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Abstract 

Objective  Graft rejection, with the possibility of a violent immune response, may be severe and life 
threatening. Our aim was to thoroughly investigate the biocompatibility and immunotoxicology of 
collagen-based dermal matrix (DM) before assessment in clinical trials. 

Methods  DM was subcutaneously implanted in BALB/c mice in two doses to induce a potential 
immune response. The spleen and lymph nodes were assessed for shape, cell number, cell phenotype 
via flow cytometry, cell activation via CCK8 kit, Annexin V kit, and Ki67 immunostaining. Serum samples 
were used to measure antibody concentration by enzyme-linked immunosorbent assay. Local 
inflammation was analyzed by histology and immunohistochemistry staining. Data analysis was 
performed by one-way ANOVA and non-parametric tests. 

Results  Our data illustrate that the spleen and lymph node sizes were similar between the negative 
control mice and mice implanted with DM. However, in the high-dose DM (DM-H) group, the total cell 
populations in the spleen and lymph nodes, T cells and B cells in the spleen had slight increases in 
prophase, and the low-dose DM (DM-L) group did not display gross abnormities. Moreover, DM-H 
initiated moderate cell activation and proliferation in the early phase post-immunization, whereas DM-L 
did not. Neither DM-H nor DM-L implantation noticeably increased IgM and IgG serum concentrations. 
Examination of the local cellular response revealed only benign cell infiltration and TNF-α expression in 
slides of DM in the early phase. 

Conclusion  Overall, DM-H may have induced a benign temporary acute immune response 
post-implantation, whereas DM-L had quite low immunogenicity. Thus, this DM can be regarded as a 
safe product. 
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INTRODUCTION 

mmune rejection is a reaction of the immune 
system that aims to resist foreign substances. 
Graft rejection consists of host versus graft 

reaction and graft versus host reaction, and the 
former is classified into hyperacute rejection, acute 
rejection, and chronic rejection[1]. Clinical 
hyperacute rejection generally leads to graft 
non-function, but in cardiac transplantation, its 
occurrence may cause death[2-3]; acute rejection is 
the most common reaction, manifesting as a sudden 
graft function deterioration, whereas chronic 
rejection is characterized by graft fibrosis and 
dysfunction[4-5]. Tissue matching before 
transplantation[6], immunosuppressive therapy[7-8], 
and immunological monitoring[9] are important and 
effective methods to avoid and lessen the chance of 
graft rejection in the clinic. For implantable 
biomedical devices, biocompatibility and 
immunotoxicology evaluations in animals are 
regarded as another effective strategy to reduce 
adverse effects in the clinic.  

Collagen is considered one of the most useful 
biomaterials and extensively applied in drug release 
systems and tissue repair[10]. It is widely applied in 
skin repair and reconstruction because collagen is 
the major constituent of the dermal matrix (DM) and 
has excellent biocompatibility, low immunogenicity 
and cytotoxicity, cell adhesion, biodegradability, and 
availability[11-12]. Nevertheless, for animal-sourced 
collagen, there exists a growing concern regarding 
transmissible diseases[13]. In addition, the purity of 
collagen, extraction methods, crosslinking methods, 
and implantation sites may complicate the 
immunogenicity of collagen[14]. It should be noted 
that an excessive immune response may destroy the 
body’s immune function and trigger immune toxicity, 
which could be life threatening. Therefore, 
immunological evaluations of any medical products 
based on collagen are essential and urgently needed.  

In previous studies[15-19], ex vivo and in vivo 
experiments were performed for the biological 
evaluation of biomaterials. In vitro tests mainly 
include assessments of cell attachment, cell 
proliferation, and cell apoptosis. For in vivo tests, 
enzyme-linked immunosorbent assay (ELISA) to 
determine antibody and cytokine levels and 
histological and immunohistochemistry staining are 
the primary measurements. Nonetheless, most 
researches only used at most two methods, and a 
comprehensive and systemic research scheme is 

lacking for the immunological evaluation of 
biomedical materials. Therefore, a scheme involving 
systematic and local responses, cellular and humoral 
immune responses, and innate and adaptive 
immunities was designed to investigate the 
biocompatibility and immunotoxicology of artificial 
dermal regeneration matrix in this study. This study 
was conducted based on ISO 10993 and the previous 
literature[20]. This investigation will aid in controlling 
adverse responses elicited by DM in the clinic and 
provide reference for immunogenicity evaluations of 
other biomedical materials.   

MATERIALS AND METHODS 

Materials and Animals 

The DM and positive control (PC), bovine tendon, 
used in this study were supplied by Shenzhen Lando 
Biomaterials Co. Ltd. This product is used to repair 
skin damaged by third-degree burns, cerebral 
surgeries, and dermal defects. This DM consists of 
two layers: the top layer is silicone and tears off after 
a period of time, whereas the bottom layer is an 
artificial collagen-based dermal regeneration matrix. 
The bottom layer is the research subject of this study. 
It is porous and fabricated with collagen (over 
95%)-chondroitin sulfate using a bionic design. 
Because chondroitin sulfate is favorable for cell 
adhesion, wound healing, and skin regeneration and 
because chondroitin sulfate is nonimmunogenic[21-22], 
the addition of chondroitin sulfate gives the DM a 
better degradation performance and 
thermodynamic property to enhance cell adhesion 
and proliferation. For collagen immunotoxicity 
control, three measures were taken: First, because 
telopeptides are among the antigenic determinants 
of collagen, the collagen used in this product was 
telopeptide-removed collagen; second, crosslinking 
by aldehydes to block antigens similar to α-Gal 
glycoprotein, which can trigger an acute immune 
rejection reaction; and third, high-temperature 
crosslinking was performed to remove resident DNA. 

