
Materials Today Bio 14 (2022) 100233
Contents lists available at ScienceDirect

Materials Today Bio

journal homepage: www.journals.elsevier.com/materials-today-bio
Effect of naturally derived surgical hemostatic materials on the proliferation
of A549 human lung adenocarcinoma cells

Wei-Dong Lü a,*,1, Yi-Zhi Liu b,1, Yan-Qi Yang c, Zhi-Gang Liu a, Kun Zhao a, Jian-Rong Lu d,
Guang-Yan Lei a, Yi-Yu Wang d, Lin Cai d, Rui-Fang Sun c,**

a Department of Thoracic Surgery, Tumor Hospital of Shaanxi Province, Affiliated to the Medical College of Xi'an Jiaotong University, Xi'an, Shaanxi, 710061, China
b Department of Medical Oncology, Tumor Hospital of Shaanxi Province, Affiliated to the Medical College of Xi'an Jiaotong University, Xi'an, Shaanxi, 710061, China
c Department of Pathology, School of Basic Medical Sciences, Xi'an Jiaotong University, Xi'an, Shaanxi, 710061, China
d Department of Pathology, Tumor Hospital of Shaanxi Province, Affiliated to the Medical College of Xi'an Jiaotong University, Xi'an, Shaanxi, 710061, China
A R T I C L E I N F O

Keywords:
Hemostatic materials
Gelatin sponge (GS)
Surgicel
Macrophage
Lymphocyte reaction
Abbreviations: GS, gelatin sponge; ECM, extrac
domain family 7 member A; TNFSF14, TNF superfam
TBX21, T-box transcription factor 21; GATA3, GA
te–polyacrylamide gel electrophoresis; CCL1, C–C
lymphocyte cells; UBM, urinary bladder matrix; TA
* Corresponding author. Department of Thoracic

Yanta West Road, Xi'an, Shaanxi, 710061, China.
** Corresponding author.

E-mail addresses: wdlu76@aliyun.com (W.-D. Lü
1 These authors contributed equally to this work

https://doi.org/10.1016/j.mtbio.2022.100233
Received 14 January 2022; Received in revised for
Available online xxxx
2590-0064/© 2022 The Authors. Published by Else
nc-nd/4.0/).
A B S T R A C T

Hemostatic materials are generally applied in surgical operations for cancer, but their effects on the growth and
recurrence of tumors are unclear. Herein, three commonly used naturally derived hemostatic materials, gelatin
sponge, Surgicel (oxidized regenerated cellulose), and biopaper (mixture of sodium hyaluronate and carbox-
ymethyl chitosan), were cocultured with A549 human lung adenocarcinoma cells in vitro. Furthermore, the
performance of hemostatic materials and the tumorigenicity of the materials with A549 cells were observed after
subcutaneous implantation into BALB/c mice. The in vitro results showed that biopaper was dissolved quickly,
with the highest cell numbers at 2 and 4 days of culture. Gelatin sponges retained their structure and elicited the
least cell infiltration during the 2- to 10-day culture. Surgicel partially dissolved and supported cell growth over
time. The in vivo results showed that biopaper degraded rapidly and elicited an acute Th1 lymphocyte reaction at
3 days after implantation, which was decreased at 7 days after implantation. The gelatin sponge resisted
degradation and evoked a hybrid M1/M2 macrophage reaction at 7–21 days after implantation, and a protumor
M2d subset was confirmed. Surgicel resisted early degradation and caused obvious antitumor M2a macrophage
reactions. Mice subjected to subcutaneous implantation of A549 cells and hemostatic materials in the gelatin
sponge group had the largest tumor volumes and the shortest overall survival (OS), while the Surgicel and the
biopaper group had the smallest volumes and the longest OS. Therefore, although gelatin sponges exhibited
cytotoxicity to A549 cells in vitro, they promoted the growth of A549 cells in vivo, which was related to chronic
M2d macrophage reaction. Surgicel and biopaper inhibited A549 cell growth in vivo, which is associated with
chronic M2a macrophage reaction or acute Th1 lymphocyte reaction.
1. Introduction

Local application of hemostatic materials in surgical operation can
significantly reduce blood loss, keep the operation field clear, shorten the
operation time, and lessen the indwelling time of the drainage tube after
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promote clot formation and achieve rapid hemostasis [2]. The absorption
time for GS was nearly one month [3]. Oxidized cellulose and oxidized
regenerated cellulose are absorbent local hemostatic materials obtained
from cotton fibers oxidized by nitric oxide [4], both of which have the
same hemostatic mechanism. The combination of acidic carboxyl groups
and Feþ in hemoglobin forms brown viscous adhesives, which then block
damaged capillaries to stop bleeding. Surgicel is a regenerated oxidized
cellulose widely used in surgical hemostasis [5]. The absorption time
depends on the amount of blood absorbed and the nature of local tissues.
Generally, it lasts for 3–6 weeks, but it can be detected four months after
abdominal surgery [6]. Chitosan is a special alkaline polysaccharide that
is the primary derivative of deacetylation of chitin [7]. It mainly achieves
hemostasis by promoting erythrocyte aggregation and platelet adhesion
and aggregation in blood. Chitosan-based hemostatic agents have great
hemostatic and antibacterial properties [7,8].

Hemostatic materials are often used during the surgical resection of
tumors. Previous studies have focused on their hemostatic effect, histo-
compatibility and antibacterial activity [9,10], but the effect of these
hemostatic materials on tumor cells has not been reported in the litera-
ture. Three-dimensional (3D) scaffolds were successfully used to mimic
the tumor microenvironment, and tumor cells cultured on the 3D scaf-
folds displayed better invasion ability [11–13]. There is the possibility
that a few exfoliated tumor cells remain after surgery. If these hemostatic
materials accelerate the growth of residual tumor cells on these 3D
scaffolds, it is possible that they promote short-term recurrence of tu-
mors. However, the implantation of extracellular matrix (ECM)-based
scaffolds has been found to inhibit tumor formation [14–16]. Thus,
whether hemostatic materials promote or resist tumor growth should be
further clarified.

