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a b s t r a c t

Along with the role transformation of biomaterials from bioinert substitute to regenerative inducer, the
biological effect and mechanism of material-organism interaction become more important. Since most
of animal tests and cellular experiments stay on the phenomenon description instead of mechanism
interpretation, the development of proteomics technologies provides a golden opportunity to uncover
the molecular interaction mechanism between biomaterial-organism on whole scale. This review sum-
marizes current application of proteomics in biological effect and mechanism study of biomaterials, and
discusses the development and challenges for future studies.

© 2017 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science &
Technology.

1. Introduction

According to the definition of International Union of Pure
and Applied Chemistry, biomaterials refer to all the materials
exploited in contact with living tissues, organisms, or microorgan-
isms [1]. Until now, several generations of biomaterials have been
developed, from inert biomaterials via bioactive or resorbable bio-
materials to the third-generation biomaterials which combine the
properties of bioactive materials and resorbable materials to stim-
ulate the regeneration of living tissue at a molecular level [2,3].
Therefore, the molecular mechanism of interaction between bio-
materials and organisms is becoming more and more important in
the exploitation and evaluation of new biomaterials. Thanks to the
development of biomics technologies, we can reveal the interac-
tion mechanism between biomaterials and organisms at molecular
level on whole scale by high-throughput tools [4].

As a key part of post-genome era, proteomics focuses on the
genome products —proteome, which was coined by Wetmore and
Wilkins [5,6] by combining protein and genome together to define
the total proteins expressed by a genome in a cell, tissue, or organ-
ism at a given time. As the active agents in cells, proteins directly
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participate in virtually every process within cells, and they are cen-
tral to our understanding of cellular function and disease processes
[7,8]. There are two main strategies in proteomics: (1) global pro-
teomics, to characterize all proteins that expressed by the genome
in a cell or tissue; (2) differential proteomics, to identify the differ-
ent patterns of expression between two or more groups of samples.
Since the expression and type of proteins are changing with time
and space, the global proteomics is hard to achieve, although it
is much closer to the nature of proteomics. Whereas the differ-
ential proteomics focuses on differential proteins, which is highly
realizable and embodies the dynamics of proteome. Therefore, the
differential proteomics has been widely applied in identification
of biomarkers, development of drugs and reveal of disease mecha-
nism.

When cells, tissue or other organisms are exposed to bio-
materials, they will react with the material composition, surface
topography or chemical properties by regulating the expression of
proteins in response to the new environment [9]. Table 1 and 2
summarize the bioeffect evaluation of bulk or nanomaterials based
on proteomic approach. The proteins of cells exposed to differ-
ent conditions are extracted, separated, identified and quantified
by proteomic technology. Then the obtained proteome data is
analyzed by bioinformatics to figure out the hidden relation-
ships of these differentially expressed proteins and the possible
influence of biological process. In combination with the reports
and some verification experiments, the molecular mechanism of
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Table 1
Application of proteomics in biological effect and molecular mechanism study of biomaterials.

Materials Organisms Methods Results References

Pure Ti VS. tissue culture
polystyrene

the extracts of skin fibroblasts
and adsorbed serum proteins

2-dimensional gel electrophoresis and
matrix-assisted laser
desorption/ionization-time of flight
and mass spectrometry
(2DE-MALDI-TOF-MS)

40 proteins were identified, and Ti
promoted the formation of a more
concentrated carpet of plasma proteins
to modulate cell adhesion

[11]

Pure Ti VS.
polyetheretherketone (PEEK)

Human osteoblast-like MG-63
cells

Stable isotope labeling with amino
acids in cell culture (SILAC)

Ti showed weaker inhibition effect on
mRNA processing and benefited for cell
proliferation than PEEK

[12]

NiTi alloy with and without TiN
coating

Human umbilical vein
endothelial cells (HUVECs)

SDS-PAGE LC-MS/MS Bare and TiN coated NiTi alloy had little
difference in the activation of adsorbed
proteins to cell adhesion. They
mediated adsorbed proteins to cell
adhesion and growth on biomaterials
via four ways. However TiN coating
effectively prevented the release of Ni
ions from NiTi, and enhance the
pathways which bare NiTi inhibited

[13,14]

