http://dx.doi.org/10.1039/C8BM01632A
http://www.ncbi.nlm.nih.gov/pubmed/30742145
http://dx.doi.org/10.1016/j.jconrel.2015.03.019
http://www.ncbi.nlm.nih.gov/pubmed/25796348
http://dx.doi.org/10.1089/ten.tea.2017.0027
http://www.ncbi.nlm.nih.gov/pubmed/28537482
http://dx.doi.org/10.1016/j.colsurfb.2018.06.043
http://dx.doi.org/10.1016/S0168-3659(02)00350-4
http://dx.doi.org/10.1016/j.jconrel.2014.11.003
http://dx.doi.org/10.1016/S0168-3659(00)00277-7
http://dx.doi.org/10.1021/js9900654
http://www.ncbi.nlm.nih.gov/pubmed/10585229
http://dx.doi.org/10.1016/S0168-3659(01)00292-9
http://dx.doi.org/10.1016/S0168-3659(00)00235-2
http://dx.doi.org/10.1016/j.sbi.2006.03.002
http://dx.doi.org/10.1007/s00894-012-1507-z
http://dx.doi.org/10.1016/j.cocis.2013.04.004
http://dx.doi.org/10.1016/S0939-6411(96)00017-3
http://dx.doi.org/10.1016/S0168-3659(00)00352-7
http://dx.doi.org/10.1016/S0378-5173(03)00071-1
http://dx.doi.org/10.1016/j.ejpb.2004.10.006
http://www.ncbi.nlm.nih.gov/pubmed/15760718
http://dx.doi.org/10.1023/A:1016063109373
http://www.ncbi.nlm.nih.gov/pubmed/8899836
http://dx.doi.org/10.1016/S0142-9612(01)00365-9

Pharmaceutics 2020, 12, 115 12 of 12

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Hinds, K.D.; Campbell, KM.; Holland, K.M.; Lewis, D.H.; Piché, C.A.; Schmidt, P.G. PEGylated insulin
in PLGA microparticles. In vivo and in vitro analysis. J. Control. Release 2005, 104, 447-460. [CrossRef]
[PubMed]

Dozier, ] K.; Distefano, M.D. Site-specific PEGylation of therapeutic proteins. Int. J. Mol. Sci. 2015, 16,
25831-25864. [CrossRef]

Zhang, H.; Zhai, Y.; Wang, J.; Zhai, G. New progress and prospects: The application of nanogel in drug
delivery. Mater. Sci. Eng. C 2016, 60, 560-568. [CrossRef] [PubMed]

Raemdonck, K.; Demeester, J.; De Smedt, S. Advanced nanogel engineering for drug delivery. Soft Matter
2009, 5, 707-715. [CrossRef]

Shao, J.; Xie, H.; Huang, H.; Li, Z.; Sun, Z.; Xu, Y,; Xiao, Q.; Yu, X.E; Zhao, Y.; Zhang, H.; et al. Biodegradable
black phosphorus-based nanospheres for in vivo photothermal cancer therapy. Nat. Commun. 2016, 7, 12967.
[CrossRef]

Sasaki, Y.; Akiyoshi, K. Nanogel engineering for new nanobiomaterials: from chaperoning engineering to
biomedical applications. Chem. Rec. 2010, 10, 366-376. [CrossRef]

Li, J.; Li, L.S.; Xu, L. Hierarchically macro/mesoporous silica spheres for catalase immobilization and catalysis.
Mater. Lett. 2017, 193, 67-69. [CrossRef]

Vikulina, A.; Feoktistova, N.; Balabushevich, N.; Skirtach, A.; Volodkin, D. The mechanism of catalase
loading into porous vaterite CaCO3 crystals by co-synthesis. Phys. Chem. Chem. Phys. 2018, 20, 8822-8831.
[CrossRef] [PubMed]

Sung, J.J.; Pardeshi, N.N.; Mulder, A.M.; Mulligan, S.K.; Quispe, J.; On, K.; Carragher, B.; Potter, C.S;
Carpenter, J.F.; Schneemann, A. Transmission electron microscopy as an orthogonal method to characterize
protein aggregates. |. Pharm. Sci. 2015, 104, 750-759. [CrossRef] [PubMed]

Swaminathan, J.; Ehrhardt, C. Liposomal delivery of proteins and peptides. Expert Opin. Drug Deliv. 2012, 9,
1489-1503. [CrossRef] [PubMed]

Shao, D.; Li, M.; Wang, Z.; Zheng, X.; Lao, Y.H.; Chang, Z.; Zhang, F.; Lu, M.; Yue, J.; Hu, H.; et al. Bioinspired
Diselenide-Bridged Mesoporous Silica Nanoparticles for Dual-Responsive Protein Delivery. Adv. Mater.
2018, 30, 1801198. [CrossRef] [PubMed]

Hirose, M.; Ishigami, T.; Suga, K.; Umakoshi, H. Liposome Membrane as a Platform for the I-Pro-Catalyzed
Michael Addition of trans-f3-Nitrostyrene and Acetone. Langmuir 2015, 31, 12968-12974. [CrossRef] [PubMed]
Yu, M,; Gu, Z,; Ottewell, T,; Yu, C. Silica-based nanoparticles for therapeutic protein delivery. J. Mater. Chem.
B 2017, 5, 3241-3252. [CrossRef]

