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Introduction: Hyaluronic acid (HA) is a crucial biological molecule whose diverse functions are strongly influenced by its molecular weight. In particular, low molecular weight HA (LMW-HA) fragments—such as HA60 (average 60 kDa), HA35 (average 35 kDa), and HA24 (average 24 kDa)—exhibit enhanced tissue permeability and unique interactions with cell surfaces compared to high molecular weight HA (HMW-HA). This study investigates the size-dependent aggregation effects of LMW-HA on erythrocytes and examines the implications for bioactivity, quality control, and therapeutic applications.Methods: We investigated the effects of LMW-HA fragments on erythrocyte aggregation across molecular sizes using erythrocyte sedimentation rate (ESR) assays, CD44 receptor blocking assays, and molecular weight assessment via gel electrophoresis and GPC-MALLS. LMW-HA samples were applied at varying concentrations to measure their binding affinity to erythrocytes, while CD44 antibodies were used to assess receptor involvement. Species-specificity of aggregation was examined by comparing erythrocytes from different animals.Results: LMW-HA induced erythrocyte aggregation in a size-dependent manner, with HA60 exhibiting the strongest binding affinity, followed by HA35 and HA24. Aggregation was partially reversible and could be inhibited by CD44 antibodies, indicating a receptor-mediated interaction. Minimum effective concentrations for aggregation were inversely related to molecular weight, with lower molecular weight fragments requiring higher concentrations. Species-specific effects were also observed, highlighting variations in erythrocyte-HA interactions across different animals.Discussion: The study suggests that LMW-HA facilitates erythrocyte aggregation through CD44-mediated binding, offering insights into HA’s role in erythrocyte physiology and its effects on blood rheology. The findings support the potential of LMW-HA for therapeutic applications in pain and inflammation management, given its enhanced tissue permeability and reversible interaction with erythrocytes. Additionally, the size-dependent aggregation provides a valuable parameter for quality control, enabling consistency in LMW-HA products. These results underscore the importance of molecular weight in determining HA’s physiological and pharmacological activity, paving the way for further clinical research to confirm species-specific effects and optimize safe therapeutic uses of LMW-HA.Keywords: hyaluronan (HA), low molecular weight HA (LMW-HA), red blood cell aggregation, biological activity, binding capacity
1 INTRODUCTION
HA is a viscous polysaccharide with high water retention and rheological properties (Li et al., 2025). It is composed of repeating disaccharide units of N-acetylglucosamine and glucuronic acid, forming HA of different molecular weights (Li et al., 2025; Jia et al., 2023). The physical properties of HMW-HA make it widely used in cosmetic fillers and knee joint injections (Iaconisi et al., 2023). With the advancement of research into the biological activities of HA, the scientific community has gradually recognized its deeper value. The naked mole rat has a HA content of up to 6% (Kulaberoglu et al., 2019), which contributes to several remarkable physiological traits, including an exceptionally long lifespan of over 30 years (Ruby et al., 2018), cancer resistance throughout its life, pain insensitivity, and low susceptibility to inflammatory diseases (Smith et al., 2011; Seluanov et al., 2018; Tian et al., 2013; Takasugi et al., 2020; Cowman et al., 2015; Kobayashi et al., 2020). These unique characteristics are thought to be closely linked to the high expression of HA synthase 2 (Has2) in the species. Research from the University of Rochester (Zhang et al., 2023) demonstrated that introducing the naked mole rat’s Has2 gene into regular mice significantly extended their lifespan and enhanced their resistance to cancer and inflammatory diseases, suggesting that Has2 may function as a longevity gene. Has2 is primarily responsible for synthesizing HMW-HA (Tian et al., 2013), which can be broken down by hyaluronidase into LMW-HA and its fragments, resulting in a wide range of HA molecular weights in the body, from oligomers to polymers in the millions of Daltons (Zhang et al., 2023).
Studies have shown that HA’s biological function is closely tied to its molecular weight and tissue permeability (Garantziotis and Savani, 2019; Cyphert et al., 2015; Marcellin et al., 2014; Ghosh et al., 2014; Campo et al., 2012). Our clinical research found that a highly purified, endotoxin-free 35 kDa LMW-HA fragment (HA35) derived from human colostrum (Jia et al., 2023; Gantumur et al., 2024) exhibits significant analgesic effects on inflammatory and neuropathic pain (Xu et al., 2024), while also effectively reducing wound swelling (Treger et al., 2024). Further studies revealed that HA35 produces analgesic effects similar to those of HMW-HA by inhibiting the activation of the capsaicin receptor TRPV1 channel (Caires et al., 2015; de la Peña et al., 2016), thereby reducing calcium ion (Ca2+) influx and alleviating skin inflammation (Shen et al., 2015). Given these findings, HA35, with its high purity and endotoxinfree nature, may offer similar biological activity to HMW-HA but with even greater therapeutic potential.