Polyethylene terephthalate
(PET)-based material
surfaces with distinct
hydrophobic/hydrophilic
and electoral properties

Co-cultured human peripheral
blood monocytes and
lymphocytes

Antibody array screening ELISA The surface chemistries influenced
inflammatory process by regulating
the expression of related proteins such
as MMP-9/TIMP, IL8, TNF-�

[16]

Polycaprolactone (PCL) sheets
with nanoscale pit
topography VS. flat controls

Human bone marrow
osteoprogenitors

DIGE-LC/MS/MS Modulation of focal adhesions and the
cytoskeleton had central roles in
inducing cell differentiation on
nanotopography

[17]

Polycaprolactone (PCL)
substrates with grooved
topographies in bioreactor
VS. flat controls

Human bone marrow
osteoprogenitors

differential in-gel electrophoresis
(DIGE) LC/MS/MS

Grooves regulated transducer proteins
such as zyxin and Hsp27 to affect cell
cytoskeletal polymerization, and
bioreactors helped greatly with protein
yield

[18]

Degradable
polycarbonate-urethane
(PCNU) VS. non–degradable
polystyrene (PS)

Monocyte-derived
macrophages (MDM)

2-DE MALDI-TOF-MS Structural proteins and proteins for
trafficking and structure modification
were modulated

[19]

Chitosan oligosaccharides 3T3-L1 adipocyte/ 2-DE MALDI-TOF 50 differentially expressed proteins, 6
up-regulated and 44 down regulated

[20]

MgSnMn alloy Mouse fibroblasts L929 iTRAQ-2D LC–MS/MS Oxidative phosphorylation and
cytoskeleton were regulated

[21]

Pure Mg Mouse fibroblasts L929 iTRAQ-coupled two dimensional liquid
chromatography-tandem mass
spectrometry (2D LC-MS/MS)

8 proteins were down-regulated and 4
proteins were up-regulated all through
the incubation time

[22]

Bone marrow mesenchymal
stem cells
(BMSCs)/decalcified bone
matrix/fibrin glue

Serum of bone defected New
Zealand White Rabbits

2D-PAGE and
MALDI-TOF-TOF-MS

Succeeded in bone formation, and
osteopontin was significantly
up-regulated with three peculiar kinds
of proteins: TTR, ALB and RBP4

[23]

Fig. 1. Common strategy of biological effect and molecular mechanism study of biomaterials based on proteomic research.
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Table 2
Application of proteomics in biological effect and molecular mechanism study of nanomaterials.

Nanomaterials Organism Methods Results References

Gold nanoparticles E. coli (ATCC 11775)
multidrug-resistant
Gram-negative bacterial

2D PAGE MALDI-TOF MS Gold NPs changed membrane potential and inhibited ATP
synthase activities and the subunit of ribosome for tRNA to
kill bacterial

[29]

Gold nanoparticles Human dermal
fibroblasts-fetal (HDF-f)

2D-DIGE MS 24 unique proteins were influenced in the aspects of signal
transduction, actin cytoskeleton, energy metabolism,
oxidative stress cell transcription factor

[30]

Silver nanoparticles Human dermal
fibroblasts-fetal (HDF-f)

2D-DIGE MS 25 differentially expressed proteins disturbed cytoskeleton
and cellular membrane, energy metabolism

[41]

Spherical HA nanoparticles VS.
needle shape HA
nanoparticles

Osteoblasts iTRAQ-coupled 2D
LC–MS/MS

Needle shaped HA nanoparticles increased osteocalcin and
alkaline phosphatase, and spherical nano HA particles
down regulated filamin-A, filamin-B and talin

[33]

Natural HA VS. synthetic HA Mice bone mesenchymal stem
cell

iTRAQ-coupled 2D
LC–MS/MS

Similar influence on cell proliferation, adhesion,
differentiation and calcium ion binding function. Only
natural HA induced biomineral formation and blood vessel
development, which resulting in more matrix
mineralization than that of synthetic HA

Plane hydroxyapatite HA VS.
carbon nanotube (CTN)
reinforced HA

Human osteoblasts iTRAQ-coupled 2-D
LC–MS/MS analysis

21 differentially expressed proteins
previously associated with cell adhesion and proliferation
were higher on HA surface indicating higher proliferation

[34]

Multi-walled carbon nanotube
(MWCNT)