All procedures performed in studies involving 
animals were in accordance with the Institutional 
Animal Ethics Committee of Peking University Health 
Science Center. A total of 100 BALB/c female mice 
(Beijing Vital River Laboratory Animal Technology Co., 
Ltd), aged 6 to 8 weeks old and with a weight of   
17-22 g, were used in this experiment. Five mice 
were allocated randomly to each group and each 
time point as duplicate samples. In this study, the 

I 
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experimental groups comprised the high-dose DM 
(DM-H) group and low-dose DM (DM-L) group. In 
addition, a group with no implant and another group 
with bovine tendon implants were set as the 
negative control (NC) group and PC group. 

DM-L was calculated based on the maximum 
dose typically applied in the clinic per time and the 
body surface area ratio of BALB/c mice to humans, 
and DM-H was 4-fold higher than DM-L. According to 
the Stevenson formula, body surface area (m

2
) = 

0.0061 × height + 0.0128 × weight - 0.1529. 
According to the Meeh-Rubner formula, animal body 

surface area   
    

    
, where K is a constant, K is 9.1 

for mice and rats, and W is the weight, in g. As a 
result, the area of DM-H and DM-L was 1.25 cm × 2.5 
cm and 1.25 cm × 0.625 cm, respectively. As DM is 
made of purified bovine tendon type I collagen, the 
PC group was implanted with unpurified bovine 
tendon to elicit an obvious immune response. The 
dose of bovine tendon was based on DM-H; thus, 
means DM-H and the dose of bovine tendon 
contained the same quantity of collagen to assure an 
intense immune response in the PC group. 

Surgeries 

Prior to each surgery, 0.5% (w/v) sodium 
pentobarbital (Sigma) in saline solution was injected 
intraperitoneally at 50 mg/kg to anesthetize mice. 
Mice were placed into a prone position to perform 
one implantation on one side of the spine. After 
being shaved, the skin was disinfected with 75% 
alcohol. A 1 cm cut was made through the skin, an 
implant (no implant for the NC group) was inserted 
into this incision, and the wound was closed with an 
absorbable PGA suture

[23-24]
. Each mouse was 

subcutaneously implanted three times in total, once 
each week. After three immunizations (same 
meaning as ‘mplantations’ in this study), the mice 
were kept for 7, 14, 30, 60, and 90 days before being 
sacrificed. At 3 days post-implantation, blood was 
collected in EP tubes after cutting the tails. On each 
harvesting day (days 7, 14, 30, 60, 90), blood was 
collected by extracting one eyeball before the mice 
were sacrificed. Serum and blood cells were 
separated by centrifugation at 10,000 rpm for 5 min, 
and then, serum was stored at -20 °C for antibody 
analysis. Following cervical dislocation, the skin at 
the defect sites was sheared and fixed in 4% 
paraformaldehyde for histological analysis. Under 
sterile conditions, the spleen and lymph nodes close 
to the wounds were extracted and immersed in 

sterile phosphate buffer solution (PBS) for further 
processing.  

Immune Organ Processing and Cell Counting 

The spleens and lymph nodes in the NC group, 
PC group, and each DM group were photographed. 
Cell suspensions were prepared by grinding the 
spleens and lymph nodes and filtering through 40 
μm cell strainers in an aseptic environment. 
Erythrocytes in spleen cells were lysed by adding red 
blood cell lysis buffer for 1 min before counting

[25]
. 

Following red blood cell lysis, splenic immune cells 
were collected by centrifuging at 800 rpm for 10 min. 
After resuspending in PBS, splenic immune cells 
were counted with an automatic blood cell counter. 
Lymph node cells were washed and then counted 
without lysis.  

Cell Identification and Flow Cytometry 

To identify and sort the specific cell populations 
by flow cytometry, a series of monoclonal antibodies 
(BD Biosciences), including anti-CD19 PE-Cy7, 
anti-TCR APC, anti-CD4 FITC, anti-CD8 PerCP, 
anti-CD11b FITC, and anti-Ki67 PE, were used to 
mark cells. Samples from splenic cells and lymph 
node cells were subjected to surface staining by 
incubating them with a specific antibody on ice for 
30 min in the dark

[26-27]
. Cell identification and 

sorting were conducted with a FACS Canto II and 
FACS Aria Cell Sorter. Data were analyzed with Flow 
Jo software. T lymphocytes, B lymphocytes, and 
myeloid cells were separated by incubating them 
with anti-TCR APC, anti-CD19 PE-Cy7, and 
anti-CD11b FITC. T lymphocytes were identified as 
CD4+ and CD8+ cells by incubation with anti-CD4 
FITC and anti-CD8 PerCP antibodies. CD19+ cells, 
CD4+ cells, and CD8+ cells were then incubated with 
anti-Ki67 PE to assess cell activation. 

