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One of the most effective treatments for diabetes is to design a glucose-regulated insulin (INS) delivery system that could adjust the INS release time and rate to reduce diabetes-related complications. Here, mixed multiple layer-by-layer (mmLbL)-INS microspheres were developed for glucose-mediated INS release and an enhanced hypoglycemic effect for diabetes care. To achieve ultrafast glucose-activated INS release, glucose oxidase (GOx) was assembled with a positively charged polymer and modified on INS LbL. The mmLbL-INS microspheres were constructed with one, two, and four layers of the polyelectrolyte LbL assembly at a ratio of 1:1:1. Under hyperglycemia, GOx converts a change in the hyperglycemic environment to a pH stimulus, thus providing sufficient hydrogen ion. The accumulated hydrogen ion starts LbL charge shifting, and anionic polymers are converted to cationic polymers through hydrolytic cleavage of amine-functionalized side chains. The results of in vitro INS release suggested that glucose can modulate the mmLbL-INS microspheres in a pulsatile profile. In vivo studies validated that this formulation enhanced the hypoglycemic effect in STZ-induced diabetic rats within 2 h of subcutaneous administration and facilitated stabilization of blood glucose levels for up to 2 days. This glucose-activatable LbL microsphere system could serve as a powerful tool for constructing a precisely controlled release system.
Keywords: glucose-activity, diabetes, insulin, charge shifting, layer-by-layer
INTRODUCTION
In diabetes care, maintaining stable blood glucose levels (BGLs) in normoglycemia is a must because hyperglycemia would induce secondary complications, such as vascular, renal, or neural damage (Kang, 2018; Kaura Parbhakar et al., 2020; Shah and Wu, 2022). Most patients with type 2 diabetes need direct intravenous exogenous insulin (INS), and therefore, they are administered multiple injections of INS with careful dosing, which ultimately results in poor compliance (Ling and Chen, 2013). Various INS delivery systems are sensitive to different external stimuli, such as pH (Akhmedov et al., 2010; Yoshida et al., 2012; Dmitriev et al., 2019), temperature (Huynh et al., 2008; Killeen et al., 2020), or light (Solimena and Speier, 2010; Sarode et al., 2016; Yu et al., 2022), were investigated. However, most INS delivery systems are associated with a lag time of more than 2 h in hypoglycemia. Thus, precise control of the amount and rate of INS released into the blood in order to maintain the BGL within the narrow concentration window required to avoid hyperglycemia and hypoglycemia is challenging.
The layer-by-layer (LbL) assembly method relies on solid exfoliation to produce colloids of sheets and can control drug release under particular external stimulus (Baba et al., 2010; Huang et al., 2013; Zheng et al., 2014; Jiang and Kobayashi, 2017; Zhang et al., 2021). LbL drug administration has showed some advantages in the precise control of size, or membrane thickness at the nanoscale level (Balabushevich et al., 2003; Xing et al., 2007). Although great success has been obtained with these LbL-modified INS therapies in controlled release, they exhibited a slow rate of INS release, which restricted timely BGL control, probably because of mass transport limitation (Ravaine et al., 2008). The rate of INS release needs to be improved to enhance the effects of glycemic control.
Blood glucose-activated drug release systems allow rapid and precisely controlled responses to changes in BGLs, thereby ensuring good glycemic control (Xia et al., 2018). In the past few decades, many studies have focused on developing glucose-responsive systems capable of continuously delivering accurate levels of INS in response to the BGL because it is immediate and effective (Chen et al., 2011; Paez et al., 2013; Li et al., 2015; Llanos et al., 2015; Kompala and Neinstein, 2022). To achieve the desired glucose-activated INS release, glucose oxidase (GOx) and a positively charged polymer were assembled with INS to form multilayer films (Chen et al., 2012). These multilayer films showed a linear release and exhibited the desired on–off sensitivity in response to stepwise glucose challenge. Gu et al. also reported that a useful glucose-mediated INS delivery platform consisting of GOx exhibited good results (Gu et al., 2013). GOx plays a major role in the construction of glucose-activated controlled INS release devices (Chu et al., 2012).
An anionic polymer can rapidly convert back to a cationic polymer in acidic environments within seconds. In this study, mixed multiple layer-by-layer (mmLbL)-INS microspheres were developed for glucose-mediated INS release and an enhanced hypoglycemic effect for diabetes care (Figure 1). The mmLbL-INS microspheres were constructed with one, two, and four layers of the polyelectrolyte LbL assembly at a ratio of 1:1:1. We anticipate that the resulting mmLbL-INS microspheres can be used for glucose-regulated INS delivery to enhance the hypoglycemic effect and maintain blood glucose homeostasis to reduce complications in diabetic patients.
[image: Figure 1]FIGURE 1 | Scheme of the mixed multiple layer-by-layer insulin (mmLbL-INS) microcapsules. (A) Synthesis of the multiple LbL-INS microcapsules. The anionic polymer was regarded stable in physiologically relevant environments and hydrolysis of the charge-shifting anionic polymer under acidic conditions yields a cationic polymer. Based on the LbL assembly of multilayered polyelectrolyte films, with repeat assembly sequences polycation PAH and anionic polymer, we fabricated LbL-INS microspheres with different layers. (B) Synthesis of degradable anionic polymers. (C) Schematic of mmLbL-INS microcapsules controlling the INS release time. (D) In hyperglycemia, glucose-activated changes in the net charge of the polymer led to changes in the nature of ionic interactions in the multilayers and promoted film disruption. (E) Hydrolysis of the citraconic amide side chains of the charge-shifting anionic polymer under acidic conditions.
MATERIALS AND METHODS
Materials and animals
Poly (allylamine hydrochloride) (PAH, MW ≈ 60,000) was purchased from Alfa Aesar Organics (Ward Hill, MA). Recombinant cow INS (potency: 27 U/mg) was obtained from Bomei Biotechnology (Hefei, China). Citraconic anhydride and poly (styrene sulfonate) (PSS) were purchased from J&K Scientific (Beijing, China). GOx was obtained by Tokyo chemical industry (Tokyo, Japan). Streptozocin (STZ) was purchased from Sigma-Aldrich, (St. Louis, MO, United States). The dialysis bag (molecular cutoff, 3500 Da) was purchased from Sangon Biotech (Shanghai, China). All other reagents were used without further purification unless noted.
The Sprague–Dawley (SD) rats (275–300 g) were provided by the Experimental Animal Center of Nantong University. All animal experiments were performed in compliance with all relevant ethical regulations and institutional guidelines provided by the Division of Comparative Medicine at Nantong University.
