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Abstract: Currently, advancedbiomaterial design solutions
often have more than two kinds of nanotechnology design
strategies, but there is no suitable classification to describe
these designs systematically. Based on the material design
ideas and themodes of implementing functions, this article
exemplifies and proposes a newnanotechnology classifica-
tion that includes physical properties, the chemical
reactions that respond to the microenvironment and bio-
inspired incorporation. If two or more nanotechnology
designs in the same classification are to be integrated into
the same biological material, it is necessary to analyze the
integration conflict between the designs. With the devel-
opment of big data, this classification method may help
researchers and artificial intelligence to realize automated
integration of multiple designs and provide new material
nanotechnology design integration solutions.

Keywords: nanotechnology classification, design inte-
gration, biomaterials

1 Introduction

Nanotechnology is defined as the “intentional design,
characterization, production and application of mate-
rials, structures, devices and systems by controlling their
size and shape in the nanoscale range (1–100 nm)” [1],
and it has been widely applied in many fields [2,3]. For
biomedicine, most of the diseases originate from the
alterations in the physiological state at the molecular or
nanoscale level, and in the course of disease treatment,
biomolecules, biological agents, chemical medicine and
bio-barriers are commonly in the nanometer level in size
[1]. The past medical technology has limitations in the
development of medicines because the objects of the
biomaterial technology research are at a bigger size level
compared with the biomolecules and biochemical reac-
tions [4]. In principle, nanotechnology could be used to
realize more powerful biomedicine regulation.

Nowadays, advanced biomaterials often contain
more than two kinds of nanotechnology design strate-
gies, but there is no suitable category to describe these
designs systematically. There are big nanotechnology
data originating from research articles; however, still
there is a lack of systematic analysis between different
function implementations of these designs. It is neces-
sary to put forward a reasonable nanotechnology
category for technology adoption and implementation.
Currently, most classifications describe the application
field [5] or the properties of materials [6], such as the
origin (natural and anthropogenic), chemical composi-
tion (metals, metal alloys, metal oxides, semiconductors,
carbon nano-objects, polymers and the category of
nanomaterials including silicates and carbonates) and
whether it is toxic [7]. These kinds of biomaterial data
classifications can provide solutions, which have been
tested by other articles. For automated, selective and
innovative manufacturing and integration of new bio-
materials, depending only on the cognitive scheme for
data as mentioned above is not enough. Whether they
are researchers or artificial intelligence (AI) replacing the
job of creating new materials, in addition to choosing
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raw materials and material processing (nanotech-
nology), they also need to think about technology
integration. This requires a new classification framework
to guide nanotechnology processing to realize new
processing integration. Currently, the establishment of
nanotechnology categories is still difficult [8], and few
articles have tried to classify by function implementa-
tion. Here, we introduce several nanotechnology designs
in the field of biomaterials and describe a classification
method including physical properties, the chemical
micro-environment responding through a chemical
reaction and bio-inspired incorporation, which contains
the design of biomimetic materials and the indirect use
of parts of natural organisms to form composite
materials. The parts of organisms in composite materials
provide an expected biological effect, but the biological
mechanism may not be clear or it is difficult to
synthesize replacement currently. This paper reviews
some examples related to pharmacokinetics, cellular
growth regulation, interference with body recognition
and biological detection to classify them from the new
perspective of function implementation. This classifica-
tion focuses on a quick understanding of the nanotech-
nology design, the interplay between different designs
and predicting the design conflict in a material, which
contains integration of more than two nanotechnology
designs. It also may work as a category architecture for
the automatic generation of design solutions by using
big data and AI.