Splenic Lymphocyte Proliferation and Apoptosis 

To evaluate lymphocyte proliferation, about 
2×10

5 
cells from one sample were added to 100 μL 

RPMI-1640 complete culture medium [containing 
10% fetal bovine serum (Corning) and 1% 
penicillin-streptomycin (Solarbio)]. Then, phorbol- 
12-myristate-13-acetate (PMA, Sigma) and ionomycin 
(Iono, Abcam) were added in 100 μL 1,640 complete 
culture medium to achieve a concentration of 200 
ng/mL and 2,000 ng/mL. After mixing the two 
solutions in each well, the plate was incubated at 37 
°C in a humidified atmosphere with 5% CO2 for 3 
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days. A Cell Counting Kit (CCK8 kit, Dojindo) was 
used to quantify cell proliferation. After carefully 
removing the upper cell culture medium, 10 μL CCK8 
and 90 μL 1,640 complete culture medium were 
added to each well. After 1 h of incubation, the cells 
in each well were mixed, and the absorbance was 
measured at 450 nm with a microplate reader. 

To quantitatively measure the 
activation-induced cell death of splenic lymphocytes, 
an Annexin-V-FLUOS Staining Kit (Roche) was 
employed

[28]
. The following steps were conducted 

according to the manufacturer’s specifications. 
Annexin-V-FLUOS label solution, which contains 
annexin-V-FLUOS, propidium iodide (PI), and HEPES 
buffer, was prepared. After incubation with PMA and 
Iono as in the proliferation assay, cells were washed 
twice with PBS and incubated with the 
annexin-V-FLUOS label solution in the dark at room 
temperature (RT). About 30 min later, cell 
suspensions were detected with FACS Canto II. 

ELISA 

The sera samples were analyzed with a double 
antibody sandwich ELISA to measure IgM and IgG 
concentrations. Microtiter 96-well plates were 
coated with 0.5 μg/mL goat anti-mouse IgG 
(Millipore)/rat anti-mouse IgM (BD Biosciences) and 
incubated at 4 °C overnight. The next day, the plates 
were washed with PBST (PBS containing 0.05% 
tween-20) three times

[29]
. Non-specific binding sites 

were blocked by 1% (w/v) bovine serum albumin 
(BSA) in PBS at RT for 2 h. Diluted test sera (10

5 

dilutions for IgG test and 10
4
 dilutions for IgM test) 

and double-diluted (maximum concentration was 
100 ng/mL) IgG (Invitrogen)/IgM (BD Biosciences) 
isotype control were added to these wells, followed 
by incubation at RT for 2 h. After washing six times 
with PBST, 1000-times diluted goat anti-mouse 
peroxidase conjugated IgG/IgM (Sigma) was added 
to each well and left at RT for another 2 h. The plates 
were washed six times again, and 3,3ʹ,5, 
5ʹ-tetramethylbenzidine (TMB) was added for 
oxidation by peroxidase. The reaction was stopped 
by 2 mol/L sulfuric acid (H2SO4) solution after 10 min 
(for IgG) or 20 min (for IgM)

[29-30]
. Absorbance values 

were read at 450 nm with a plate reader. Of note, 
the plates were dried enough before adding another 
solution. 

Histology 

After fixation, the skin samples were dehydrated, 
embedded in paraffin, and sectioned according to 

standard procedures. Thereafter, paraffin blocks 
were cut into 3-5 µm sections and mounted on glass 
slides and then deparaffinized and stained with 
hematoxylin and eosin (H&E) according to routine 
processing procedures to assess total cell 
infiltration

[23-24,31]
. 

Immunohistochemistry 

Immunostaining of IFN-γ and TNF-α was used to 
identify the tissue inflammatory response. For 
immunostaining, 3-5 µm paraffin-embedded 
sections were mounted on glass slides. As previously 
reported

[32-33]
, the slides were deparaffinized, 

hydrated, and permeabilized with 3% hydrogen 
peroxide to quench endogenous tissue peroxidases. 
Subsequently, the slides were rinsed and blocked 
with 5% BSA and incubated with the primary 
antibody overnight at 4 °C. For staining, the slides 
were incubated with a biotin-conjugated secondary 
antibody. Post-washing, the slides were then 
incubated with avidin and biotinylated horseradish 
peroxidase. After they were rinsed, a color reaction 
was induced on the slides by adding              
3, 3ʹ-diaminobenzidine (DAB), after which they were 
counterstained with hematoxylin. Subsequently,  
the slides were dehydrated, made transparent,  
and mounted. The stained slides were examined, 
and images were captured with an optical 
microscope. 

Statistical Analysis 

All data analyses were conducted in GraphPad 

Prism version 6, and data are expressed as the mean 

± standard error of mean (SEM) from at least three 

mice. Data following a Gaussian distribution were 

analyzed by one-way ANOVA and Dunnett’s test for 

multiple comparisons between the NC group and the 

other groups. A non-parametric test, the 

Kruskal-Wallis test, was used to analyze data 

following a non-Gaussian distribution. 
*
P < 0.05, 

**
P < 

0.01, and 
***

P < 0.005 were considered significant 

differences compared to the NC group. 