Synthesis of charge-shifting anionic polymers
The synthetic route used for degradable anionic polymers is shown in Figure 1B, which was reported in a previous paper (Liu et al., 2008). Briefly, 100 mg PAH was dissolved in 1.0 M NaOH (4 ml) and stirred until completely dissolved. Then, 400 μL citraconic anhydride was added dropwise to PAH solution, and aqueous NaOH was added as necessary to maintain the pH above 8. Finally, the resulting reaction mixture was placed in dialysis bag (MWCO = 3500) and no reacting parts were removed by dialysis with water (pH > 7.4) for 24 h.
Preparation of premixed LbL-INS microcapsules
The cores of the microcapsules were fabricated according to early reported (Bosio et al., 2014). In brief, 0.35 g Na2CO3, 0.02 g PSS and certain amounts of INS was added to 10 ml distilled water, then 10 ml CaCl2 solution (0.33 M) was added and vigorous stirred for 10 s. The obtained microparticles were washed for three times and were separated by centrifugation.
Multilayered films were fabricated on the INS microcapsules using an alternate dipping procedure according to the following general protocol: microcapsules are submerged in a solution of anionic polymers for 5 min, and washed with water (pH > 7.4), anionic polymers modified microcapsules were submerged in a solution with excess of PAH for 5 min, and washed. The following two, three and four bilayers were fabricated in the same way by alternating adsorptions of anionic polymers and PAH as shown in Figure 1A. The premixed LbL-INS microcapsules with 1, 2, four layers at the rate of 1:1:1 was used in this study.
Scanning electron microscopy and zeta potentials
To investigate morphological changes in mmLbL-INS microspheres after the LbL process, the morphologies of CaCO3-INS and four-bilayered microspheres were selected for characterization. The surface morphology of mmLbL-INS microspheres corroded in different pHs was also investigated through scanning electron microscopy (SEM) (JSM-6700F, JEOL, Japan) on conductive adhesive tapes (Briones et al., 2010).
LBL deposition of anionic polymers/PAH on the particles and the charge conversion in different pH were qualitatively monitored by measuring the zeta potentials of the coated particles by using Zetasizer Nano ZS (Malvern, Worcestershire, United Kingdom).
Drug loading content
According to our previous study, a HPLC detection method was established to determine the INS concentration (Xia et al., 2018). HPLC was performed using a LC-2030 series (Shimadzu Corporation, Japan).
Then, 1, 3, 5, and 10 mg of INS (WT) was dissolved in CaCl2 solution in advance, followed by the preparation of the four-bilayered LbL-INS microspheres. INS was encapsulated in the LbL-INS microspheres using a hypotonic dialysis method. The LbL-INS microspheres (3 mg/ml) were dispersed in dilute hydrochloric acid, and a clear solution was used for measurement with HPLC. The loading content can be calculated as follows.
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Release rate tests
After being suspended in 100 mg/dl (equivalent of 5.6 mM) d-glucose for 10 days, the mmLbL-INS microspheres were incubated in PBS with 400 mg/dl (equivalent of 22.2 mM) glucose in vitro. The INS released from the mmLbL-INS microspheres was collected at predetermined time intervals and detected through HPLC. Then, the release rates were calculated.
In vitro testing of release behavior of mmLbL-INS microspheres and fluorescence microscopy analysis
To verify the effect of “charge-conversional”, LbL-INS microspheres were resuspended in PBS containing different glucose concentrations at 37°C to study the INS release behavior. At predetermined times, the amounts of INS released into the supernatant was determined through HPLC, and morphological changes were investigated through SEM.
INS-FITC (green) and rhodamine B (red)-modified GOx were packed in the LbL-INS microspheres and resuspended in PBS containing different glucose concentrations. Fluorescence microscopy was performed using a Leica DM 2500 microscope (Wetzlar, Germany) at the same laser power.
In vivo oral glucose tolerance test in STZ diabetic rats
STZ diabetic rats were prepared by treated with STZ (50 mg/kg) into male SD rats. The rats were considered diabetic if their plasma glucose levels were ≥10 mM (Shao et al., 2021).
The diabetic rats were separated into three groups (n = 8): Control group: 1 ml PBS was subcutaneously injected; CaCO3-INS group: 1 ml of 0.035 mg/ml CaCO3-INS microspheres (the diabetic rats treated with >0.035 mg/ml CaCO3-INS microspheres died within 15 min because of hypoglycemia. So, in the following studies, 0.035 mg/ml of CaCO3-INS microspheres were used in in vivo studies); and mmLbL-INS microspheres group: 1 ml of mmLbL-INS microspheres was subcutaneously injected. The oral glucose tolerance test (OGTT) was performed as described by Kim (Kim et al., 2016). In brief, diabetic rats were orally administered glucose (2.0 g/kg b.w), blood was collected from the tail vein to measure blood glucose and INS concentrations. The plasma glucose was measured using a hand-held glucometer at regular intervals (0, 15, 30, 60, 120 min). Blood was collected from the tail vein 0, 15, 30, 45, 60, 75, 90, 105 and 120 min after glucose administration. The blood INS was then quantified via HPLC as previous report (Xia et al., 2018).
Long-term effect of mmLbL-INS microspheres
The diabetic rats were subcutaneously injected with PBS (blank), CaCO3-INS microspheres (0.035 mg/ml), and mmLbL-INS microspheres (1 mg/ml) into the back. Each diabetic rat was individually housed in metabolic cages and fed with maintenance diets (Xietong Engineering Co., Ltd, referring to the national standard GB 14924.1-2001) 3 times daily. 0.5 h after every feeding, leftover food was removed, and feed intakes were measured. After feeding for 2 h, BGLs were measured.
Hematological indices
Hematological parameters such as hematocrit (HCT), released hemoglobin (HGB), mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), and mean corpuscular hemoglobin concentration (MCHC) were determined using an HEMAVET 950FS Hematology System analyzer after the administration of LbL-INS microspheres for 24 h.
Blood biochemistry index
After administering mmLbL-INS microspheres for 2 days, the levels of liver function markers, including alkaline phosphatase (ALP), alanine aminotransferase (ALT), and aspartate aminotransferase (AST), the kidney function marker urea nitrogen (BUN), as well as creatinine (Cr), were determined using an automated biochemical analyzer (Trilogy, France).
Statistical analysis
All values were averaged and expressed as the mean ± standard error of the mean. Analysis of variance was performed, with dialysis time, initial INS concentration, and volume ratio as three independent variables. p values ≤0.05 were considered significant.