Additionally, research indicates that HA’s biological activity is linked to its interactions and binding forces between cells (Lesley et al., 2004; Zheng et al., 2023; Dovedytis et al., 2020). HA facilitates cell adhesion and movement by activating CD44 receptors on the cell surface (Johnson et al., 2018), accelerating the migration of cells, including endothelial cells, to wound sites (Solis et al., 2012). Moreover, HA interacts with various receptors, such as CD44, LYVE-1, and TLR2, to regulate the migration and secretion of immune cells, including neutrophils, macrophages, and microglial cells (Zheng et al., 2023). It also aids in the removal of lymphocytes and facilitates lymphatic fluid recirculation by binding to lymphocytes and lymphatic endothelial cells, thus reducing inflammation-induced swelling (Zhang et al., 2022). These studies suggest that HA’s biological activity is deeply connected to its ability to bind and interact with cell surfaces.
In this study, we unexpectedly discovered that specific molecular weights of LMW-HA can induce red blood cell aggregation, with the minimum concentration required for this effect varying by molecular weight. Red blood cells, despite lacking a nucleus, express high levels of CD44 on their surface, allowing them to play a role in immune responses and antigen recognition (Klei et al., 2020; Flormann et al., 2017; Lazari et al., 2020). Red blood cell aggregation is a critical factor in circulation and can affect blood flow and inflammatory responses. While Red blood cells are underexplored as a model for cell surface interaction studies (Flormann et al., 2017; Gillespie and Doctor, 2021; Barshtein et al., 2022). This research advances our understanding of how HA molecular weight influences erythrocyte aggregation and CD44-mediated interactions, offering insights into HA’s role in erythrocyte physiology and its potential therapeutic applications in inflammatory and vascular conditions.
2 MATERIALS AND METHODS
2.1 Experimental samples
Forearm venous blood was obtained from 10 healthy volunteers at 24 ± 4 years and collected using a 2 mL ESR tube (Kang Weishi, China) with a blood-to-sodium citrate ratio of 4:1. The protocol was formally reviewed and approved by the Ethics Committee of Qingdao Agriculture University (approval no. 2020-008), and written informed consent for the collection of human blood samples was obtained from all 10 volunteers in accordance with the Declaration of Helsinki.
Adult male beagles weighing 7 ± 2 kg (Qingdao Bolong Experimental Animal Co., Ltd., China) and twelve-week-old male BALB/c mice (Beijing Viton Lever Experimental Animal Technology Co., Ltd., China) were housed in a filter roof cage (22°C–24°C) in an animal hospital and given free access to food and water. The protocol was approved by the Qingdao Agricultural University Animal Resources Committee (QAUAR) and complies with FDA and NIH animal care guidelines (approval no. 2020-008). The beagles (n = 10), BALB/c mice (n = 30), bovine and sheep (n = 6) were fed and watered normally before the experiment, and blood was collected from the forelimb vein in the case of the beagles and tail vein in the case of the BALB/c mice, and jugular vein in the case of the bovine and sheep. A uniform collection method was used for all venous blood samples, utilizing a 2 mL ESR tube (Kang Weishi, China) with a blood-to-sodium citrate ratio of 4:1.
2.2 Preparation and detection of HA and HA fragments of different molecular weights
2.2.1 Sources of HA with different molecular weights
HA60, HA300, and HA1600 were all purchased from Bloomage Biotech and obtained through microbial fermentation technology, with molecular weight ranges of 20–80 kDa, 300–400 kDa, and 1,000–1700 kDa, respectively. HA60 and HA300 are cosmetic grade, while HA1600 is injection grade, and all have a factory-tested purity of ≥95%. The LMW-HA HA24 (molecular weight range 20–40 kDa, purity 95%) and HA35 (molecular weight range 10–70 kDa, purity 95%) were obtained from Shaoxing Huihui Technology Co., Ltd. And prepared as follows. Additionally, the molecular weight ranges of all five HA samples used in this study were verified using agarose gel electrophoresis.
Five hundred milligrams of HA with a molecular weight of 1,600 kDa and 25 mL of ultrapure water were added to two sterile centrifuge tubes at a concentration of 20 mg/mL and repeatedly shaken and mixed until all the HA had dissolved. Then, 3 M MgCl2 and 5 M NaCl were added to final concentrations of 1 mM and 85 mM, respectively, to adjust the osmotic pressure. After repeated stirring, LHyal (Jiangnan University, provided by Prof. Jin Jian and Kang Zhen) with an initial activity of 4,300,000 U/mL was added to a final concentration corresponding to an activity of 2,500,000 U/g. rHuPH20 or SPAM1 (Shaoxing Huihui Technology Co., Ltd., China) with an initial activity unit of 27,000 U/mL was then added to a final activity of 20,000 U/g. The centrifuge tubes were placed in a shaker at 37°C for 6 h, followed by incubation in a water bath at 85°C for 45 min to inactivate rHuPH20. The tubes were filtered through a 220 nm membrane (Millipore, United States) and stored in a −20°C freezer.
2.2.2 Agarose gel electrophoresis
A 1% agarose gel and 1× TBE (Solarbio, China) were used to dissolve the proteins. All samples were diluted to a final concentration of 5 mg/mL. The diluted samples were mixed 4:1 with a loading buffer. Electrophoresis was conducted at 80 V for 1 h until the sample band was visible, and the 1% agarose gel was photographed in a bright location (Jia et al., 2023; Gantumur et al., 2024).