RESULTS 

Immune Organs and Cell Population 

According to ISO10993-20: 2005, the weight of 
immune organs is a nonfunctional index of the 
immune response. In this study, for convenience, the 
size of organs, including the spleen and lymph nodes, 
was recorded to evaluate the intensity of the 
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immune response to the implants. Macroscopically, 
the spleens and lymph nodes of the DM groups were 
compared with those of the NC group and PC group. 
As seen in Figure 1A, the size of the spleens of the 
DM groups did not dramatically increase but 
remained a similar size as those of the NC group, 
which were much smaller than those of the PC group 
on days 7 and 60 post-surgeries. No apparent spleen 
size difference between the DM groups and NC 
group was observed at other time points 
(Supplementary Figure S1A available in 
www.besjournal.com). In the images of lymph nodes 
(Figure 1B), only the lymph nodes in the PC group 
were noticeably swollen on day 7 or day 60, and the 
differences between the DM groups and NC group 
were minimal. A similar phenomenon was observed 
at the other time points (Supplementary Figure S1B). 
As determined by microscopy, the lymphocyte 
population can reflect the intensity of the immune 
response to a certain extent. In Figure 1C, the splenic 
lymphocyte populations of the DM groups were 
always below 2×108, maintaining minor differences 
with the NC group. More cells in prophase were 
observed in the DM-H group after three 
immunizations; however, the cell population steadily 
decreased to a normal level by day 30. The lymph node 

cell counting results are shown in Figure 1D. The PC 
group had a considerably larger cell population than 
the other groups, especially on day 60, when it 
increased to a peak value of 3.3×107, which was 
almost 2-fold or more higher than those of the other 
groups. Notably, the number of lymphocytes in the 
DM-H group on days 7 and 14, ranging from 1.7×107 
to 2×107, approached the level of the PC group, but 
it did not increase sequentially and decreased to the 
level of the NC group. In contrast to the DM-H group, 
the DM-L group had no visible difference from the 
NC group over the 90 day post-implantation period. 
These results illustrate that DM-H evoked mild cell 
proliferation in the early period post-implantation, 
which was more obvious than the response evoked 
by DM-L, indicating that DM-H likely triggered a 
moderate but temporary immune response. 

Cell Phenotype 

In ISO 10993-20: 2005, cell phenotype is an 
important nonfunctional method to identify cell 
subsets that mediate inflammation and cellular and 
humoral immune responses. To assess the 
immunogenicity of DM, the impact of DM 
subcutaneous implantation on the splenic and lymph  

 

 

Figure 1. Images of the spleen (A) and lymph nodes (B) on days 7 and 60, as well as their cell 
populations (C, D) at different harvesting time points. In each image, the spleens and lymph nodes are 
placed in the order of PC, DM, and NC from left to right. Data are expressed as the mean ± SEM, n ≥ 3. 
Spl: spleen; LN: lymph nodes. 
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node cell subpopulations was investigated. Cell 
subsets, including T, B lymphocytes (mediating 
cellular and humoral immune responses, 
respectively), and CD11b+ cells (because they are an 
indication of an innate immune response), in the 
spleens from the DM groups exhibited small changes 
over time (Figure 2). Briefly, on day 7 (Figure 2A), the 
TCR+ lymphocyte number in the DM-H group, which 
was similar to that in the PC group, was about twice 
that in the NC group, a difference that was significant 
(P < 0.05); the DM-H group also had a significantly (P < 
0.01) higher CD19+ lymphocyte population than the 
NC group. However, the DM-L group was not 
significantly different from the NC group, and the 
CD11b+ myeloid cell populations also did not 
noticeably change following DM implantation. Up to 
day 60 (Figure 2B), the DM groups maintained small 
differences with the NC group for the three cell 
subsets, although the TCR+ cell population in the 
DM-H group remained significantly higher than that in 
the NC group (P < 0.01). Compared to the difference 
between NC group and PC group, the differences 
between the DM groups and NC group obviously 
decreased, for all cell subsets. T and B lymphocytes in 
the lymph nodes from mice in the DM groups did not 
exhibit significant abnormities on day 7, but a slightly 
higher cell population was observed in the DM-H 
group compared to that in the PC group (Figure 3A). 
However, this difference became minimal on day 60 
(Figure 3B), unlike in the PC group, which had 2-fold 

and 4-fold higher T and B cell populations than the 
NC group. These findings indicate that cell subsets 
related to the adaptive immune response in the 
spleen and lymph nodes were initiated weak and 
transient composition abnormalities following the 
implantations of DM, and the effects of DM-H were 
more apparent. 

Splenic Cell Ki67 Expression 

Ki67 is an antigen associated with cell 
proliferation. To investigate splenic cell activation 
stimulated by DM implantation, Ki67 expression in 
lymphocytes was analyzed by immunofluorescent 
staining and flow cytometry. In the current study, 
Ki67+ splenic CD4+, CD8+, and CD19+ lymphocytes 
were found at all times in all groups (Supplementary 
Figure S2 available in www.besjournal.com). As 
shown in Figure 4, the Ki67 expression rates of CD4+, 
CD8+, and CD19+ cells in mice with DM implants 
were close to those in normal mice without implants 
on day 60; however, the rate in the DM-H group was 
marginally higher than that in the DM-L group, and 
those in PC mice were much higher than those in the 
NC group. In overall, in mice implanted with DM or 
nothing, CD4+ and CD8+ lymphocytes in the spleen 
maintained relatively constant proliferation 
proportions from days 7 to 90, while in mice 
implanted with bovine tendon, the proliferating 
CD4+ and CD8+ lymphocyte proportions       
keep increasing over the 60 days post-implantation and 

 

 

Figure 2. Splenic TCR+, CD19+, and CD11b+ cell subpopulations on days 7 (A) and 60 (B) following three 
immunizations. Data were calculated from the results of cell counting and flow cytometry plots. Data 
are expressed as the mean ± SEM, n ≥ 3. *P < 0.05, **P < 0.01, and ***P < 0.005, indicate significant 
differences from the NC group.  
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Figure 3. TCR+ and CD19+ cell subpopulations in lymph nodes on days 7 (A) and 60 (B) following three 
immunizations. Data were calculated from the results of cell counting and flow cytometry plots. Data 
are expressed as the mean ± SEM, n ≥ 3. *P < 0.05 and **P < 0.01 indicate significant differences from 
the NC group. 