Human epidermal
keratinocytes

2DE-MS 67% down regulated proteins mainly associated with
metabolism, cell signaling stress and cytoskeletal element

[36]

Multiwalled carbon
nanotubes/polyurethane
composite (MWNT/PU)
nanofibrous network

3T3-L1 mouse fibroblasts
released protein

Sodium dodecyl
sulfate-polyacrylamide gel
electrophoresis
(SDS-PAGE), MS

Nanofibrous scaffold of MWNT/PU released the largest
amount of proteins including collagen

[37]

Ti2O particles (diameter
0.29 �m)

Human bronchial epithelial cell
line (BEAS-2B)

2D nano-LC–MS/M S Defense-related, cell-activating, and cytoskeletal proteins
implicated in the response to oxidative stress.

[40]

TiO2 nanoparticles Mouse NSCs line C17.2, 2D-DIGE MALDI-TOF–TOF
MS.

Protein kinase C epsilon (PKC�) plays a pivotal negative
role in the neuronal differentiation. 9 identified proteins
are involved in signal, molecular chaperones, cytoskeleton,
and nucleoprotein

[27]

Carbon black Human monolastic leukemia
cells U937

2DE-MALDI-TOF-MS 14 proteins were identified and associated with
metabolism, responses to stress, signal transduction, and
cell differentiation

[39]

biomaterials-organism shows up. Fig. 1 shows the common routes
of proteomic application in biological effect and molecular mecha-
nism study of biomaterials.

2. Proteomics in bioeffect evaluation of bioinert materials

The so-called bioinert materials refers to the materials that elicit
a minimal reaction of host tissue when implanted, such as titanium
alloy, calcium phosphate ceramics, and polyethylene [2]. However,
even without severe rejection, the bioinert materials are still for-
eign matters for organisms, and have an interaction with cells and
tissue.

Among these bioinert materials, pure Ti is of great success for
application in dental and orthopedic area [10], which shows super
biocompatibility compared to other type of bioinert materials. To
uncover the molecular basis of its biocompatibilities, protein pro-
files of cells response to Ti compared to other bioinert materials
were studied. By comparing the cell proteins and adsorbed serum
proteins of skin fibroblasts to pure Ti and tissue culture polystyrene
[11], it was found that Ti promoted the concentration of plasma
proteins and modulates cell adhesion to support cell proliferation.
Moreover, Zhao et al. [12] profiled the dynamic protein expression
changes in human osteoblast-like MG-63 cells cultured on pure
Ti and polyetheretherketone (PEEK) with cell culture dish as con-
trol. Though the differentially expressed proteins were observed in
similar adaptive process, such as metabolism, cell adhesion and
biosynthesis, PEEK showed stronger inhibition on message RNA
(mRNA) processing, which might be the reason for the higher pro-
liferation rate of the cells cultured on Ti than that on pure PEEK.

To reduce the potential hazard caused by Ni ion releasing from
TiNi alloy, TiN coating was prepared, and the bioeffects were stud-
ied by both adsorbed serum proteome [13] and cellular proteome
of endothelial cells [14]. Results revealed the molecular mech-

anism of mediation of adsorbed proteins to cell adhesion and
growth on biomaterials via four ways: (1) adsorbed protein bind-
ing with cell surface receptors to activate integrins by increasing
intracellular calcium level; (2) thrombospondin 1 promoting TGF-
ˇ signaling pathway activation and increasing integrin expression;
(3) RGD sequence (Arg-Gly-Asp) contained adsorbed proteins such
as fibronectin 1, vitronectin and thrombospondin 1 binding with
activated interins to influence focal adhesion; (4) adsorbed protein
coagulation factor II and fibronectin 1 binding with cell surface
receptor and integrin to activate actin cytoskeleton. It was also
found that NiTi alloy with TiN coating or not did not influence
the activation of adsorbed proteins to cell adhesion. However, the
TiN coating effectively prevented the release of Ni ions from NiTi,
and enhanced the pathways related to action cytoskeleton, focal
adhesion, energy metabolism, which bare NiTi inhibited.