Naturally derived materials elicit different responses from tissues
over time and based on their material properties when implanted in vivo
[17]. Foreign body reactions against implanted materials includes five
stages: initial protein adhesion, acute lymphocyte inflammation at the
early phase, macrophage-associated chronic inflammation, foreign-body
giant-cell reaction and fibrotic response [18–20]. The fast degradation of
materials elicits acute inflammation, which will resolve without contin-
uous material stimulation. However, the delayed degradation of these
foreign materials will induce chronic macrophage and foreign body giant
cell reactions, with the formation of fibrous encapsulation [18]. The
degradation products and accompanying host cell infiltration will also
affect residual tumor cells after surgery. The acute and chronic inflam-
mation elicited by biomaterials involves polymorphonuclear leukocytes,
immature dendritic cells, lymphocytes, monocytes and macrophages
[21]. In the modified procedure, immune cells, including lymphocytes
and macrophages, play central roles. Traditionally, proinflammatory
type 1 immunity is associated with a tumor-suppressive environment
[22,23], and the pro-regenerative type 2 immune response is related to
tumor-permissive characteristics [24,25]. Nevertheless, naturally
derived biomaterials present a type 2 immune bias but show tumor in-
hibition performance [16,26,27]. The immunophenotypes of naturally
derived hemostatic materials when implanted and their effects on tumor
growth remain unclear.

In the present study, three commonly used naturally derived hemo-
static materials, GS, Surgicel (oxidized regenerated cellulose) and bio-
paper (mixture of sodium hyaluronate and carboxymethyl chitosan),
were used as 3D scaffolds for tumor cell culture to observe the growth
and proliferation of tumor cells in vitro. Furthermore, the performance of
hemostatic materials subcutaneously implanted into BALB/c mice and
the related lymphocyte and macrophage phenotypes were observed.
Moreover, the tumorigenicity of the hemostatic material when subcuta-
neously implanted along with a small number of tumor cells into mice
was investigated. We hypothesized that the three hemostatic materials
studied would present different performances when cocultured with
tumor cells in vitro and implanted with tumor cells in vivo.
2

2. Materials and methods

2.1. Materials and material characterizations

Three commonly used hemostatic materials were studied, namely, GS
(Jinling Pharmaceutical Co., Ltd. Nanjing, Jiangsu, China), Surgicel
(Ethicon, INC., Somerville, NJ, USA) and biopaper (Datsing Bio-Tech Co.,
Ltd., Beijing, China). The hemostatic materials were gross examined and
fixed in 4% paraformaldehyde for hematoxylin and eosin (H&E) staining
as previously described [28]. The ultrastructure was investigated under a
Nova NanoSEM 230 microscope (FEI Co., Hillsboro, OR, USA). Hemo-
static materials contacted with fresh blood and the in vitro degradation
test of the hemostatic materials were described in supplementary file 1
and supplementary file 2.

2.2. Cell culture

The in vitro cytotoxicity test of the hemostat material’ extract was
described in supplementary file 3. For the cell-material contact evalua-
tion, samples were trimmed into 6-mm diameter rounds and incubated in
24-well plates at 37 �C in 200 μL of Dulbecco's modified Eagle's medium
(DMEM) supplemented with 1% antibiotic-antimycotic solution and 10%
fetal bovine serum for 10 min. Then, A549 human lung adenocarcinoma
cells (ATCC, 1 � 105 cells) were added to each well and incubated at 37
�C with 5% CO2 for 60 min. Finally, 1 mL of DMEM was added to the
plates for further cell culture. The culture medium was replaced every
other day. Cells cultured without hemostatic materials (2D culture) were
used as controls (n ¼ 12).

2.3. Cell seeding analysis and growth factor assay

Gross and light microscopy investigations were carried out using
routine conditions. Fluorescein diacetate (FDA) staining was used to
examine the light microscopy properties of each group after 10 days of
culture (n ¼ 3). FDA stains viable cells green, and the staining procedure
has been previously described [29]. The three materials were retrieved
after 2 days of culture and fixed in 2.5% glutaraldehyde for SEM inves-
tigation (n ¼ 3). Since only GS and Surgicel were retained at 10 days of
culture, the two materials were harvested for SEM examination (n ¼ 3).
The number of A549 cells at 2, 4, 6, 8 and 10 days of culture for each
group (n ¼ 9) was determined with the Alamar Blue assay [30]. Briefly,
the medium in the plate was removed, and 2 mL of 5% Alamar Blue
solution were added and incubated for 3 h. The fluorescent signal was
measured with a fluorescence microplate reader (Spectrafluor, Tecan,
Sunrise, Austria) at an excitation wavelength of 540 nm and an emission
wavelength of 590 nm. A549 cells in graded number were subjected to
the Alamar Blue assay to obtain a standard curve. The A549 cell number
in each sample was calculated from the standard curve. In the Alamar
Blue assay, the background fluorescence of undissolved GS or Surgicel
was detected, and no background fluorescence was generated by the
hemostats. This excluded the influence of the hemostats on detection
reagents. Growth factor (IL-8, bFGF, and VEGF) levels in 10-day cultures
(n ¼ 9) were assayed with ELISA as previously described [29].

2.4. Performance of the hemostatic materials after subcutaneous
implantation

2.4.1. Ethics statement
All animal procedures were performed in accordance with the

Guidelines for Care and Use of Laboratory Animals of Xi'an Jiaotong
University and approved by the Animal Ethics Committee of Xi'an Jiao-
tong University (No. 2021320).

2.4.2. Subcutaneous implantation of hemostatic materials
Before use, the three hemostatic materials were cut into squares (10

mm � 10 mm). After induction of anesthesia with 4% isoflurane and
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maintenance of anesthesia with 2% isoflurane, a 10-mm incision in the
right upper flanks of 6-week-old male BALB/c mice (provided by the
Medical Laboratory Animal Center of Xi'an Jiaotong University) was cut
for implantation of the sample. Surgical staples were used to close the
skin. Mice who did not undergo implantation (injection of normal saline)
were used as controls (n ¼ 24). Samples (hemostatic materials and sur-
rounding tissues) were retrieved at 3, 7, 14 and 21 days after implanta-
tion. Some of the harvested samples were stored in liquid nitrogen for
subsequent analysis. The other samples were fixed in 4% para-
formaldehyde for 24 h for paraffin sectioning.