RESULTS
Preparation of LbL-INS microspheres
In this study, the microspheres were prepared by the LBL assembly of multilayered polyelectrolyte films, with repeat assembly sequences polycation PAH and anionic polymer, as shown in Figure 1B. Morphological changes in the LbL-INS microcapsule with different polyelectrolyte films were monitored through SEM (Figures 2A–C). CaCO3-INS microparticles with the one-layer polyelectrolyte film showed clearly visible wrinkles and inward depression on the surface (Figure 2A). The surface of the LbL-INS microspheres became smooth and glossy as the layers increased (Figures 2B, C). The average diameter of the LbL-INS microspheres, through dynamic light scattering (DLS), increased slightly with an increase in the number of layers (Supplementary Figure S1).
[image: Figure 2]FIGURE 2 | Characterization of the mmLbL-INS microcapsules. (A–C) SEM images and DLS results of LbL-INS microcapsules with (A) one layer, (B) two layers, and (C) four layers. (1) SEM images, (2) high-magnification SEM image, (3) dynamic light scattering (DLS) results. (D) Zeta potentials of multiple LbL-INS microcapsules with different layers. (E) Relationship between the initial INS concentration and INS loading content in the LbL-INS microcapsules. (F) INS release behavior of multiple LbL-INS microcapsules in pH 6.5 solution. (G) SEM images, DLS results, and the image of mmLbL-INS microcapsules.
The LbL assembly process was also monitored through zeta-potential measurements (Figure 2D). The uncoated CaCO3 microparticles produced a negative zeta-potential (−32 mV). The average zeta-potential value for the first layer increased to 14 mV, corresponding to the adsorption of the polycation PAH, that for the second layer (−20 mV) corresponded to the adsorption of the anionic polymer, that for the third layer (15 mV) corresponded to another layer of PAH, and that for the fourth layer (−10 mV) corresponded to a new layer of anionic polymer. Alternating zeta-potentials were obtained with the subsequent deposition of PAH and polyanions, suggesting the gradual adsorption of the PAH/anionic polymer layers on the CaCO3-INS microparticles.
Not unexpectedly, the loading content was significantly positively correlated with the initial INS concentration, not only in one-layer LbL-INS microspheres but also in two- and four-layer LbL-INS microspheres (Figure 2E). Increasing the layers of microspheres resulted in high INS loading content. Combining the results in Figures 1A–C, we speculated that the polycation PAH and anionic polymer modified on the CaCO3-microparticles could prevent INS leakage, leading to an increase in INS loading content. In consideration of the loading efficiency and cost-savings, in the following experiment, an initial INS concentration of 5 mg/ml was adopted to achieve the acceptable encapsulation concentration in mmLbL-INS microspheres.
The hyperglycemia response time of LbL-INS microspheres with different bilayers was studied (Figure 2F). The one-layer LbL-INS microspheres took approximately 4.1 ± 0.4 min to transform to explosive release. Relatively, the multilayered polyelectrolyte films on the four-layer LbL-INS microspheres took as long as 9.3 min to remove and start INS release. The retention time of LbL-INS microspheres extended with an increase in the number of layers. The aforementioned results revealed that mmLbL-INS microspheres with different layers showed different glucose-activated response rates. According to the characteristics of INS clinical needs (Gracia-Ramos et al., 2016; Maiorino et al., 2017), premixed INS analogs (rapid-acting and long-acting analog ratio in varying proportions) represent an alternative treatment for type 2 diabetes. In this study, mmLbL-INS microspheres constructed with one, two, and four layers at a ratio of 1:1:1 and the INS concentration of 0.98 ± 0.13 mg/ml were used in the following studies. The SEM, dynamic light scattering, and images of the mixture of LbL-INS microspheres are presented in Figure 2G. The mmLbL-INS microspheres with different layers maintained their respective structure and size.
In vitro testing of glucose-activated release behavior
Next, we investigated the glucose-activated release behavior of mmLbL-INS microspheres in response to BGLs. To validate our design, mmLbL-INS microspheres were incubated in PBS (pH 7.4) at 37°C with 25–400 mg/dl glucose and INS release was monitored by HPLC. As shown in Figure 3A, increasing the glucose concentration to >100 mg/dl would greatly accelerate INS release.
[image: Figure 3]FIGURE 3 | Glucose-activated INS release behavior of the mmLbL-INS microcapsules. (A) The INS release behavior at different glucose concentrations (B and C) Cumulative INS release behavior of mmLbL-INS microcapsules immersed in 100 and 400 mg/dl glucose solutions. (D–G) Fluorescence images of mmLbL-INS microcapsules that released INS into the medium after being immersed in different glucose concentrations (green fluorescence: FTIC-INS). (H) Stability analysis of the glucose activity effect. After being stored in 5 mmol/L glucose solution at 4°C for 10 days, the mmLbL-INS microcapsules released INS in vitro (read line) when immersed in 400 mg/dl glucose solution. (I) INS release behavior of the mmLbL-INS microcapsules changed over time in 400 mg/dl glucose solution. (J) INS release exhibited a pulsatile profile in response to different glucose concentrations. The mmLbL-INS microcapsules were immersed in normal (100 mg/dl) or hyperglycemic level (400 mg/dl) solution for several repetitions.
In glycemia, GOx could convert glucose to glucose acid (Botezatu et al., 2021). As more and more lactic acid is produced, pH falls. Based on the principle, the mmLbL-INS microspheres were expected to show glucose-activated release behavior. To examine whether the glycemia control effect of the INS microspheres was due to sustained INS release or glucose-responsive INS release, the cumulative INS released from mmLbL-INS microspheres were determined in normal glycemia or hyperglycemia, respectively. As shown in Figures 3B,C, incubation of mmLbL-INS microspheres at the normal glucose level resulted in a slightly increased cumulative release of INS within 15 min. When the glucose concentration increased to the hyperglycemic level, >60% of INS was released by 15 min from the mmLbL-INS microspheres group. As expected, the cumulative release rate of CaCO3-INS microspheres increased straightly not only in hypoglycemia but also in normoglycemia.
To further assess glucose-responsive INS release, FITC-INS was used to trace the INS release behavior of mmLbL-INS microspheres. When 2 ml of the mmLbL-INS microspheres were imaged in the presence of 50 and 100 mg/dl glucose (Figures 3D,E), slight green fluorescence was found, clearly indicating that almost no INS released. When these mmLbL-INS microspheres were in hyperglycemia (Figures 3F,G), the fluorescence intensity of the supernatant enhanced remarkably (Supplementary Figure S2). The results indicated that the sensitivity of mmLbL-INS microspheres to BGLs can enhance the INS release rate.