2.2.3 Gel permeation chromatography - Multi angle laser light scattering (GPC-MALLS)
Online GPC-MALLS and a refractive index detector (RID) were used to analyze the molecular weights of the samples. (1) The following chromatographic equipment and conditions were used: a GPC unit infusion pump (Waters model 515, United States), an eighteenangle laser light scatterer (Wyatt Dawn Heleos II, United States), a differential refractive index detector (Optilab Trex, United States). The chromatographic column ShodexOHpak SB-806HQ tandem SB-804HQ (8.0 mm × 300 mm, 13 μm), a mobile phase consisting of ultrapure water (0.02% sodium azide), 220 nm membrane filtration, a pH of 6, a flow rate of 1.0 mL/min, a column temperature of 40°C, an injection volume of 100 μL, and a MW measurement range of 200–109 Da (2) To determine the relative molecular mass of each sample, an appropriate amount of sample was weighed to prepare a 1 mg/mL polysaccharide solution, which was filtered for HPLC analysis. (3) To determine the molecular mass distribution, the mass concentration and light scattering intensity at different angles were measured by RID and a laser detector, respectively. The refractive index increment (dn/dc) value was 0.138. The molecular mass distribution maps of the test samples were obtained using the data processing software ASTRA (Jia et al., 2023; Gantumur et al., 2024).
2.3 Red blood cell agglutination assay
After cell aggregates are formed, cells exist in one of the four following states: individual cells, small cell aggregates containing 8–10 individual cells, large cell aggregates containing at least ten individual cells, or large clumps of severely deformed cells. One to 2 mL of fresh human, beagle, and BALB/c mouse venous blood was collected and mixed with HA24, HA35, HA60, HA300, and HA1600 to final concentrations of 12.00, 6.00, 3.00, 1.50, 0.75, 0.375, and 0.1875 mg/mL, respectively. Erythrocyte smears were prepared, and the saline group was used as a control. The effects of HA24, HA35, HA60, HA300, and HA1600 on the erythrocytes in erythrocyte smears were observed against a black background using a 2016 model microscope (Harbin Kangbang Black Background Optical Instrument Co., Ltd., China) equipped with a 10× eyepiece and a ×4 objective lens. Each experimental condition was repeated six times, with cells counted in each experiment, and the entire experiment was repeated six times to reduce random errors.
2.4 Antibody blockade studies
HA24, HA35, and HA60 were mixed with fresh human venous blood to a final concentration of 1.5 mg/mL to prepare erythrocyte smears. Observation and verification of HA35-induced erythrocyte agglutination were carried out by placing cell smears under a black background and viewing the samples by microscopy. Anti-human CD44 antibody (Abcam, United Kingdom) and rabbit IgG polyclonal isotype control (Abcam, United Kingdom) were then mixed with fresh human venous blood to a final concentration of 10 μg/mL. The mixture was incubated at 37°C for 25 min, and HA24, HA35, and HA60 were then added to final concentrations of 6.00 mg/mL, 1.50 mg/mL, and 0.375 mg/mL, respectively. Erythrocyte stained slices were prepared, and the degree to which erythrocyte agglutination was blocked by anti-human CD44 antibody was examined against a black background using a 2016 model microscope (Harbin Kangbang Black Background Optical Instrument Co., Ltd., China) equipped with a 10× eyepiece and a ×4 objective lens.
The degree of erythrocyte agglutination blockade was calculated with the following formulas to calculate the percentage of cells present as individual cells (ic%), the percentage of cells present as small cell clumps (sa%), and the percentage of cells present as large cell clumps (la%) (Xu et al., 2022).
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where a denotes the number of cells present as a single cell or in a cell aggregate, b denotes the number of small cell aggregates, and c denotes the number of large cell aggregates. Under each condition, the experiment was repeated three times, and the average and standard deviation were calculated, with a higher standard deviation demonstrating a wider range out of the mean value and a smaller standard deviation demonstrating experimental values close to the mean value.
2.5 Study of the sedimentation rate and molecular weight of canine erythrocytes
In this study, ESR analysis was primarily conducted on canine blood samples due to the relative stability of canine erythrocytes in sedimentation assays and their frequent use in pharmacological studies (Diamanti et al., 2025; Hasiwa et al., 2011). While HA-induced erythrocyte aggregation was evaluated across multiple species, ESR was not measured in all species, as interspecies differences in blood rheology could introduce variability unrelated to HA-induced aggregation.
To assess the relationship between molecular weight and sedimentation rate, HA24, HA35, and HA60 were added to freshly collected venous blood from beagles at final concentrations of 3.00, 1.50, and 0.75 mg/mL, respectively. A 400 μL aliquot of each mixture was then transferred into a Westergren tube and left undisturbed for 25 min (Kratz et al., 2017). The sedimentation distance of erythrocytes was recorded, and the ESR was calculated. To minimize random errors, each experimental condition was repeated five times, and the results were averaged.
Furthermore, to validate the molecular weight and sedimentation rate relationship, six batches of HA35 for injection were mixed with freshly collected beagle venous blood at the target HA35 concentration. The mixed blood (400 μL) was then aspirated into a blood sedimentation tube and allowed to rest for 25 min. The resulting sedimentation was measured to calculate the ESR, ensuring consistency in the molecular weight and sedimentation rate range across different batches.
