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Abstract 

Lately, there has been a great deal of emphasis on developing novel biomaterials for next generation 
biomedical technologies. Especially, research efforts have focused on biomaterials that meet the demand 
for precisely engineered three-dimensional structures. These research efforts seek to design advanced 
biomaterials that mimic the natural environments of tissues more closely, and thus enhance the functional 
performance of these materials. To this end, surface modification/functionalization of biomaterials is 
considered pivotal to achieve the goals. Recent progress in biomaterials fabrication techniques has shown 
huge promise for surface engineering of biomaterials leading to realization of devices that have complex 
surface geometries for various biomedical applications in the pharmaceutical and medical fields. These 
include next generation drug delivery, diagnosis and biosensors, to name a few. In this review, we have 
highlighted important surface modification processes that have been employed for surface engineering of 
biomaterials. Further, an overview of the cellular response of surface modified biomaterial is presented. 
We have also discussed precise engineering of three-dimensional surface modification of biomaterials by 
initiated chemical vapor deposition (i-CVD) method. Notable biomedical applications have been 
described. Finally, we have presented a brief future perspective. 
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Introduction 

The ability to control the interactions between 

biomaterials and living tissues is considered 

critical to optimize their therapeutic effects and 

disease diagnostics for clinical applications. 

However, it is quite difficult to gain such ability 

because most biomaterials including metals, 

polymers, hydrogels, carbons, and composites do 

not exhibit specific surface and bulk properties 

and desirable functions that are suitable for 

applications. It is essential that biomaterials have 

perfect properties for their effective interactions 

with surrounding tissues. To overcome the 

challenges, surface modification/engineering of 

biomaterials has been shown to play an important 

role in tailoring the surface of biomaterials. This 

surface engineering allows better adaptation to the 

physiological surroundings and deliver the 

required clinical performance [1,2,3].  

An important aspect in the rational design 

of biomaterials is to ensure surface modification 

of the biomedical devices without compromising 

their bulk characteristics for better control of the 

chemical and physical properties of the bioactive 

surfaces. Bulk properties are initially considered 

n application. 

However, more important considerations are 

given to the physical aspects of the material 

surface as well as the chemistry that are critical to 

the function of many biomedical devices. Thus, 

physical and chemical surface modifications are of 

immense interest that seek to create a specific 

physical and chemical environment that offers a 

favorable cellular response in hard or soft tissue. 

For example, the physical environment including 

macro, micro, and even nanoscale features is 

considered in cases where tissue integration is 

desired. Creating a specific physical or chemical 

environment allows for cells to adhere, proliferate, 

and migrate [4].  

Surface characteristics such as topographic 

and geometric features are especially targeted to 

gain the ability to regulate the cellular response. 

This allows to create specially designed bio 

scaffolds with specific surface functionalities via 

surface modification. This can subsequently offer 

several advantages compared to flat surface 

including cell adhesion and cell fate decision [5-

14]. Pure chemical treatment of the material 

surface can result in oxideing/nitriding/carbiding a 

surface. It also includes surface functionalization 

as well as ion infusion. This can be achieved by 

single layer coatings, or multiple layers of 

coatings comprising different compositions [15-

17]. Recent advances in surface modification 

techniques have allowed researchers to modify 

biomaterials to achieve required chemical and 

physical properties. These include 

biocompatibilities, surface functionalities, and 

mechanical strength that are sought in the field of 

tissue engineering, regenerative medicine, and 

biomedical devices. To this end, a range of surface 
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engineering strategies are devised in order to 

achieve desired biocompatibility and other 

functionality such as antimicrobial performance 

in-situ. Several techniques have been employed 

that include plasma and chemical vapor 

deposition, atomic layer deposition, and electro-

chemical deposition, to name a few [4, 14, 15, 18-

24].  

In this review, we have described surface 

modified biomaterials and the associated cellular 

response and strategies for surface 

modification/engineering. While several surface 

engineering strategies have been discussed in the 

literature, our emphasis is on the solvent-free 

processes especially the emerging i-CVD method 

for atomic scale engineering and its applications.  

Figure 1:  Schematic depiction of surface modified biomaterial and the cellular responses that emerge 
due to the modification [Source:  Int. J. Mol. Sci. (2021)]. 
 