2.4.3. Histology and immunofluorescence staining
Paraffin-embedded tissues were cut into 5-μm-thick sections and

stained with H&E. Masson's trichrome technique was used to examine
collagen fibers. T cells were detected by immunofluorescence staining
with CD3 monoclonal antibody (dilution 1:100, Abcam, Cambridge, UK).
Macrophages were tested with rabbit anti-mouse F4/80 monoclonal
antibody (dilution 1:200, Abcam). T cell subtypes were distinguished by
double immunofluorescence staining with rat anti-mouse CD4 mono-
clonal antibody (dilution 1:400, Abcam) and rabbit anti-mouse CD8-α
monoclonal antibody (dilution 1:1000, Abcam). Macrophage M1/M2
subtypes were investigated by double staining with rat anti-mouse CD86
(dilution 1:200, Cell Signaling Technology Inc., Danvers, MA, USA) and
rabbit anti-mouse CD163 antibodies (dilution 1:500, Cell Signaling
Technology). Macrophage M2a and M2b subsets were investigated by
double staining with rat anti-mouse C-type lectin domain family 7
member A (CLEC7A, M2a marker) monoclonal antibody (dilution 1:50,
Invitrogen, Thermo Fisher Scientific, Carlsbad, CA, USA) and rabbit anti-
TNF superfamily member 14 (TNFSF14, M2b marker) polyclonal anti-
body (dilution 1:200, Invitrogen). Macrophage M2a and M2c subsets
were distinguished by double staining with rat anti-CLEC7A antibody
(dilution 1:50, Invitrogen) and rabbit anti-signaling lymphocytic acti-
vation molecule (SLAM, M2c marker) polyclonal antibodies (dilution
1:200, Invitrogen). The macrophage M2d subset was detected by double
immunofluorescence staining with rat anti-F4/80 monoclonal antibody
(dilution 1:50, Invitrogen) and rabbit anti-vascular endothelial growth
factor A (VEGF-A) polyclonal antibody (dilution 1:200, Invitrogen).
Secondary antibodies, including Alexa Fluor 555-labeled donkey anti-rat
IgG and Alexa Fluor 488-labeled goat anti-rabbit IgG, were obtained from
Abcam. DAPI was used to stain cell nuclei. The immunofluorescence
staining procedure has been described previously [11].

2.4.4. Quantitative real-time polymerase chain reaction (qRT–PCR)
The harvested subcutaneous samples were homogenized in liquid

nitrogen, and RNA was isolated using TRIzol reagent (Invitrogen). The
PCR primers used were listed in Table 1. A LightCycler 96 System (Roche,
Basel, Switzerland) was used to conduct the PCR analysis. The PCR
conditions started with preheating at 95 �C for 5 min, followed by 40
cycles of 15 s at 95 �C, annealing at 56 �C for 30 s and extension at 72 �C
for 1 min. T-box transcription factor 21 (TBX21), GATA binding protein 3
(GATA3), tumor necrosis factor-α (TNF-α) and arginase-1 (ARG1) gene
expression (n ¼ 6) was normalized to GAPDH. Gene expression ratios of
Table 1
Primers for quantitative RT-PCR.

Gene Sequence

TBX21 Forward 50- CAGACAGAGATGATCATCACCA-30

Reverse 50- CAGTAAATGACAGGAATGGGA-30

GATA3 Forward 50- GAAGGCATCCAGACCCGAAAC-30

Reverse 50- ACCCATGGCGGTGACCATGC-30

TNF-α Forward 50-AAGCCTGTAGCCCACGTCGTA-30

Reverse 50-GGCACCACTAGTTGGTTGTCTTTG-30

ARG1 Forward 50-GAACACGGCAGTGGCTTTAAC-30

Reverse 50-TGCTTAGTTCTGTCTGCTTTGC-30

GAPDH Forward 50-CTGGCATTGGGTCTACTGCT-30

Reverse 50-GTCTACCCAATTGCCCCACT-30

3

GATA3/TBX21 and ARG1/TNF-α were used to quantify T helper cell and
macrophage polarization, respectively [31].

2.4.5. Western blot analysis
Protein from the harvested samples was extracted with the Proteo-

Prep® Total Extraction Sample Kit (Sigma–Aldrich, St Louis, MO, USA).
Protein concentration was detected by a bicinchoninic acid (BCA) kit
(Beyotime, Jiangsu, China). A 20-μg sample of extracted protein was
separated by sodium dodecyl sulfate–polyacrylamide gel electrophoresis
(SDS–PAGE) and transferred to PVDF membranes (Millipore, Darmstadt,
Germany). The membrane was further blocked with 5% nonfat milk and
incubated overnight at 4 �C with primary antibodies against TBX21,
GATA3, TNF-α, ARG1, CLEC7A, C–C Motif Chemokine Ligand 1 (CCL1,
M2b marker), SLAM, C-X-C Motif Chemokine Ligand 8 (CXCL8, M2d
marker) and β-actin (all dilutions 1:1,000, Invitrogen). Then, the mem-
brane was incubated with horseradish peroxidase-conjugated goat sec-
ondary antibodies (Invitrogen). The protein band (n ¼ 6) was visualized
using an enhanced chemiluminescence system (GE Healthcare Life Sci-
ences), and densitometric quantification was conducted with the ImageJ
system (National Institutes of Health, Bethesda, MD, USA). Protein values
were normalized to β-actin.

2.5. Subcutaneous tumorigenesis of A549 cells and hemostatic materials

Anesthesia was induced and maintained with 4% and 2% isoflurane.
After a 10-mm incision was made in the right upper flanks of 6-week-old
male BALB/c mice, 200 μL of A549 human lung adenocarcinoma cells
(concentration 5 � 105 cells/mL) was injected into the surface of the
muscle. Then, the hemostatic material (10 mm � 10 mm) was implanted
in contact with the muscle and A549 cells. Mice that did not undergo
hemostatic material implantation were used as controls (n ¼ 23). A total
of 3, 3, 3 and 6 mice were sacrificed at 3-, 7-, 14- and 21-days post-
implantation, and tumors were harvested for further investigation. The
remaining 8 mice were retained for survival observation.

Tumor volumes were measured as previously described [29]. The
harvested tumors were stored in liquid nitrogen for western blot analysis
or fixed in 4% paraformaldehyde for paraffin sectioning. Histological and
immunofluorescence staining were performed as described in the section
describing the subcutaneous implantation of hemostatic materials.