2 Physical properties

Nanotechnology could directly change the physical
properties of materials and then alter the pharmacoki-
netics or biological response. As early as 2001, a three-
dimensional environment was proposed to be closer to
the actual growth environment of cells [16]. Technology
development led to many facilitated methods for
preparing three-dimensional physical structures as
shown in Figure 1 [9]. In the solvent casting and
particulate leaching method [10,11], a sacrificial porogen
is evenly dispersed in a prepolymer solution and poured
into a mold (Figure 1a and b). After the polymerization
completes, the porogen leaches through the solvent or at
high temperature to yield a porous material. The main
disadvantage of this is the toxicity of the solvent
remnants. In the traditional 3D printing technology for
manufacturing stents, the fused deposition modeling
technology requires the material to be printed out in

fluid form, which is then solidified into different shapes
(Figure 1c). A CAD model (Figure 1c-b) was formed by
laser scanning (Figure 1c-a), followed by the creation of
a specific porous scaffold (Figure 1c-c). MicroCT (Figure
1c-d) and SEM (Figure 1c-e) were used to show the
morphology and microstructure. Figure 1d shows the
technology of two-photon polymerization (TPP) using a
laser to activate a photosensitizer such as Irgacure 2959
to make methacrylamide-modified gelatin partially in-
soluble in solution, which then cures to form a specific
shape of the scaffold material [13]. Figure 1e shows the
laser-assisted bioprinting (LAB) method, in which a
layer of 1 wt% alginate is first coated on a glass slide,
moistened with 0.1 M CaCl2 solution, then the hydrogel
containing cells is laser printed on the surface of the
material and finally CaCl2 solution is sprayed, and after
waiting for some time, a gel is formed. The 3D
technology can also produce materials that contain cells
directly. The femtosecond pulsed laser method uses TPP
technology to polymerize materials to wrap the cells
(Figure 1f-a), and the MTT results show that the cell
viability is not affected. Figure 1f-b and c displays the
CAD model for fabrication and the corresponding cell
image under a light microscope [15].

In addition to the structure design above, more
studies may focus on the impact of physical properties
on biological functions, such as delivery [17], cell
growth, protein adsorption and biorecognition
regulation.

Hyaluronic acid synthase type 2 (HAS2) is delivered
into cells using mesoporous silica nanoparticles with a
core–cone structure (MSN-CC), a size of 170 nm and
15–40 nm pores to promote the synthesis of hyaluronic
acid [18]. Surgery results of Sprague Dawley (SD) rats
indicated that it is effective in preventing synovial
inflammation of osteoarthritis and bone defects
(Figure 2).

For a material to be used as a scaffold or a template
for bone repair, it often needs to have biocompatibility,
biodegradability and holes suitable for cell growth.
Figure 3a shows the preparation of the degradable
material poly(lactic-co-glycolic acid)/hydroxyapatite
after the processes of water ultrasonication, refrigeration
and air-drying [19]. The morphology result showed that
the average pore diameter was 50mm, which is larger
than the 10mm required for cell infiltration as verified by
cell experiments in vitro [21]. For cell adhesion as
shown in Figure 3b, for surface pattern sizes ranging
from 100 to 3,000 nm, increasing the nanopattern size
may lead to cellular spreading by the vinculin tractive
effort [20,22].
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Physical structure designs can also influence the application
of materials in flowing environments. In intravenous
injection applications, nanoparticles (NPs) as drug carriers
possess the advantages of long-term existence in the blood

circulation and high permeability and residence time
[23–26]. As is known, NPs have the enhanced permeability
and retention (EPR) effect [27]. However, there are still
limitations, including the clearance by monocytes and low

Figure 1: Different kinds of tissue engineering scaffold preparation methods [9]: (a) solvent casting [10], (b) particulate leaching [11],
(c) laser scanning and fused deposition modeling [12], (d) principle of the TPP technique [13], (e) LAB method [14] and (f) laser-printed 3D
tissue grafts consisting of cells [15].
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uptake by cancer cells, which currently are not ideal for
human testing [28,29].

Figure 4 shows that the problem of the material being
cleared by the monocyte system could be solved by a
supramolecular pre-coated protein crown shielding system
[30]. First, MSNs were modified with 3-(trimethoxysilyl)
propyl acrylate, and then the GSH and alkenyl groups were
connected by click chemistry. In the study, loading of
doxorubicin (DOX), camptothecin, DiIC18 and DiD, respec-
tively, has been tried. Finally, the recombinant fusion protein
GST-HER2-Afb is attached to mesoporous silica through the

supramolecular effect. Experimental results show that this
protein shielding system could effectively reduce the adsorp-
tion of serum proteins while retaining targeting specificity.