To examine the stability of the glucose activity effect of mmLbL-INS microspheres incubated in the normoglycemic solution (100 mg/dl of glucose). After immersion for 10 days, INS concentrations in the supernatant were stable (Figure 3H). Then, the glucose concentration was immediately adjusted to 400 mg/dl, the concentration of released INS rose quickly and reached 27 μg/ml within minutes. The INS concentration in the supernatant showed a steady rise with the long-term storage of mmLbL-INS microspheres in a high sugar solution (400 mg/dl) (Figure 3I).
Furthermore, the INS release profile of mmLbL-INS microspheres exhibited a pulsatile pattern (close-loop) when the glucose concentration was cyclically varied between the normal and hyperglycemic levels for several repetitions, as shown in Figure 3J. The mmLbL-INS microspheres responded to changes in glucose levels, and the INS release rate increased to over 25 μg/mL/h in hyperglycemic state.
As more and more lactic acid was produced in hyperglycemia, because GOx in the mmLbL-INS microspheres converted glucose to glucose acid, pH fell. The charge-shifting anionic polymers on the mmLbL-INS microspheres disrupted the ultrathin polyelectrolyte multilayers in acidic media and the INS released. Contrarily, in normal glycemia, the INS released behavior stopped in the mmLbL-INS microspheres as the pH value came to normal. These results also confirmed that GOx maintains its bioactivity even after 10 days, and thus makes the delivery system highly stable.
Release mechanism and charge-shifting effect
Polyelectrolyte films and GOx, modified on the surface of LbL-INS microspheres, were expected to realize the glucose-responsive INS releasing behavior. Then, FITC was used as a tracer of INS, and visible green fluorescence observed in the solution further confirmed the absence of INS in the LbL-CaCO3-INS microspheres (Figure 4A). From the confocal images of LbL-INS microspheres, a red color (rhodamine B-modified GOx) could be found on the surface of the LbL-INS microspheres. In the overlay image, the green spheres were covered by red loops, which confirmed that poly-GOx was modified on the LbL-INS microspheres.
[image: Figure 4]FIGURE 4 | The mechanism of glucose-activated INS release behavior of mmLbL-INS microcapsules. (A) Fluorescence image of mmLbL-INS microcapsules. FITC-labeled INS (green) and rhodamine B (red)-modified biotin-GOx were used to fabricate mmLbL-INS microcapsules. (B) Relevant pH changes observed in different incubation solutions with mmLbL-INS microcapsules. (C) Charge conversion of anionic polymers at different pH. (D) INS release behavior of mmLbL-INS microcapsules in different pH solutions. (E,F) SEM of mmLbL-INS microcapsules immersed in different glucose concentrations.
The pH of body (interstitial) fluids can be reduced by GOx, which can convert glucose to gluconic acid (Wu et al., 2011). The GOx, on the surface of LbL-INS microspheres, causing a local decrease in pH with an increase in glucose concentrations (Figure 4B). GOx catalyzes the conversion of glucose to gluconic acid as follows:
[image: image]
The charge-shifting anionic polymers can disrupt the ultrathin polyelectrolyte multilayers in acidic media. Based on this understanding, we designed a glucose-activated INS release system by using charge-shifting anionic polymers. As the normal blood sugar range is 70–100 mg/dl (Barkoudah and Weinrauch, 2015), the in vitro release of INS from the mmLbL-INS microspheres was evaluated in different concentrations of glucose within the solutions. To examine the glucose-responsive dissociation of mmLbL-INS microspheres, the microspheres were collected in micro-centrifuge tubes and incubated with PBS solutions with 100 (corresponding to the normal level) or 400 mg/dl (corresponding to the hyperglycemic level) glucose. In Figure 4B, the recorded pH values decreased from 7.4 to 5.4 within 30 min in 400 mg/dl glucose, confirming the enzymatic conversion of glucose to gluconic acid. By contrast, both control samples (no glucose and 100 mg/dl glucose) showed no observable changes in pH (pH > 7.0).
The polyelectrolyte multilayer was thus expected to show a charge conversion behavior in the acid environment (Figure 4C). Compared with incubation at pH 7.4 and 7.0, the zeta potential of the polyelectrolyte multilayer increased significantly when incubated at pH 6.5 and 6.0. The zeta potential became positive within 2 min, despite the potential of the polyelectrolyte multilayer slowly increasing with incubation at pH 7.4 and 7.0.
Charge-shifting of the net charge of the polymer leads to changes in the nature of ionic interactions in the multilayers and promotes film disruption and the release of cationic film components (Figure 4D). To offer a rapid glucose responsibility to these mmLbL-INS microspheres, GOx was conjugated with charge-conversional polyelectrolyte multilayers in the presence of N, N′-carbonyldiimidazole. When the BGL increased, GOx catalyzed the conversion of glucose to gluconic acid in the presence of oxygen, which provided enough hydrogen ion, leading to the low pH environment (Qiu et al., 2009). When exposed to low pH environments, hydrolysis of citraconic amide side chains of the charge-shifting anionic polymer yields a cationic polymer.
Morphological changes in the mmLbL-INS microspheres immersed during the course of glucose-activated INS release were also investigated through SEM (Figures 4E,F). The mmLbL-INS microspheres submerged in 50 mg/dl of glucose showed negligible INS release and remained intact. By contrast, the LbL-INS microspheres were found to corrode the polymer and rupture the CaCO3 shell when exposed to a hyperglycemic environment. The CaCO3-INS microparticles changed from smooth to inward depression on the surface. Their fluorescence intensity increased with the glucose concentration. Collectively, these results indicate the charge-shifting effect of the LbL-INS microspheres and the subsequent glucose-mediated and pH-dependent INS release.
In vivo OGTT result
The OGTT was used to determine the regulation of the BGL in STZ-induced diabetic rats after treatment with 1) PBS, (b) 0.035 mg/ml CaCO3-INS microspheres, and (c) 1 mg/ml mmLbL-INS microspheres. Not surprisingly, the BGLs increased rapidly and were maintained over 25 mM (equivalent of 450 mg/dl) after 1 h of gastric perfusion of glucose in the PBS-treated control group (Figure 5A). As expected, the BGLs were well-controlled in the normal range of 3.9–6.1 mM within 2 h in the CaCO3-INS and mmLbL-INS microspheres groups, like the normal rats (Supplementary Figure S3). The blood INS levels were also measured as shown in Figure 5B. More and more INS was found as time elapsed when higher amounts of CaCO3-INS microspheres were applied. A peak release behavior was observed in the mmLbL-INS microspheres group, and the INS release amount decreased as the glucose concentration returned to the normal blood glucose level (Supplementary Figure S4).