Surface Modified Biomaterial and the 

Associated Cellular Responses 

Studies have shown that cellular responses such as 

cell adhesion, proliferation, differentiation and 

migration are dependent on surface 

microstructural topography along with the surface 

chemistry including surface interaction at the 

biomaterial cell interface and surface 

energy/wettability [25-28]. Especially, changes in 

the biointerface have been shown to enable 

triggering specific cell signaling that can result in 

different cellular responses. Therefore, a major 

goal of the surface modification of biomaterials 

involves pathways that enable interaction with the 

surrounding tissues and biological fluids and elicit 

desired cellular responses (Figure 1) [20]. 
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Researchers have shown that performance of 

biomaterials in living tissues can be altered 

depending on the types of biomolecule and 

bioactive agents along with properties of 

biomaterial surfaces that are applied for surface 

functionalization. Previous studies on surface 

modification effects have correlated the cellular 

behavior with the changes in surface chemistry, 

surface charge, hydrophilicity, surface 

topography, and softness and also stiffness of bio-

materials. With respect to the connection of 

surface chemistry with wettability and surface 

charge, it has been shown that modified surface 

chemistry affects cell adhesion, cell shape, cell 

proliferation, and differentiation. In addition, 

surface chemistry has been shown to strongly 

immunogenicity [20].  

Studies have highlighted responsiveness of 

cells to the topographical structure of the 

underlying biomaterial surface. Accordingly, cells 

have been shown to modulate their alignment and 

orientation along the surface. The main 

components of surface topography include surface 

roughness and surface patterns that determine. The 

emphasis has been on unique properties of surface 

topography patterns such as high stability, cost-

effective manufacture, and easy controllability for 

controlling cell function and tissue regeneration. 

With respect to the effects of surface charges, 

researchers have shown different mechanisms for 

solid surfaces to make them neutrally, positively, 

and negatively charged for different functions. For 

examples, more cells can be attached to the 

positively charged surface compared to the 

negatively and neutrally charged surfaces. 

Furthermore, it has been shown that the effects of 

surface charge on cellular responses depend on the 

composition of biomaterials, cell type as well as 

tissue microenvironment. Regarding surface 

wettability and its effects, it is known that 

wettability features such as hydrophilicity and 

hydrophobicity correspond to the adhesive force 

between the liquid and solid material surface that 

results in the spreading of the liquid across a solid 

surface. Several studies have documented that 

while cells are typically attached and proliferated 

on a hydrophilic surface, proteins tend to bind onto 

hydrophobic surfaces. Last but not the least is the 

consideration on surface energy and cellular 

responses. Surface energy is recognized as one of 

the decisive factors for surface wettability of 

biomaterials. For example, Surfaces with low 

surface free energy have been shown to be less 

adhesive than those with high surface free energy. 

Especially for tissue engineering applications, it 

has been sown that biomaterials with total surface 

energies of about 100

suitable for tissue regeneration. Further, the non-

optimal range of total surface energies is thought 

to be within about 16

adhesion, proliferation, and differentiation. The 
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stiffnesses of underlying substrate and local 

extracellular matrix have also been considered to 

be guiding factors for cell morphology and fate 

decision [20, 29, 30].

Conventional and Emerging Surface 

Engineering Strategies for Biomaterials

From a purely materials perspective, surface 

engineering is often considered to overcome the 

challenges of loss of quality of a material due to 

fatigue/fracture, wear and destruction as a result of 

mechanical sliding interaction and corrosion or 

decorative defects. Previous studies showed 

surface engineering strategies helpful in inducing 

surface tolerant properties to combat detrimental 

environmental conditions or external forces [31-

33]. With respect to biomaterials, surface 

engineering has been shown to impart cell 

adhesion, passage, growth, differentiation and also 

functionality. Surface engineering can also 

influence roughness that can be leveraged to 

control the effectiveness of coating [20, 34, 35]. 

Figure 2: Commonly used conventional and emerging surface engineering techniques are listed that 
include coating, lithography, laser treatment, hydrothermal treatment, plasma spraying, plasma 
immersion ion deposition, radio frequency magnetron sputtering technique, chemical vapor deposition, 
atomic layer deposition, electrospray deposition, and electro-spinning deposition etc. Atomic scale 
engineering techniques are also described [Source:  Int. J. Mol. Sci. (2021)].

Several nanofabrication and microfabrication 

techniques for applying surface topography have 

been considered that include electron beam 

lithography or photolithography; replica casting or 

molding; self-assembling systems; particle 

synthesis; microcontact printing; sandblasting; 
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electrospinning; and chemical etching etc. For 

simplicity, surface engineering methods have been 

divided in two categories. These are conventional 

surface engineering methods that deal with 

coating, bioactive coating, plasma spray coating, 

hydrothermal, lithography, shot peening, and 

electrophoretic deposition and emerging surface 

engineering methods such as laser treatment, robot 

laser treatment, electrospinning, electrospray, 

additive manufacturing, and radio frequency 

magnetron sputtering technique) (Figure 2) [20].   