2.6. Statistical analysis

All statistical analyses were carried out using IBM SPSS Statistics
(version 25.0, IBM Corp., Armonk, NY, USA). Data are expressed as the
mean� standard deviation (SD). Statistical comparisons were conducted
with ANOVA followed by Tukey's test for multiple comparisons.
Kaplan–Meier estimates of overall survival (OS) were computed by the
log-rank test. A value of p < 0.05 was considered statistically significant.

3. Results

3.1. Gross, ultrastructural and histological images showed different pore
structures

Fig. 1A shows that all three hemostatic materials were white and
porous, but GS was thick, and biopaper was dense and smooth on the
surface. The SEM micrographs shown in Fig. 1B depict the porous
structure of GS and biopaper, but the pore wall of the biopaper was
thinner than that of GS. For Surgicel, the parallel fibrils were aggregated
and formed columnar fibers. Fig. 1C illustrates the irregular arrangement
of fibers with pores of varying sizes in GS, the flaky distributed fiber-like
structures in Surgicel, and the microfibers with micropores in biopaper.

3.2. Cell seeding presented cytotoxicity of gelatin sponge and surgicel

Gross examination of the A549 cells seeded at 10 days of culture, as



Fig. 1. Representative gross appearance (A), SEM investigation (B) and H&E staining (C) of gelatin sponge (GS), Surgicel and biopaper (scale bar for SEM ¼
50 μm; scale bar for H&E ¼ 100 μm).
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shown in Fig. 2A, revealed that the structure of GS was retained, while
that of Surgicel was partially dissolved. No residue was found for the
biopaper group. The live cell staining shown in Fig. 2B indicates that the
biopaper group had a similar cell distribution and shape to the control
group at 10 days of culture. The Surgicel group had fewer cells and a
higher proportion of negative cells, and the GS group had few living cells
after 10 days of culture. SEM in Fig. 2C illustrated that GS and Surgicel
retained their structure and A549 cell attachments after 2 days of culture.
The biopaper presented a gel-like structure, and the A549 cells infiltrated
into the gels. The biopaper had dissolved and formed a gel-like structure
during the first several minutes, while GS and Surgicel did not, which was
confirmed by the hemostatic materials in contact with fresh blood pre-
sented in Figure S1. When the culture medium was replaced, the gel-like
structure was completely dissolved and discarded. At 10 days of culture,
only a few cells were found on the surface of GS. The columnar fibers of
Surgicel had rough surfaces with visible cell clusters, implying that the
structure changed with time and increased cell growth.

Fig. 2D shows that the cell numbers of the control group, the Surgicel
group, and the biopaper group increased with time, but the cell numbers
of the GS group decreased with time. The GS group had similar cell
numbers per well as the Surgicel group at 2 days of culture, but the GS
group had the lowest cell number per well at 4, 6, 8 and 10 days of
4

culture. The biopaper group had the highest cell number per well at 2 and
4 days of culture and had comparable cell numbers per well to the control
group at 6, 8 and 10 days of culture (p ¼ 0.058, 0.463 and 0.542). The
cell numbers in the Surgicel group at 4, 6, 8 and 10 days of culture were
lower than those in the control group and the biopaper group (all p <

0.001), but higher than those in the GS group (all p < 0.001).
Fig. 2E shows the assays of the growth factors IL-8, bFGF, and VEGF in

A549 cells cultured with hemostatic materials for 10 days. The biopaper
group had higher levels of IL-8 (p¼ 0.013) but similar levels of bFGF and
VEGF secretion (p ¼ 0.054 and 0.287) compared with the control group.
The biopaper group and the control group had more IL-8, bFGF, and
VEGF secretion than the GS group and the Surgicel group (all p < 0.001).
The Surgicel group had more IL-8, bFGF, and VEGF secretion than the GS
group (all p < 0.001).

Figure S2A shows the three hemostatic materials were extracted with
MEM, and biopaper completely dissolved after extraction. Figure S2B
presents the control, the Surgicel and the biopaper group had similar cell
morphology compare to the blank control. Cell deform and shrink were
found in the phenol positive control and the GS group, implying cyto-
toxicity of the extract of GS. Figure S2C shows light color for the phenol
positive control and the GS group, especially for the phenol group.
Figure S2D shows similar cell viability values in the control, the Surgicel



Fig. 2. Cell repopulation patterns and growth factor assays for A549 cells cultured with hemostatic materials. (A) Representative gross appearance at 10-day
culture. (B) Representative light microscopic investigation, fluorescein diacetate (FDA) staining of living cells and their merged images at 10 days of culture (scale bar
¼ 50 μm). The arrows show the negative staining cells. (C) Representative SEM examination of A549 cells seeded on hemostatic materials at 2 and 10 days of culture
(scale bar ¼ 10 μm). (D) Cell viability detection at different time points. (E) Growth factor (IL-8, bFGF, and VEGF) assays at 10 days of culture. Data are presented as
the mean � SD (*p < 0.05, ***p < 0.001).
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and the biopaper group, while the cell viability values of the phenol
group and the GS group were less than those of the control group (p <

0.001 and p ¼ 0.003), implying the cytotoxicity of the two groups.
3.3. Subcutaneous implantation of hemostatic materials showed different
tissue responses and immunophenotypes at acute and chronic inflammatory
phases

3.3.1. Hemostatic materials underwent host cell repopulation and collagen
deposition

The three hemostatic materials have different performances in mouse
subcutaneous implantation. Biopaper was dissolved several minutes after
implantation. The volumes of GS and Surgicel decreased with time,
especially for Surgicel (Figure S3A). The thickness of undegraded he-
mostatic materials measured with light microscope in Figure S3B pre-
sented similar thickness for the GS and the Surgicel group at 3 and 7 days
after implantation, but the Surgicel group had less thickness than the GS
group at 14 and 21 days after implantation (p ¼ 0.015 and p < 0.001).
The degradation pattern is consistent to the in vitro degradation perfor-
mance of hemostatic materials showed in Figure S4 and described in
Supplementary file 2.