In order to avoid the formation of protein crowns
affecting the targeting of NPs, Figure 5a displays a simple
regulation of the surface protein crown formation by surface
grafting PEG [31]. The erBB2-receptor binding flow cytometry
statistical analysis of PEG with different molecular weights
such as 1, 5 and 10 kDa was performed on SKBR3 and MCF7
cells. It was found that PEG with a small molecular weight
could be backfilled to avoid the loss of the target regardless of

Figure 2: (a) HAS2 molecules are delivered using MSN-CC to synovial cells. The image results of (b) TEM, (c) SEM and (d) electron
tomography technique for MSN-CC [18].

Figure 3: A scaffold for cell growth. (a) Scanning electron microscopy images showing the morphology of cells on the surface of a porous
scaffold (left) and in-depth cells (right) after 3 days of cell seeding [19]. (b) The regulation of cell spreading by nanopatterns [20].
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prior (Figure 5b) or post (Figure 5c) exposure to human
serum.

Also, for other methods including photothermal therapy
[32], magnetism [33], etc., which usually do not involve the
production of new substances, the design of physical
properties is straightforward and intuitive. Despite the
convenience and simplicity of the methods in which
materials’ physical properties directly affect the micro
behavior, there are still two limitations in this category: (1)
the variety of physical property designs is limited, which
makes the integration easier to conflict. For instance, a
sphere with a diameter of 1.5mm can reduce the body’s
foreign body response [34], but still, it is too large for the NP
drug delivery system that needs to enter the cells [35]. (2) In

theory, diseases always originate from the change of the
physiological environment, while the obtained physical
properties are always constant. So they are unfavorable to
deal with specific changes of disease. Maybe other categories
of nanotechnology could provide more help.

3 Chemical microenvironment
response

In addition to chemical reactions used to generate new
substances, the changes of the pathological environment
are always the response conditions for intelligent

Figure 4: (a) Nanoparticles will lose the function of targeting peptides after the blood protein crown formation on them. Protein crown
shielding system could avoid the blood protein crown formation to maintain the targeting and avoid the phagocytosis by macrophages.
(b) Structure diagram of the protein corona shield system [30].
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biomaterials [36]. The most typical application is the
change of pH in the area of disease tissue.

Pei-Pei Yang introduced the material BP-FFVLK
(-His6)-PEG, in which the protein–peptide structure
contains a hydrophobic end and a hydrophilic end,
and it can self-assemble in liquids to form NPs
(Figure 6a). His6 is a pH-responsive motif. After the
NPs are injected into tumor model mice, they accumulate
in the tumor site through a passive targeting mechanism.
Then, the NPs transform into nanofibers (NFs) due to
changes in the hydrophilicity/lipophilicity balance
under the acidic conditions of the tumor microenviron-
ment and form a nested structure (Figure 6b). This nest-
like structure can effectively result in material retention
for a long time and help in sustained drug release [37].

For the treatment of cancer, Ya Jin et al. noted that the
connective tissue fibers at the cancer site ranged in size from
40 to 80nm [39], which was not conducive to the deep
penetration of NPs into cancer tissues. So, a nanomicelle was

designed by Xu et al. to dissolve the tissue fibers [38]. First,
the micelle is formed by a self-assembly reaction between
succinic anhydride-modified cisplatin-conjugated poly(ε-ca-
prolactone)-block-poly(ethylene oxide)-triphenylphospho-
nium (CDDP-PCL-PEO-TPP) and maleimide-terminated poly
(ethylene glycol)-block-poly(β-amino ester) (MAL-PEG-PBAE).
Next, Col-TCPPB NPs are prepared through a click chemical
combination of thiolated collagenase and maleimide groups
on the TCPPB micelle. The acidic environment of cancer cells
makes the hydrophobic PBAE segments hydrophilic. The NPs
break down and release some collagenase-containing in-
gredients and digest collagen fibers, which enhances the
permeability to NPs. At the same time, staying at the tumor
site due to the enlargement of particles is also considered to
be beneficial (Figure 7).