[image: Figure 5]FIGURE 5 | In vivo glycemic control tests results of mmLbL-INS microcapsules. (A) Change in glucose concentrations and (B) change in the INS concentration of the whole blood in the oral glucose tolerance test. (C) Long-term plasma blood glucose concentration. (D) Food intake in diabetic rats administered STZ. (E) Pictures of the injected set of mmLbL-INS microcapsules on different days. (F) The change of mmLbL-INS microcapsules in subcutaneous.
mmLbL-INS microspheres control hyperglycemia in diabetic rats
To examine the efficacy of mmLbL-INS microspheres in diabetes treatment, STZ-induced diabetic rats were subcutaneously injected with PBS solution, CaCO3-INS (0.035 mg/ml INS), and mmLbL-INS microspheres (1 mg/ml INS). Figure 5C showed that the mmLbL-INS microspheres could maintain normoglycemia glucose levels in diabetic rats for more than seven feed times (approximately 3 days), after which the levels gradually increased, possibly due to the depletion of the reservoir INS with time. By contrast, the control group (PBS treated) demonstrated elevated BGLs between 230 and 450 mmol/L. As the CaCO3-INS group released INS after dosing (could not release INS response to BGL), the BGL decreased to the normoglycemic level at first, and then increased directly with the depletion of the reservoir INS. Furthermore, the diabetic rats in the mmLbL-INS microspheres treatment group took more fodder, with no mortality (Figure 5D and Supplementary Figure S5). By contrast, diabetic rats in the control and CaCO3-INS groups took less fodder because of diabetic ketoacidosis. Then, in order to maintain the BGL in normoglycemia as normal rats, the diabetes should administrate mmLbL-INS microspheres every 3 days.
To further investigate the in vivo biocompatibility and degradability of the mmLbL-INS microspheres, the sizes of skin protrusion caused by the subcutaneous injection were monitored over time (Figure 5E). The average lump size in the injection sites of rats treated with mmLbL-INS microspheres rapidly decreased in 1 h, as the tissue absorbed moisture into the mmLbL-INS microspheres. In the following days, the average lump size steadily decreased, suggesting that glucose-mediated degradation was substantially triggered (Supplementary Figure S6). No significant skin protrusion can be found after 10 days maybe due to the clearance of phagocytosis (Figure 5F).
Biosafety of mmLbL-INS microspheres
The mmLbL-INS microspheres showed satisfactory biocompatibility in vitro (Supplementary Figure S7). A complete blood analysis was performed after injection for 48 h, all parameters of the treated group were normal (Figure 6A). No inflammation was found around the injection site and no pathologic changes were noted through hematoxylin and eosin staining (Figure 6B). The liver function markers and the kidney function marker were normal (Figure 6C), suggesting no injury in rats after treatment with the mmLbL-INS microspheres.
[image: Figure 6]FIGURE 6 | Biosafety of the mmLbL-INS microspheres. (A) Hematological parameters after administration of mmLbL-INS microcapsules for 3 days. Red blood cell (RBC), white blood cell (WBC), platelet count (PCT), hemoglobin (HGB), hematocrit (HCT), mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), and mean corpuscular hemoglobin concentration (MCHC) were chosen. (B) H&E staining of the injected set. Bar = 100 μm. (C) Results of liver function markers, including alkaline phosphatase (ALP), alanine aminotransferase (ALT), and aspartate aminotransferase (AST), the kidney function marker urea nitrogen (BUN), and creatinine (Cr). Ns = not statistically different. (n = 8).
DISCUSSION
Due to the short half-life of INS in vivo, directly providing exogenous insulin may lead to multiple injections with careful dosing (Ling and Chen, 2013). Such widely applied treatment can not realize the on-demand release of insulin, leading to the poor patient compliance, and sometimes hypoglycemia, which probably results in the potential risk of brain damage or death (Alloubani et al., 2018; Kawada, 2018). Developing a “closed-loop” system capable of glucose-activated INS control release behavior was of great significance. In this study, the mmLbL-INS microspheres were stable in physiologically relevant environments. Once the blood sugar level increased, GOx converted a dramatic change in the environmental glucose level to a pH stimulus, and the outer anionic polymer was converted readily back to a cationic polymer through amide hydrolysis. The glucose-activated changes led to changes in the nature of ionic interactions in the multilayers and promoted film disruption. The INS release behavior was accomplished through premixed multiple LbL-INS microspheres with different retention times of INS release.
Various glucose-responsive controlled INS release strategies have been approved to maintain normoglycemia for diabetic patients (Chen et al., 2011; Paez et al., 2013; Li et al., 2015; Llanos et al., 2015; Abebe et al., 2022). An INS reservoir (GOx, CAT, and BSA) and could counter hyperglycemia in diabetic rats over a 1-week period (Chu et al., 2012). A glucose mediated INS delivery (consisting of GOx) presented a long-time diabetes management through an injectable nano-network was reported (Gu et al., 2013). A calcium carbonate templated INS microparticles also was reported for improving the efficiency of INS delivery by inhalation (Schmidt et al., 2014). PAH was chosen as the model polymer in preparation of mesoporous hybrid microcapsules, with high and tunable permeability, good stability and multiple functionalities (Jiafu et al., 2013). Although, great success has been obtained as these INS replacement therapies controlled blood glucose by close-loop release behavior, they showed a slow glucose-responsive rate as the mass transport limitation (Ravaine et al., 2008). There was a lag time of more than 2 h in hyperglycemia, which is not suitable for the practical application (Paez et al., 2013). One of the most critical challenges in diabetes treatment is to design self-regulated INS delivery systems, which could control INS release as soon as possible in response to the change of BGL, just like artificial pancreases. In this study, GOx was assembled with the anionic polymer to construct an ultra-fast glucose-activated anionic polymer. The anionic polymer was regarded stable in physiologically relevant environments and hydrolysis of the charge-shifting anionic polymer under acidic conditions yields a cationic polymer. Based on the LbL assembly of multilayered polyelectrolyte films, with repeat assembly sequences polycation PAH and anionic polymer, we