2.6 Statistical analysis
The data are expressed as the mean ± SD, and statistical analysis was performed using GraphPad Prism 6.0. For comparing the means among multiple groups, a one - way analysis of variance (ANOVA) was conducted. When the ANOVA result was significant, Tukey’s post-hoc test was used to determine which specific groups differed from each other. P > 0.05 (ns) indicated that a difference was not statistically significant. Differences for which p < 0.05 were considered statistically significant, those for which p < 0.01 were considered highly statistically significant, and p < 0.001 were considered extremely statistically significant.
3 MANUSCRIPT FORMATTING
3.1 Molecular weights of HA and HA fragments with different sizes
3.1.1 Agarose gel electrophoresis
Figure 1 shows the electrophoretic analysis of hyaluronan samples arranged from left to right as follows: HA1600 (lane 1), HA300 (lane 2), HA50 (lane 3, a 50 kDa standard with a molecular weight range of 20–80 kDa, purity 95%), HA60 (lane 4), HA35 (lane 5), HA24 (lane 6), and HA10 (lane 7, a 10 kDa standard, purity 95%). The molecular weight range for each sample is inferred from its migration relative to the standards. The bands for HA24 (lane 6) and HA35 (lane 5) are short and concentrated, indicating that these LMW-HA fragments—manufactured using LHyal and rhuPH20—have a narrow molecular weight distribution and high purity. In contrast, the extended band for HA60 (lane 4) suggests that the physical and chemical cutting method produced a broad molecular weight distribution, rendering the product less optimal. Additionally, the high molecular weight of HA1600 (lane 1) hindered its migration through the gel, and HA300 (lane 2) also exhibited limited mobility due to its relatively large size. Notably, comparison of HA24 and HA35 reveals that HA35, produced by rhuPH20 cleavage of the 1,600 kDa HA, has a larger molecular weight than HA24, which was generated by LHyal cleavage. These findings confirm that the molecular weights of LMW-HA fragments vary depending on the hyaluronidase employed, consistent with previous findings (Jia et al., 2023).
[image: Figure 1]FIGURE 1 | Comparison of the molecular weights of hyaluronan species and hyaluronan fragments by electrophoresis. Note: From left to right, HA1600 (lane 11,600 kDa molecular weights HA), HA300 (lane 2, 300 kDa molecular weights HA), HA50 (lane 3, 50 kDa molecular weights HA standard, Sigma), HA60 (lane 4, 60 kDa molecular weights HA), HA35 (lane 5, 35 kDa molecular weights HA), HA24 (lane 6, 24 kDa molecular weights HA), and HA10 (lane 7, 10 kDa molecular weights HA standard, Creative PEG Works).
3.1.2 Multi-angle light scatter gel permeation chromatography (MALLS-GPC)
We determined the molecular weights of HA24, HA35, HA60, HA300, and HA1600 by the GPC three times. As shown in Table 1, the average molecular weight of HA24 was 20.9 kDa, with a coefficient of variation of 5.53%. The average molecular weight of HA35 was 32.3 kDa, with a coefficient of variation of 4.41%. The average molecular weight of HA60 was 62.9 kDa, with a coefficient of variation of 6.24%. The average molecular weight of HA300 was 356.9 kDa, with a coefficient of variation of 5.92%. The average molecular weight of HA1600 was 1,527.5 kDa, with a coefficient of variation of 8.27%. The average molecular weight of HA1600 was 1,527.5 kDa, with a coefficient of variation of 8.27%. The experimentally determined molecular weights were consistent with the visible effects observed by electrophoresis, and the coefficients of variation were less than 10%.
TABLE 1 | Molecular weights of five hyaluronan species determined by the GPC-MALLS method.
[image: Table 1]3.2 Relationship between the molecular weight of HA fragments and the induction of erythrocyte agglutination in humans, beagles, and BALB/c rats
The state of red blood cells in normal blood is shown in Figure 2A: the cells exist independently and do not form aggregates. In this study, HA was found to induce the agglutination of red blood cells (namely, erythrocyte rouleaux formation) in animal blood. Hyaluronan of different molecular weights induced erythrocyte rouleaux formation at certain concentrations (Figures 2Ac, d). HMW-HA caused severe erythrocyte rouleaux formation (Figures 2Ac, d). This suggests that LMW-HA fragments of different molecular weights induced erythrocyte rouleaux formation by binding to or acting at the surface of red blood cells.
[image: Figure 2]FIGURE 2 | (A) Aggregation of human erythrocytes induced by different concentrations of hyaluronan. Note: The magnification is ×40. (a) The red blood cells from fresh blood in a normal state present as individual cells. (b) Erythrocytes contained in small agglomerates of 8–10 individual cells in a “curved coin roll” state. (c) Erythrocytes contained in large clumps of at least 10 single cells in a “curved coin roll” agglutination state. (d) The state of the cell when it is severely deformed. (B) Scatterplots of five hyaluronan species concentrations that induced the agglutination of erythrocytes from different animals. Note: These data represent five independent experiments, each conducted with six replicates. Specifically. (a) Minimum concentrations of HA24, HA35, HA60, HA300, HA1600 that induced the agglutination of human erythrocytes (n = 6). (b) Minimum concentrations of HA24, HA35, HA60, HA300, and HA1600 that induced the agglutination of beagle erythrocytes (n = 6). (c) Minimum concentrations of HA24, HA35, HA60, HA300, and HA1600 that induced the agglutination of BALB/c mouse erythrocytes (n = 6).