3. Proteomics in bioeffect evaluation of
bioactive/resorbable materials

Although some bioinert materials show good biocompatibility,
in most application, fibrous capsule envelopes the implants due to
the immune response, preventing their effective integration with
organism. Therefore, temporary implants instead of permanent
ones are desired [2,15]. Thus, bioactive/resorbable biomaterials
which can elicit a controlled action and reaction in the physiologi-
cal environment are ushered increasing attention, and the studies
of molecular effect between materials-organism are emphasized.

By giving different surface properties to biomaterials, scien-
tists achieve different biological activities resulting in various
cell behaviors. Chang et al. [16] evaluated the influence of
hydrophilic-hydrophobic property and electrical property on
the foreign body reaction subsequent to biomaterial implanta-
tion. They co-cultured human peripheral blood monocytes and



610 Z. Zhen et al. / Journal of Materials Science & Technology 33 (2017) 607–615

Fig. 2. [17] Osteoprogenitor cells (OPGs) cultured on PCL substrates in static culture: (A) 5 d on flat surface; (B) 5 d on nanopits (The inset is the SEM image of the nanopits);
(C) three weeks on flat surface; (D) three weeks on nanopits (The cells on the nanopits at 5 d were less spread than that of on the flat surface. By 3 weeks, dense aggregates
appear on nanopits, similar to bone nodules in appearance) [17].

Fig. 3. OPGs cultured on PCL substrates in static culture: (A) 5 d on flat surface; (B) 5 d on grooved surface (the inset is the SEM image of the grooves); (C) 4 weeks on flat
surface; (D) 4 weeks on grooved surface. (The cells on the grooves at 5 d are elongated in the groove direction. By 4 weeks, dense aggregates appear to form both parallel to
the groove direction [18].

lymphocytes on polyethylene terephthalate (PET)-based mate-
rial surfaces displaying distinct hydrophobic, hydrophilic/neutral,
hydrophilic/anionic, and hydrophilic/cationic chemistries, and
using antibody array to dissect the complex interaction of lympho-

cytes and monocytes with biomaterial surfaces. Results showed
that most of the detected proteins were inflammatory media-
tors moderating the early inflammatory phases of wound healing,
and by comparing the differentially expressed proteins, it sug-
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Fig. 4. Monocyte-derived macrophages (MDM) cytoskeleton organization is dependent on material surface. Representative fluorescence microscopy images of MDM stained
with Rhodamine Phalloidin for F-actin (red) and DRAQ5TM for DNA (blue). Presented are representative fluorescence images of MDM differentiated for 7 d on either (A) PS
or (B) HDI or trypsinized MDM reseeded onto either (C) PS or (D) HDI for 24 h (Scale bar: 20 �m) [19].

Fig. 5. HE staining of (A) 3D decalcified bone matrix (DBM)/fibrin gel scaffold group and (B) control group. Experimental group had more new bone formation than the
control group [23].

gested that hydrophilic/neutral and anionic surfaces promoted
pro-inflammatory responses and reduced degradation of the extra-
cellular matrix (ECM), whereas the hydrophilic/cationic surfaces
induced an anti-inflammatory response and greater MMP-9/TIMP
with an enhanced potential for ECM breakdown.

Besides materials chemistry, the surface topography also plays
an important role in cell proliferation and differentiation. Kanta-
wong et al. [17] applied differential in-gel electrophoresis (DIGE)
to study the mechanism of osteoprogenitor response to different
surface topographies of polycaprolactone sheets. It was found that
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Fig. 6. TEM images of TiO2 nanoparticles (NPs) and cell line C17.2 exposed to TiO2 NPs: (a) rutile TiO2 NPs; (b) control NSC C17.2 cells; (c) C17.2 cells exposed to TiO2 NPs,
vesicles filled with NPs; (d) magnified TEM image of TiO2 NPs in cells [27].

Fig. 7. TEM images of mouse neural stem cells after co-incubation with fluorescein
isothiocyanate-TiO2-nanotubes (FITC-TiO2-NTs) for 48 h: (A) control cell; (B) NTs in
cell nucleus. N denotes the nuclear membrane and NT the FITC-TiO2-NTs [28].