fabricated LbL-INS microspheres with different layers and mixed multiple LbL-INS (mmLbL-INS) microspheres proportionally to control the INS release rate in response to the BGL. The results of the mmLbL-INS microspheres showed that it was glucose-mediated INS release and an enhanced hypoglycemic effect for diabetes care. Once the blood sugar level increased, GOx converted a change in the environmental glucose level to a pH stimulus, and the outer anionic polymer was converted readily back to a cationic polymer through amide hydrolysis upon exposure to acidic environments. The results of in vitro INS release suggested that glucose can modulate the mmLbL-INS microspheres in an ultrafast glucose activated INS control release and pulsatile profile. In vivo studies also validated that this formulation enhanced the hypoglycemic effect in STZ-induced diabetic rats within 2 h of subcutaneous administration. Clinically, patients start on a total daily dose of about 0.5 U/day of INS per kg, and about 30 U of INS is needed daily (adult body weight ∼60 kg). From the results in Figure 2, the INS concentration in mmLbL-INS microspheres could achieve (0.98 mg/ml, roughly corresponding to 28 U/mL). That is to say, a single injection of this mmLbL-INS microspheres into the diabetes patient can maintain the BGL in the normal range about 1 day. To improve the feasibility of clinical application, we could increase the INS content in mmLbL-INS microspheres or increase the injection volume.
In conclusion, this study presented a new glucose-activated mmLbL-INS microsphere INS delivery system as a promising therapeutic strategy in the sustained treatment of hyperglycemia. The LBL assembly of the polyelectrolyte could increase the stability of CaCO3-INS, and glucose responsiveness was realized through the charge-shifting effort in aqueous environments by using GOx, which thus resulted in an increased INS release rate, without compromising the BGL response time. In vivo results showed that mmLbL-INS microspheres could overcome hyperglycemia within 2 h and maintain the baseline glucose level up to 2 days. This glucose-activatable LbL microspheres system can be a promising alternative in diabetes therapy and serve as a powerful tool for constructing a precisely controlled INS release system.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
ETHICS STATEMENT
The animal study was reviewed and approved by The procedures used in our study were approved by the Committee of the Animal Research of Nantong University (20210631-033), and followed the guidelines the Use of Animals in Research of the International Association for the Study of Pain and the directive of the European Parliament (2010/63/EU).
AUTHOR CONTRIBUTIONS
DX and YY conceived the idea and designed the experiments. YY and XW, did the synthesis, characterization. YY and XY conducted the in vitro experiments, YY, QZ and SC did the in vivo analyses. YY, XW, XY, and DX analyzed all the data and wrote the manuscript. All the authors have proof-read this article and approved its publication.
FUNDING
This study was funded by the Science and Technology R&D Foundation of Nantong City (JC2020069, JC2020032), and the large instruments open foundation of Nantong university.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fbioe.2022.996763/full#supplementary-material
REFERENCES
 Abebe, A., Wobie, Y., Kebede, B., Wale, A., Destaw, A., and Ambaye, A. S. (2022). Self-care practice and glycemic control among type 2 diabetes patients on follow up in a developing country: a prospective observational study. J. Diabetes Metab. Disord. 21 (1), 455–461. doi:10.1007/s40200-022-00995-4
 Akhmedov, D., Braun, M., Mataki, C., Park, K. S., Pozzan, T., Schoonjans, K., et al. (2010). Mitochondrial matrix pH controls oxidative phosphorylation and metabolism-secretion coupling in INS-1E clonal beta cells. FASEB J. 24 (11), 4613–4626. doi:10.1096/fj.10-162222
 Alloubani, A., Saleh, A., and Abdelhafiz, I. (2018). Hypertension and diabetes mellitus as a predictive risk factors for stroke. Diabetes & Metabolic Syndrome Clin. Res. Rev. 12, 577–584. doi:10.1016/j.dsx.2018.03.009
 Baba, A., Taranekar, P., Ponnapati, R. R., Knoll, W., and Advincula, R. C. (2010). Electrochemical surface plasmon resonance and waveguide-enhanced glucose biosensing with N-alkylaminated polypyrrole/glucose oxidase multilayers. ACS Appl. Mat. Interfaces 2 (8), 2347–2354. doi:10.1021/am100373v
 Balabushevich, N. G., Tiourina, O. P., Volodkin, D. V., Larionova, N. I., and Sukhorukov, G. B. (2003). Loading the multilayer dextran sulfate/protamine microsized capsules with peroxidase. Biomacromolecules 4 (5), 1191–1197. doi:10.1021/bm0340321
 Barkoudah, E., and Weinrauch, L. A. (2015). Screening for type 2 diabetes mellitus. Ann. Intern. Med. 163 (9), 726. doi:10.7326/L15-5153
 Bosio, V. E., Cacicedo, M. L., Calvignac, B., Leon, I., Beuvier, T., Boury, F., et al. (2014). Synthesis and characterization of CaCO3-biopolymer hybrid nanoporous microparticles for controlled release of doxorubicin. Colloids Surfaces B Biointerfaces 123, 158–169. doi:10.1016/j.colsurfb.2014.09.011
 Botezatu, A., Elizondo, C., Bajec, M., and Miller, R. (2021). Enzymatic management of pH in white wines. Molecules 26 (9), 2730. doi:10.3390/molecules26092730
 Briones, E., Colino, C. I., and Lanao, J. M. (2010). Study of the factors influencing the encapsulation of zidovudine in rat erythrocytes. Int. J. Pharm. X. 401 (1-2), 41–46. doi:10.1016/j.ijpharm.2010.09.006
 Chen, X., Luo, J., Wu, W., Tan, H., Xu, F., and Li, J. (2012). The influence of arrangement sequence on the glucose-responsive controlled release profiles of insulin-incorporated LbL films. Acta Biomater. 8 (12), 4380–4388. doi:10.1016/j.actbio.2012.08.014
 Chen, X., Wu, W., Guo, Z., Xin, J., and Li, J. (2011). Controlled insulin release from glucose-sensitive self-assembled multilayer films based on 21-arm star polymer. Biomaterials 32 (6), 1759–1766. doi:10.1016/j.biomaterials.2010.11.002
 Chu, M. K., Chen, J., Gordijo, C. R., Chiang, S., Ivovic, A., Koulajian, K., et al. (2012). In vitro and in vivo testing of glucose-responsive insulin-delivery microdevices in diabetic rats. Lab. Chip 12 (14), 2533–2539. doi:10.1039/c2lc40139h
 Dmitriev, A. V., Henderson, D., and Linsenmeier, R. A. (2019). Diabetes alters pH control in rat retina. Invest. Ophthalmol. Vis. Sci. 60 (2), 723–730. doi:10.1167/iovs.18-26073
 Gracia-Ramos, A. E., Cruz-Dominguez, M. D., Madrigal-Santillan, E. O., Morales-Gonzalez, J. A., Madrigal-Bujaidar, E., and Aguilar-Faisal, J. L. (2016). Premixed insulin analogue compared with basal-plus regimen for inpatient glycemic control. Diabetes Technol. Ther. 18 (11), 705–712. doi:10.1089/dia.2016.0176
 Gu, Z., Aimetti, A. A., Wang, Q., Dang, T. T., Zhang, Y., Veiseh, O., et al. (2013). Injectable nano-network for glucose-mediated insulin delivery. ACS Nano 7 (5), 4194–4201. doi:10.1021/nn400630x