 

Figure 4. Splenic cell activation determined by Ki67 expression. Ki67 antigen expression was detected by 
cell immunofluorescence staining with anti-Ki67 PE. Representative flow cytometry plots of Ki67 
staining showing the Ki67+ cell percentage in CD8+, CD4+, and CD19+ lymphocytes on day 60 
post-implantation. 
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reached peak values at day 60 (Supplementary 
Figure S2). For the proportion of CD19+ cell 
activation, a higher proportion was found in all 
groups on day 14 than at other times (data for day 7 
were not obtained), but the difference was not 
remarkable (Supplementary Figure S2). Collectively, 
there was no significant difference (P < 0.05) 
between the DM groups and NC group at any 
sampling time point, indicating that the immune 
response triggered by DM in mice was extremely 
mild. 

Splenic lymphocyte Proliferation and Apoptosis ex 
vivo 

As indicated in ISO 10993-20: 2005, the immune 
response can be evaluated by cell proliferation, 
which is a functional assay for T and B lymphocytes. 
For determining the activation extent of splenic 
lymphocytes after the immunizations with DM, PMA 
and Iono were used to stimulate lymphocyte 
proliferation ex vivo. Figure 5A-D summarize the 
results of lymphocyte proliferation. On day 7, cell 
proliferation in the PC and DM-H groups was 
significantly higher than that in the NC group, as the 
absorbance was 7-fold and 3-fold higher, 
respectively (Figure 5A, P < 0.005). By day 14, this 
difference in absorbance between the DM-H group 

and NC group markedly decreased (Figure 5B). In the 
late post-implantation period, there remained no 
differences in proliferation between the DM groups 
and NC group, as all had an absorbance value of 0.2 
(Figure 5C, D, data for day 30 were not successfully 
obtained). In contrast, during the entire 
experimental period, cell proliferative ability of the 
PC group was greatly higher than that of the NC 
group. In general, the cell proliferative ability of the 
DM groups decreased, as indicated by the loss of the 
difference from the NC group; thus, we conclude 
that a mild acute immune response may have 
occurred after DM implantation. Regarding the dose 
effect, splenocytes in mice stimulated with DM-H 
were more capable of proliferating in vitro than 
those in mice stimulated with DM-L on days 7 and 14, 
demonstrating that the BALB/c mice were slightly 
more responsive to DM-H than to DM-L. 

In order to analyze cell activation triggered by 
DM implantation, another functional index, the 
activation-induced cell death level, was tested after 
stimulation with PMA and Iono ex vivo. As shown in 
Figure 5E, the cell apoptosis percentages in all 
groups, even the PC group, were similar on day 7 
post-immunization, as the differences were not 
statistically significant (P > 0.05). Similar apoptosis 
outcomes were obtained at the other harvesting time 

 

 
Figure 5. Splenic lymphocyte activation level after three immunizations by assessing cell proliferative 
ability and apoptosis level in vitro. Splenic lymphocyte proliferation in vitro on days 7 (A), 14 (B), 60 (C), 
and 90 (D) post-implantation and apoptosis in vitro on day 7 (e) post-implantation were determined 
following stimulation with PMA and Iono for 3 days and quantification with a CCK8 kit and Annexin-V kit. 
Data are shown as the mean ± SEM of at least three samples. ***P < 0.005 indicates a significant 
difference from the NC group. 
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points. Although this phenomenon was not expected, 
we suspect it may be explained by the extensive 
death of NC lymphocytes by excessive unspecific 
stimulation. 

Total Serum IgG and IgM Level 

ELISA is a very common method for testing   
the humoral immune response in ISO 10993-20: 
2005. To verify the humoral immune response 
intensity induced by different doses of DM, the 
immunoglobin concentration in the sera of 
immunized mice at different times was determined 
by ELISA, as elevated immunoglobin concentration is 
a sign of B cell activation. IgM is the first secreted 
antibody in the immune response; hence, it was only 
detected on days 3, 7, and 14, whereas IgG is 
produced later than IgM. IgM concentration changes 
after the implantations are shown in Figure 6A. 
Bovine tendon clearly elicited an aggressive 
response as indicated by the large amount of IgM 
secreted, reaching 1,000 μg/mL after 3 days. 
Compared with response to bovine tendon, IgM 
secretion triggered by DM was modest, remaining at 
250 μg/mL or lower, comparable to that in normal 
mice. Moreover, there was no apparent IgM 
concentration difference between the DM-H group 
and DM-L group. Similarly, as shown in Figure 6B, 
there was no obvious IgG concentration difference 
between the DM groups and NC group, all 
fluctuating around 5 mg/mL, but a marked 
difference was observed between the PC group, with 
a peak value of 30 mg/mL on day 30 following the 
immunizations, and the other groups (Figure 6B). 
These outcomes indicate that the DM material 
induced less antibody secretion than bovine tendon 

and resulted in an antibody concentration 
comparable to that in the group with no implant, 
indicating that DM evoked a minimal humoral 
immune response. 