Not only the cancer environment but also the
acidification in the intracellular compartment should
be considered for drug release. In chronic pain, the
substance P (SP) neurokinin 1 receptor (NK1R) will

Figure 5: Serum–protein adsorption could reduce the binding specificity but this situation could be alleviated by PEG backfilling. (a)
Herceptin (1) was initially conjugated to Alexa Fluor 647 (AF647; 2) through amine-reactive succinimidyl ester chemistry, followed by a
second conjugation step with orthopyridyldisulfide polyethyleneglycol N-hydroxysuccinimide ester (OPSS-PEG-NHS ester; 3) to generate
OPSS-PEG-Herceptin-AF647 (4). The surfaces of the 50 nm gold nanoparticles (5) were functionalized with (4) and backfilled with methoxy-
polyethylene glycol (mPEG, 6) through thiol coordination. (b) The molecular weight of the PEG used for backfilling affects the binding
specificity. Herceptin-conjugated gold nanoparticles with 1, 5 and 10 kDa PEG backfill were incubated with SKBR3 and MCF7 cells prior to
(b) and post (c) exposure to human serum [31].
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accumulate in acidified endosomes, and it sends signals
for maintaining pain [41–43]. NK1R in endosomes is an
important target for pain relief. The author of this article
designed diblock copolymers synthesized with the same
hydrophilic shell of P(PEGMA-co-DMAEMA). pH-respon-
sive NPs (DIPMA) were synthesized with the hydro-
phobic cores of P(DIPMA-co-DEGMA) or using the
non-pH-responsive cores of PBMA to form BMA NPs
(Figure 8a). An aprepitant drug was introduced by self-
assembly and tested. From the experimental results it
can be observed that it can quickly suppress the signal of
SP and then realize a nonopioid treatment option for
chronic pain (Figure 8b) [40].

In contrast to the physical property design of
materials, the design of chemical microenvironment
responses can respond to the biochemical environment
or the biological substance that occur in diseases and
make timely adjustments. However, there are still two
kinds of limitations for this category: (1) the design is
based on our full understanding of the disease, and for

the unclear one, it is difficult to provide a design. (2)
Similar biochemical changes in pathology may occur in
different parts of the human body, such as the acidic
environment in both the nucleus and tumor cells, which
may interfere with the tumor targeted performance of
antitumor materials. Although scholars have suggested
that targeting both tumor cells and the tumor micro-
environment will greatly increase the effectiveness of
treatment [44,45], we still have doubts. In fact, in
addition to the strategy of chemical microenvironment
response, naturally derived targeting elements, such as
antigens and antibodies, could provide more materials
research ideas.

4 Bio-inspired incorporation

For design requirements for which there is no clue or
that exceed our cognition, a long natural derivative

Figure 6: (a) In the acidic microenvironment of tumors, NPs transform to nanofibers to wrap tumor cells. (b) TEM images of the NFs around
tumor tissue. The blue arrows indicate NFs [37].

Figure 7: Schematic diagram of the size-changeable multifunctional nanoparticles [38].
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could inspire us a lot. A natural substance such as DNA
molecules with a diameter of 20 nm and the cellular
membrane could be utilized or simulated to achieve
some biological reactions [7]. The main aspect of bio-
inspired incorporation is that we don’t know or under-
stand many processes in organisms, while we have
observed some of the biological materials’ superior
performance, e.g., antigen–antibody-specific binding
involving site binding domains is a targeted binding.
This technology design provides new approaches for the
biofunction implementation and at the same time,
materials in this design is considered to reduce the
complex level of rejection reactions research than
artificially synthesized materials. Extraction and separa-
tion by bioengineering by taking a biological component
as a material skips the problem of manufacturing
difficulties [46].