This research collected fresh venous blood from humans, beagles, and BALB/c mice and reacted it with HA24, HA35, and HA60. The three LMW-HA fragments had different minimum concentrations to induce erythrocyte rouleaux formation were different (Table 2). The lowest concentrations of each hyaluronan species required to induce erythrocyte rouleaux formation in different animals over five experiments (n = 6 per experiment) are shown in Figure 2B. When analyzing the scatter plot in Figure 2B alongside the summarized results in Table 2, we observe the following: For humans, the lowest concentrations and corresponding proportions at which HA24, HA35, and HA60 significantly increased erythrocyte rouleaux formation were 6.0 mg/mL (70%), 1.5 mg/mL (66.7%), and 0.375 mg/mL (73.3%), respectively. In beagles, these values were 3.0 mg/mL (66.7%), 1.5 mg/mL (70%), and 0.75 mg/mL (60%), while in BALB/c mice, they were 6.0 mg/mL (53.3%), 1.5 mg/mL (70%), and 0.75 mg/mL (53.3%). Unlike the irregular pattern observed in the lowest concentrations at which HA300 and HA1600 induce erythrocyte aggregation, we identified a negative correlation between the molecular weights of HA24, HA35, and HA60 and the minimum concentration required to induce erythrocyte aggregation by comparing the lowest concentrations at which the highest proportion of erythrocyte rouleaux formation occurred for LMW-HA fragments (Figure 3). In other words, the smaller the molecular weight, the higher the concentration needed to trigger erythrocyte aggregation. This difference is even more pronounced when expressed in terms of molecular concentration. The combined results showed a negative correlation between the molecular weights of HA24, HA35, and HA60 and the lowest concentration at which these LMW-HA fragments induced erythrocyte rouleaux formation in humans, beagles, and BALB/c rats (Figure 3). That is, the smaller the molecular weight, the greater the concentration required to induce erythrocyte aggregation. LMW-HA fragments induced the formation of relatively short erythrocyte rouleaux formation chains (Figures 2Ab) and did not cause erythrocyte rouleaux formation in fresh blood from cattle and sheep (Table 2). The results indicate that the phenomenon of LMW-HA-induced red blood cell aggregation not only exhibits species-specificity, but the aggregation is also not caused by the physical viscosity of LMW-HA.
TABLE 2 | Minimum concentrations of five hyaluronan species that induced human and difference animals erythrocyte rouleaux formation.
[image: Table 2][image: Figure 3]FIGURE 3 | The correlations between molecular weight and concentration required to induce erythrocyte rouleaux formation from animals. Note: (A) Curve showing the negative correlation between the lowest concentrations of HA24, HA35, and HA60 that induced human erythrocyte rouleaux formation and molecular weight. The equation of the negative correlation curve is y = −0.1458x + 8.5547. (B) Curve showing the negative correlation between the lowest concentrations of HA24, HA35, and HA60 that induced beagle erythrocyte rouleaux formation and molecular weight. The equation of the negative correlation curve is y = −0.0601 + 4.1926. (C) Curve showing the negative correlation between the lowest concentrations of HA24, HA35, and HA60 that induced BALB/c mouse erythrocyte rouleaux formation and molecular weight. The equation of the negative correlation curve is y = −0.1344x + 8.2136.
3.3 Effect of erythrocyte rouleaux formation blockade
Studies have shown that the CD44 protein is the primary hyaluronan receptor expressed on the surface of erythrocytes. Therefore, the relationship between intercellular forces and HA receptors was indirectly studied at the cellular level. As shown in Figure 4, HA24-, HA35-, and HA60-induced erythrocyte rouleaux formation in human fresh blood (a-1, b-1, c-1) was partially blocked by 10 μg/mL anti-human CD44 antibody (a-2, b-2, c-2). Conversely, erythrocyte rouleaux formation induced by HA24, HA35, and HA60 in human fresh blood (a-1, b-1, c-1) was not inhibited by 10 μg/mL of anti-rabbit CD44 antibody (a-3, b-3, c-3).
[image: Figure 4]FIGURE 4 | Antibody blockade of erythrocyte rouleaux formation induced by three LMW-HA fragments species. Note: The magnification is ×40. (A–C) LMW-HA fragments HA24, HA35, HA60. (a-1), (b-1), (c-1) Erythrocyte agglutination was induced by 6 mg/mL HA24, 1.5 mg/mL HA35, 0.375 mg/mlHA60; (a-2), (b-2), (c-2) 10 μg/mL anti-human CD44 antibody was incubated with erythrocytes for 25 min before the addition of 6 mg/mL HA24, 1.5 mg/mL HA35, 0.375 mg/mlHA60; (a-3), (b-3), (c-3) 10 μg/mL rabbit IgG polyclonal isotype control was incubated with erythrocytes for 25 min before the addition of 6 mg/mL HA24, 1.5 mg/mL HA35, 0.375 mg/mL HA60.