 Huang, X., Wang, X., Wang, S., Yang, J., Zhong, L., and Pan, J. (2013). UV and dark-triggered repetitive release and encapsulation of benzophenone-3 from biocompatible ZnO nanoparticles potential for skin protection. Nanoscale 5 (12), 5596–5601. doi:10.1039/c3nr00090g
 Huynh, D. P., Nguyen, M. K., Pi, B. S., Kim, M. S., Chae, S. Y., Lee, K. C., et al. (2008). Functionalized injectable hydrogels for controlled insulin delivery. Biomaterials 29 (16), 2527–2534. doi:10.1016/j.biomaterials.2008.02.016
 Jiafu, S, Wenyan, Z., Xiaoli, W., Jiang, Z., Zhang, S., Zhang, X., et al. (2013). Exploring the segregating and mineralization-inducing capacities of cationic hydrophilic polymers for preparation of robust, multifunctional mesoporous hybrid microcapsules. ACS Appl. Mat. Interfaces 5 (11), 5174–5185. doi:10.1021/am401017y
 Jiang, H., and Kobayashi, T. (2017). Ultrasound stimulated release of gallic acid from chitin hydrogel matrix. Mater. Sci. Eng. C 75, 478–486. doi:10.1016/j.msec.2017.02.082
 Kang, S. (2018). Personalized prediction of drug efficacy for diabetes treatment via patient-level sequential modeling with neural networks. Artif. Intell. Med. (2017). 85, 1–6. doi:10.1016/j.artmed.2018.02.004
 Kaura Parbhakar, K., Rosella, L. C., Singhal, S., and Quiñonez, C. R. (2020). Acute and chronic diabetes complications associated with self-reported oral health: A retrospective cohort study. BMC Oral Health 20 (1), 66. doi:10.1186/s12903-020-1054-4
 Kawada, T. (2018). Hyperuricaemia and type 2 diabetes mellitus. Clin. Exp. Pharmacol. Physiol. 45, 870. doi:10.1111/1440-1681.12937
 Killeen, A. L., Brock, K. M., Dancho, J. F., and Walters, J. L. (2020). Remote temperature monitoring in patients with visual impairment due to diabetes mellitus: A proposed improvement to current standard of care for prevention of diabetic foot ulcers. J. Diabetes Sci. Technol. 14 (1), 37–45. doi:10.1177/1932296819848769
 Kim, J. Y., Michaliszyn, S. F., Nasr, A., Lee, S., Tfayli, H., Hannon, T., et al. (2016). The shape of the glucose response curve during an oral glucose tolerance test heralds biomarkers of type 2 diabetes risk in obese youth. Diabetes Care 39 (8), 1431–1439. doi:10.2337/dc16-0352
 Kompala, T., and Neinstein, A. B. (2022). Smart insulin pens: Advancing digital transformation and a connected diabetes care ecosystem. J. Diabetes Sci. Technol. 16 (3), 596–604. doi:10.1177/1932296820984490
 Li, X., Wu, W., and Li, J. (2015). Glucose-responsive micelles for insulin release. J. Control. Release 213, 122–123. doi:10.1016/j.jconrel.2015.05.206
 Ling, M. H., and Chen, M. C. (2013). Dissolving polymer microneedle patches for rapid and efficient transdermal delivery of insulin to diabetic rats. Acta Biomater. 9 (11), 8952–8961. doi:10.1016/j.actbio.2013.06.029
 Liu, X., Zhang, J., and Lynn, D. M. (2008). Polyelectrolyte multilayers fabricated from 'charge-shifting' anionic polymers: A new approach to controlled film disruption and the release of cationic agents from surfaces. Soft Matter 4 (8), 1688–1695. doi:10.1039/b804953j
 Llanos, P., Contreras-Ferrat, A., Barrientos, G., Valencia, M., Mears, D., and Hidalgo, C. (2015). Glucose-dependent insulin secretion in pancreatic beta-cell islets from male rats requires Ca2+ release via ROS-stimulated ryanodine receptors. PLoS One 10 (6), e0129238. doi:10.1371/journal.pone.0129238
 Maiorino, M. I., Bellastella, G., Esposito, K., and Giugliano, D. (2017). Premixed insulin regimens in type 2 diabetes: pros. Endocrine 55 (1), 45–50. doi:10.1007/s12020-016-0917-6
 Paez, J. L., Doiny, D., Estrada, A., Figueroa, J., Filgueiras-Rama, D., and Merino, J. L. (2013). Dronedarone: an option in the treatment of ventricular arrhythmias. Rev. Espanola Cardiol. 66 (8), 668–670. doi:10.1016/j.rec.2013.02.008
 Qiu, J. D., Wang, R., Liang, R. P., and Xia, X. H. (2009). Electrochemically deposited nanocomposite film of CS-Fc/Au NPs/GOx for glucose biosensor application. Biosens. Bioelectron. X. 24 (9), 2920–2925. doi:10.1016/j.bios.2009.02.029
 Ravaine, V., Ancla, C., and Catargi, B. (2008). Chemically controlled closed-loop insulin delivery. J. Control. Release 132 (1), 2–11. doi:10.1016/j.jconrel.2008.08.009
 Sarode, B. R., Kover, K., Tong, P. Y., Zhang, C., and Friedman, S. H. (2016). Light control of insulin release and blood glucose using an injectable photoactivated depot. Mol. Pharm. 13 (11), 3835–3841. doi:10.1021/acs.molpharmaceut.6b00633
 Schmidt, S., Uhlig, K., Duschl, C., and Volodkin, D. (2014). Stability and cell uptake of calcium carbonate templated insulin microparticles. Acta Biomater. 10 (3), 1423–1430. doi:10.1016/j.actbio.2013.11.011
 Shah, A. R., and Wu, R. (2022). “Disparities in diabetes-related retinal disease and approaches to improve screening rates,” in A practical guide to diabetes-related eye care (Arlington (VA): American Diabetes Association), 16–19.
 Shao, J., Feng, L., Zhao, Q., Chen, C., Li, J., Ma, Q., et al. (2021). Erythrocyte-mimicking subcutaneous platform with a laser-controlled treatment against diabetes. J. Control. Release 341, 261–271. doi:10.1016/j.jconrel.2021.11.021
 Solimena, M., and Speier, S. (2010). Insulin release: shedding light on a complex matter. Cell Metab. 12 (1), 5–6. doi:10.1016/j.cmet.2010.06.002
 Wu, Q., Wang, L., Yu, H., Wang, J., and Chen, Z. (2011). Organization of glucose-responsive systems and their properties. Chem. Rev. 111 (12), 7855–7875. doi:10.1021/cr200027j
 Xia, D., He, H., Wang, Y., Wang, K., Zuo, H., Gu, H., et al. (2018). Ultrafast glucose-responsive, high loading capacity erythrocyte to self-regulate the release of insulin. Acta Biomater. 69, 301–312. doi:10.1016/j.actbio.2018.01.029
 Xing, Q., Eadula, S. R., and Lvov, Y. M. (2007). Cellulose fiber-enzyme composites fabricated through layer-by-layer nanoassembly. Biomacromolecules 8 (6), 1987–1991. doi:10.1021/bm070125x
 Yoshida, K., Hashide, R., Ishii, T., Takahashi, S., Sato, K., and Anzai, J. (2012). Layer-by-layer films composed of poly(allylamine) and insulin for pH-triggered release of insulin. Colloids Surfaces B Biointerfaces 91, 274–279. doi:10.1016/j.colsurfb.2011.11.017
 Yu, G., Zhang, M., Gao, L., Zhou, Y., Qiao, L., Yin, J., et al. (2022). Far-red light-activated human islet-like designer cells enable sustained fine-tuned secretion of insulin for glucose control. Mol. Ther. 30 (1), 341–354. doi:10.1016/j.ymthe.2021.09.004
 Zhang, Y., Xiong, G. M., Ali, Y., Boehm, B. O., Huang, Y. Y., and Venkatraman, S. (2021). Layer-by-layer coated nanoliposomes for oral delivery of insulin. Nanoscale 13 (2), 776–789. doi:10.1039/d0nr06104b
 Zheng, C., Ding, Y., Liu, X., Wu, Y., and Ge, L. (2014). Highly magneto-responsive multilayer microcapsules for controlled release of insulin. Int. J. Pharm. X. 475 (1-2), 17–24. doi:10.1016/j.ijpharm.2014.08.042
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Yang, Wang, Yuan, Zhu, Chen and Xia. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fbioe-10-996763-g005.gif