GS and Surgicel retained their structures at 3 days after implantation,
with lymphocyte-like cells infiltrating the materials (Fig. 3A). At 7 days
after implantation, GS was repopulated by host cells, with the formation
5

of blue-stained collagen fibers (Fig. 3B). The host cells continuously
infiltrated at 14 and 21 days after implantation, with an increase in
collagen fiber thickness. Dense collagen deposition on the surface of GS
formed fibrous encapsulation (Fig. 3B). For Surgicel at 7 days after im-
plantation, the material spaces were occupied by thrombosis and
ingrowth of host cells and collagen fibers (Fig. 3A and B). For Surgicel at
14 and 21 days after implantation, collagen fibers and host cells
completely invaded and replaced the material structures. Biopaper was
completely dissolved during the initial several minutes and evoked
notable lymphocyte responses at 3 days after implantation (Fig. 3A). The
lymphocyte responses decreased at 7 days after implantation. Subcu-
taneous tissues at 14 and 21-day retrieval presented normal cells and
ECM structures.

3.3.2. The biopaper group presented Th1 lymphocyte responses at acute
inflammatory phases

Immunofluorescence staining for T cells in Fig. 4A shows CD3þ cells
infiltrated into the pores of the material, and Fig. 4B shows that the
biopaper group presented the largest number of cells at 3-day retrieval.
The infiltrated lymphocytes in the biopaper group were mostly CD4þ T
cells (T helper cells, Th) and a few CD8þ cells (cytotoxic T lymphocyte
cells, CTL) (Fig. 4C), which induced tumor cell death. The lymphocyte
response decreased at 7-day retrieval, as did the proportion of CD4þ cells
(Fig. 4D, p < 0.001). The GS group had more CD3þ cells and a higher



Fig. 3. Histological staining of subcutaneous implantation of hemostatic materials. (A) Representative H&E staining for GS, Surgicel and biopaper at 3, 7, 14
and 21 days after implantation (scale bar ¼ 200 μm). (B) Masson's trichrome staining for GS and Surgicel at 7 and 21-day retrieval (scale bar ¼ 1 mm for original
images and scale bar ¼ 200 μm for amplified images).
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Fig. 4. The immunophenotypes of T cells for subcutaneous implantation of hemostatic materials at 3 and 7 days after implantation. (A) Representative
immunofluorescence images of CD3þ T cells (green) and nuclei (blue) (scale bar ¼ 50 μm). (B) The T cell number comparison for the control, GS, Surgicel and biopaper
groups. (C) Representative images of CD4þ T cells (red), CD8þ cells (green) and nuclei (blue) (scale bar ¼ 50 μm). (D) The cell subtype ratio (CD4þ cells/CD8þ cells)
comparison for the four groups. (E) Relative GATA3 and TBX21 mRNA level ratios after subcutaneous implantation of hemostatic materials at 3 and 7-day retrieval as
measured by qRT–PCR. (F) Representative immunoblot of TBX21, GATA3 and β-actin for the four groups at 3 and 7-day retrieval. (G) The relative protein band
densitometric quantification of TBX21. (H) The relative protein band densitometric quantification for GATA3. Data are presented as the mean � SD (*p < 0.05, **p <

0.01 and ***p < 0.001 versus the control group; #p < 0.05, ##p < 0.01 and ###p < 0.001 versus the GS group). (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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proportion of CD4þ cells at 3 and 7-day retrieval than the control and
Surgicel groups (all p < 0.001). The Surgicel had less CD3þ cells (p ¼
0.001 and 0.002), but had similar proportion of CD4þ cells compared
with the GS group at 3 and 7-day retrieval (p ¼ 0.142 and 0.109).

The qRT–PCR results shown in Fig. 4E indicate that the ratio of
GATA3/TBX21 (Th2/Th1 polarization) in the GS group was lower than
that in the control group at 3 and 7-day retrieval (p ¼ 0.041 and 0.012).
The GATA3/TBX21 ratio in the Surgicel group was comparable to that in
the control group at 3-day retrieval (p¼ 0.269), with the highest GATA3/
TBX21 ratio for the Surgicel group being observed at 7-day retrieval. The
7

biopaper group had the lowest GATA3/TBX21 ratio at 3-day retrieval
and the ratio was increased at 7-day retrieval (p < 0.001). Western blot
analysis results shown in Fig. 4F and G showed that the biopaper group
expressed the highest TBX21 levels at 3-day retrieval, and the TBX21
levels were greatly decreased at 7-day retrieval (p < 0.001). The GS
group and the Surgicel group had higher TBX21 levels than the control
group at 3 and 7-day retrieval (all p< 0.001). Fig. 4F and H shows that, at
3 and 7-day retrieval, the Surgicel group had the highest GATA3 levels,
and the GS group had the lowest GATA3 levels. The GATA3 levels in the
biopaper group were higher than those in the GS group but lower than
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those in the control and Surgicel groups at 3 and 7-day retrieval (all p <

0.001). In particular, the GATA3 levels were decreased at 7-day retrieval
compared with those at 3-day retrieval (p < 0.001).

3.3.3. Hemostatic materials showed different macrophage
immunophenotypes at chronic inflammatory phases

Immunofluorescence staining for macrophages shown in Fig. 5A and
B showed that the biopaper group had similar numbers of F4/80þ
macrophages compared with the control group at 7 and 21 days after
implantation (p¼ 0.617 and 0.901). The Surgicel group and the GS group
had similar numbers of macrophages at the two time points (p ¼ 0.762
Fig. 5. The immunophenotypes of macrophages after subcutaneous implantatio
images of F4/80þ cells (green) and nuclei (blue) (scale bar ¼ 50 μm). (B) The macro
Immunofluorescence images of CD86þ cells (red), CD163þ cells (green) and nuclei
CD86þ cells) comparison for the four groups. (E) Relative arginase-1 (ARG1) and TNF
TNF-α, ARG1 and β-actin at 7 and 21-day retrieval. (G) The relative protein band den
quantification for ARG1. Data are presented as the mean � SD (*p < 0.05 and ***p <