As shown in Figure 5A, at 6 mg/mL HA24, sa% decreased from 75.4% to 30.6%, and the rouleaux formation rate decreased by 44.8% (P < 0.001). When HA35 was applied at 1.5 mg/mL, sa% decreased from 73% to 32%, and the rouleaux formation rate decreased by 41% (Figure 5B, P < 0.001). HA60 at a concentration of 0.375 mg/mL showed less effective blocking, causing a decrease in sa% from 71.4% to 58.2% and a decline in rouleaux formation rate of only 14.2% (Figure 5C, P < 0.05). The rabbit IgG polyclonal isotype control did not block rouleaux formation (Figures 5A–C, P > 0.05).
[image: Figure 5]FIGURE 5 | Rates at which antibodies blocked erythrocyte rouleaux formation induced by three LMW-HA formation. Percentage of cells in different states after the addition of 10 μg/mL anti-human CD44 antibody and rabbit IgG polyclonal isotype control compared to HA24 only. (B) Antibody blockade rate for HA35-induced erythrocyte rouleaux formation. Percentage of cells in different states after the addition of 10 μg/mL anti-human CD44 antibody and rabbit IgG polyclonal isotype control compared to HA35 only. (C) Antibody blockade rate for HA60-induced erythrocyte rouleaux formation. Percentage of cells in different states after the addition of 10 μg/mL anti-human CD44 antibody and rabbit IgG polyclonal isotype control compared to HA60 only. Values are presented as the means ± SDs. Analysis of variance was carried out with Tukey’s test. The increase in ic% is the blockade rate for the single-cell state. Anti-human CD44 antibody: ****Comparison between two groups, p < 0.001 (n = 5). The increase in sa% is the blockade rate of the “curved coin roll” state consisting of groups of 8–10 individual cells. Anti-human CD44 antibody: ****Comparison between two groups, p < 0.001 (n = 5). The increase in la% is the blockade rate of the “curved coin roll” state consisting of groups of at least 10 single cells.
3.4 The molecular weights of LMW-HA fragments and canine red blood cell sedimentation rate
When fresh blood is at rest, red blood cells settle due to gravity (Figure 6A). HA24, HA35, and HA60 were mixed with fresh venous blood from beagles, and incubation at rest not only induced rouleaux formation but also accelerated erythrocyte settling (Figures 6Ab). We found with a Westergren tube assay that the degree to which erythrocyte sedimentation increased varied with the molecular weight of the hyaluronan (Figures 6Ac, d). As shown in Figures 6Ad, C, HA24, HA35, and HA60 induced erythrocyte rouleaux formation to varying degrees at percentage concentrations of 0.3% (3 mg/mL), 0.15% (1.5 mg/mL), and 0.075% (0.75 mg/mL). We used LMW-HA fragments at the lowest concentrations required to induce erythrocyte rouleaux formation as a reference standard. The lowest percentage concentration at which HA24 induced erythrocyte rouleaux formation in dogs was 0.3% (P < 0.05, Figures 6A, B). The average erythrocyte settling distance at 25 min was 2.14 cm, with a coefficient of variation of 24.1% (Figure 6C). The average settling rate was 5.13 mm/h, with a coefficient of variation of 11.3%. The lowest percentage concentration at which HA35 induced erythrocyte rouleaux formation in dogs was 0.15% (P < 0.001, Figures 6Aa, b). The average erythrocyte settling distance at 25 min was 2.40 cm, with a coefficient of variation of 29.6%, and the average settling rate was 5.76 mm/h, with an average coefficient of variation of 12.4%. The lowest percentage concentration at which HA60 induced erythrocyte rouleaux formation in dogs was 0.075% (P < 0.05, Figures 6Aa, b). The mean erythrocyte sedimentation distance at 25 min was 2.38 cm, the mean sedimentation rate was 5.71 mm/h, and the coefficient of variation was 23.8%. The mean sedimentation rates of HA24 and HA35 differed by less than 15%, indicating the reliability of our method. In contrast, the concentration range of HA60 fluctuated more than that of HA24 or HA35 because of its uneven molecular weight distribution.
[image: Figure 6]FIGURE 6 | (A) Patterns of erythrocyte sedimentation; (a) Red blood cell status and sedimentation with the addition of saline. (b) The status of erythrocytes when hyaluronan fragments were added and their sedimentation. (c) Diagram of the Westergren tube assay. (d) Erythrocyte sedimentation distances at 5 min for 0.15% HA24, HA35, HA60, HA300, and HA1600. 1-HA1600, 2-HA300, 3-HA60, 4-HA35, 5-HA24, and 6-saline. (B): Sedimentation distances and sedimentation rates; (a) Erythrocyte sedimentation distance induced by 0.3% HA24, 0.15% HA35, and 0.075% HA60. (b) ESR induced by 0.3% HA24, 0.15% HA35, and 0.075% HA60. Values are presented as the means ± SDs (n = 5). Sedimentation rate refers to the rate of decline per hour in the stationary state of erythrocytes. (C) The minimum concentrations of hyaluronan that induced erythrocyte rouleaux formation at 25 min.