In the natural human body, the membrane of M1
macrophages affects delaying of the phagocytosis of NPs
and their movement towards the tumor site. According to
these characteristics, the M1 macrophage membrane was
isolated and utilized to pre-encapsulate NPs (Figure 9)
[47]. After the particles are targeted and enriched in the
tumor tissue, under laser irradiation of 650 nm, the
bilirubin–PEG core undergoes hydrophobic conversion
and cleavage to release DOX from small-sized NPs [BA
(D)] and the photosensitizer Ce6 irradiated with laser
light produces reactive oxygen species, killing tumor
cells in a dual way. The article did not design artificial
chemical synthesis of M1 macrophage membranes, but
the author directly used a component of the biological
body through biological separation to achieve the target
effect that has been observed in nature.

Biological base complementary pairing and melting
curve analysis are the core of gene chip detection. In a
study, the DNA of an extracted biological sample is
amplified in an enclosed chamber by the polymerase
chain reaction (PCR) method. After the amplified DNA is

hybridized with DNA probes fixed in different regions of
interest (ROI), differences of the melting curves between
mutant type and wild type are detected, and then
quickly and massively the mutation is analyzed [48].
Specific biological reactions lead to the accuracy, and
the integration of miniaturized biochip leads to the
testing rapidity. Currently, it is difficult for the human
race to create other physical and chemical reactions to
achieve the same detection performance.

In response to the sudden global health crisis, rapid
testing and screening of clinical samples could obtain
information in a short time. A solid-phase oligonucleo-
tide DNA array with addressable pixels, each one
containing sequences complementary to specific parts
of PCR amplicons, is used. Multiple PCRs are performed
on the nucleotide sequences extracted from the samples,
and then the PCR product is detected (Figure 10a and b).
DNA–DNA hybridization events are detected at every
pixel throughout the multiplex PCR sequence identifica-
tion through probe–amplicon solid-phase melting-curve
analysis (Figure 10c). This platform is fabricated using
sub-micron complementary metal-oxide semiconductor
(CMOS) processes [23] and includes independent DNA
biosensors with thermocycling capabilities.

In another field such as cardiovascular disease
treatment, there are many studies on biological factors.
In our previous work [49,50], anticoagulation function is
realized by the heparin agent extracted from porcine.
Heparin-based NPs were formed by an electrostatic
reaction after mixing poly-L-lysine solvent and heparin
solvent. Surface modification with NPs still maintains
the anticoagulation function and can selectively regulate
cell behavior, which may have promising application in
the field of intravascular stents. Tissue plasminogen
activator has also been widely studied as a thrombolytic
agent, using different materials such as polymers,
micelles and microbubbles to achieve drug targeting,
protection and release to the lesion location [51]. With

Figure 8: (a) Structure diagrams of pH-responsive (DIPMA) and pH-non-responsive (BMA) nanoparticles. (b) Cell-attached patch-clamp to
record the potential changes of the neurons with stimulation [40].

New classification method of nanotechnology for design integration in biomaterials  827



the aim of sustained neovascularization, Chiappini et al.
delivered the VEGF-165 gene into cells by using
biodegradable silicon nanoneedles [52]. These are the

design integrations between the physical properties of
carrier delivery functions and biological incorporation of
biomolecular functions.

Figure 9: Schematic diagram of nanoparticle structure and functions. (a) The preparation of (C/I)BP@B-A(D)&M1m particles. (b) Targeting
and therapeutic effects of nanoparticles. (1) The M1 macrophage membrane wraps the particles to reduce the clearance by the mononuclear
phagocyte system; (2) EPR effect on the tumor; (3) M1 macrophage membrane separates in an acidic environment; (4) the toxic
hydrophobic chlorin e6 (Ce6) and IND are released by laser irradiation; and (5) the aggregated “caterpillar-like” structure is also toxic to
tumor cells [47].