group). (For interpretation of the references to colour in this figure legend, the read
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and 0.653). The latter two groups had more macrophages than the two
former groups at 7 and 21 days after implantation (p < 0.001). For the
nonmaterial control group, the infiltrated macrophages were confirmed
to be predominantly of the M2 subtype (CD163þ, Fig. 5C and D). The GS
group had more M2 macrophages than M1 (CD86þ) macrophages, and
the M2 macrophage proportion increased at 21 days after implantation
compared with that at 7 days after implantation (76.3% versus 67.9%, p
¼ 0.023). The Surgicel group had more M2 macrophages than M1
macrophages at 7 days after implantation, and the macrophage propor-
tion of M2 and M1 macrophages at 21 days was similar to that at 7 days
after implantation (78.7% versus 77.6%, p ¼ 0.796). The biopaper group
n of hemostatic materials at 7 and 21-day retrieval. (A) Immunofluorescence
phage number comparison for the control, GS, Surgicel and biopaper groups. (C)
(blue) (scale bar ¼ 50 μm). (D) The macrophage subtype ratio (C163þ cells/
-αmRNA level ratios at 7 and 21-day retrieval. (F) Representative immunoblot of
sitometric quantification of TNF-α. (H) The relative protein band densitometric
0.001 versus the control group; ##p < 0.01 and ###p < 0.001 versus the GS

er is referred to the Web version of this article.)
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had comparable numbers of M2 and M1 macrophages at 7-day retrieval
(50.9% versus 49.1%). At 21 days after implantation, the number of M1
macrophages were markedly decreased compared with that at 7 days
after implantation (21.1% versus 49.1%, p < 0.001).

Fig. 5E shows that the GS group had the lowest ARG1/TNF-α ratio
(M2/M1 polarization) at 7-day retrieval, and the ratio increased and was
similar to that of the control group at 21-day retrieval (p ¼ 0.649). The
Surgicel group had a higher ARG1/TNF-α ratio than the control group at
7-day retrieval (p < 0.001) and had the highest ARG1/TNF-α ratio at 21-
day retrieval. The biopaper group had the second lowest ARG1/TNF-α
Fig. 6. The subtype immunophenotypes of M2 macrophages for subcutaneous i
immunofluorescence images of C-type lectin domain family 7 member A (CLEC7A, r
signaling lymphocytic activation molecule (SLAM, green, M2c marker), F4/80 (red)
(blue) for the control, GS, Surgicel and biopaper groups (scale bar ¼ 50 μm). Note M
(arrows). (B–E) The M2a-M2d macrophage number comparison for the four groups. (F
M2b marker), SLAM, C-X-C Motif Chemokine Ligand 8 (CXCL8, M2d marker) and β-ac
Data are presented as the mean � SD (**p < 0.01, ***p < 0.001). (For interpretation
version of this article.)
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ratio at 7-day retrieval and had a comparable ratio to the control group at
21-day retrieval (p ¼ 0.902). Western blot analysis results presented in
Fig. 5F and G showed TNF-α levels of the GS group, the Surgicel group
and the biopaper group were higher than the control group (all p <

0.001), and the biopaper group exhibited the highest TNF-α levels at 7
days after implantation. TNF-α levels were decreased in the Surgicel
group and the Biopaper group at 21 days after implantation compared
with those at 7 days after implantation (p¼ 0.042 and p< 0.001). Fig. 5F
and H shows that the Surgicel group had the highest ARG1 levels at 7
days after implantation. The ARG1 levels increased in the GS group but
mplantation of hemostatic materials at 21-day retrieval. (A) Representative
ed, M2a marker), TNF superfamily member 14 (TNFSF14, green, M2b marker),
, vascular endothelial growth factor A (VEGF-A, green, M2d marker) and nuclei
2d macrophages were labeled with double F4/80 and VEGF-A positive staining
) Representative immunoblot of CLEC7A, C–C Motif Chemokine Ligand 1 (CCL1,
tin at 21-day retrieval. (G–J) Relative protein band densitometric quantification.
of the references to colour in this figure legend, the reader is referred to the Web
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decreased in the Surgicel group at 21 days after implantation compared
with those at 7 days after implantation (p < 0.001, p ¼ 0.016 and p <

0.001).
The subsets of M2 macrophages for the four groups at 21 days after

implantation were further detected, and the retrieved A549 tumors at 21
days after implantation were used as controls. As shown in Fig. 6A and B,
the Surgicel group had themost CLEC7AþM2amacrophages, and the GS
group had the least. The tumor group had fewer M2a macrophages than
the control and biopaper groups (p ¼ 0.009 and 0.005). TNFSF14þ M2b
Fig. 7. Subcutaneous implantation of A549 cells with hemostatic materials. (A)
Surgicel and biopaper groups. (B) Tumor volume comparison for the four groups at 2
control group; ###p < 0.001 versus the GS group). (C) Representative H&E stainin
Representative Masson's trichrome staining for the GS and Surgicel groups at 21-day r
Representative double immunofluorescence staining of CD4þ and CD8þ T cells, CD8
(scale bar ¼ 50 μm). The arrows show the M2d macrophages. (H) Kaplan–Meier survi
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macrophages were expressed in the tumor stroma but negatively
expressed in the four groups at 21 days after implantation (Fig. 6A and
C). The control and biopaper groups had more SLAM þ M2c macro-
phages than the other groups, and the GS group had the fewest M2c
macrophages (Fig. 6A and D). As presented in Fig. 6A and E, VEGF-A was
expressed at new microvessels and abundant in the tumor cytoplasm. In
terms of tumor control, double F4/80 and VEGF-Aþ cells (M2d macro-
phages) were distributed in tumor nests and the stroma. The M2d
macrophage numbers in the GS group were similar to those in the tumor
Gross examination of subcutaneous tumors at 21-day harvest for the control, GS,
1-day retrieval. Data are presented as the mean � SD (***p < 0.001 versus the
g for the four groups at 3, 7, 14 and 21-day retrieval (scale bar ¼ 200 μm). (D)
etrieval (scale bar ¼ 1 mm and 200 μm for original and amplified images). (E–G)
6þ and CD163þ macrophages, and F4/80þ and VEGF-A þ M2d macrophages
val curve of the four groups (*p < 0.05 and **p < 0.01 versus the control group).
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group (p¼ 0.219). The other groups had fewM2d macrophages. Western
blot analysis results are presented in Fig. 6F–J, which showed that the
highest expression of CCL1 and CXCL8 proteins were in the tumor tissues,
but low expression of CCL1was observed in the four groups, implying the
exclusion of M2b macrophages from the biomaterial-mediated M2
macrophage-like reaction. The GS group had the second highest CXCL8
expression, which was consistent with the immunofluorescence staining
results for M2d macrophages. The Surgicel group expressed the highest
CLEC7A protein levels, and the biopaper group expressed the highest
SLAM protein levels, while the GS group expressed the lowest levels of
these two proteins.