OPS/images/fbioe-10-996763-g006.gif





OPS/images/fbioe-10-996763-g003.gif





OPS/images/fbioe-10-996763-g004.gif





OPS/images/math_qu1.gif
Drugloading content (%) =~ o e e SO o 100





OPS/images/math_qu2.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Glucose-activatable insulin delivery with charge-conversional polyelectrolyte multilayers for diabetes care		Introduction

		Materials and methods		Materials and animals

		Synthesis of charge-shifting anionic polymers

		Preparation of premixed LbL-INS microcapsules

		Scanning electron microscopy and zeta potentials

		Drug loading content

		Release rate tests

		In vitro testing of release behavior of mmLbL-INS microspheres and fluorescence microscopy analysis

		In vivo oral glucose tolerance test in STZ diabetic rats

		Long-term effect of mmLbL-INS microspheres

		Hematological indices

		Blood biochemistry index

		Statistical analysis





		Results		Preparation of LbL-INS microspheres

		In vitro testing of glucose-activated release behavior

		Release mechanism and charge-shifting effect

		In vivo OGTT result

		mmLbL-INS microspheres control hyperglycemia in diabetic rats

		Biosafety of mmLbL-INS microspheres





		Discussion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Bioengineering and Biotechnology






OPS/images/fbioe-10-996763-g001.gif
A CaCOsINS ,  Anionic polymer . -PAH madified mesnmsvs-

200 .€

— Charge siftng





OPS/images/fbioe-10-996763-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers i

Bioengineering and Biotechnology