Fig. 8. Schematic diagram of mechanism of action of bactericidal gold nanoparticles
on Escherichia coli Gold NPs induce the down-regulation of oxidative phosphoryla-
tion pathway (F-type ATP synthase and ATP level) and ribosome pathways, and the
transient up-regulation [29].

compared with flat controls, nanoscale pit topography (Fig. 2 [17])
could moderate focal adhesions and cytoskeleton related proteins
such as actin isoforms, beta-galectin1, and procollagen-proline,
and whereby influenced cell differentiation. Grooves had contact
guidance to cell growth (Fig. 3 [18]) by regulating the expres-
sion of transducer proteins such as zyxin and Hsp27 to affect cell
cytoskeletal polymerization. Meanwhile, they found bioreactors

helped greatly with protein yield and could give a more confident
analysis. A shortcoming of difference Gel Electrophoresis (DIGE)
techniques in this work was that membrane proteins were missed
due to hydrophobicity.

Along with the degradation of resorbable biomaterials, both
the surface topography and chemicals change have effect on the
cell behavior. Dinnes et al. [19] studied the molecular mechanisms
about how degrading polycarbonate-urethane (PCNU) accelerated
monocyte differentiated into macrophage specifically in compari-
son to non-degradable polystyrene (PS) (Fig. 4 [19]). The proteome
data showed that the small alteration on surface chemistry mod-
ulated the expression of structural proteins, trafficking proteins
and protein structure modification proteins in monocytes. Rahman
et al. [20] worked on the inhibitory effect of chitosan oligosaccha-
rides (CO) on 3T3-L1 adipocyte differentiation, and found that CO
at the concentration of 4 mg/mL caused 50 differentially expressed
proteins involving in lipid metabolism, cytoskeleton and redox reg-
ulation. And the authors concluded that the inhibitory effect was
mediated by significant downregulations of important adipogenic
proteins.

Our team focus on the mechanism research of interaction
between biodegradable magnesium alloys and organism [21,22].
Results showed that magnesium and its alloys had good biocompat-
ibility to mouse fibroblast L929 cells in cellular level. The common
enriched regulated biological pathways include protein synthesis,
endocytosis and proteasome, and due to the presence of alloying
elements, MgSnMn alloy adversely affected protein synthesis in the
early incubation, and impeded the cell cycle of L929 cells by reg-
ulating the expression of cyclin-dependent kinase, indicating the
potential hazard of the new alloy.

One case of in vivo tissue engineering application of proteomics
in bioeffect study is to analyze bone regeneration and remodeling
promotion mechanism of 3D decalcified bone matrix (DBM)/fibrin
gel scaffold [23] implanted in New Zealand white rabbits. Both
DBM and fibrin gel are used as scaffolds to culture bone marrow
mesenchymal stem cells (BMSCs). Isolated BMSCs from femur of
rabbit were incubated in DBM and fibrin gel for 28 d in vitro, and
then implanted into New Zealand white rabbits bone defect. After
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Fig. 9. SEM images of (A) needle shaped HA nanoparticles and (B) spherical HA
nanoparticles [33].

12 weeks hematoxylin-eosin (HE) staining was applied to observe
the new bone formation, and found experimental group had more
new bone formation than the control group (Fig. 5 [23]). Serum
proteome results showed several proteins such as TTR protein, ALB
protein, and RBP4 protein expressed superior to the control group,
which might participate in genetic replication, repair and expres-
sion through the neuroendocrine system. In addition, osteopontin
was significantly higher in experimental group which might be one
of the reason for promoting bone regeneration and remodeling.

4. Proteomics in bioeffect evaluation of nanomaterials

Nanomaterials are a special type of materials due to their scale
effect, and receive increasing attention for their applications in
biology, medicine and energy industry. On one hand, the applica-
tion of nanomaterials bring great convenience, for example, we use
hydroxyapatite(HA) in bone repair to accelerate the bone remodel-
ing [24], and add silver nanoparticles in surgical dressing to achieve
antibacterial effect [25]. On the other hand, along with the advances
brought by nanomaterials, untoward interactions such as cell apo-
ptosis and greater pro-inflammatory effects are observed [26]. As
a consequence of their quantum size effects and large surface area
to volume ratio, increasing rate of absorption by the skin, lungs,
or digestive tract and translocation from their site of deposition
to distant sites such as the blood and the brain has been found in
nanomaterials. Meanwhile, nanomaterials are smaller than cells,
they may enter into cells (Fig. 6 [27]) and even nucleus (Fig. 7 [28]).
Therefore, the evaluation of the biological effects of nanomaterials
draws attention of researchers and the mechanism of the interac-
tion between nanomaterials and organisms has been studied.