Eichner, T.; Kalverda, A.P.; Thompson, G.S.; Homans, S.W.; Radford, S.E. Conformational conversion during
amyloid formation at atomic resolution. Mol. Cell 2011, 41, 161-172. [CrossRef]

Li, S.; Chen, L.; Huang, K.; Chen, N.; Zhan, Q.; Yi, K.; Qi, H.; Liu, C.; Tan, Y,; Hou, X.; et al. Tumor
Microenvironment-Tailored Weakly Cell-Interacted Extracellular Delivery Platform Enables Precise Antibody
Release and Function. Adv. Funct. Mater. 2019, 29, 1903296. [CrossRef]

Ishihara, K.; Mu, M.; Konno, T.; Inoue, Y.; Fukazawa, K. The unique hydration state of poly
(2-methacryloyloxyethyl phosphorylcholine). J. Biomater. Sci. Polym. Ed. 2017, 28, 884-899. [CrossRef]

van de Weert, M.; Hennink, W.E.; Jiskoot, W. Protein instability in poly (lactic-co-glycolic acid) microparticles.
Pharm. Res. 2000, 17, 1159-1167. [CrossRef]

Chen, L.; Apte, R.N.; Cohen, S. Characterization of PLGA microspheres for the controlled delivery of IL-1«
for tumor immunotherapy. J. Control. Release 1997, 43, 261-272. [CrossRef]

Arnfast, L.; Madsen, C.G.; Jorgensen, L.; Baldursdottir, S. Design and processing of nanogels as delivery
systems for peptides and proteins. Ther. Deliv. 2014, 5, 691-708. [CrossRef] [PubMed]

Neamtu, I; Rusu, A.G.; Diaconu, A.; Nita, L.E.; Chiriac, A.P. Basic concepts and recent advances in nanogels
as carriers for medical applications. Drug Deliv. 2017, 24, 539-557. [CrossRef] [PubMed]

Han, L.; Liu, C,; Qi, H.; Zhou, J.; Wen, J.; Wu, D.; Xu, D.; Qin, M.; Ren, J.; Wang, Q.; et al. Systemic Delivery
of Monoclonal Antibodies to the Central Nervous System for Brain Tumor Therapy. Adv. Mater. 2019, 31,
1805697. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.jconrel.2005.02.020
http://www.ncbi.nlm.nih.gov/pubmed/15911045
http://dx.doi.org/10.3390/ijms161025831
http://dx.doi.org/10.1016/j.msec.2015.11.041
http://www.ncbi.nlm.nih.gov/pubmed/26706564
http://dx.doi.org/10.1039/B811923F
http://dx.doi.org/10.1038/ncomms12967
http://dx.doi.org/10.1002/tcr.201000008
http://dx.doi.org/10.1016/j.matlet.2017.01.091
http://dx.doi.org/10.1039/C7CP07836F
http://www.ncbi.nlm.nih.gov/pubmed/29542746
http://dx.doi.org/10.1002/jps.24157
http://www.ncbi.nlm.nih.gov/pubmed/25231267
http://dx.doi.org/10.1517/17425247.2012.735658
http://www.ncbi.nlm.nih.gov/pubmed/23092138
http://dx.doi.org/10.1002/adma.201801198
http://www.ncbi.nlm.nih.gov/pubmed/29808576
http://dx.doi.org/10.1021/acs.langmuir.5b03439
http://www.ncbi.nlm.nih.gov/pubmed/26549731
http://dx.doi.org/10.1039/C7TB00244K
http://dx.doi.org/10.1016/j.molcel.2010.11.028
http://dx.doi.org/10.1002/adfm.201903296
http://dx.doi.org/10.1080/09205063.2017.1298278
http://dx.doi.org/10.1023/A:1026498209874
http://dx.doi.org/10.1016/S0168-3659(96)01496-4
http://dx.doi.org/10.4155/tde.14.38
http://www.ncbi.nlm.nih.gov/pubmed/25090282
http://dx.doi.org/10.1080/10717544.2016.1276232
http://www.ncbi.nlm.nih.gov/pubmed/28181831
http://dx.doi.org/10.1002/adma.201805697
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Chemicals 
	Synthesis and Characteristic of PAAM-n(catalase) 
	The Measurement of the Catalase Activity 
	The Activity of Catalase treated with Acetone 
	Characteristic of Catalase treated with Acetone 
	The Activity of Catalase treated with Ethyl Acetate and Dichloromethane 
	The Hydrophilicity of PAAM-n(catalase) and PMPC-n(catalase) 
	The Preparation of catalase/PLA-coated titanium dioxide plate 
	The Release of Catalase from the PLA-Coated Titanium Dioxide Plate 
	The Determination of Intracellular ROS Concentration 

	Results and Discussion 
	The Characteristics of Nanogels 
	The Activity of Native Catalase and PAAM-n(catalase) 
	The Protection Mechanism of Nanogels 
	The Protective Effects of Nanogels 
	The Characteristics of Nanogels Loaded on Titanium Dioxide Plate by PLA Coating 
	The Detection of the ROS Concentration in 4T1 Cells 

	Conclusions 
	References