Lately, researchers have paid much more 

attention to emerging surface modification 

methods that are considered more advanced and 

innovative techniques. Emerging methods are 

considered advantageous because they can be 

employed for obtaining improved 

biocompatibility that is otherwise very difficult to 

achieve by conventional modifying techniques. 

Most recent advances point towards machine 

learning and atomic scale engineering techniques 

[36]. Machine learning methods are rather in a 

very nascent stage, where a computer learns the 

information. This subsequently provides data and 

the system functions according to the data. On the 

other hand, atomic scale surface engineering is a 

series of methods that are considered most 

promising emerging techniques to alter the surface 

topography at the atomic and molecular scale 

(<100 nm) (Figure 2) [20]. These techniques are 

currently driving the biomaterial research that 

deals with fabricating a material with improved 

understanding of surface interactions by 

modifying internal components. Further, from 

pure applications point of view, atomic scale 

engineering can be leveraged for designing a 

commercial product with excellent antimicrobial 

and other biomedical functional properties for 

applications in advanced pharmaceutics and 

medicine [37-42]. 

In the following sections, we will describe 

the main process of initiated chemical vapor 

-

biomaterials along with notable applications of i-

CVD. 

Initiated Chemical Vapor Deposition:  Atomic 

Scale Engineering of Three-Dimensional 

Surface Modification of Biomaterials  

Atomic-scale engineering has recently emerged 

very promising for three-dimensional (3D) surface 

modification of biomaterials. Techniques such as 

chemical vapor deposition, atomic layer etching, 

plasma immersion ion deposition, and atomic 

layer deposition correspond to the subsection of 

emerging technology that has been shown superior 

over conventional methods for improved control 

and flexibility at finer length scales. Recent 

advances in technologies have shown promise to 

meet the demand for better control of biomaterial 

surfaces.  These advances are aimed at the atomic 

scale and molecular scale engineering while 

incorporating functional bio-active agents for 
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enhanced in-situ performance of new biomedical 

devices such as implants. Several studies have 

used functional agents that include synthetic 

materials such as monolithic ZnO, quaternary 

ammonium salts, silver nanoclusters, titanium 

dioxide, and graphene and also natural materials, 

for example, chitosan, totarol, botanical extracts, 

and nisin for atomic scale engineering [43-47].

Recently, iCVD has emerged as a top-of-

the-line have technique for atomic scale 

engineering and as a damage-free method for 

sensitive biomaterials to modify the surface of 

biomaterials and various biomedical devices in a 

controlled fashion. The technique i-CVD is 

considered highly beneficial for the conformal 

deposition of various functional biopolymer films. 

This deposition can be done onto many kinds of 

bio-surfaces without restrictions on the substrate 

material or geometry, which is otherwise not 

possible to achieve by conventional solution-

based surface functionalization methods. It has 

been shown that with proper structural design, it is 

possible to achieve required functionality to the 

biomaterial surfaces by the functional polymer 

thin film via i-CVD. Such functionality can be 

achieved while maintaining the fine structure 

thereon [48]. 

The technique iCVD offers a number of 

advantages that include the mild deposition 

condition and also the deposition process that can 

be proceeded in solvent-free and near-room 

temperature condition. In a typical iCVD process, 

the initiator and monomers are first vaporized and 

introduced simultaneously into the vapor phase 

reactor that is maintained under vacuum. 

Subsequently, the injected monomers are 

adsorbed onto the surface of substrates, while the 

initiators decomposed thermally via hot filament 

to form radicals. This results in triggering free-

radical polymerization reaction at the substrate 

surface that is maintained near at room 

temperature (less than 50oC). This finally leads to 

the biopolymer or biomaterial film growth from 

the surface (Figure 3) [48].  