Gold nanoparticles and silver nanoparticles are two widely
used nanomaterials in biological techniques such as labeling and

Fig. 10. Optical graph and SEM image of nanofibrous scaffold of MWNT/PU and PU, with morphological observation of cells growing on nanofibrous scaffold of MWNT/PU
under SEM: (a) optical graph of nanofibrous scaffold of MWNT/PU; (b) optical graph of nanofibrous scaffold of PU; (c) a typical SEM image of nanofibrous scaffolds of MWNT/PU
and PU, the nanofibers fibers showing non-woven mash-like structures; (d) higher SEM magnification showing irregular pores among the nanofibers; (e) cell sheets and cell
“chains” formed on nanofibrous scaffold of MWNT/PU; (f) SEM image with higher magnification showed the cells spread and integrated well with the nanofibrous scaffold
of MWNT/PU [37].
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antibacterial. Lü’s group have evaluated the antibacterial mecha-
nism of gold nanoparticles [29], and bio-effect of gold and silver
nanoparticles [30–32] on human dermal fibroblasts-fetal (HDF-f)
by proteomics. The molecular mechanism of gold nanoparticles
antibacterial activities, shown in Fig. 8 [29], was exerted mainly
by two ways: one was to collapse membrane potential, inhibit-
ing ATPase activities to decrease the ATP level; the other was to
inhibit the subunit of ribosome from binding tRNA. During the
bacterial killing process, no reactive oxygen species (ROS)-related
mechanism was observed, which might be harmless for the host. It
was reported that the influencing mechanisms of the two kinds of
nanoparticles on fibroblasts were similar, such as the regulation of
cytoskeleton, cell adhesion, energy metabolism, and etc. Dissimi-
lar bioeffects were also discussed, for example silver nanoparticles
could induce DNA damage, but gold nanoparticles did not. HA is the
main component of bone, and is widely used in bone tissue engi-
neering to induce bone regeneration. Protein expression profiles in
osteoblasts in response to differentially shaped HA nanoparticles
(spherical HA nanoparticles and needle shaped HA nanoparticles,
Fig. 9 [33]) were studied. Results showed that both of the two shape
HA influenced the energy metabolism, caused oxidative stress, and
disturbed Ca2+ signaling pathways by regulating the expression of
related proteins. Osteocalcin and alkaline phosphatase increased in
the presence of phase needle shaped HA nanoparticles, suggesting
they enhanced osteoblast differentiation. The down-regulated of
filamin-A, filamin-B and talin suggested an increase in the migra-
tion of these osteoblasts exposed to spherical HA nanoparticles.
Another high-profile nanomaterial, carbon nanotube (CNT), was
added as reinforced materials into HA to enhance the strength. By
comparing the protein expression of human osteoblast cultured on
plane hydroxyapatite HA and CNT reinforced HA [34], it was found
that proteins associated with cell adhesion and proliferation were
generally higher in cells adhered to HA surface than CNT reinforced
HA, indicating a higher level of cellular proliferation. Despite the
influences of shapes on the cell behavior, the effects of the source
of HA were also studied by proteomics [35]. The impact of nat-
ural HA extracted from pig bone and synthetic HA using chemical
wet method on mesenchymal stem cell function was comparatively
studied. Cell functions related to proliferation, adhesion and differ-
entiation were similarly changed by both natural HA and synthetic
HA via mediating corresponding pathways. However, the “Biomin-
eral formation” and “Blood vessel development” were induced by
only natural HA but not synthetic HA, which might be the reason
why natural HA could be more conducive to matrix mineralization
in cellular experiment.