Local Immune Response 

The above examinations reflect the systemic 
immune response, so the following tests focused on 
the local cellular response. Hypersensitivity is 
excessive immune response to a repeated 
stimulation with an antigen after being sensitized by 
the antigen. Delayed type hypersensitivity (DTH), 
mediated by T lymphocytes and monocytes, can be 
evoked by implants after 24 h, and it was evaluated 
in this study using cell infiltration and cytokine 
expression at local implantation sites. Cell infiltration 
is an effective method to evaluate local reactions in 
ISO 10993-6. 
Cell Infiltration Around Implants    To evaluate 
the immunogenicity of DM, total cell infiltration, 
mainly infiltration of T lymphocytes and 
macrophages, was examined by H&E staining. Figure 
7 presents representative H&E staining images of the 
implantation sites. As shown, the obvious infiltration 
of cells was found around DM on day 7 following 
implantations (Figure 7B, C) and around bovine 
tendon on days 7 and 60 (Figure 7A, E). However, on 
day 60, almost no inflammatory cells infiltrated 
around DM (Figure 7F, G). In fact, DM clearly 
attracted cell infiltration into the area surrounding it 
in 30 days post-implantation (Supplementary Figure 
S3 available in www.besjournal.com). The 
differences between PC and DM included not only a 
much smaller cell infiltration area, but also the 
temporality of cell infiltration in the DM slides, especially  

 

 

Figure 6. Humoral immune response of mice to implants following three immunizations. Double 
antibody sandwich ELISA was used for IgM (A) and IgG (B) concentration quantification in the peripheral 
blood of mice. Data are expressed as the mean ± SEM from at least three sera samples per group per 
time point. 
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in the DM-L slides. This outcome is accordant with the 
former conclusion, that DM implantation initiated a 
benign transient immune response.  
IFN-γ Expression    To investigate the DTH immune 
response level at local sites, IFN-γ, which is primarily 
secreted by activated T lymphocytes and NK cells to 
promote inflammation, was assessed by 
immunostaining. Weak IFN-γ immunostaining was 
observed in all groups (Supplementary Figure S4 
available in www.besjournal.com). IFN-γ staining in 
the DM-L group and DM-H group was comparable to 
that in the NC group on day 7 and day 60 (Figure 8). 
Moreover, no difference in immunostaining  
intensity between the NC group and the two DM 
groups  was noticeable at any time point 
(Supplementary Figure S4). These findings indicate 

that the DTH engendered by DM subcutaneous 
implantation was so weak that it could not be 
detected with this index. 
TNF-α Expression    The expression of TNF-α, a 
proinflammatory cytokine, was also evaluated to 
analyze the DTH level. As shown in Figure 9, there 
were markedly smaller areas of positive staining 
(blue arrows) in slides from the DM-L and DM-H 
groups on day 7 compared to those in slides from 
the PC group, in which there is widespread staining 
around implants. Moreover, TNF-α expression in the 
DM-L and DM-H groups decreased over time 
(Supplementary Figure S5 available in www.besjournal. 
com). By day 60, the difference between the DM 
groups and NC group had disappeared (Figure 9F,    
G, H). However, TNF-αexpression in the PC group did 

 

Figure 7. Cell infiltration around implants. Skin samples from implantation sites were cut out, and cell 
infiltration was determined by H&E staining. Representative images of cell infiltration around implants 
on days 7 (A-D) and 60 (E-H) after three immunizations, indicating inflammation intensity and duration. 
Nuclei are stained blue, and the cytoplasm, connective tissues, and muscles are stained red by H&E 
staining. All sections were examined with an optical microscope. BT: bovine tendon, DM: dermal matrix.  

 

Figure 8. Effects of DM implantation on proinflammatory cytokine (IFN-γ) expression. IFN-γ expression 
at implantation sites was determined by immunohistochemistry. Representative images of IFN-γ 
immunostaining around implants on days 7 (A-D) and 60 (E-H) post-surgeries are displayed. All sections 
were imaged with an optical microscope.  



Biocompatibility and immunotoxicology of collagen 839 

not obviously subside from day 7 to day 90. These 
results also indicate that the immune response 
engendered by DM implants was marginal and 
transient. 

DISCUSSION 

It should be noted that the immune response 
elicited by implants might cause severe clinical 
symptoms. Although collagen is believed to have low 
immunogenicity, adverse reactions, such as local 
hypersensitivity, do occur in the clinic after the use 
of collagen products[14]. Therefore, it is necessary to 
investigate the immunological reaction induced by 
any new collagen product. Here, we studied a type 
of bovine collagen dermal regeneration matrix. We 
aimed to thoroughly and comprehensively study the 
immune response aroused by the material, 
predicting that it would produce only slight or no 
host responses to lay the foundation for future 
clinical trials. 