The surface modification techniques based 

on iCVD process have been shown to be capable 

of engineering the surface of the non-conventional 

substrates as well, which allows for the rational 

design of biomaterial platforms. This 

subsequently enables to control the 

adsorption/immobilization of bioactive molecules 

to broaden the utility of biomaterials for a wide 

range of advanced technical approaches for 

biomedical applications. Therefore, the 

developments in atomic scale surface engineering 

using iCVD have proven to be very useful in the 

field of biomedical applications by realizing 

conformal coating of biological and medical 

devices have are comprised of a range of miniature 

structures [48]. 
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Figure 3: (i-v) Schematic depiction of iCVD technique for surface modification of three-dimensional 
structures including fabric, hydrogel, sponge, membrane, and electrospun fiber. It shows vaporized 
monomers and initiators that are injected into the iCVD reaction chamber along with the injected 
initiators that are subsequently thermally decomposed into the radicals. Further, the injected monomers 
are then adsorbed onto the surface of the structured substrate and the process then allows the radicals to 
be transferred to the adsorbed monomers, which triggers free-radical polymerization reaction and the 
subsequent growth of biopolymer film from the surface [Source:  Biotechnol Bioproc E (2021)]. 
 

i-CVD Technique for Controlled Drug Delivery

There have been significant research efforts for 

safe drug delivery through mucosae. Such drug 

delivery offers advantageous characteristics 

including accurate dose control and the avoidance 

of premature metabolism of vulnerable drugs by 

oral administration. However, there is a challenge 

involving body fluid in mucosae that may dissolve 

the drug and releasing it to unwanted directions 

[49-51].  

To address the challenge of unwanted 

dissolving of drug, researchers showed the 

promise of iCVD technique to control the drug 

delivery rate and direction to the target region by 

area selective incorporation of surface 

functionality. They used area-selective 

functionalization of membrane to provide Janus 

property that exhibited a great potential for drug 

delivery applications. To this end, a Janus patch 

was developed for mono-directional drug 
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delivery. In this process, a polyester fabric was 

coated with poly

(3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-

heptadecafluorodecyl methacrylate) (pHFDMA) 

film by iCVD process (Figure 4) [48, 52]. 

Subsequently, base-catalyzed hydrolysis was 

applied to one side of the substrate that rendered 

hydrophilic surface containing carboxylic acid 

residues. Further, while the hydrophilic surface 

allowed the coating of hydrogel incorporated with 

resveratrol that enhanced the adhesion of patch to 

mucosa, the hydrophobic surface prevented 

wetting by body fluids. It was shown in this study 

that the developed Janus patch enabled controlling 

the exact dose with intended directional drug 

release without allowing the water penetration. 

Further, researchers showed the applicability of 

this approach to various kinds of porous materials 

such as Nylon mesh or paper and not restricted to 

polyester fabric only [48, 52]. 

 

Surface-Modified Porous Sponge for Isolating 

Foodborne Pathogen   

It is widely recognized that rapid and efficient 

detection of pathogenic bacteria from food is 

critically important to prevent epidemic food 

poisoning. However, the challenges lie in the 

isolation of pathogenic bacteria from spoiled food, 

which is further hampered by the lack of proper 

cell cultivation and/or isolation methods [53, 54]. 

Conventional methods suffer from complex, time-

consuming culturing steps that result in low 

scalability, and high operation cost. To overcome 

these challenges, researchers demonstrated an 

alternative approach for the isolation of 

pathogenic bacteria directly from food using a 

surface-modified, highly porous sponge via iCVD 

process (Figure 5) [55]. In this study, a 

hydrophobic polymer, poly(2,4,6,8-tetravinyl-

2,4,6,8-tetramethyl cyclotetra-siloxane) (pV4D4) 

was deposited conformally by iCVD on 

amphiphilic three-dimensional (3D) melamine 

sponge. This was done to incorporate 

hydrophobicity as well as oleophilicity to the 

porous sponge surface for absorbing oil 

component selectively from food extracts. 

Researchers demonstrated that the surface-

modified sponge was capable of the isolation of 

Escherichia coli O157:H7 (E. coli O157:H7) from 

heterogeneous mixture with oil/water/food 

particles with high efficiency compared to 

artificial model system. The surface-modified 

sponge developed could pave the way for the 

development of a novel biotechnology platform 

for oil/water separation and isolation of foodborne 

pathogens directly from heterogeneous mixture 

that could enhance the efficiency of molecular 

diagnostics [55]. 
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Figure 4: A schematic illustration that shows the fabrication steps of gelatin methacrylate (GelMA) 
hydrogel-immobilized Janus membrane and in-vivo skin regeneration [Source:  Adv. Healthcare Mater 
(2017)].

Figure 5:  The application of iCVD is shown for conformal coating of pV4D4 on 3D melamine sponge 
for isolating food borne pathogen [Source:  Food Chemistry (2019)].