3.4. The fastest tumor growth occurred in the gelatin sponge group after
subcutaneous implantation of A549 cells and hemostatic materials

Fig. 7A and B shows the gross tumor appearances and the tumor
volumes at 21-day retrieval. The GS group had the largest tumor vol-
umes, followed by the control group. The biopaper group and the Sur-
gicel group had comparable tumor volumes (p ¼ 0.514). Fig. 7C presents
the H&E staining results for the four groups at 3, 7, 14 and 21-day
retrieval. For the control group, the tumor cells aggregated to form
solid nest-like structures at 3 days after implantation, and the tumor nest
range increased with time, with similar nonspecific stromal cell reactions
observed at different implantation times. In the GS group, host cells
infiltrated into the open space of GS at 3 days after implantation, and
tumor cells repopulated the open space of GS at 7 days after implantation.
The open space of the GS was abundantly distributed with microvessels
at 21 days after implantation. The structure of the GS was obviously
damaged at 14 and 21 days after implantation. For the Surgicel group, at
3 days after implantation, the tumor cell nest was in contact with both the
thrombosis and the fiber structure of Surgicel. The thrombosis and fiber
structure of Surgicel were infiltrated by host cells at 7 days after im-
plantation. At 14 and 21-day retrieval, the Surgicel fiber structures were
replaced by host fiber tissues. For the biopaper group at 3 days after
implantation, a large number of lymphocytes were distributed in the
stroma around the tumor nests. The lymphocyte reaction decreased at 7
days after implantation and disappeared at 14 days after implantation.
The stromal structures at 14 and 21 days after implantation were similar
to those of the control group. Masson staining in Fig. 7D shows that GS
became small, with host cells and A549 cells infiltrating into the open
spaces. The structure of Surgicel could not be clearly visualized, with host
cells, A549 cells and collagen fiber occupation.

Immunofluorescence staining for subtypes of T cells in Fig. 7E
revealed a large number of CD4þ T cells and few CD8þ cells in the GS
group, and the biopaper group had more CD4þ T cells and fewer CD8þ

cells than the GS group at 3 days after implantation. Immunofluorescence
staining for subtypes of macrophages in Fig. 7F shows that the GS group
and Surgicel group had a higher proportion of CD163þ macrophages
(M2 macrophages) than CD86þ macrophages (M1 macrophages) at 21
days after implantation. F4/80 and VEGF-A double immunofluorescence
staining shown in Fig. 7G presented more M2d macrophages infiltrated
into the GS group than into the Surgicel group. Fig. 7H shows that the GS
group had the shortest OS, and the control group had the second shortest
OS. There were no differences in OS between the Surgicel and biopaper
groups (p ¼ 0.835).

4. Discussion

Commonly used naturally derived hemostatic materials have
different ECM structures and components. The tissue source, ECM
structure and composition, physical form, chemical crosslinking and
terminal sterilization may influence the cellular response of the host [26,
32]. Gelatin sponges (GS) in this study were prepared with glutaralde-
hyde. It has been reported that glutaraldehyde-crosslinked colla-
gen-based biomaterials are toxic to host cells in vitro and in vivo due to the
release of unreacted glutaraldehyde or collagen degradation products
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[33–35]. In the present study, GS resisted dissolution in the culture
medium and presented continuous cytotoxicity to A549 cells, and the GS
extract also showed cytotoxicity to A549 cells. The cell numbers of the GS
group decreased with time, implying continuous release of toxic sub-
stance from GS. As an oxidized regenerated cellulose, Surgicel also pre-
sented cytotoxicity [36], and the cytotoxicity was derived from the
strongly acidic nature during degradation [37]. Herein, Surgicel did not
completely dissolve in the culture medium and presented a little cyto-
toxicity to A549 cells. The cell number in the Surgicel group was similar
to the GS group at 2 days of culture, implying cytotoxicity to A549 cells.
But the cell number gradually increased from 4 to 10 days of culture,
implying a decrease in cytotoxicity over time. The biopaper dissolved
easily in the culture media and generated a gel-like structure, which
formed a 3D matrix for tumor cell culture during the first two days,
promoting more cell proliferation than 2D culture. As a result, the bio-
paper group had the highest cell numbers per well at 2 and 4 days of
culture compared with the other groups. However, the fast depletion of
materials due to culture medium replacement terminated its effect on the
proliferation of A549 cells, so the cell numbers in the biopaper group at 6,
8 and 10 days of culture were similar to the control group. These results
suggest that biopaper has little toxicity to A549 cells.

Angiogenic growth factors play vital roles in tissue and tumor
vascularization, and the levels of expression are regulated by both cell
culture conditions and cell-ECM interactions [38,39]. Tumor cells
cultured in the biopaper group exhibited more angiogenic growth factor
secretion than the other groups, which influenced the cellular behavior of
endothelial cells and promoted the vascularization of tissues and tumors.
However, the in vivo implantation results revealed that tumor growth was
decreased in the biopaper group compared with the nonmaterial control
group, which was inconsistent with the in vitro cell culture results. This
can be explained by the host cell reaction in vivo. Biopaper is a mixture of
sodium hyaluronate and carboxymethyl chitosan. Since the hydrophi-
licity of sodium hyaluronate, biopaper was dissolved in several minutes
and degraded in several days after in vivo implantation [40]. The fast
dissolution and degradation of the biopaper evoke a vigorous CD3þ T
lymphocyte response at the acute phase. These cells were confirmed to be
predominantly CD4þ Th1 phenotype T helper cells, which inhibit tumor
cell proliferation (Fig. 8). Although the biopaper-induced acute T cell
reaction disappeared with time, the tumor volumewas decreased, and OS
was prolonged.