Figure 10: Nucleic acid amplification test platform. (a) Schematic diagram of the platform structure. (b) Multiple amplification of SSDNA in
different ROI. (c) After multiplex amplification, the melting curve of the double-stranded DNA combined with the probe in the ROI area could
show the mutation signal. [48]
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Unlike physical property design and chemical micro-
environment response design, this is more based on the
laws derived from a long life. In the methods including
materials inspired by biology, such as liposome simulation
[53] derived from the composition of the cellular membrane,
DNA base complementary pairing detection derived from
gene replication and antigen–antibody targeted binding
derived from biorecognition, most of the raw materials are
not obtained by chemical synthesis but through biochemical
extraction and collection, which are then re-assembled and
re-processed into new materials. The advantage of this
category is that despite the mechanisms being not clear, the
functions could still be obtained through biological extrac-
tion treatment. This method could avoid the difficulty in the
synthesis of raw materials and increase the biocompatibility.
The disadvantage is that the application is limited by
biological cognition and bio-immunogenicity. However,
there is no denying that bioinspired incorporation greatly
broadens the research of materials and achieves a wider
range of applications.

Based on the examples mentioned above, we make a
classification summary of the studied nanotechnology,
as shown in Table 1.

5 Conclusions and discussion

This study systematically classifies nanotechnology in
the aspects of implementing functions and reviews the
corresponding materials design, including the direct
alteration of the physical properties of materials,
chemical-reaction-related smart response system de-
signs that are affected by the microenvironment and
bio-inspired incorporation that includes biological prin-
ciple inspiration or utilization of part of the biological
substance. These categories are independent and could
be used for inductive design methods, such as the
physical properties of NPs, pH-responsive chemical
reactions and biologically inspired cell membrane

Table 1: Different categories of nanotechnology design with examples

Categories Nanotechnology design Function Materials

Physical properties Core–cone structure Delivery MSNs [18]
Nanopatterns Cell spread regulation Gold regions with fibronectin and

surrounded by protein- and cell-
resistant polymer brushes [20]

Mesoporous nanoparticles Delivery MSNs modified by 3-
(trimethoxysilyl) propyl acrylate
and click chemistry with GSH and
alkenyl groups [30]

Polyethylene glycol backfilling Inhibits the protein corona
formation to maintain
targeting function

OPSS-PEG-Herceptin-AF647-
mPEG [31]

Chemical
microenvironment
response

His6 is a pH-responsive motif Targeting tumors;
transformation of NPs to NFs
to construct a nest-like host of
tumors

BP-FFVLK(-His6)-PEG [37]

PBAE segments undergo a transition
from being hydrophobic to hydrophilic
with the protonation of the tertiary
amino group in the acidic
microenvironment

Release collagenase CS/Col-TCPPB NPs [38]

DIPMA pH-responsive Targeting the acidification of
the intracellular compartment

DIPMA [40]

Bio-inspired
incorporation

The membrane of M1 macrophages
encapsulates nanoparticles

Delaying phagocytosis; tumor
targeting

(C/I)BP@B-A(D)&M1m [47]

DNA–DNA hybridization Comprehensive mutation
analysis

Semiconductor biochip [48]

Modification by heparin Anticoagulation; inhibits
smooth muscle cell
proliferation (the mechanism
is unclear)

Heparin/poly-L-lysine
nanoparticles [50]
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encapsulation. As medical requirements increase, cur-
rent designs of biomaterials containing two or more
design forms in different categories of design always will
not conflict. In contrast, there may be design conflicts for
the same category of nanotechnology design. For example,
if hypothesis function A needs the material physical
structure to be round while function B needs the material
structure to be needle-shaped, it is hard to integrate the
two kinds of function strategies. A new classification
method is put forward to analyze this kind of problem,
while it also has limitations. For example, spherical shape
and small size also belong to the category of physical
properties, but the design integration can also be realized.
This misjudgment is because the range of classification is
too large. With the development and refinement of
classification, this misjudgment can be reduced.

In the future, reasonable technology classification
may be important as an architecture of choice for
biomedicine design integration (Scheme 1). With the
development of big data and AI, new material design
could be carried out by AI: First, analyzing the multiple

functions required, then selecting reasonable materials
and integrating nano designs that are non-conflicting.
Finally, controlling the equipment to complete the
material fabrication processing.
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