To further validate that the red blood cell sedimentation rate can be used to detect the activity and quality of LMW-HA fragments as raw materials or products, six batches of HA35 injection were mixed with canine red blood cells and diluted to 1.5 mg/mL. The results of the experiment are shown in Figure 7. Among the six batches of HA35 injection, eighty percent gave a settling distance and settling rate within the standard variation for HA35-induced red blood cell sedimentation. Therefore, we could use a final concentration of 1.5 mg/mL HA fragment HA35 to test the quality of the product of HA35 or raw HA35 material. The following quality standards were required for the product of the HA fragment HA35 or the raw HA35 material produced in each batch: an induced red blood cell sedimentation distance between 2.10 and 2.70 cm and a sedimentation rate between 5.05 and 6.47 cm/h at a concentration of 1.5 mg/mL. Therefore, the relationship between the molecular weight and sedimentation rate of LMW-HA fragments could be used to assist in determining not only the molecular weight range of LMW-HA fragments but also the degree of variation in the molecular weights of LMW-HA fragments from different batches. This method was shown to be effective for the quality control of products of the HA fragment HA35 and raw HA35 materials.
[image: Figure 7]FIGURE 7 | Settling distance, settling rate and molecular weight. (A) Sedimentation distance with erythrocyte sedimentation induced by six batches of HA35. The minimum settling distance in the presence of HA35 was 2.1 cm, and the maximum settling distance was 2.7 cm/h (n = 6). (B) Sedimentation rate with erythrocyte sedimentation induced by six batches of HA35. The minimum settling rate with HA35 was 5.05 cm/h, and the maximum settling rate was 6.47 cm/h (n = 6). (C) Molecular weight of six batches of HA35. M1: 50 kDa molecular weights hyaluronic acid standard (Sigma).
4 DISCUSSION
The binding strength and interactions of HA with various cell surfaces have highlighted its significance in the medical field (Lesley et al., 2004; Zheng et al., 2023; Dovedytis et al., 2020). Studies have shown that by regulating cell behavior, HA can significantly influence cell migration, and blocking key surface receptors such as CD44, LYVE-1, and RHAMM can inhibit this process (Misra et al., 2015; Chaudhry et al., 2021; Amorim et al., 2018; Merino-Casallo et al., 2022). HA has also demonstrated strong biological activity (Ye et al., 2024). For example, in regular mice genetically modified with the Has2 gene from the naked mole rat, the accumulation of HMW-HA significantly extended their lifespan (Zhang et al., 2023). However, while much research focuses on HMW-HA, low molecular weight HA35, derived from human colostrum (Hill et al., 2012; Hill et al., 2013; Bellar et al., 2019), has shown remarkable analgesic effects due to its excellent tissue permeability, high purity, and endotoxin free properties (Xu et al., 2024; Treger et al., 2024; Zhang et al., 2024; Dashnyam et al., 2023). This enhanced biological activity is likely due to HA35’s ability to promote neutrophil and lymphocyte migration, which reduces inflammation, redness, and pain (Gantumur et al., 2024). Additionally, HA35 alleviates pain by binding to the capsaicin receptor TRPV1 ion channel and inhibiting calcium (Ca2+) influx (Caires et al., 2015; de la Peña et al., 2016). Thus, HA’s biological activities are closely related to its binding strength and interactions with cell surfaces.
This capacity extends to red blood cell physiology, where HA’s interactions with erythrocytes unveil unique aspects of blood rheology and cell aggregation behaviors. Building on these findings, this study further investigates how different molecular weights of HA interact with red blood cells, revealing that HA can induce erythrocyte rouleaux formation (Jia et al., 2023; Baskurt and Meiselman, 2013). This phenomenon typically occurs under conditions that increase blood viscosity, such as low temperatures, hypoxia, or elevated concentrations of plasma proteins like fibrinogen and globulin, causing red blood cells to aggregate (Nader et al., 2019). Recent reports have documented an increased incidence of stroke and vascular occlusion associated with HA aggregation, particularly in aesthetic medicine applications such as dermal fillers. Cases of HA inadvertently entering the vascular system have led to severe complications, including retinal artery occlusion and ischemic stroke (Grzybinski and Temin, 2018; Turcza et al., 2025). Physiological aggregation is usually reversible, with red blood cells dispersing once conditions normalize. However, in pathological conditions such as inflammation, infection, or autoimmune diseases, red blood cell aggregation can become irreversible (Nader et al., 2019). This study indicates that LMW-HA-induced erythrocyte aggregation is reversible, the minimum effective concentration for erythrocyte aggregation increases as molecular weight decreases, and it can be partially blocked by exogenous CD44 antibodies (Kerfoot et al., 2008). Steven’s study suggests that the altered adhesion or aggregation tendency of red blood cells may be due to LMW-HA binding to CD44, which subsequently modifies the properties of the erythrocyte membrane and induces conformational changes (Kerfoot et al., 2008). CD44 is a primary HA receptor known to mediate cellular responses through structural alterations upon ligand binding (Misra et al., 2015; Chaudhry et al., 2021; Amorim et al., 2018). Other potential erythrocyte receptors, such as ICAM-4 (Ihanus et al., 2007) and integrin α4β1 (Durpès et al., 2011), may regulate erythrocyte aggregation through cooperative interactions with CD44. However, its binding affinity to HA requires further investigation using molecular docking and surface plasmon resonance (SPR) analysis, as well as validation through flow cytometry and co-immunoprecipitation assays. Preliminary CD44-blocking experiments indicate that HA interacts with red blood cells by binding to their surface and that different LMW-HA fragments exhibit varying binding capacities. Notably, the minimum concentration required for different LMW-HA fragments to induce red blood cell aggregation also varies. Unlike the irregular aggregation patterns seen with medium to HMW-HA in different animal species, LMW-HA shows more consistency in binding. Across different species (human, beagle dog, and mouse), HA60 consistently exhibited the strongest binding capacity, HA24 the weakest, and HA35 was intermediate.