As previously described, multiple collection 
time points are recommended for anti-drug antibody 
assessments, and the number of time points should 
be selected to provide statistically meaningful data 
for the immunogenicity assessment. Additionally, 
the highest dose and the most sensitive population 
are also recommended to achieve the strongest 
immune response[34]. Similarly, these factors were 
considered in our scheme to evaluate the 
immunogenicity of the collagen-based dermal 
substitute. The low dose was calculated based on 
the maximum single dose and body surface area 
ratio of BALB/c mice and humans, and it was 

one-fourth of the high dose. The longest sampling 
time (90 days) was the degradation time of DM 
according to our previous study. Moreover, the 
experimental animals were 6- to 8-week-old BALB/c 
female mice. Because BALB/c mice are sensitive to 
antigens, the females can produce more antibodies 
than the male, and the younger mice have a greater 
immune responsive ability than the older and infant 
mice. We aimed to induce the strongest possible 
immune response in BALB/c mice with DM-H 
implants. A benign immune response would be an 
indication of the extremely low immunogenicity   
of the DM. Furthermore, this study focused on 
adaptive immunity, as the innate immune  
response occurs early after implantation; our study 
included three implantations, therefore the adaptive 
immune response was the predominant reaction and 
was investigated comprehensively. However, the 
innate immune system can regulate adoptive 
immunity[35]; thus, innate immunity was also 
approximated. 

According to ISO 10993-20: 2005, predicting the 
immunotoxicity of new chemicals and materials is 
difficult, therefore effort and interest need to be 
focused on the assessment and management of risks. 
Risk assessment includes hazard identification, dose 
response assessment, and exposure assessment. 
Immunological hazards should be identified by 
assessing exposure to medical device materials to 
identify the presence of (potentially) immunotoxic 
agents, and related ex vivo tests were evaluated 
prior to this study. Dose response assessment and 
exposure assessments were performed in this  
study. ISO 10993-20: 2005 also indicates that a medical 

 

 

Figure 9. Effects of DM implantation on proinflammatory cytokine (TNF-α) expression. TNF-α expression 
at implantation sites was determined by immunohistochemistry. Representative images of TNF-α 
immunostaining around implants on days 7 (A-D) and 60 (E-H) post-immunizations are displayed. All 
sections were examined with an optical microscope. Positive staining is marked with blue arrows. 
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device implant may induce acute or chronic 
inflammation, hypersensitivity, immunostimulation, 
immunosuppression, and autoimmunity. However, 
immunostimulation and immunosuppression tests 
should be restricted in general immunotoxic studies, 
except for those on materials that have been shown 
to possibly induce immunostimulation and 
immunosuppression. Bovine collagen is proven 
nontoxic and can be well tolerated in animal models 
as well as in the clinic. Therefore, we mainly 
evaluated the systematic immune response, local 
inflammation, hypersensitivity, and dose response. 
Evaluation indexes in this study were set according 
to the instructions in ISO 10993-20: 2005 and 
previous literature

[20]
, though the evaluation scheme 

also has some weaknesses, such as insufficient 
functional tests, control selection, and lack of 
complement detection. 

When an antigen enters the body, T 
lymphocytes and B lymphocytes may be stimulated 
and start to proliferate rapidly, strongly initiating the 
acquired immune response. The spleen and lymph 
nodes are the main locations where lymphocytes 
settle, as well as the primary regions of the immune 
response. In accordance with the instructions of ISO 
10993-20: 2005, lymphoid organs were chosen to 
assess the immune response. In this study, the 
spleen and lymph nodes, as systematic immune 
response indexes, were studied according to size, 
cell population, cell phenotype, and activation level 
to evaluate the immunotoxicology of this 
collagen-based DM. The cell population of the DM-H 
group slightly increased in the early time phase 
(Figure 1C, D). In addition, other two tests, 
lymphocyte proliferation in vitro following 
stimulation with PMA and Iono and Ki67 antigen 
expression in cells, can also reflect the lymphocyte 
activation level. The former is a functional test, and 
the latter is not a functional test. A difference in 
proliferation in vitro between the DM-H group and 
NC group was also discovered, as indicated by the 
proportion of splenic lymphocytes in prophase after 
immunizations (Figure 5). The cell phenotype of the 
spleen and lymph nodes indicated a weak but 
evident alteration on day 7 in the DM-H group. 
These results suggest that DM-H produced some 
level of immune response in prophase, however over 
time, the collagen triple-helical structure was 
destroyed, collagen degraded into small pieces, and 
immunogenicity declined; thus, the impact on the 
immune system disappeared over time. However, 
DM-L did not trigger a noticeable immunological 

reaction even in the first days after implantation. 
Though CD11b staining was normal in the present 
study, it is possible that an innate immune response 
occurred during the process of the three 
implantations because our first sampling time was 3 
weeks following the first implantation. 

Immunoglobulins are important effectors 
mediating humoral immunity, and they are secreted 
by plasma cells. BALB/c mice are normally used for 
generating antibodies against globular proteins, and 
they have been shown to be responsive to collagen. 
In one study, bovine collagen was found to be 
nonimmunogenic in the most responsive SJL/J mice, 
as the total Ig response was minimal

[13]
. Fish collagen 

was also tested in BALB/c mice, demonstrating that 
IgG levels in serum were also marginal on 42 days 
after three immunizations

[18]
. In the current study, 

the total IgG and IgM secretion of BALB/c mice 
response to bovine collagen DM on 3, 7, 14, 30, 60, 
and 90 days post-immunization was analyzed by 
ELISA (Figure 6). IgM and IgG concentrations in mice 
implanted with DM were comparable to those in 
normal mice with no implant and much lower than 
those in mice implanted with bovine tendon, in 
accordance with previous studies. The similarity in 
the immunoglobulin concentration between the DM 
groups and NC group illustrates that a weak humoral 
immune response was evoked by DM. The 
fluctuations in the curves can be regarded as 
experimental errors and individual differences in the 
mice. 