Oxidized cellulose-based biomaterials showed a faster degradation
rate than collagen-based hemostatic materials [41]. As a regenerated
oxidized cellulose, the original structures of Surgicel disappeared in this
study at 14 and 21-day retrieval, suggesting complete degradation of
Surgicel by the host cells. For collagen-based GS, although continuous
glutaraldehyde-related toxicity released from GS to host cells and A549
cells, host cells and A549 cells infiltrated into the deep layer of GS, with
the formation of host collagen fibers, implying a decrease in
glutaraldehyde-related toxicity for in vivo GS implantation over time.
Fibrosis involves the activation of fibroblasts and deposition of dense
collagen components, and GS components were found to be partially
degraded with time. T cells, macrophages and their subtypes were
detected with immunofluorescence staining, and the results showed an
inflammatory reaction mediated by acute and chronic inflammatory
cells. GS and Surgicel induced slight acute T lymphocyte responses but
marked chronic macrophage inflammatory reactions.

Macrophages around biomaterials have two origins: tissue resident
macrophages and monocyte-derived tissue macrophages from the
migration of circulating monocytes [42]. In fact, the macrophage prop-
erties of the control group reflect those of the resident tissue macro-
phages. The control group had a larger number of M2 macrophages than
M1macrophages, implying that the main M2 macrophages were resident
tissue macrophages. The macrophages infiltrating into the GS and Sur-
gicel showed a balance betweenM1-like andM2-like phenotypes at acute
and chronic phases, and the ratios of M2-likemacrophages and Th2 CD4þ

T cells increased over time in the GS group. Biologic scaffold



Fig. 8. Schematic illustration of immune cell-hemostatic material interactions on the in vivo proliferation of A549 cells.
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implantation increased the number and proportion of M2macrophages at
the site of remodeling [43]. Wolf and colleagues revealed that implan-
tation of a urinary bladder matrix (UBM) scaffold created a type 2-like
immune response, with an M2 phenotype bias increasing M2-related
genes and decreasing M1-related genes [16]. In the present study, the
GS group presented an increase in M2/M1 polarization over time,
accompanied by an increase in M2 macrophages. The Surgicel group also
showed an increase in M2/M1 polarization with time but a decrease in
M1-and M2-related proteins, possibly due to the gradual degradation of
Surgicel.

The in vivo tumor implantation results showed that the GS group had
the largest tumor volume and the shortest OS, which was inconsistent
with the in vitro cell culture results. The inflammatory cells in the GS
group and the tumor cell interaction area were hybrid CD4þ/CD8þ
lymphocytes and M1/M2 macrophages, but the type 2 phenotype was
predominant. For the Surgicel group, in the material degradation area,
macrophages were the major M2 subtype. This was consistent with the
subcutaneous implantation performance of hemostatic materials without
tumor cells. The type 1 phenotype has an antitumor effect, but the type 2
phenotype is considered a tumor-associated macrophage (TAM). Higher
infiltration of M2 macrophages is related to more aggressive tumor fea-
tures, including increased tumor progression, invasion, and metastases
[44]. However, the results showed a tumor-cytotoxic environment, even
an increase in M2 macrophages, in the Surgicel group but a
tumor-permissive property in the GS group over time after implantation,
which is inconsistent with the increase in malignant behavior of tumors
via M2 macrophages.

M2 macrophages consist of four subtypes, named M2a-d, and more
subtypes involved in inducing stimuli, metabolic adaptation, surface
marker expression, gene expression and related functions [42,44]. M2a
and M2c subtypes are involved in tissue fibrosis and tissue remodeling
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and possess antitumorigenic effects similar to M1 macrophages [45].
M2b and M2d macrophages promote the survival, growth, angiogenesis,
invasion, and recurrence of tumors in vitro and in vivo and are considered
the main components of TAMs [46–49]. CCL1 and TNFSF14 are specif-
ically expressed in M2b macrophages [47], so we used these two markers
to excludeM2bmacrophages. VEGF-A and CXCL8 are highly expressed in
M2d macrophages [50], but VEGF-A is also expressed in new vascular
endothelial cells. We used F4/80 and VEGF-A double staining to detect
M2d macrophages. In the present study, the infiltrated M2-like macro-
phages in the Surgicel group were confirmed to be predominant M2a
subtypes, excluding the M2b and M2d subtypes (Fig. 8). This can explain
why the pro-regenerative type 2 phenotype induced by the ECM-based
biomaterials did not promote but rather inhibited tumor growth. This
finding is interesting because previous studies on macrophage polariza-
tion to inhibit tumors focused on M2 to M1 induction. The present study
showed that M2a macrophages may also be induced due to their anti-
tumorigenic effects. GS evoked a hybrid M1/M2 macrophage reaction,
but M2 macrophages were further confirmed to be the predominant M2d
subtype, which promoted tumor growth and lessened OS in the GS group
(Fig. 8).

However, there are some issues that need to be addressed. Macro-
phage polarization is a continuum of functional states depending on their
origins and cytokines present in the microenvironment [51]. Macro-
phages with different subtypes have overlapping markers and functions.
For instance, TNF-α is highly expressed in M1 and M2b macrophages
[42]. CD86 is used as a marker of M1 macrophages, but it is also
expressed on M2b macrophages [52]. M2a and M2c macrophages have
similar surface markers, such as CD206, IL-10 and TGF-β. They both
attenuate acute and chronic inflammation, promote the Th2 response and
induce ECM synthesis [42]. Moreover, whether glutaraldehyde crosslinks
or the structures and components of GS lead to the M2d macrophage
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reaction needs further study in the future.

5. Conclusions

We demonstrated that three commonly used hemostatic materials,
gelatin sponge, Surgicel and biopaper, had different effects on A549 cell
growth and proliferation in vitro and in vivo. The gelatin sponge and
Surgicel resisted in vitro dissolution and in vivo degradation and evoked
continuous in vivo inflammatory reactions. The gelatin sponge induced a
hybrid M1/M2 macrophage reaction, and Surgicel induced an M2
macrophage reaction. Further investigation of infiltrated M2 macro-
phages showed the presence of an antitumor M2a subset in the Surgicel
group but a protumor M2d subset in the gelatin sponge group. Biopaper
induced an acute Th1 lymphocyte response at the initial implantation
and decreased in vivo tumor proliferation. Therefore, Surgicel and bio-
paper are safe in use for cancer surgery, but gelatin sponges promote in
vivo tumor growth and are not suitable for tumor bed hemostasis.
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