The study found that LMW-HA did not exhibit similar binding or aggregation effects on bovine and ovine red blood cells, confirming the species specificity of LMW-HA (Guo et al., 2022) and suggesting that red blood cell aggregation is not driven by HA’s adhesive properties (Kerfoot et al., 2008). Unpublished clinical studies on HA35 have demonstrated its effectiveness in treating human intestinal obstruction, yet previous studies on HA35 in treating intestinal obstruction in 16 Beagle dogs showed minimal success (Wang et al., 2022). This highlights the potential species-specific nature of HA’s binding to cell surfaces or receptors, as well as its signaling and biological effects (Cowman et al., 2015; Kobayashi et al., 2020; Fraser et al., 1997). These findings suggest that the biological effects of LMW-HA may vary between humans and animals, or even among different animal species. In other words, while LMW-HA with good tissue permeability may hold therapeutic potential, its effects may differ across species, warranting further clinical research to confirm its efficacy. The inclusion of multiple species in this study was critical to assess the consistency and potential variability of LMW-HA interactions, as differences in erythrocyte surface receptors and plasma composition among species may influence aggregation behavior. These cross-species experiments not only highlight the translational relevance of our findings but also underscore the need to further investigate potential off-target effects that may arise due to interspecies differences.
Although LMW-HA promotes red blood cell aggregation, it does not trigger coagulation. This implies that, at certain concentrations, LMW-HA could offer a safer alternative to HMW-HA injections, with a lower risk of clotting-related complications. Additionally, animal experiments revealed that within 5 min of subcutaneous injection, 125I-labeled HA35 could be detected in the spleen and lymph nodes of mice (Gantumur et al., 2024), demonstrating excellent tissue permeability. Furthermore, HA24, HA35, and HA60 all passed through a 220 nm filter membrane without resistance (Gantumur et al., 2024), while medium-molecular-weight HA and HMW-HA could not pass through, even at the lowest concentrations. This further highlights the superior tissue permeability of LMW-HA. As a result, LMW-HA exhibits significantly better drugforming potential in vitro compared to HMW-HA. However, while this study preliminarily demonstrated that different molecular weights of LMW-HA have varying binding activities, further clinical studies, molecular imaging, TRPV1 calcium channel assays, and lymphatic transport tests are necessary to fully validate the specific biological activity and pharmaceutical potential of these molecules. This research offers a valuable foundation for determining the optimal molecular weight of LMW-HA for drug development.
This study also contributes an important reference for detecting and controlling the molecular weight range of LMW-HA. It is well known that methods for detecting HA include intrinsic viscosity, GPC, agarose gel electrophoresis, and GPC-MALLS (Wang et al., 2019). The intrinsic viscosity method, as outlined in the European Pharmacopoeia, is effective for measuring HMW-HA (Brûlé et al., 2021), but its accuracy is limited when measuring LMW-HA. In this study, we utilized gel electrophoresis and GPC-MALLS to determine the molecular weights of three LMW-HA types, revealing that red blood cell aggregation was related to both the molecular weight and the binding strength of the HA to cell surfaces. Specifically, the minimum concentration of LMW-HA required to induce red blood cell aggregation in different animals was negatively correlated with its molecular weight. Using the minimum concentration needed to induce aggregation in one animal’s red blood cells as a reference, we found that the variation in average sedimentation rate for HA24 at 3 mg/mL and HA35 at 0.15 mg/mL was less than 15%. This suggests that HA24 and HA35 obtained through enzymatic methods have high molecular weight purity, whereas HA60 produced through physical methods has lower purity (Valcarcel et al., 2020; Gottschalk et al., 2022). Comparing six batches of specific molecular weight products, we found that the minimum concentration to induce canine red blood cell aggregation, as well as the sedimentation distance and rate, remained within the standard variation range (Figure 7). Therefore, this study establishes a highly sensitive quality control method for monitoring the activity and molecular weight consistency of LMW-HA raw materials or products across different batches.
In conclusion, the results of this study suggest that the experimental methods used to assess the binding of differentsized LMW-HA to red blood cell surfaces could serve as an effective approach for evaluating their biological activity. However, in clinical applications, intravenous administration should be avoided to prevent rapid absorption or excessively high local concentrations, which may induce red blood cell aggregation. Subcutaneous or localized injections may represent safer and more effective methods of delivering LMW-HA (Xu et al., 2024; Treger et al., 2024). These findings provide a foundation for the further development of HA35 and HA60 as potential injectable or oral therapeutics.
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