Modification of Microchip for DNA 

Extraction:  Enhanced Capturing Efficiency 

for Point-of-Care Molecular Diagnostics

It has been shown that nucleic acid (NA) 

extraction and purification corresponds to one of 

the most important steps for NA-based molecular 

diagnosis. However, the conventional methods 

have severe limitations due to many issues that 

include long processing time, complicated steps, 

requirement of trained personnel and potential 
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inhibition caused by chaotropic agents and/ or 

residual reagents [56-59]. To address these 

challenges, researchers demonstrated a surface-

modified NA extraction microchip (SNC) by 

introducing poly(2-dimethylaminomethyl 

styrene) (pDMAMS) film engaged directly on the 

microchip surface via iCVD process (Figure 6) 

[60]. 

 

 

Figure 6:  Development of iCVD enabled surface-modified nucleic acid (NA) extraction microchip for 
point-of-care molecular diagnostics [Source:  Macromol. Res. (2020)]. 
 

Conclusion & Future Perspective 

We have described surface 

modification/engineering methods that are 

increasingly being employed in three-dimensional 

surface modification of clinically grade 

biomaterials. Surface engineering of biomaterials 

is considered pivotal in preserving the functional 

attributes of biomaterial. Studies have shown that 

it can be leveraged to enhance its effectiveness and 

sustainability by adding a functional layer to the 

surface. In addition, changing the surface texture 

is another viable route for effective surface 

modification of biomaterials. It has been shown 

that such surface engineering could help prevent 

corrosion and erosion and also promotes 

osseointegration while enhancing 

biocompatibility especially in tissue engineering 

applications. In addition, surface modification has 

been shown to induce self-healing property, resists 

friction and wear, and improve cell adhesion while 
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reducing thrombogenicity that results in desired 

transport characteristics, and minimizes the risk of 

microbial infections.  

Recent research advances in initiated 

chemical vapor deposition (i-CVD) for 

biofunctionalization of biopolymer thin films have 

shown tremendous promise in pharmaceutical and 

medical fields. Several studies have shown 

notable advances in the field of i-CVD biopolymer 

films on different substrate materials that include 

immobilization of bioactive molecules, site-

specific conjugation, and facile control of physio-

chemical property of implants and biomedical 

devices. Studies have also demonstrated the 

deposition of biopolymeric thin films in vapor 

phase monomers that can substantially facilitate 

adjusting the polymer compositions. This is 

believed to be a hallmark of i-CVD technique that 

allows precise topological and chemical control of 

medical implants with complex three-dimensional 

shapes. However, the development of i-CVD 

functional polymer coatings for various medical 

devices is still considered in its early stage. In 

future studies, i-CVD technique is expected to 

make significant contributions in the design and 

production of superior biological and medical 

devices. This could be achieved by providing 

substrate-independent polymer coatings with 

nondestructive way. We anticipate that future 

studies will also include further development and 

optimization of i-CVD technique that will allow 

mass production and quality control of polymer-

coated medical device for seamless transition of 

laboratory investigation to clinical practice. To 

this end, in term of substrate-independent polymer 

coatings with nondestructive way, iCVD 

technique is expected to make more significant 

contributions in the design and production of 

advanced biological and medical devices.  

Another area of future interest is in-depth 

biological assessment of polymer-coated surface 

that is required for direct surface contact of 

cell/tissue. This is to gain new insights into the 

biomolecular mechanism underlying the series of 

cellular response on the functional polymer 

surface. This will lead to a deeper investigation on 

the interactions of i-CVD polymer-functionalized 

surface and cell/tissue surface that will provide 

great advantages for the rational design of the 

surface chemistry and develop elaborate medical 

devices responding to unmet medical needs. It is 

believed that compared to conventional solution-

based processes, the advantageous i-CVD process 

will help overcome the technical challenges that 

are often faced in nonclinical and clinical pre-

market assessments in both device manufacture 

and functional performance.  

With respect to next-generation bio-

scaffold designs, the application of biomaterials 

may focus on addressing concerns with respect to 

their biodegradability and cell toxicity. This could 

be a major goal especially in view of the still 
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unknown prolonged in-vivo cytotoxicity, 

effectiveness, and fate of surface engineered 

scaffolds. Thus, it may shed light on 

understanding the surface properties of scaffolds 

along with their effects on cellular behavior. This 

could help overcome the technical barriers toward 

their design of better scaffolds. In addition, future 

studies could involve surface modification of 

scaffolds by bioactive molecules. This could be 

achieved by creating substrates with desired 

properties that could pave the way to future 

breakthroughs involving instructing cellular 

behavior in terms of attachment, proliferation, and 

differentiation. In summary, it would be prudent to 

focus on research that enables greater insights of 

long-term in-vivo fate of surface engineered 

biomaterials that could be leveraged to further 

expand this exciting field for transition from 

laboratory to safe clinical applications. 
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