When the body is stimulated by a foreign 
antigen, chemotactic factors, produced by dendritic 
cells, will direct inflammatory cells, mainly including 
neutrophils, lymphocytes, and monocytes, to exit 
from the bloodstream to the sites of the antigen. 
Generally, neutrophils play a critical role in the early 
phase of inflammation, and lymphocytes and 
monocytes are the major inflammatory cells in the 
middle and late phases. Inflammatory cytokines, 
such as TNF-α and IFN-γ, primarily produced by 
these inflammatory cells are also secreted to 
regulate inflammation and the immune response. To 
investigate the local DTH around the implants in the 
present study, H&E and immunohistochemistry 
staining of local sites were performed. The initiation 
of a low level of inflammatory cell infiltration by 
collagen has been reported in previous studies

[36-37]
. 

Here, H&E staining revealed noticeable cell 
infiltration in the DM groups in the early period 
(Supplementary Figure S3). Noticeable cell 
infiltration around DM was present in the first 30 
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days, and then, cell aggregation subsided with the 
degradation of collagen, indicating that DM aroused 
mild acute inflammation. Collagen degradation 
results in a decrease in antigens, therefore 
inflammatory cell infiltration decreased from a large 
area to small dots. Regarding cytokine 
immunostaining, obvious TNF-αpositive expression 
areas were observed in local DM implantation sites 
in the early phase. TNF-α has been reported to 
promote the immune response and inflammation, 
and it plays a critical role in inflammation in the 
skin

[38]
. However, no obvious IFN-γ staining area was 

observed from day 7 to day 90 in the DM groups 
(Supplementary Figure S4). IFN-γ is secreted by Th1 
cells and NK cells, and its primary function is to 
promote the differentiation of Th1 cells, strengthen 
phagocytosis of phagocytes, and attract 
macrophages to sites where antigens are present

[20]
. 

There was no obvious IFN-γ staining, which may 
reflect the poor sensitivity of the index, whereas 
TNF-α was visible in prophase, thus we propose that 
collagen-based DM induces a benign immune 
response only in the early period, as its degradation 
results in a weaker immunological reaction and less 
TNF-α secretion. 

In summary, in the DM-H group, the cell 
population of the spleen and lymph nodes increased 
at the early time point, but did not increase in the 
DM-L group. As shown in Figures 2 and 3, the 
increase in the whole cell population in the DM-H 
group was primarily caused by growing T and B 
lymphocytes on day 7. The Ki67 results further 
demonstrate that the cell population increase was 
caused by CD4 T lymphocyte and B lymphocyte 
activation. A similar conclusion could be drawn from 
the results of the cell proliferation assay, that is the 
DM-H group had significantly more cell proliferation 
in prophase, but the DM-L group did not. Though B 
lymphocytes were likely slightly activated and 
proliferated in the above-mentioned tests by DM-H 
stimulation, no clear increases in immunoglobulins 
were detected in this study; thus, we conclude that 
this discrepancy is due to the quite low 
immunogenicity of the collagen-based DM and some 
experimental errors. Local cell infiltration and TNF-α 
secretion indicate that benign inflammation was 
evoked by DM implantation, however it was 
temporary. Overall, DM, especially DM-H, may have 
produced a slight immune response and acute 
inflammation in the early phase post-implantation, 
which then subsided gradually with the degradation 
of collagen. Moreover, the dose reaction evaluation 

proved that the higher dose induced a more intense 
immune response. Therefore, the collagen-based 
DM can be preliminarily regarded as a reliable and 
safe dermal regeneration matrix with favorable 
biocompatibility and low immunogenicity, however 
dose control should not be ignored. Nevertheless, 
further trials must be conducted in other models and 
in the clinic to validate its safety. Although the 
research scheme proposed in this study was based 
on ISO 10993, there were some shortcomings, and 
additional studies are needed to formulate a more 
scientific and meaningful scheme in the future. 
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Supplementary Figure S1. Peripheral immune organs size at different time. Spleen (a) and lymph nodes 
(b) of DM groups are compared size with those of PC and NC groups. In every image, spleens and lymph 
nodes are put in the order of PC, DM, NC from left to right. 

 

Supplementary Figure S2. Splenic lymphocytes activation after three immunizations was accessed by 
Ki67+ proportion in CD4+ (a), CD8+ (b), and CD19+ (c) lymphocytes in spleen. Splenic lymphocytes 
subpopulations were incubated with anti-Ki67 PE and analyzed by flow cytometry. Data are present as 
mean ± SEM of at least 3 samples in every group. Difference is considered significant if 

**
P < 0.01, 

***
P < 

0.005, compared to NC group. 
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Supplementary Figure S3. Cell infiltration around implants. Representative H&E staining images of at 
least 3 samples in every group at all sampling time points are shown to analyze local inflammation 
reaction. Nucleus are stained blue, cytoplasm, connective tissues and muscles are stained red by H&E 
staining. Images were captured on an optical microscope. BT: bovine tendon, DM: dermal matrix. 
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Supplementary Figure S4. IFN-γ expression around implants. IFN-γ expression examination was 
performed by immunohistochemistry staining with anti-IFN-γ and imaged by optical microscope. 
Positive staining is marked with blue arrows. BT: bovine tendon, DM: dermal matrix. 
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Supplementary Figure S5. TNF-α expression around implants. TNF-α expression examination was 
performed by immunohistochemistry staining with anti-TNF-α and imaged by optical microscope. 
Positive staining is marked with blue arrows. BT: bovine tendon, DM: dermal matrix. 