As referred above, CNT has widespread applications in biological
fields in the recent years, because of its excellent conductive prop-
erty, mechanical strength, and binding capacity to biomolecules.
Thus, the toxicity or interaction with cells are also worthy of
attentions. A preliminary protein profile of human epidermal
keratinocytes (HEKs) exposed to multi-walled carbon nanotubes
(MWCNTs) (0.4 mg mL−1) were analyzed [36], and it was found that
with the extension of exposure time, more proteins were altered.
106 proteins were affected at 48 h, of which most were significantly
down-regulated, associated with metabolism, cell signaling, stress,
cytoskeletal elements and vesicular trafficking components. MWC-
NTs exposure might alter protein expression in a target epithelial
cell which creates the potential for chronic inflammation and injury
of the skin. Meng et al. [37] analyzed the effects of MWCNTs on the
released proteins of 3T3-L1 mouse fibroblasts exposed to electro-
spun nanofibrous network of 3% MWCNTs/polyurethane composite
(MWNT/PU), and found MWCNTs could affect cell adhesion and
immigration (Fig. 10 [37]) by promoting the release of proteins
especially the expression of collagen.

Beside the initiative applications in biology, nanomaterials also
contact with human beings through the air pollutants such as PM2.5

Fig. 11. Expression of MIF in lung tissue of TiO2-treated and sham-treated rats:
(A) lung tissues from TiO2-treated (lower panels) and sham-treated (upper panels)
rats were incubated with biotinylated anti-goat MIF antibody (1:100 dilution). MIF
was detected using an avidin-biotin peroxidase complex kit and staining with 3,3′-
diaminobenzidine tetrachloride (Zymed Laboratories Inc.) with hematoxylin as a
counterstain. MIF protein expression was notably higher in the lung epithelial layer
(arrow) from TiO2-treated rats than in that from sham-treated rats; (B) western
blot analysis of lung cell extracts from sham- or TiO2-treated rats. MIF expression
in lung cells from TiO2-treated rats was higher than in lung cells from sham-treated
rats (Scale bars: 100 �m) [40].

(fine particles with a diameter of 2.5 mm or less), which becomes a
thorny problem especially in China today. The bioeffects of several
particles of the airborne pollution component such as TiO2, carbon
black and diesel exhaust particles have been studied by proteomics
[27,38,39]. In the mechanism study of of TiO2 particulate-induced
airway obstruction [40], 20 proteins in human bronchial epithe-
lial cell line (BEAS-2B) were differentially expressed in response
to TiO2 particle exposure (0.29 �m), which mainly involved in
defense, cell-activating, and cytoskeleton processes implicated in
the response to oxidative stress. And it was found that one protein
macrophage migration-inhibitory factor (MIF) was over-expressed
when epithelial cells exposed to not only TiO2 (Fig. 11 [40]) but
also carbon black and diesel exhaust particles, thus it was inferred
that MIF might serve as markers for airway disease caused by expo-
sure to PM. Meanwhile, TiO2 NPs (150 �g mL−1) were found to be
negative for neuronal differentiation [27] from neural stem cells
towards neurons by inhibiting Cx43 phosphorylation signal path-
way via the negative regulation of higher expressed protein kinase
C epsilon (PKC�). In the cytotoxicity evaluation of carbon black
(85 nm, 10 mg mL−1) to U937 human monoblastic leukemia [39], 14
regulated proteins were found with only 1 protein down expressed.
These proteins were associated with metabolism, responses to
stress, signal transduction, and cell differentiation. However, these
biological responses were not detectable by conventional meth-
ods. Regarding the proteomic approach could be more sensitive to
detect safety risk than conventional in vitro evaluation methods.
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5. Summary and outlook

Proteomic provides a powerful set of tools for molecular mecha-
nisms study of the interaction between biomaterials and organism
directly at the protein level on whole scale, and gives clues for
the subsequent research. With the rapid increasing sensitivity and
specificity of proteomic technologies, much more regulated pro-
teins will be figured out. And thanks to the work of global biologists,
the function and interaction relationship of proteins become more
comprehensive. All of these will help to reveal the hidden mecha-
nism between biomaterial-organism, and help materials scientists
to improve the material composition optimization design.

In addition, we should keep in mind, the protein data bank
is far from completed, and some differentially expressed pro-
teins have not been functionally characterized. Meanwhile, in the
study of biomaterials-organism interaction, we mostly focus on
the differences of protein expressions, other aspects such as the
post-translation modification, location and displacement of pro-
teins also play important roles in regulating biological processes.
In future experimental design, a multidisciplinary approach with
well-integrated “omics,” i.e., transcriptomics, metabolomics, pro-
teomics, etc. will be encouraged to support and verify the molecular
mechanism study.
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